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The research results described in the following summaries were 
submitted by the investigators on May 13, 1990 and cover the 
period from October 1, 1989 through April 1, 1990. These reports 
include both work performed under contracts administered by the 
Geological Survey and work by members of the Geological Survey. 
The report summaries are grouped into the five major elements of 
the National Earthquake Hazards Reduction Program. 

Open File Report No. 90-334 

This report has not been reviewed for conformity with 
U.S. Geological Survey editorial standards or with the 
North American Stratigraphic Code. Parts of it were pre- 
pared under contract to the U.S. Geological Survey and the 
opinions and conclusions expressed herein do not necess- 
arily represent those of the USGS. Any use of trade, 
product, or firm names is for descriptive purposes only 
and does not imply endorsement by the U.S. Government. 

The data and interpretations in these progress reports may be 
reevaluated by the investigators upon completion of the 
research. Readers who wish to cite findings described herein 
should confirm their accuracy with the author. 



CONTENTS 

Earthquake Hazards Reduction Program 

Page 
ELEMENT I - Recent Tectonics and Earthquake Potential 

Determine the tectonic framework and earthquake potential 
of U.S. seismogenic zones with significant hazard potential 

Objective (1-1): Regional seismic monitoring .................... 1 

Obiective (1-21 : Source zone characteristics 

Identify and map active crustal faults, using geophysical and 
geological data to interpret the structure and geometry 
of seismogenic zones. 

1. Identify and map active faults in seismic regions 

2. Combine geophysical and geologic data to interpret 
tectonic setting of seismogenic zones..................49 

Objective (1-3) : Earthquake potential 

Estimate fault slip rates, earthquake magnitudes, and 
recurrence intervals for seismogenic zones and faults 
disclosed by research under Objectives T-1 and T-2, 
using geological and geophysical data. 

1. Earthquake potential estimates for regions of the 
U.S. west of 100 W. 

2. Earthquake potential estimates for regions of the 
U.S. east of 100 W. 

3. Support studies in geochemistry, geology, and soils 
science that enable fault movements to be accurately 
dated ................................................. 117 



ELEMENT 11. Earthwake Prediction Research 
Page 

Collect observational data and develop the instrumentation, 
methodologies, and physical understanding needed to predict 
damaging earthquakes. 

Objective (11-1) : Prediction Methodology and Evaluation 

Develop methods to provide a rational basis for estimates of 
increased earthquake potential. Evaluate the relevance of 
various geophysical, geochemical, and hydrological data for 
earthquake prediction. 

1. Develop, operate and evaluate instrumentation for 
monitoring potential earthquake precursors. 

2. Analyze and evaluate seismicity data collected 
prior to medium and large earthquakes. 

3. Obtain and analyze data from seismically active 
regions of foreign countries through coo~erative 
projects with the host countries. 

4. Systematically evaluate data and develop statistics 
that relate observations of specific phenomena to 
earthquake occurrence. 

5. Develop, study and test prediction methods that 
can be used to proceed from estimates of long- 
range earthquake potential to specific short-term 
predictions .......................................... 164 

Objective (11-2): Earthquake Prediction Experiments 

Conduct data collection and analysis experiments in areas of 
California capable of great earthquakes, where large popula- 
tions are at risk. The experiments will emphasize improved 
coordination of data collection, data reporting, review and 
analysis according to set schedules and standards. 

1. Collect and analyze data for an earthquake predic- 
tion experiment in southern California, concentrating 
on the southern San Andreas fault from Parkfield, 
California to the Salton Sea. 

2. Collect and analyze data for an earthquake predic- 
tion experiment in central California, concentrating 
on the San Andreas fault north of Parkfield, 
California ........................................... 283 



Page 
Objective (11-3): Theoretical, Laboratory and Fault Zone 

Studies 

Improve our understanding of the physics of earthquake 
processes through theoretical and laboratory studies to guide 
and test earthquake prediction observations and data analysis. 
Measure physical properties of those zones selected for 
earthquake experiments, including stress, temperature, elastic 
and anelastic characteristics, pore pressure, and material 
properties. 

1. Conduct theoretical investigations of failure and 
pre-failure processes and the nature of large- 
scale earthquake instability. 

2. Conduct experimental studies of the dynamics of 
faulting and the constitutive properties of fault 
zone materials. 

3. Through the use of drilled holes and appropriate 
down hole instruments, determine the physical 
state of the fault zone in regions of earthquake 
prediction experiments ............................... 411 

Objective (11-4): Induced Seismicity Studies 

Determine the physical mechanism responsible for reservoir- 
induced seismicity and develop techniques for predicting and 
mitigating this phenomena. 

1. Develop, test, and evaluate theories on the 
physics of induced seismicity. 

2. Develop techniques for predicting the character 
and severity of induced seismicity. 

3. Devise hazard assessment and mitigation strategies 
at sites of induced seismicity ....................... 

ELEMENT I11 Evaluation of Resional and Urban Earthquake Hazards 

Delineate, evaluate, and document earthquake hazards and risk 
in urban regions at seismic risk. Regions of interest, in 
order of priority, are: 

1) The Wasatch Front 

2) Southern California 

3) Northern California 



4) Anchorage ~egion 
Page 

5) Puget Sound 

6) Mississippi Valley 

7) Charleston Region 

Objective (111-1): Establishment of information systems ...... 452 
Obiective (111-2): Mapping and synthesis of geologic hazards 

Prepare synthesis documents, maps and develop models 
on surface faulting, liquefaction potential, ground ....................... failure and tectonic deformation.. 541 

Obiective (111-3): Ground motion modeling 

Develop and apply techniques for estimating strong ........................................... ground shaking 558 

objective (111-4): Loss estimation modeling 

Develop and apply techniques for estimating 
earthquake losses 

objective (111-5) : Implementation 

ELEMENT IV Earthquake Data and Information Services 

Obiective (IV-1): Install, operate, maintain, and improve 
standardized networks of seismograph stations and process 
and provide digital seismic data on magnetic tape to network- 
day tape format. 

1. Operate the WWSSN and GDSN and compile network 
data from worldwide high quality digital seismic 
stations. 

2. Provide network engineering support. 

3. Provide network data review and compilation .......... 567 

iv. 



Page 
Obiective ( I V - 2 ) :  Provide seismological data and informa- 
tion services to the public and to the seismological research 
community. 

1. Maintain and improve a real-time data acquisition 
system for NEIS. (GSG) 

2 .  Develop dedicated NEIS data-processing capability. 

3. Provide earthquake information services. 

............ 4. Establish a national earthquake catalogue 595 

ELEMENT V: Enqineerinq Seismoloqv 

Objective (V-1): Strong Motion Data Acquisition and 
Management 

1. Operate the national network of strong motion 
instruments. 

2. Deploy specialized arrays of instruments to measure 
strong ground motion. 

3. Deploy specialized arrays of instruments to measure 
structural response .................................. 605  

Objective (V-21: Strong Ground Motion Analysis and Theory 

1. Infer the physics of earthquake sources. ~stablish 
near-source arrays for inferring temporal and spatial 
variations in the physics of earthquake sources. 

2. Study earthquake source and corresponding seismic 
radiation fields to develop improved ground motion 
estimates used in engineering and strong-motion 
seismology. 

3. Development of strong ground motion analysis 
techniques that are applicable for earthquake- 
resistant design ..................................... 620 

LOMA PRIETA 

Post earthquake investigations ............................... 6 3 0  

Index 1: Alphabetized by Principal ~nvestigator ................... 647 

Index 2: Alphabetized by Institution .............................. 6 5 1  





Seismic Monitoring of the Shumagin Seismic Gap, Alaska 
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Investigations 
Seismic data from the Shumagin seismic network were collected and processed to obtain digital 

waveforms, origin times, hypocenters, and magnitudes for local and regional earthquakes. The 
data are used for earthquake source characterization, determination of seismic velocity structure, 
studies of regional tectonics, the analysis of possible earthquake precursors, and seismic hazard 
evaluation. Yearly bulletins are available starting in 1984 through 1989. 

Results 
Shumagin network data were used to locate 351 earthquakes from July 1 to December 31, 

1989, bringing the total number of digitally recorded events in Shumagin network catalog to 5525 
since 1982, The seismicity for the second half of 1989 is shown in map view on Figure 1 and in 
cross section on Figures 2 and 3. No events with mb 2 5.0 within the network have been recorded 
since July, 1988. Events shown by solid symbols are those events that meet the following 
selection criteria: located by 8 or more P or S arrivals, vertical error fromHypoinverse less than 10 
km, and horizontal error less than 5 km. Other events are shown by open symbols. These criteria 
provide a rough indication of the location quality, and show that epicenters more than 100 km from 
the nearest station are rarely well determined. Additional numerical tests of hypocenter stability 
show that when the entire network is operating, shallow events west of 166"W, east of 156"W, or 
seaward of the trench can not be reliably located. 

The overall pattern in Figures 1-3 resembles the long term seismicity (Figure 4). Seismicity is 
concentrated near the base of the main thrust zone between 35 and 50 km depth, and immediately 
above it within the overriding plate. The seismic below 30 km depth parallels the volcanic arc, 
rather than the trench, and becomes closer to the trench west of the network (Figure 1). Seismicity 
appears to be sparse where the main thrust zone is shallower than 35 krn, between the Shumagin 
Islands and the trench. Deeper seismicity extends to depths of 200 km. Comparison of Figures 2 
and 3 shows that much of the scatter of the seismicity in Figure 2 is a consequence of projecting 
events at great distance along strike onto the cross-section, although some scatter is due to poor 
event locations. Some locations near 100 krn depth on Figure 3 are correlated with the lower plane 
of the double seismic zone seen on Figure 4. 

Preliminary efforts have been made to assess the suitability of the Shumagin network data for 
determining lateral variations in seismic velocities. Locations have been redetermined in several 1D 
velocity models in an effort to select a set of events whose locations are relatively insensitive to 
velocity variations. The density of rays from selected events traced in a ID structure (Figure 4) 
shows that most rays are concentrated between the south side of the Alaskan Peninsula and the 
Outer Shumagins, within the lower crust and uppermost mantle. Coverage appears good beneath 
the arc, the inner forearc, and near the top of the downgoing plate. Average residuals for each 
station (Figure 5) show a systematically large (.2 to .5 s) positive residuals for stations just north 
of the volcanic line, and somewhat large (-. 14 to -.24 s) residuals at the 3 stations 15-50 km south 
of the volcanic line. Including these average residuals as station corrections did not significantly 
change the locations of the selected events. These observations give us confidence that coherent 
signals due to lateral velocity variations exist within the data set, and that we stand a good chance 
of constraining lower crust and upper mantle structure within this segment of the island arc. 
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Figure 1. Map of seismicity located by the Shumagin seismic network from July to December, 
1989. Symbol shapes show deprhs and sizes show network magnitude, as shown. Filled symbols 
are earthquakes that meet criteria for well-located events, discussed in text. 



A Shumagin Region Seismicity July-December 1989 A' 

Figure 2. Cross-section of all Shumagin network seismicity, located in Figure 1 (A-A'). 
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Figure 3. Same as Figure 2, but only showing events within 150 km of A-A'. 
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Figure 4. Number of P rays passing through a grid of 2D blocks, in cross section. Also shown are 
stations (triangles) and events (circles) projected onto cross section. Depths, right, in km. 

Figure 5. Average P residuals (s) at Shumagin network stations from a set of 1198 selected 
events 1982-1989. Triangles are stations, and stars are volcanoes. 
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INVESTIGATIONS 
This Cooperative Agreement provides partial support for the joint USGS- 

Caltech Southern California Seismic Network. The purpose is to record and 
analyze data from local earthquakes and generate a data base of phase data 
and digital seismograms. The primary product derived from the data base is 
a joint USGS-Caltech catalog of earthquakes in the southern California 
r e g i o n .  

RESULTS 

S e i s m i c i t y  
During the period of October 1, 1989 through March 31, 1990, the 

Southern California Seismographic Network recorded and processed 5002 
earthquakes (Figure 1). Of these, 72 had a magnitude of 3.0 or larger, and 10 
had a magnitude of 4.0 or larger. We received inquiries from the press and 
public on 31 of the events. 

This six-month period got off to a slow start; there were no events above 
M4.0 in either October or November. Two significant events occurred on 
different areas of the San Jacinto fault in December: an M4.2 of December 2 
near the town of Hemet, and an M4.5 near Lytle Creek. December also 
include an M4.2 northeast of Indio. This Indio site continued to be active in 
April 1990, producing another M4.1 and numerous smaller events. An M4.1 
occurred in the Anza area, also on a branch of the San Jacinto fault, of 
February 18. 

An M4.7 event occurred on January 15 in the northern Owens Valley 
area, and an M4.3 earthquake occurred south of the Mexican border, 
probably along the Cerro Prieto fault, on March 31. 

Upland Earthquakes 
The most significant event of the six-month period occurred on 

February 28 near the town of Upland (Figure 2). The mainshock measured 
M5.2 and caused moderate damage to chimneys and other weak structures 
throughout Upland, Claremont, and Pomona. The Upland mainshock was 
preceded by an M3.6 foreshock, by about 3 hours. The early part of the 
Upland aftershock sequence was very intense and showed promise of 
rivaling the 1986 Oceanside (M5.3) aftershock sequence, which is still going 
on. This early behavior prompted the California Office of Emergency 
Services to issue an advisory concerning the possibility of large aftershocks 



or another mainshock. After the first week, however, the Upland sequence 
has decayed in a relatively normal fashion for a mainshock of its size. 

No surface rupture was discovered after the Upland mainshock. 
However, the focal mechanism was consistent with left-lateral strike-slip 
motion on a northeast-trending fault. The San Antonio Canyon fault has 
such an orientation. 

Weekly  Seismicity Report  
In January, the Seismographic Network initiated a weekly seismicity 

report, patterned after a similar report issued by the U.S. Geological Survey 
in Menlo Park. The language of the "earthquake report" is aimed at the 
general public. So far, the report has been enthusiastically received. A few 
members of the local media have started basing regular news features on it. 
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OCTOBER 1989 - MARCH 1990 
Preliminary Epicenters and Magnitudes 

Figure 1. Map of epicenters of earthquakes in the southern California region, 
1 October 1989 to 31 March 1990. 



Upland Earthquake Sequence 
February 28 - April 17. 1990 
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Figure 2. The 1990 Upland earthquake sequence. (Left) map showing 
epicenters o f  the mainshock (Star symbol) and aftershocks (open circles). 
(Right) north-northwest trending cross section (A-A') showing the depth 
distribution of  the activity. 
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Investigations 

This cooperative agreement supports "network operations" associated with the University 
of Utah's 80-station regional seismic telemetry network. USGS support focuses on the seismi- 
cally hazardous Wasatch Front urban comdor of north-central Utah, but also encompasses 
neighboring areas of the Intermountain seismic belt. Primary products for this USGS support 
are quarterly earthquake catalogs and a semi-annual data submission, in magnetic-tape form, to 
the USGS Data Archive. 

During the report period, significant efforts were made in: (1) refinement of procedures 
for in situ calibration of remote telemetry stations; (2) implementation of various steps for 
redundancy in earthquake surveillance and response, including expansion of the channel capa- 
city of our USGS-supplied real-time picker to 64 channels, use of a color-display terminal for 
rapid visual display of epicenters, and development of software for use with a battery-powered 
laptop computer for backup earthquake-location capability; and (3) pursuit of a major initiative 
to the Utah state legislature for modernizing seismic-network instrumentation in Utah as part of 
a state-federal partnership. 

Results 
Network Seismiciry: October 1 ,  1989 - March 31, 1990 

Figure 1 shows the epicenters of 246 earthquakes (ML13.6) located in part of the Univer- 
sity of Utah study area designated the "Utah region" Oat. 36.75'-42S0N, long. 108.75'- 
1 14.25OW) during the six-month period October 1, 1989 to March 3 1, 1990. The seismicity 
sample includes four shocks of magnitude 3.0 or greater and three felt earthquakes. 

The largest earthquake during the six-month report period was a shock of ML3.6 on Janu- 
ary 24, 1990 (09:03 UTC), located 10 km north of the Great Salt Lake. This earthquake 
occurred in the same general area as the 1934 magnitude 6.6 Hansel Valley earthquake, one of 
the largest earthquakes that has occurred in Utah since settlement During the report period, 21 
additional shocks occurred in the same vicinity. 

Seismic activity continued to occur in the Blue Springs Hills area of north-central Utah 
(clustered epicenters 45 km west of Logan), the location of an ML 4.8 earthquake on July 3, 
1989. Forty-two earthquakes were located from October 1, 1989 - March 31, 1990 in the area 
of the July 1989 Blue Springs Hills main shock. 



Earthquakes greater than magnitude 3.0 that occurred' fmm April 1, 1989 through Sep- 
tember 30, 1989, are identified in Figure 1. Felt earthquakes in Utah of magnitude 3.0 or larger 
during the report period include an ML3.1 event on February 5 at 10:23 UTC, felt in three 
small central Utah towns. 
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Figure 1. Earthquake Activity in the Utah Region, October 1, 1989, through March 31, 1990. 
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Investigations 

Operation o f  the  Washington Regional Seismograph Network (WRSN) and routine 
preliminary analysis of earthquakes in Washington and Northern Oregon are carried out 
under these contracts. Quarterly bulletins which provide operational details and descrip- 
tions of seismic activity in Washington and Northern Oregon are available from 1984 
through the first quarter of 1990. Final catalogs are available from 1970, when the net- 
work began operation, though 1986. The Ur~iversity of Washington operates approxi- 
mately 80 stations west of 120.5"W, 28 of which are supported under A0622, and 40 
under A0623. This report includes a brief summary of significant seismic activity. Addi- 
tional details are included in our  Quarterly bulletins. 

Excluding blasts, probable blasts, and earthquakes outside the U.  W. network, 973 
earthquakes west of 120.5"W were located between October 1, 1989 and March 31, 1990. 
Of these, 618 were located near Mount St. Helens, which has not erupted since October 
of 1986. This represents a significant increase over the previous six month period (319 
events). Seven earthquakes were reported felt in western Washington during the period 
covered by this report. East o f  120.5OW, 65 earthquakes were located, none felt. 

T h e  mos t  notable earthquake during this reporting period was a M L  5.1 earthquake 
on December 24 in the southern Washington Cascade Range near Storm King Mountain, 
about 30  km southwest of Mount Rainier. Although earthquakes of magnitude 5 and 
greater occasionally occur in the southern Washington Cascade Range, this event was 
somewhat unusual. In the first month after the earthquake, only 12 aftershocks were 
locatable, all smaller than M c  1.5. Other events in southwestern Washington of similar 
magnitude (Siouxon Peak, 1961; Elk Lake, 1981, Goat Rocks, 1981) were followed by 
hundreds o f  aftershocks, including aftershocks of magnitude 3.0 and larger. This event 
occurred in an area where very little seismicity has been detected since the  WRSN was 
installed, while the other magnitude 5 events were in areas with recurring seismic activity. 
Finally, the earthquake focal m echan ism (dominantly strike-slip; with the sense of motion 
being either left-lateral slip on a north-south striking plane o r  right-lateral slip on an east- 
west striking plane) is markedly different from focal mechanisms for other earthquakes 
larger than magnitude 5 in the southern Cascade Range of Washington, which show 
right-lateral strike-slip on northerly-striking fault planes. Craig S. Weaver (USGS),  Rick 
Benson (UW) ,  John Nabelek (OSU),  and William D. Stanley (USGS) are preparing a 



paper for JGR on this event. 
In October, we recorded the greatest number of earthquakes at Mt. St. Helens since 

its last eruption in 1986. Since October, when 211 earthquakes were located in the vicinity 
of the mountain, the number of earthquakes per month has varied from 49 to 128. The 
largest earthquake in October was Mc 2.3, and in the entire six months only three were 
larger than M c  2.5, (the largest was Mc 2.7). Thus, the rate of moment release was not 
significantly elevated. Depths of these earthquakes varied from the surface to 8 km and 
suggest stress changes within the volcanic conduit. Ash emissions occurred on December 
8 1989 and January 6 1990. The  last such emissions were in 1986. The December emis- 
sion was accompanied by a five-hour period of elevated seismicity, and the January emis- 
sion by two hours of elevated seismicity. Each emission began abruptly with the largest 
earthquake of the emission sequence (magnitudes - 2.7). 

Swarms of small earthquakes at approximate depths of 4-5 km under Mount Hood 
were recorded on helicorder records on February 16 (30 events) and 20 (28 events). 
Although none were larger than magnitude 1.3, six were recorded by our digital recording 
system. 
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Semi-Annual Technical Summary (April, 1990) 

Seismological Data Processing Project (#9930-03354) 
John R. Evans, Greg Allen, Moses Smith 

U.S. Geological Survey 
Branch of Seismology 

345 Middlefidd Road, MS-977 
Menlo Park, California 94025 

4 15-329-4753 

This Project provides UNIX computer support to the Branch of Seismology. "Investigations, results and 
reports" per se are not part of our duties. We supply network management, system management, installation, 
backups, maintenance, and trouble shooting to Branch UNIX computers, including other Projects' workstations. 
We also supply and maintain a number of peripherals for Branch use (9-track tape, optical disk, ExaByte tape, 
Ethernet backbone, laser printers, etc.). 

Doring the first six months of FY90 we provided the following services for the Branch: 

Purchased and installed a Sparcstation I for monitoring the Real Time Picker. Maintained RTP data sys- 
tem buffer service to Branch UNIX and VAX computers. 

Upgraded Branch Administrative Office PC's and largely completed their PC network. Installed file 
server, printer, networked data base, and travel manager for this net. This was the lead project in Admin- 
PC networks for the Division in Menlo Park; it is the model by which others will be built. 

Installed workstations for two Projects; installed three system disks and one other disk on other Projects' 
workstations. 

Purchased and installed a large disk for "andreas", roughly doubling available disk space on this server. 
/we is much larger and scratch space will be available for general use soon. 

Installed erasstie optical disk for Alaska Project. Purchased and installed erasable optical disk for 
"andreas", providing 270 MB formatted on each side of each removable disk. The "andreas" disk is avail- 
able w all users and will serve mainly as high-speed random-access archive space for any user purchasing 
a blank disk ($200). It is the appropriate repository for digital seismograms and other voluminous data. 

Purchased and installed an ExaByte tape drive for "andreas" for doing disk backups of "andreas" and 
Branch workstations. 

Purchased and managed a software-maintenance contract for the Sun workstations, and a "parts and labor" 
hardware-maintenance contract for the Sun workstations. About $2500 of the allocated $10,000 has been 
spent so far on just two repairs-the Suns are finally getting old. Arranged and managed various repairs 
for "isunix". 
Paid for Branch portion of the ISD contract for doing backups of the Office VAX. 

Purchased and installed miscellaneous parts and components for maintaining and extending Ethernet, and 
miscellaneous supplies for laser printers and other peripherals. 

Extended Ethernet trunk in Building 7 to service north hallway, and added more cable in Building 8. 
Installed X Windows and Mathematics on "andreas"; obtained "ptroff' software to run on "andreas". 

Work on InterNet mailers and name servers is continuing. Solved uncounted hardware and software prob- 
lems throughout the Branch network. 

We have continuing problems with short staffing. The Project has fewer full-time people than a few years 
ago, yet we are now supporting Ethernet, many more computers, more software, and a much larger disk farm 
than before. The strain of reduced purchasing power, hiring restrictions, and uncompetitive salaries are affecting 
us at least as seriously as other Projects, particularly since we are competing directly with Si Valley. We hope 
users will recognize that resources are finite, seriously suained, and breakable and appreciate that our level of 
service is high in spite of these obstacles. 



Northern and Central California Seismic Network Processing 

Fredrick W. Lester 
Branch of Seismology 

U.S. Geological Survey 
345 Middlefield, MS 977 
Menlo Park, CA 94025 

(4 15) 329-4747 

Investigations 

1. In 1966 a seismographic network was established by the USGS to monitor earthquakes in 
central California. In the following years the network was expanded to monitor earthquakes 
in most of northern and central California, particularly along the San Andreas Fault, from 
the Oregon border to Santa Maria. In its present configuration there are over 500 single 
and multiple component stations in the network. The primary responsibility of this project is 
to monitor, process, analyze, and publish data recorded from this network. 

2. This project continues to maintain the primary seismic data base for the years 1969 to the 
present on both computers and magnetic tapes for those interested in doing research using the 
network data. As soon as older data are complete and final the preliminary data base is 
updated with the final phases and locations. 

3. Lately video has become increasingly useful in documenting research activities being con- 
ducted by the USGS , especially activities related to the Parkfield Prediction Experiment. In 
addition, computer animation of geophysical data sets have allowed researchers to study the 
data in time series and in 3-dimensions. The two technologies work well in communicating 
the research being done here to a wide audience that includes other geoscientists as well as 
untrained but interested laymen who are able to understand the material when it is presented 
in a visually appealing way. 

4. As time permits some research projects are underway on some of the more interesting or 
unusual events or sequences of earthquakes that have occurred within the network. 

Results 

1. Figure 1 illustrates 13252 earthquakes located in northern and central California and vicinity 
during the time period October 1989 through March 1990. This level of seismicity is higher 
than normal for a six month period. The increase is due primarily to the most important 
earthquake sequence in California in many years, the Loma Prieta earthquake and it's aft- 
ershocks. That earthquake occurred on October 17, 1989 in the Santa Cruz Mountains, 
approximately 16 kilometers northeast of Santa Cruz. Currently we have located more than 
6000 aftershocks and they are continuing at a rate of about 5 per day of a11 magnitudes. The 
largest aftershocks recorded include a magnitude 5.2 aftershock 37 minutes after the 
mainshock and a magnitude 5.0 aftershock on October 19. The aftershocks are occurring in a 
55 kilometer long zone from south of Los Gatos at the north end to east of Watsonville at the 
south end (Figure 1) 

Some of the overall increase in rate of seismicity is also due to an increase in two areas of 



Long Valley caldera. Two prominent clusters of activity continue to persist. Those are under 
Mammoth Mountain, near the southeast comer of the caldera, and near Casa Diablo Hot 
Springs in the south-central portion of the caldera. These areas are of concern because of 
their possible relationship to subsurface magma movement in or near the caldera. 

Seismic data recorded by the network are being processed using the CUSP (Caltech USGS 
Seismic Processing) system. CUSP was designed by Carl Johnson in the early 1980's and has 
since undergone some revisions for the Menlo Park operation. On September 1, 1989 we 
began using revised CUSP software in a generic format. This new format will make CUSP 
more universally acceptable to groups that are using or plan to use it in the future because the 
commands are relatively non-specific to any particular group operation. 

In the future we plan to begin publishing, probably on a monthly basis, a preliminary catalog 
of earthquakes for northern and central California. The format is not yet established but it 
will probably be some type of listing of events accompanied by a text explaining the process- 
ing and what is in the catalog, and a map showing the epicenters. The catalog will be approx- 
imately complete at the magnitude 1.5 in the central core of the network and something 
approaching M2.0 in the more remote portions of the net. 

2. The current catalog is relatively complete and correct through December 1989. The data from 
January 1990 are complete but some work remains to make corrections on some problem 
events and identify the quarries that have been located. Data from February and March 1990 
are still incomplete and some errors still remain to be identified and corrected. 

3. Steve Walter has co-produced an Open File Video Report (OFR 89-669) that consists of Com- 
puter animations of aftershocks of the Loma Prieta Earthquake. The animations are recorded 
on videotape and accompanied by both narration and musical sound track. The video runs 22 
minutes in length. It has been favorably received at AGU poster sessions and has been 
recorded by the BBC, NOVA, and National Geographic producers, among others, for possible 
inclusion in special programs on the Lorna Prieta earthquake. 

4. Steve Walter has been investigating the seismicity in the Medicine Lake region following a 
magnitude 4.0 earthquake occurred in that area on September 30, 1988 followed by many aft- 
ershocks. The seismicity has subsided to a very low level at the present time but there has 
been renewed interest in this region because of this activity and it's possible relationship to 
associated volcanic activity. Steve is currently co-authoring a paper in progress that will 
describe the historical seismicity and crustal deformation in the Medicine Lake region. 

Reports 

Klein, F.W., and Walter, S.R., 1989, Aftershocks of the Loma Prieta earthquake: Computer 
animations, U.S.G.S. Open-File Report 89-669 (video). 
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Central California Network Operations 

Wes Hall 
Branch of Seismology 
U.S Geological Survey 

345 Middlefield Road-Mail Stop 977 
Menlo Park, California 94025 

(41 5)329-4730 

Investigations 

Maintenance and recording of 345 seismograph stations (446 components) 
located in Northern and Central California. Also recording 68 components from 
other agencies. The area covered is from the Oregon border south to Santa 
Maria. 

Results 

1. Bench Maintenance Repair 
A. seismic VCO units 102 
B. summing amplifier 15 
C. seismic test units 2 
D. V02HlJ02L VCO Units 40 
E. FBA VCO Units 2 
F. DC-DC converters 16 

2. Production/Fabrication 
A. J512A VCO units 9 
B. J512B VCO units 24 
C. dc-dc converter/regulators 10 
D. lightning protectors 24 
E. V02H / V02L VCO units 6 

3. Modifications 
summing amplifiers 

4. Discriminator Tuning 
J120 

5. Increased clamping circuit tlrne constants of all J120 discriminators. (41 9ea) 



6. Equipment Shipped 
A. 7ea, J120 discriminators to Cal Tech 
B. lea,  J512B (dual) VCO to Cal Tech 
C. 2ea, J512A VCO's to Cal Tech 

7. New seismic stations: CMKI, CMKJ, CMKK, (Monumont Peak FBA's) 
JLPI, JLPJ, JLPK, JLPF, JLPZ (Loma Prieta) 
JNAF, JNAZ (New Almaden Mine) 
JUMF, JUMZ (Mt. Umunhum) 
HER (Elkorn Road) 
JEL (Ellicot) 
HFMI, HFMJ, HFMK (Fremont Peak FBA's) 

8. Stations deleted: 4-W circuit from California Divison of Mines & Geology; 
PPR (Paso Robles) 

9. Install alarm experiment with stations JNA, JUM in telemetry center. Signal 
transmitted to Cypress Structure in Oakland CA. 

10. Connected additional 64 channel input to Willie Lee's portable IBM based 
monitor. 

11. Moved location of Bell & Howell tape decks and removed most non- 
plenum cables from ceiling area. 

12. Completed computer plotsof Northern & Central California telemetry system 
showing radio, telephone line and microwave paths. 



Central Aleutians Islands Seismic Network 

Agreement No. 14-08-0001-A0259 

Carl Kisslinger, Sharon Kubichek, and Robin Wright 
Cooperative Institute for Research in Environmental Sciences 

Campus Box 216, University of Colorado 
Boulder, Colorado 80309 

Brief Description of Instrumentation and Data Reduction Methods 
The Adak seismic network consists of 13 high-gain, high-frequency, two- 

component seismic stations and one six-component station (ADK) located at the 
Adak Naval Base. Station ADK has been in operation since the mid-1960s; nine of 
the additional stations were installed in 1974, three in 1975, and one each in 1976 
and 1977. 

Data from the stations are FM-telemetered to receiving sites near the Naval 
Base, and are thcn transferred by cable to the Observatory on the Base. Data were 
originally recorded by Develocorder on 16 mm film; since 1980 the film recordings 
are back-up and the primary form of data recording has been on analog magnetic 
tape. The tapes are mailed to CIRES once a week. 

At CIRES, the analog tapes are played back into a computer at four-times the 
speed at which they were recorded. This computer then digitizes the data, automati- 
cally detects events, demultiplexes each event, and writes them to disk. These events 
arc edited to eliminate spurious triggers, and a tape containing only seismic events is 
created. All subsequent processing is done from this tape. Times of arrival and wave 
amplitudes are read from an interactive graphics display terminal. The earthquakes 
are located using a program originally developed for this project by E. R. Engdahl, 
which has been modified several times since. 

Data Annotations 
A minor maintenance trip was conducted during the end of January through 

early February 1990, in Boulder, CO. The Boulder site had not been visited since 
1988 so many adjustments and recalibrations were necessary. One of the major 
improvements was the replacement of the data cable between the tape playback sys- 
tem and the digitizing unit resulting in a significant reduction of noise levels in the 
digitized data. A remote control unit was also installed offering improved tape han- 
dling and control. The 1989 minor maintenance trip to Adak was not conducted 
since that money was needed to purchase batteries for the remote stations due to 
funding changes. At present, the only major unit not working on Adak is the satellite 
link with the GOES time clock. The next major maintenance trip (summer 1990) 
will address this problem and routine maintenance issues. Three stations are down as 
a result of a lightning strike at the end of the 1988 summer maintenance trip. 



Current Observations 

Since August 1989, we have been digitizing and locating all of our data on a 
SUN workstation with a Cutler Digital Design analog to digital converter (a-to-d). In 
January 1990, this workstation was upgraded to a SUN 3/60 level CPU with 8 mega- 
bytes of internal memory (RAM). This has helped with our system hang problems, 
however, we still have a system hang an average of twice per day when digitizing. 
Discussion with SUN hardware personnel revealed that this level of workstation can 
adequately support no more than three peripherals on the SCSI bus. With our disk 
drives, cartridge tape unit, and the a-to-d, we have 4 peripherals on the SCSI bus. 
SUN personnel expressed some surprise that we were functioning at all with this 
load. This situation cannot be improved without purchase of a second workstation 
for which we do not have funding. As a result of this problem, we are about 3 
months behind in digitizing data and 6 months behind in locating data. We are con- 
tinuing to erase analog data tapes with good film backup before they are digitized in 
order to maintain the data tape supply to Adak. 

The location work has proceeded well despite delays; 84 earthquakes were 
located during January 1 - 8 and February 1 - 8, 1987; and 158 earthquakes were 
located during July and August 1989. An additional 73 select earthquakes were 
located during the period of March 21 through July 29, 1987 for a special study of a 
large intermediate depth swarm. The grand total of events located for all time 
periods is 315, about half the rate prior to 1989 due to complications with the digitiz- 
ing process. 

Epicenters of all the located events for 1987 and 1990 are shown in Figures l a  
and l b  and vertical cross-sections are given in Figures 2a and 2b. 

Sixteen of the events located with data from the Adak network for 1987 were 
large enough to be located teleseismically (U.S.G.S. PDEs). A number of other 
teleseismically located aftershocks within the network region are difficult for us to 
locate due to their arrivals being masked by the codas of other aftershocks. Also, 3 
of the events located with data from the Adak network in 1989 were large enough to 
be located teleseismically (U.S.G.S. PDEs). Due to the large number of aftershocks 
of the May 7, 1986 main event, a decision was made not to locate earthquakes with 
duration magnitudes (Md) of less than 2.3 for 1986 and 1987. However, all events 
are being located for 1988 and 1989. 

More detailed information about the network status and a catalog of the hypo- 
centers determined for the time period reported are included in our Semi-Annual 
Data Report to the U.S.G.S. Recent research using these data is reported in the 
Technical Summary for U.S.G.S. Grant No. G1368. 

Recent Seismic Activity 

On March 12, 1990 at 14:41:23 UTC, a Mb 6.3 earthquake occurred at 51.632N 
and 174.851W. It was followed by almost 100 aftershocks over the next four days. 
Due to the proximity of this event to the epicenter of the May 7, 1986 major event 
(M, 7.7), we have jumped ahead and begun locating the aftershocks. 
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Figure la: Map of seismicity located during January and February 1 - 8, 1987 and a 
sampling of select events between March 21 and July 29, 1987. All epicenters were 
determined from Adak network data Events marked with squares are those for 
which a teleseismic body-wave magnitude has been determined by the U.S.G.S.; all 
other events are shown by symbols which indicate the duration magnitude deter- 
mined from Adak network data The islands mapped (from Tanaga on the west to 
Great Sitkin on the east) indicate the geographic extent of the Adak seismic network. 
The cluster of events in the Kanaga Pass region (51.7' N, 177.5" W) is the result of a 
special study of an intermediate depth mainshock-aftershock sequence beginning on 
March 21, 1987. 
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ADAK SEISMICITY 

Figure 2a: Vertical cross section of seismicity located during January and February 
1 - 8, 1987 and a sampling of select events between March 21 and July 29, 1987. 
Events are projected according to their depth (corresponding roughly to vertical on 
the plot) and distance from the pole of the Aleutian volcanic line. The zero-point for 
the distance scale marked on the horizontal axis of the plot is arbitrary. Events 
marked with squares are those for which a teleseismic body-wave magnitude has 
been determined by the U.S.G.S.; all other events are shown by symbols which indi- 
cate the duration magnitude determined from Adak network data. The irregular 
curve near the top of the section is bathyrnetry. The cluster of events in the Kanaga 
Pass region (distance: 250 km; depth: 100 km) is the result of a special study of an 
intermediate depth mainshock-aftershock sequence beginning on March 21, 1987. 
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Figure 2b: Vertical cross section of seismicity which occurred July and August, 1989. Pre 
jection and symbols as in Figure 2a. 



Alaska Seismic Studies 

John C. Lahr, Christopher D. Stephnes, 
Robert A. Page, Kent A. Fogleman 

Branch of Seismology 
U. S. Geological Survey 
345 Middelfield Road 

Menlo Park, California 94025 
(415) 329-4744 

Investisations 

1) Continued collection and analysis of data from the high-gain 
short-period seismograph network extending across southern Alaska 
from the volcanic arc west of Cook Inlet to Yakutat Bay, and 
inland across the Chugach Mountains. This region spans the 
Yakataga seismic gap, and special effort is made to monitor for 
changes in seismicity that might alter our assessment of the 
imminence of a gap-filling rupture. 

2) Cooperated with the USGS Branch of Alaskan Geology, the 
Geophysical Institute of the University of Alaska (UAGI), and the 
Alaska Division of Geological and Geophysical Surveys in 
operating the Alaska Volcano Observatory (AVO). Under this 
program, our project monitors the seismicity of the active 
volcanoes flanking Cook Inlet and operates six- and an eight- 
station arrays of seismographs near Mt. Spurr and Mt. Redoubt, 
respectively. 

3 )  Cooperated with the Branch of ~ngineering seismology and 
Geology and UAGI in operating 16 strong-motion accelerographs in 
southern Alaska, including 11 between Icy Bay and Cordova in the 
area of the Yakataga seismic gap. 

Results 

1) Preliminary hypocenters determined using data from the 
regional network for the period July - December 1989 are shown in 
~igures 1 and 2. Other than an apparent decrease in the level of 
activity in an around the Yakataga seismic gap (probably a 
systematic effect due to an elevated magnitude threshold for 
completeness in this area), general features in the spatial 
distribution of hypocenters south of the Denali fault remain 
relatively unchanged compared to the previous six-month period. 
Notable shallow earthquakes that occurred within this time period 
include: 1) a magnitude 4.1 Ma (4.4 m,) shock on July 16, located 
near latitude 61.5" N, longitude 149" W.  his event is within 
the aftershock zone of the 1984 Sutton earthquake (Lahr and 
others, 1986), and is the largest shock to occur within this area 
since 1984. The focal mechanism of this earthquake is similar to 
that of the Sutton mainshock. 2) a crustal shock of magnitude 
5.4 m, on December 21 located about 50 km SSE of McGrath, between 



the mapped traces of the ~ditarod-Nixon Fork and Farewell faults 
(near latitude 62.4" N, longitude 155.6"W). This latter event is 
significant because crustal shocks of about magnitude 5 and 
larger have been rare in southern Alaska since the regional 
network was established in the early 1970's. However, because of 
the remote location of this event with respect to the regional 
network, the focal depth and focal mechanism determined from 
polarities of initial P-waves are poorly constrained. Only one 
aftershock, an event of magnitude 3.0 ML, was located from the 
24-hour period following the mainshock. The mainshock did not 
occur near any known or suspected Late Cenozoic faults (Plafker 
and Jacob, 1986) . 
2) In December 1989, after 23 years of quiescence, Redoubt 
volcano began erupting (Alaska Volcano Observatory Staff, 1990). 
A series of phreatomagmatic and ash-rich explosions that began on 
December 14 marked the initial vent-clearing phase of the 
eruption sequence. During the ensuing months, repeated episodes 
occurred in which dome growth from magma extrusion was culminated 
by major dome-destroying eruptions. Significant hazards from the 
eruptions that have occurred thus far include the production of 
airborn ash and ash deposits, pyroclastic and debris flows, and 
flooding. 

Since prior to the first eruption on December 14, seismic 
data from the local seismograph array, and in particular the 
three new stations installed in March 1990 within 3 km of the 
summit, have proven critical for monitoring the evolution of the 
eruptive sequence and forecasting most of the major eruptions. 
One of the key observations that has been indicative of impending 
eruptions is an increase in the rate of occurrence and size of 
long-period seismic events (Koyanagi and others, 1987; Chouet, 
1988, 1990) which are characterized by dominant frequencies of 
about 2-2.5 Hz and are thought to be caused by oscillations 
within pressurized, fluid- or vapor-filled cracks. The two 
largest eruptions, on December 14 and January 2, were preceded by 
intense swarms of LPts that began 1-3 days prior to the 
eruptions. The largest of these events could be easily observed 
at seismographs located up to 80 km from the summit of the 
volcano and contributed to marked increases in amplitudes on 
records from a system that monitors the average absolute 
amplitude of the seismic signals (RSAM; Murray and Endo, 1989). 
LP swarms that preceded later eruptions were generally comprised 
of much smaller events that could be observed clearly only at 
stations within about 3 km of the summit. Forecasting eruptions 
from these later episodes of premonitory LP activity was aided by 
the use of spectragrams (Figure 3) constructed from signals 
generated by the on-line seismic monitoring system (Rogers, 
1989). 

3. Upgrades under development for the PC-based seismic monitoring 
system include a new, more efficient data aquisition program with 
128-channel capability (XDETECT, written by Dean Tottingham and 
modified by John Rogers), and the design and construction of a 



printed-circuit board to multiplex 128-channel data (based on a 
design by Ellis, 1989). Also, a computer program was written to 
analyze automatic calibration signals detected from the remote 
field instruments and provide parameters that include the station 
identification, battery voltage, and amplifier and geophone 
response. 
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Fiaure captions 

Figure 1. Epicenters of 1062 shallow earthquakes that occurred 
between July ahd December 1989 (processing for this time period 
is not yet completed). Magnitudes are determined from coda 
duration or maximum amplitude; the magnitude threshold for 
completeness varies across the network. Contour with alternating 
long and short dashes outlines inferred extent of Yakataga 
seismic gap. Neogene and younger faults (Plafker and Jacob, 
1986) are shown as solid lines. 

Figure 2. Epicenters of 1054 intermediate and deep shocks that 
occurred between July and December 1989. See Figure 1 for 
details about magnitudes and identificaton of map features. 

Figure 3. Spectragram from the seismograph station RSO for March 
5, 1990. RSO is located about 2.4 km south of the summit of Mt. 
Redoubt, and recording began this day only 4; hours before an 
eruption at 05:39 UT. In each of ten spectral bands the average 
amplitude during successive minute intervals is plotted as a grey 
scale that darkens with increasing amplitude (a base amplitude, 
indicated at the top, is subtracted from each value before 
plotting). Note the strong signal peaked in the frequency range 
2.0-2.5 Hz, the dominant frequencies observed for typical LP 
events, prior to the eruption. 
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Cooperative Agreement 14-08-0001-A00 
1 October 1989 - 31 March 1990 

M.K. Savage and W.A. Peppin 
Seismological Laboratory 
University of Nevada 

Reno, NV 89557 
(702) 784-4315 

Investigation 

This contract supported continued operation of a seismic 
network in the western Great Basin of Nevada and eastern 
California, with the purpose of recording and locating 
earthquakes occurring in the western Great Basin, and 
acquiring a data base of phase times and analog and digital 
seismograms form these earthquakes. Research using the data 
base was performed under USGS contract 14-08-0001-GI524 and is 
reported elsewhere in this volume. 

Results 

During the time period 1 October 1989 to 31 March 1990 2,332 
earthquakes were registered by the University of Nevada within 
the University of Nevada seismic network, which monitors the 
eastern Sierra Nevada - Western Great Basin area with special 
emphasis on the regions west of Reno, Nevada, within the 
Excelsior Mountains, and near Long Valley caldera (Fi ure 1). 
Of these, 34 were magnitude 3 and greater and two excee + ed- 4 
in magnitude, the 15 January 1990 Fishlake Valley earthquake 
(Mc 4.53) and the 24 March 1990 Luning earthquake (Mc 4.51). 
Fi ure 2 shows a map of these events. Most of the earthquakes 

9)-are located near Long Valley caldera, showing a n5-5- 
significant increase in overall seismicity near the caldera 
during the last six months, owing largely to the continuing 
swarm under Mammoth Mountain and the increased seismicity 
under the south moat of the caldera, site of the 1983 
earthquake swarm. Although seismicity has been intense in the 
caldera, this statistic is misleading because of the very 
dense station coverage near this area. 

Seismicity in the vicinity of the caldera is shown in Fi ure 
3, and is dominated by four groups of events, numbere - girr 
through 4 in this figure. 1 is the ongoing swarm of 
earthquakes under Mammoth ~ountain which started in May of 
1989 and continues to this writing, and the earthquake swarm 
near the caldera south boundary. Activity under Mammoth 
Mountain has been gradually subsiding following the initiation 
of the south-moat activity (December 1989), but continues at 
this writing. Because of the reactivation of uplift (Dec 
1989) and the close proximity of the two swarms to the town of 
Mammoth Lakes, this activity commands special attention and 



warrants careful monitoring. 2 is the seismicity in the 
mountain block south of the caldera, which appears to be the 
most consistent and steady source of earthquakes in this 
region. 3 are continuing aftershocks of the the November 1984 
Round ~ a T l e y  earthquake, and 4 are continuing aftershocks of 
the 1986 Chalfant Valley sequence. 

Catalogs covering the seismicity are shortly to be published 
for the time period up to 31 December 1989. The previous 
network computer system, consisting of a PDP11/70 and a 
PDP11/34 was replaced by the Microvax/CUSP system on 7 
November 1989. The completion of a bulletin through 1989 will 
put, in a single place, all of the information taken from the 
PDP11/70 system. Every effort has been made to maintain 
consistent procedures in making the transfer to the CUSP 
system, so that the completeness of the catalog, the 
computation of magnitudes, and the location procedures will be 
comparable. However, researchers should note that some 
inconsistency is bound to creep in, and so use of UNR catalog 
data through 1989 must be made with caution. Before 7 
November 1989 all of the catalog locations were obtained from 
the PDP11/70 system; after 1 January 1990 all come from the 
CUSP system; for the two months November and December 1989 the 
catalog contains a mix of events. Because of considerable 
computer down time in December 1989, quite a bit of data was 
lost. We are now working on merging data with the USGS CUSP 
system in Menlo Park to recover this lost data, and plan to 
include this in our bulletin as well. 

With the onset of the CUSP system, the network data stream now 
includes calibrated digital waveforms from nine wideband (0.05 
to 20 Hz) three-component digital stations located around this 
region (Fi ure 1). Therefore, the MEM/GRM file pairs after 7 
November *l~o contain this information together with the 
uncalibrated vertical waveforms used for earthquake timing. 
Also operating on the Microvax system is an Exabyte data 
logger, which continuously records the incoming digital data 
on tape, and is being kept as an ongoing data library, 
providing access to data for distant teleseisms and large 
events. Calibration pulses for the digital stations (not 
complete at this writing) are found on the UNR Microvax system 
in ROOT$DUAO:[CALPULSES]. The UNR computer can be reached 
either by 1200-baud remote modem (numbers 702-784-1592 or 
702-784-4270): please call Bill Peppin at 702-784-4975 for 
information how to log onto the computer (KERMIT is 
available). The microvax cluster can also be accessed through 
the TELNET addresses 134.197.33.248 and 134.197.33.249 and 
supports TCP/IP communications through the FTP file transfer 
package from Wollongong and Associates. 



Figure 1 

UNR Seismic S to t ions (Digi tols Named) 



Figure 2 

Nevada - Western Great Basin Seismicity 
1 October 1989 through 31 March 1990 
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Regional Microearthquake Network in the 
Central Mississippi Valley 

William V. Stauder and Robert B. Herrmann 
Department of Earth and Atmospheric Sciences 

Saint Louis University 
3507 Laclede 

St. Louis, MO 63103 
(314) 658-3131 

Investigations 
The purpose of the network is to  monitor seismic activity in the Central Mis- 

sissippi Valley Seismic zone, in which the large 1811-1812 New Madrid earth- 
quakes occurred. The following section gives a summary of network observations 
during the last six months of the year 1989, as reported in Network Quarterly 
Bulletins No. 61 and 62. 

Results 

In the las t  six months of 1989, 51 earthquakes were located by the 42 station 
regional telemetered microearthquake network operated by Saint Louis University 
for the U.S. Geological Survey and the Nuclear Regulatory Commission. Figure 1 
shows 51 earthquakes located within a 4 " x 5 " region centered on 36.5 " N and 
80.5 " W. The magnitudes are indicated by the size of the open symbols. Figure 2 
shows the locations and magnitudes of 43 earthquakes located within a 1.5" x 
1.5 " region centered at  36.25 " N and 89.75 " W. 

In the last six months of 1989, 49 teleseisms were recorded by the PDP 11/34 
microcomputer. Epicentral coordinates were determined by assuming a plane 
wave front propagating across the network and using travel-time curves t o  deter- 
mine back azimuth and slowness, and by assuming a focal depth of 15 kilometers 
using spherical geometry. Arrival time information for teleseismic P and PKP 
phases has been published in the quarterly earthquake bulletin. 

The significant earthquakes occurring in the last six months of 1989 include 
the following: 

1. September 14 (1731UCT). New Madrid, Missouri. mbk = 3.5 (SLM). 3.2 
(TEIC). Felt(IV) a t  Conran and Lilbourn; (111) at  Gideon, Grayridge, and 
Portageville; (11) a t  Icewanee. 



FIGURE 1 
CUMULATIVE EVENTS 01 JUL 1989 TO 31 DEC 1989 
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FIGURE 2 
CUMULATIVE EVENTS 01 JUL  1989 TO 31 DEC 1989 
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Consolidated Digital Recording and Analysis 

Sam Stewart 
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Investigations. 

The ggConsolidated Recording and Analysis Ig project has as its 
primary goal the design, development and support of computer-based 
systems for processing earthquake data recorded by large, 
telemetered seismic networks. This includes (1) realtime systems 
capable of monitoring up to 1000 stations and detecting and saving 
waveforms even from earthquakes registering just slightly above 
background noise level, (2) near-realtime and offline graphics 
systems to analyze, catalog and archive the detected waveforms, (3) 
support and documentation for the users of the system. 

Hardware for these systems is based upon Digital Equipment 
Corporation (DEC) VAX series of micro-computers. Currently, this 
includes the VAX 750, microVAX 11, and VAXstations 2000 and 3200. 

Software is based upon the DEC/VMS operating system, the CUSP 
database system, and the GKS graphics system. VMS is a major 
operating system, well documented and developed, and has a rich 
variety of system services that facilitate our own system 
development. CUSP is a state-driven data base system specifically 
designed and developed by Carl Johnson of the USGS. 

GKS is an international-standard graphics analysis package that 
provides interactive input facilities as well as graphical output 
to a workstation. We use the DEC implementation of GKS. 

The main goal for the last year has been to complete development 
of the "Genericgt version of CUSP. This is a more modular, more 
generalized, more integrated version of CUSP than the one we have 
used since 1984. The Generic CUSP consists of a realtime earthquake 
event detection and processing module, the earthquake (offline) 
processing module (QED, Quake Editor) a new interactive graphics 
module known as ggTMITgl, a new interactive station display program 
known as ggSTNMAP1g, and extensive online documentation in the form 
of glhelpgg files. Generic CUSP retains the use of the Tektronix 
4014 graphics terminals with the high-speed graphics interface, and 
adds the ability to use the DEC VS2000 and VS3xxx series of 
workstations. 



Results. 

1. The various modules of Generic CUSP are essentially complete. 

Pre-release versions are being used at some sites, or are 
being tested by us. The Halliburton and Varian sites at 
Parkfield have been using the realtime system for many years. 
University of Nevada (Reno) is using the realtime system. USGS 
(Menlo Park) is using QED and the HELP files modules. We are 
also comparing performance of the realtime system to that of 
the 11/44-based realtime system in use since 1984, and are 
testing the TMIT module. A few comments follow. 

2. The Generic CUSP realtime module is a complete re-write of 
versions that run on the DEC PDP series, and of older versions 
of CUSP that run on DEC VAX/VMS systems. It was recently 
modified to run under VMS 5.2, in a VAXCluster environment. 
It is being used to digitize analog tapes, and to read and 
process directly-transmitted digital data, as well as perform 
its original function of digitizing and monitoring the 
(analog) signals from large earthquake networks. 

3 .  The QED analysis module has been modified to work with the 
TMIT module in a multi windows workstation environment. The 
main features of QED have been retained from older versions 
of CUSP. 

4. Two new modules, TMIT and STNMAP, have been written. TMIT is 
the interactive earthquake trace analysis and timing module. 
STNMAP is the interactive station display and selection 
module. Both can run alone, or simultaneously along with QED. 
Both work on the DEC VS2000 and VS3xxx series of workstations. 
They use the DEC version of the GKS interactive graphics 
software. They do not use DECWINDOWS or XWINDOWS. 

5. The main analysis modules (QED, TMIT and STNMAP) are each 
individual programs, capable of running by themselves. 
However, they communicate with each other by using shared 
data space in memory, and synchronize with each other by 
using 'event flagst and 'status words1. One advantage is 
that Generic CUSP is not a huge, bulky "one shotl1 executable 
image, but is a collection of more manageable, individual 
modules. Another advantage is that new applications can be 
added, without rebuilding the entire system. Only those 
modules that you want to use need be activated. 

Reports : 

Dollar, R.S., 1989. ~ealtime CUSP: Automated earthquake 
detection system for large networks. USGS 
Open-File Report 89-320 



Earthquake Hazard Research in the Greater Los Angeles Basin 
and Its Offshore Area 

Ta-liang Teng,Egill Hauksson,Thomas L. Henyey 

Center of Earth Sciences 
University of Southern California 

Los Angeles, CA 90089-0740 
(213) 743-6124 

Monitor earthquake activity in  the Los Angeles Basin and the adjacent offshore 
area. Upgrade of instrumentation by installing Optimum Telemetry System (OTS) for 
onscale recording of waveforms from local earthquakes, and installation of more downhole 
seismometers for improved coverage and sensitivity. 

RESULTS 
The 1 Januarv - 31 December. 1989 Los Aneeles Basin Seisrnicitv 

The 1989 seismicity (Figure 1A) is characterized by a strong cluster of events in the 
Santa Monica bay with a mainshock being a ML = 5.0 event on January 19 some, 25 km 
south of Malibu. This cluster is followed by a ML = 4.0 event 10 km offshore southwest 
of Point Dume on February 2, a ML = 4.5 event (with many aftershocks along the 
Newport-Inglewood fault trend) at Newport on April 7, and a group of Whittier Narrows 
aftershocks with the two largest ones being ML = 4.1 and 4.4 on June 12. The overall 
seismicity in the Greater Los Angeles Basin and its offshore area has been very active 
during 1989 as compared with earlier years. It is apparent that the Newport-Inglewood 
fault zone, the Malibu Coast-Santa Monica-Raymond Hill fault zone, as well as the Whittier 
fault zone, are all very active during 1989. While the characteristics of the hypothetical 
Elysian Park buried thrust are not yet clearly understood, tectonic stress operative in this 
area clearly produces right-lateral s trike-slip events on NW-trending structures, thrust 
events on EW-trending structures, and left-lateral strike slip events on NE-trending 
structures. 

The group of NE-trending events near 34' 10' N and 117' 50' W are the 
aftershocks of the Upland sequence that first occurred on 26 June 1988, with the 
mainshock magnitude ML = 4.6. This group of events actually lead to the second and 
larger earthquake sequence on February 28, 1990, with mainshock magnitude ML = 5.5 
(see cluster on the top right of Figure 1B). Both the 1988 and the 1990 sequences occurred 
on the same fault as the two set of aftershocks overlap the same NE-trending fault zone and 
practically the same fault-plane solution is obtained for the two mainshocks. In Figure lB, 
seismic activity of the Greater Los Angeles Basin and its Offshore area is given for the 6- 
month period from October 1989 to March 1990. Besides the Upland sequence mentioned 
above, the basic pattern of the 1989 seismicity continues in the monitoring area. We note 
that the recent 1987 Whittier Narrows events and the 1988 Pasadena events may have some 
surface manifestations. For several years buckling at the joining part of the concrete 



freeway slabs has been observed near the northern terminus of the Pasadena Freeway 
between Fair Oak Street and Orange Grove Boulevard overpasses. The significance and 
nature of this buckling needs further study. 

A plot of cumulative number of earthquakes in the monitoring area during 1989 is 
given in Figure 2A. Clearly, the largest jump of this curve occurs in January 1989 and that 
is the Santa Monica bay sequence reported above. 

The focal mechanisms of five M > 4.0 events that occurred during 1989 in the 
Greater Los Angeles Basin and its offshore area are shown in Figure 2B. Four of the five 
are thrust events that include the January 19 Santa Monica bay event, February 2 Point 
Dume event, and two aftershocks of the Whittier Narrows earthquake. The Newport event 
of April 7 gives a standard right-lateral strike slip faulting typical of the focal mechanism 
along the Newport-Inglewood fault. These focal mechanisms suggest the importance of 
compressional tectonic stress in the Los Angeles Basin that cause NS shortening together 
with associated strike slip motions. 

A new downhole seismic station (LOM) was installed in December 20, 1989, at 
Lomita. It improves the network coverage of the Torrance area. Excellent signals began to 
arrive at our central recording system on December 27. 
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LOS ANGELES BASIN EARTHQUAKES 
January - December 1989 

TIME 
Figure ZA. Cumulative number of earthquakes in the Los Angeles basin recorded by the 

USC Los Angelee basin network in 1989. 
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Figure 2B. Focal mechanisms of M 2 4.0 earthquakes recorded in the Los Angeles basin in 1989. 
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Figure 1A. Seismicity recorded during 1989 by the USC Los Angeles basin network. 
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Field Experiment Operations 
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Investisations 

This project performs a broad range of management, 
maintenance, field operation, and record keeping tasks in support 
of seismology and tectonophysics networks and field experiments. 
seismic field systems that it maintains in a state of readiness 
and deploys and operates in the field (in cooperation with user 
projects) include: 

A. 5-day recorder portable seismic systems. 
B. ttCassettelv seismic refraction systems. 
C. Portable digital event recorders. 

This project is responsible for obtaining the required 
permits from private landowners and public agencies for 
installation and operation of network sensors and for the conduct 
of a variety of field experiments including seismic refraction 
profiling, aftershock recording, teleseism P-delay studies, 
volcano monitoring, etc. 

This project also has the responsibility for managing all 
radio telemetry frequency authorizations for the Office of 
Earthquakes, Volcanoes, and Engineering and its contractors. 

Personnel of this project are responsible for maintaining 
the seismic networks data tape library. Tasks includes 
processing daily telemetry tapes to dub the appropriate seismic 
events and making playbacks of requested network events and 
events recorded on the 5-day recorders. 

Results 
Seismic Network Operations: 

The major effort during this period was in support of Loma 
Prieta earthquake monitoring. The microwave network, which 
telemeters about 60% of the data, operated without failure. An 
early alert monitoring system was developed and installed about 4 
days after the Loma Prieta mainshock. This small net consisted 
of 3 separate dual gain vertical sensor systems. The stations 
were installed near Loma Prieta Mountain in a triangular pattern 
with each side about 2 miles. The signals were independently 
transmitted to Menlo Park. The signals were fed into a trigger 



which actuated if 2 of the 3 units sensed a signal equivalent to 
a magnitude 3.8 earthquake. The trigger actuated a radio code 
which was received by radios at the Cypress Structure CalTrans 
headquarters. The warnings of earthquakes were received there 
about 15-18 seconds before the arrival of the S waves. The 
system had 1 false trigger in 2 months and did not fail to 
trigger on any earthquake larger then M3.8. 
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Investigations 

1. Continued analysis of the seismicity and volcanism patterns of the Pacific Northwest in an 
effort to develop an improved tectonic model that will be useful in updating earthquake hazards 
in the region. (Weaver, Yelin) 

2. Continued acquisition of seismicity data along the Washington coast, directly above the 
interface between the North American plate and the subducting Juan de Fuca plate. (Weaver, 
Yelin, Norris, UW contract) 

3. Continued seismic monitoring of the Mount St. Helens area, including Spirit Lake (where 
the stability of the debris dam formed on May 18, 1980 is an issue), Elk Lake, and the south- 
em Washington-Oregon Cascade Range (north of Newbeny Volcano). The data from this 
monitoring is being used in the development of seismotectonic models for southwestern Wash- 
ington and the interaction of the Basin and Range with the Oregon Cascades. (Weaver, Grant, 
Norris, Yelin, U W contract) 

4. Study of Washington and northern Oregon seismicity, 1960-1989. Earthquakes with magni- 
tudes greater than 4.5 are being re-read from original records and will be re-located using mas- 
ter event techniques. Focal mechanism studies are being attempted for all events above magni- 
tude 5.0, with particular'emphasis on the 1962 Portland, Oregon event. (Yelin, Weaver) 

5. Study of earthquake catalogs for the greater Parkfield, California region for the period 
1932-1969. Catalogs from the University of California (UCB) and CalTech (CIT) are being 
compared, duplicate entries noted, and the phase data used by each reporting institution are 
being collected. The study is emphasizing events greater than 3.5, and most events will be 
relocated using station corrections determined from a set of master events located by the 
modem networks. (Meagher, Weaver) 

6. Study of estuaries along the northern Oregon coast in an effort to document probable sub- 
sidence features associated with paleosubduction earthquakes (Grant). 

Results 

1. Portland, Oregon lies in the southern half of an approximately rectangular basin measuring 
30 by 50 krn. Since 1969, there have been no earthquakes of magnitude 4.0 or greater on the 
margins of the Portland basin, but this level of seismicity may not be characteristic of the 
region. Using microseismicity data collected by the University of Washington regional short- 
period seismograph network for the period mid-1982 through 1989, we have determined P- 
wave focal mechanisms for four individual earthquakes and three groups of earthquakes. We 



have also relocated the the Mw = 5.1 Portland earthquake of 6 November 1962 and analyzed 
regional surface-wave recordings of this event, using the seismic moment-tensor inversion tech- 
nique. The results of these seismic analyses, along with geologic and other geophysical data, 
are integrated into a seismo-tectonic model of the Portland basin. The P-wave mechanisms are 
compatible with dextral strike-slip motion along approximately NW trending fault zones bound- 
ing the eastern and western margins of the basin. We propose the existence of a dextral 
strike-slip fault zone, which we call the Frontal Fault Zone, along the eastern margin of the 
Portland basin The western margin has been previously recognized as a zone of dextral strike- 
slip faulting, the so-called Portland Hills Fault Zone. The epicenter of the 1962 earthquake is 
located between the two fault zones, and lies approximately 15 km NE of downtown Portland. 
Our preferred mechanism is normal faulting on NE or NNE trending fault planes. These 
results support the hypothesis posed by previous investigators that the Portland basin is a pull- 
apart basin and further support the existence of contemporary crustal extension between the 
Frontal and Portland Hills Fault Zones. 

2. On December 24, 1989, a magnitude 5.1 earthquake occurred in the southern Washington 
Cascade Range near Storm King Mountain, about 30 km southwest of Mount Rainier. 
Although earthquakes of magnitude 5 and greater occassionally occur in the southern Washing- 
ton Cascade Range, this event was unusual for three reasons. First, in the first month after the 
earthquake, only 12 aftershocks were locatable, and all of these events were less than magni- 
tude 1.5. In contrast, other events in southwestern Washington of similar magnitude (Siouxon 
Peak, 1961; Elk Lake, 1981, Goat Rocks, 1981) have been followed by many tens to hundreds 
of aftershocks and the largest magnitude aftershock in aLl previous sequences has been at least 
3.0. Second, this event occurred in an area where very little seismicity has been detected since 
the regional Washington seismic network was installed in 1972. The other magnitude 5 events 
have occurred in areas with recurring seismic activity. Third, the earthquake focal mechanism 
is decidely different than others calculated for events in the southern Washington Cascades. 
The focal mechanism is dominantly strike-slip; however, the sense of motion, left-lateral slip 
on a north-south striking plane or right-lateral slip on an east-west striking plane, is in contrast 
to the right-lateral strike-slip on northerly-striking fault planes observed elsewhere for focal 
mechanisms calculated for earthquakes in the southern Cascade Range of Washington. 

The epicentral locations of the Storm King Mountain event is within a region of very 
high conductivity, referred to as the Southern Washington Cascade Conductor (SWCC). Previ- 
ous interpretations of the relation between seismicity and the SWCC have emphasized the hor- 
izontal limits of the conductor, and suggested that earthquake activity was concentrated along 
the boundary of the SWCC. For example, the St. Helens seismic zone occurs at the western 
boundary between the SWCC to the east and Eocene marine volcanic rocks known as Siletzia 
to the west. The hypocentral depth of the Storm King Mountain event places the earthquake 
below the interpreted lower boundary of the SWCC, perhaps near the eastern edge of Siletzia. 
We conclude that the Storm King Mountain earthquake is further evidence of the importance of 
the major crustal blocks in determining the pattern of crustal seismicity in the southern Wash- 
ington Cascade Range. 
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Near-Source Modeling of the 1966 ParMeld Earthquake 

We have carried out an analysis of the near-source records for the 1966 Parkfield earthquake to 
try to determine the extent of coseismic rupture. Because of the distribution of stations with 
respect to the rupture zone it is difficult to infer the complete rupture history. In particular we 
found it practically impossible to distinguish effects due to changes in the rupture time from 
effects due to changes in the slip amplitude. 

Instead of trying to solve for both rupture time and slip amplitude, we assume a range of 
rupture velocities parameterized by the fraction of the shear wave velocity P, and solve for the slip 
amplitude. A consequence of this is that our results do not provide a definitive rupture history for 
the entire fault and could be biased if rupture velocity varied a great deal during the earthquake. 
On the other hand, they do allow us to place constraints on the extent of coseismic rupture and 
estimate the range of possible rupture velocities. 

Lon 

Figure 1. The location of strong-motion stations that recorded the 1966 Parkfield earthquake are 
shown as triangles. Well located aftershocks [Eaton et al., 19701 are shown together with the 
surface trace of the San Andreas Fault. The right-step near Gold Hill is apparent in the aftershock 
distribution. 



In our analysis we used the horizontal components of the Cholarne-Shandon array: C05, C08, 
C12, and Temblor (Figure 1). C02 was excluded from the analysis due to the possibility that the 
data were affected by propagation effects and because the high-frequency, near-source 
approximation would be invalid if shallow coseismic rupture extended beyond Gold Hill. 

Rupture velocities in excess of 0.80P fit the data very poorly and were characterized by slip 
distributions that had very little slip over most of the rupture surface. Rupture velocities of 0.65P 
or less resulted in unreasonable models with a large amount of slip on a very short fault, which is 
inconsistent with the geodetic data and teleseismic estimates of the seismic moment [Tsai and Aki, 
19691. 

Our best-fitting slip model, which assumes a rupture velocity of 0.70P, is shown in figure 2. 
this model has a region of high slip occurring about 10 krn to the southeast of the hypocenter at a 
depth of about 10 km. There is a small region of high slip near the hypocenter and a larger region 
of high slip from 25-30 km to the southeast. This model suggests that rupture propagated well 
past the right-step at Gold Hill and very near to station C02. The fact that this region appears 
disconnected from the rest of the slip in our model does not necessarily make it infeasible. The 
barrier model provides a mechanism for disconnected regions of slip during earthquakes [Dm and 
Aki,  19781. Moreover, our data are band-limited and we are unable to recover the low- 
wavenumber components of the source. 

Rupture Time (seconds) 

Slip Amplitude (cm) 

Figure 2. The best-fitting constant rupture velocity model for the Parkfield earthquake has a 
rupture velocity of 0.708. This model has slip occurring as far as 30 km from the hypocenter-near 
the Cholarne-Shandon array; however, it is inconsistent with the geodetic model of slip during the 
1966 sequence [SegaN Md Ham's, 1987. 



However, a more troublesome aspect of this rupture model is that there is very little slip on a 
large part of the fault over which the geodetic data [Segall and Harris, 19871 indicate that the slip 
was highest-about 15-25 krn to the southeast of the hypocenter. Unless a great deal of post- 
seismic slip occurred over that entire area, this model is inconsistent with the geodetic data. 

A model that we prefer, which assumes a slightly higher rupture velocity of 0.7@ and fits the 
strong-motion data nearly as well, is shown in Figure 3. In this model slip extends to about 24 
km to the southeast of the hypocenter, near the offset in the fault at Gold Hill. There is a small 
region of high slip 33 krn along-strike, but this is not significant. The majority of slip occurs 
from 10-23 km along-strike and at depths ranging from 2-12 km. The region of high slip is 
located at the same distance along the fault as in the geodetic model of Segall and Harris [1987]. 
This model is also supported by independent estimates of the rupture velocity [e.g. Trifunac and 
Udwadia, 1974; Lindh and Boore, 198 11. 

Rupture Time (seconds) 

13.0 
- 7 3 3 

Slip Amplitude (cm) 

Figure 3. The constant rupture velocity model for the Parkfield earthquake assuming a rupture 
velocity of 0.758. Although this model fits the data slightly less well than the model shown in 
Figure 2, it is consistent with geodetic models of slip in the 1966 sequence. For this reason we 
favor it over the mdel in Figure 2. The sensitivity of our rupture models for this earthquake to 
the rupture velocity is a consequence of the poor source-station distribution. The regional-distance 
data have a much better azimuthal distribution with respect to the source and will not be nearly as 
sensitive to the assumed rupture velocity. 

To summarize, the results from the near-source data indicate that the rupture velocity was 
fairly low in this earth uake, 0.65P c v < 0.80P. We also obtain lower values for the shear '3 fracture energy - 5 x 10 ~ /m2  for the Parkfield earthquake relative to that found for the Morgan 
Hill and Imperial Valley earthquakes - 2 x 106 ~ / m 2  [Beroza and Spudich, 1988; Beroza, 19891. 



The extent of coseismic slip is not well determined by the near-source data alone. However, taken 
together with models derived from the geodetic data our results suggest a model in which 
coseismic rupture terminates near the offset in the San Andreas fault at Gold Hill with post- 
seismic slip occurring farther to the southeast. These conclusions could change; however, if there 
are strong variations in the rupture velocity during the earthquake. A definitive determination of 
the extent of rupture in the 1966 earthquake and in the 1934 earthquake requires the analysis of the 
regional-network Wood- Anderson data. 

Analysis of the 1934 and 1966 Parweld Earthquakes Using Wood-Anderson Data 

We have already collected Wood-Anderson seismograms from the Archives of the University 
of California at Berkeley and the Califomia Institute of Technology for earthquakes dating from 
193 1 to 1975 in the Parkfield region. The seismograms have all been reproduced and enlarged for 
digitization with funding and support from the U.S. Geological Survey. We are currently 
working on the digitization of the dataset. 

The digitized Wood-Anderson data will be used to infer the rupture history of the 1934 and 
1966 events and to test the characteristic earthquake hypothesis. The Wood-Anderson data should 
substantially increase our resolution of the rupture history of the 1966 earthquake. This is 
especially true given the poor distribution of strong motion stations relative to the 1966 earthquake 
with the associated pitfalls demonstrated above. How well we will be able to recover the rupture 
history of the 1934 earthquake will depend on the accuracy of the regional-distance Green's 
functions calculated using the proposed techniques. Analysis of geodetic measurements at the 
southern end of the rupture zone bracketing the 1934 earthquake indicate that there were 
substantial differences in the 1934 and 1966 sequences [Segall et al., 19901. 

The techniques we develop have the potential to open up a new window on older earthquakes, 
which in turn will allow a better understanding of earthquake rupture. They may also provide a 
starting point for the analysis of broad-band, high-dynamic-range, digital data from future 
earthquakes. 
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I n v e s t i g a t i o n s  

1. I n v e r s i o n  f o r  t h e  d i s t r i b u t i o n  o f  s t r e s s  r e l e a s e  i n  an ear thquake r u p t u r e  
process. 

2. Record ing and a n a l y s i s  o f  a f t e r s h o c k s  o f  t h e  1989 Loma P r i e t a  earthquake. 

3. A n a l y s i s  o f  acce lerograms w r i t t e n  by t h e  mainshock and a f t e r s h o c k s  o f  t h e  
1983 Coal inga  earthquake. 

Resu l t s  

1. Boa tw r i gh t ,  DiBona, Cocco (1989) have designed, programmed, and a p p l i e d  an 
i t e r a t i v e  i n v e r s i o n  scheme which uses p o s i t i v i t y  c o n s t r a i n t s  t o  deconvolve 
r e c o r d i n g s  o f  smal l  ear thquakes f rom r e c o r d i n g s  o f  l a r g e r  earthquakes, and 
which m in im izes  t h e  number o f  sub-events  necessary by  u s i n g  an F - t e s t  t o  
check t h e  s t a t i s t i c a l  s i g n i f i c a n c e  o f  each added subevent. The i n v e r s i o n  
determines t h e  space- t ime  d i s t r i b u t i o n  o f  t h e  s t r e s s  r e l e a s e  compr is ing  
t he  earthquake. I t  has been a p p l i e d  t o  a  s e t  o f  9  u n f i l t e r e d  acce le ro -  
grams o f  body-waves r a d i a t e d  by a  M = 5.3 Coal inga a f t e r shock ;  t h e  e r r o r  
r e d u c t i o n  f rom t h e  i n v e r s i o n  was 7 f % .  D i f f e r e n t  methods o f  c o n s t r a i n i n g  
t h e  s o l u t i o n  were t e s t e d :  t h e  most p h y s i c a l  s o l u t i o n  was ob ta ined  by con- 
s t r a i n i n g  t h e  r u p t u r e  v e l o c i t y  o f  t h e  process t o  be l e s s  than  t h e  S-wave 
v e l o c i t y .  

2. GEOS d i g i t a l  event  r e c o r d e r s  were deployed a t  21 s i t e s  i n  San Franc isco  
and 14 s i t e s  ex tend ing  f rom Woodside t o  Fremont ac ross  t h e  Southern San 
F ranc i sco  Bay. These i ns t r umen ts  recorded  some 85 a f t e r s h o c k s  o f  t h e  Lorna 
P r i e t a  ear thquake over  a  p e r i o d  o f  two months f o l l o w i n g  t h e  earthquake. 
The s e t  o f  r e c o r d i n g s  r e p r e s e n t s  one o f  t h e  most e x t e n s i v e  da ta  s e t s  ever  
ob ta i ned  i n  an urban o r  suburban env i ronment ,  and can be expected t o  y i e l d  
s i g n i f i c a n t  i n f o r m a t i o n  f o r  t h e  e v a l u a t i o n  o f  se ismic  hazard i n  these 
areas. I n  p a r t i c u l a r ,  t hese  r e c o r d i n g s  can be used t o  complement t h e  
s t r o n g  mo t i on  r e c o r d i n g s  o f  t h e  mainshock i n  t h e  Bay Area. Boa tw r i gh t ,  
Seek ins ,  and Mue l l e r  (1990) have completed an a n a l y s i s  o f  t h e  r eco rd i ngs  
ob ta i ned  i n  t h e  Mar ina D i s t r i c t  which y i e l d e d  es t ima tes  o f  t h e  ground 
a m p l i f i c a t i o n  th roughou t  t h e  Mar ina,  as w e l l  as upper bounds f o r  t h e  main 
shock ground mo t i on  i n  t h e  Marina. 

3. Wennerberg (1990a) has d e r i v e d  a  v a r i a n t  o f  B o a t w r i g h t ' s  (1988) f i l t e r i n g  
s t r a t e g y  i n  which t h e  r e c o r d i n g s  o f  sma l l  ea r thquakes  a re  a m p l i f i e d  a  l o n g  
p e r i o d s  us ing  a  z e r o - p h a s e - s h i f t  f i l t e r  t o  s i m u l a t e  t h e  r e c o r d i n g s  of  
l a r g e  s imple ear thquakes o r  o f  l a r g e  subevents w i t h i n  a  complex r u p t u r e  



process.  Wennerberg (1990b) a p p l i e s  t h i s  t echn ique  t o  syn thes i ze  t h e  
acce le rograph  r e c o r d i n g  o f  t h e  M = 6.7 Coa l inga  mainshock, u s i n g  t h e  
r e c o r d i n g  o f  a  ML = 5.3 a f t e r s h o c  'k . A sum o f  f i l t e r e d  accelerograms cor -  
respond ing  t o  e leven  subevents  g i v e s  a  c r e d i b l e  match t o  t h e  main shock 
accelerogram. Corresponding s t r e s s  parameters  f o r  t h e  sub-events v a r y  
over  a  f a c t o r  o f  f i v e ,  and t h e  sum o f  t h e  subevent moments i s  c o n s i s t e n t  
w i t h  independent  e s t i m a t e s  o f  t h e  se ismic  moment o f  t h e  main shock. 
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Project Summary and Goals 

Recent studies have indicated that the spatial distribution of moment release can be quite 
heterogeneous along any particular rupture zone. The most common explanation for this 
heterogeneity has been the rupture of strong patches, or asperities, along the fault plane 
[e.g., Ruff and Kanamori, 19831. These strong patches could possibly arise from spatial 
variations in the frictional characteristics of the fault surface or from geometrical barriers 
inherent to the fault's shape. Alternatively, the spatial distribution of moment release could 
have little to do with the physical characteristics of the fault's surface and may be related to 
the dynamics of slip and how regions of a fault interact with neighboring regions [e.g., 
Rundle and Kanamori, 1987; Horowitz and Ruina, 19891. 

Distinctions between these two models can not be made by the analysis of single events 
[e.g., Thatcher, 19901. Conclusive observations can only be drawn from a study of the 
moment-release distribution generated by several great earthquakes, all of which rupture the 
same fault segment. If this distribution is controlled by the physical characteristics of the 
fault's surface, then one might expect the moment distributions to be similar for each of the 
earthquakes. One might also expect to be able to identify the sites of large moment release 
during the next great earthquake from the spatial distribution of the smaller interseismic 
events. If, however, the distribution of moment release is controlled by fault interactions, 
then one might expect the moment distributions to differ, particularly if the events have 
different, but overlapping rupture bounds. 

In this context, an excellent region of study is the central Aleutian Arc. In 1986, a 
magnitude 8.0 (Mw) earthquake occurred along the Aleutian Arc near the Andreanof 
Islands. The slip distribution, aftershock, and preshock sequence of this earthquake have 
been described in a number of recent studies. Prior to 1986, the central Aleutian Arc was 
ruptured by another great earthquake in 1957 (My> 8.5). The 1957 Andreanof Islands 
earthquake remains poorly understood. Its seismic moment, slip distribution, and even 
rupture area have not been well constrained. The short time span between the 1957 and 
1986 earthquakes provides us with a unique opportunity to study a complete seismic cycle 
bounded by two instrumentally recorded great earthquakes. In fact, it represents the only 
complete seismic cycle along the Alaska-Aleutian Arc which has been instrumentally 
observed. Currently published and ongoing research efforts have focused mainly on the 
final two-thirds of the rupture cycle. To help supplement our picture of the seismic 
process' involved during the entire rupture cycle, verify the recently proposed set of 
seismic hazard estimates, and shed light on the possible mechanical consequences of the 
seismically observed moment distribution, a more fundamental understanding of the 
rupture characteristics of the 1957 event, including more robust estimates of its rupture 
bounds, seismic moment, and slip distribution are needed. 

In this study, we initially concentrate on describing the aftershock sequence of the 1957 
event and tying these observations together with studies of recent seismicity and the spatial 
distribution of moment release during great earthquakes. The spatial distribution of 
moment release during the 1957 event will then be determined from an analysis of surface 
and bodywave observations. 



Compilation of Travel-Time Observations 

Since it appears to take several years for the rate of aftershock activity to return to the 
backround level and because we would ultimately like to compare the spatio-tempera1 
distribution of the 1957 aftershock sequence with that of the 1986 event and the 
interseismic events (i.e., those occurring after 1963) already relocated by Engdahl et al. 
[I9891 we will relocate events that occurred between 1957 and 1963. Unfortunately, the 
travel-time observations listed in both the ISS and the BCIS for this time period are not 
available in computer readable form. This problem is also complicated by the fact that 
several apparently large events ( mb > 5.0) are not included in the ISS but are included in 
the BCIS. We have, therefore, compiled a list of all the known events along the Aleutian 
Arc and are beginning to tabdate, and enter the appropriate travel-time observations. To 
facilitate data entry we are experimenting with, and hope to employ Optical Character 
Recognition software. 

Aftershock Relocations and Depths 

Previous relocation efforts have either ignored the laterally varying velocity structure 
near the arc or accounted for it using the method of Joint Epicenter Determination (JED). 
Although JED locations are expected to be more consistent than single event locations, this 
procedure assumes that the source corrections applied to the location of each event are 
constant in a direction perpendicular to the arc. Many studies have shown, however, that 
the magnitude and direction of the earthquake mislocation vector can vary substantially with 
event position and recording station distribution. The relative rnislocation of teleseismically 
recorded events can, however, be explained with the inclusion of a near-source velocity 
perturbation in the form of a high-velocity slab. 

Using the slab geometry described by Boyd and Creager [I9901 and Creager and Boyd 
[1990], we have calculated P-wave travel-time perturbations to 476 stations as a function of 
epicentral position. As a first pass, we are only considering shallow thrust earthquakes. As 
such, residuals are calculated assuming a source depth of 33 km. Differences in an event's 
actual source depth should not greatly affect the residual pattern since variations in source 
depth trade-off with origin time, but do not greatly affect epicentral estimates. The spatial 
variation in the theoretical travel-time residuals for two stations is shown in Figure 1. 
Notice that the residuals vary not only with changes in an event's arc-normal position, but 
also with changes in an event's along strike position. This is mainly a result of changes in 
the local strike and dip of the slab. 

These calculated residuals will be used directly as epicentrally varying station 
corrections to generate relocated epicenters without additional ray tracing. We have 
performed preliminary locations on events listed in the ISS during the years 1961 through 
1963. The relative relocations vectors for this set of events are shown in Figure 2. The 
relocations vectors are spatially consistent and amount to as much as 30 km. Preliminary 
relocations of the aftershock sequence will be presented at the Fall, 1990 AGU meeting. 

Waveform Inversion for Mainshock Source Parameters 

Ruff et al. [I9851 constrained the spatial distribution of moment release for the 1957 
event by inverting surface wave observations from Pietermaritzburg. Their results indicate 
that most of the seismic moment was released in the western 600 krn of the rupture zone. 
We will repeat Ruffs inversion, but include additional observations. For example, we 
have found seismograms in the World Data Center A that might provide additional 
constraints. The most encouraging of these are records recorded on Wiechert seismometers 
at Abuyama, Japan. The vertical component contains unclipped R I .  Although the 
seismometer period is only 5 seconds, surface waves with periods of up to 40 seconds are 



clearly visible on the raw record. If after digitizing and low-pass filtering this record, 
significant energy can be seen at periods of greater than 50 seconds these observations will 
provide important constraints on distribution of moment release since Japanese stations are 
located along strike of the arc. We will also try to include the NIS component of the 30-90 
seismometer recorded at Pasadena. This record shows clear Ry and R2 phases. We plan 
on presenting the preliminary results of this portion of study at the Fall, 1990 AGU 
meeting. 
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Figure 1: P-wave travel-time residuals calculated from the slab model of Creager and Boyd 
[I9901 and Boyd and Creager [1990]. Residuals are calculated by assuming event 
positions that vary from the trench to 40 km north of the volcanic arc. Source depth is 
fixed to 33 km. The constant residual patterns observed to the north in each plot are 
artifacts of the limited spatial extent of event position. 



Figure 2: Relocation vectors computed for all of the events listed in the ISC between 1961 
and 1963. Tail of each arrow is located at the spherically symetric earth model location. 
Each arrow points in the direction of the slab corrected location. 
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Investigations 
The  objective of this research is to investigate earthquake hazards in western Wash- 

ington, including the possibility of a large subduction-style earthquake between the North 
American and Juan de Fuca plates. Improvement in our  understanding of earthquake 
hazards is based on better understanding of the regional structure and tectonics. Current 
investigations by our research group focus on the configuration of the subducting Juan de 
Fuca plate, differences in characteristics of seismicity between the overlying North Ameri- 
can and the subducting Juan de Fuca plates, kinematic modeling of deformation of the 
Juan de  Fuca slab, and modeling of lateral velocity variations in the shallow crust. Accom- 
plishments this quarter include final publication of the 3-D crustal velocity model for 
Puget Sound resulting from tomographic inversion of earthquake travel times, submission 
of an article describing a technique for incorporating gravity data as a constraint in the 
tomographic inversion of earthquake travel times for crustal structure, and publication of a 
paper on an automatic method for more accurate determination of teleseismic relative 
phase arrival times. We are continuing development of non-linear inversion techniques for 
use in the inversion of teleseismic travel times for deep structure of the Cascadia Subduc- 
tion Zone. Research during this contract period concentrated on the following topics: 

1. Investigation of anomalous phase arrivals from sub-crustal earthquakes. 

2. Modeling of 3-D kinematic flow of the subducted slab. 
Results 

1. Anomalous Phase Arrivals 
We are completing an investigation of the lower crust and uppermost mantle of 

western Washington using anomalous high amplitude phase arrivals at stations on the 
Olympic Peninsula from subcrustal earthquakes. These phases are observed at distances of 
100-200 km for subcrustal earthquakes at south-east azimuths, and have apparent veloci- 
ties of 5.8-6.2 kmls .  We interpret these arrivals as resulting from energy trapped within 
the low-velocity subducting oceanic crust. We used 2-D raytracing to model these phase 
amplitudes and arrival times. 

From observed P, arrivals we find that, along a NW-SE azimuth, the subducting plate 
has an apparent dip of 8-1 lo. The observed 5.8-6.2 km/s velocity of the low velocity om-  
anic crust is somewhat lower than that observed in a similar study of Southwestern Japan, 
where subducting crust velocities of 6.8-7.0 kmls at around 40 km depth were obtained. 
The lower velocity observed in the subducting crust below western Washington may be 
related to a layer of metasedirnents being subducted within the basaltic crust as described 
by Cochrane et. a1 (1988, PAGEOPH, V.128, pp. 767-800). with the observed apparent 
velocities of the anomalous phases being an average of the two low velocity layers. 
2. Slab Kinematics 

Well-located subcrustal microseismicity recorded by the Washington Regional 
Seismograph Network (WRSN) since 1970 is concentrated in the Puget Sound Basin. The  



catalog of subcrustal earthquakes greater than magnitude 6 in Washington during the last 
century indicates an even more pronounced concentration of seismic moment release of 
events beneath the Puget Sound Basin; from Olympia, Washington to Victoria, British 
Columbia. Intra-slab moment release in this area is four orders of magnitude higher than 
to the north and south. 

Wadati-Benioff zone seismicity dips 20' under central Vancouver Island, 10" across 
the Olympic Peninsula-Puget Sound area, and about 20" under Oregon, defining an arching 
slab geometry with the axis of the arch running east-west under Pugee Sound. The arch 
coincides with the Olympic Mountains, a horseshoe-sh aped, post-Eocene accretionary 
prism. This unusually wide and deep accretionary wedge extends 200 km from the defor- 
mation front, but is confined to less than 100 km along arc. To the north and south the 
prism is much smaller. All these observations seem to be related to the - 35" concave 
oceanward bend of the trench adjacent to the Olympic Peninsula. The subduction process 
forces an initially spherical shell of oceanic lithosphere to pass through the trench, whose 
curvature is backwards relative to most island arcs, and into the mantle. Even though the 
descending slab retains much of the strength it had as a tectonic plate, in-plane deforma- 
tion is required to obtain the observed slab geometry. To explore the three-dimensional 
consequences of the concave oceanward trench, we have developed a numerical scheme to 
determine the kinematic flow field of a thin sheet of stiff fluid that enters the mantle along 
the trench at the known relative plate velocities, is constrained to remain on a given slab 
geometry, and minimizes various global norms of the in-plane strain rate tensor. Minimiz- 
ing the integrated effective strain rate to the power [1+ l / n ]  is equivalent to determining 
the flow field that minimizes the global dissipation power associated with internal deform a- 
tion of the slab for a power rheology with power n. We constructed two basic models of 
the geometry based on constraints from subcrustal seismicity, receiver function analysis 
and marine seismic reflection data. We utilized a criteria of 'least change of curvature" to 
interpolate at places where no  direct geometric constraint is available. The 'constant dip' 
model has a uniform 20' dip along any cross section normal to the trench, while the 'arch' 
model has 20' dip under Vancouver Island and Oregon, but has a shallower 11° dip under 
the Olympic Peninsula and Puget Sound, adjacent to the bend in the trench. For all slab 
geometries and rheologies analyzed the calculated flow field is dominated by high values of 
along-strike compression concentrated landward of the bend in the trench. The region of 
high calculated strain rates is coincident with the region of high observed seismic activity. 
The largest in-plane strain rates are 10-16s-'. The following effects have been examined in 
detail: (1). Sphericity. The compressional in-plane strain rates adjacent to the bend in the 
trench are a factor of two larger if the incoming lithosphere is a spherical shell than if it is 
planar. (2). Arch. The 'arch' model reduces the total dissipation power by a factor of 3 
compared with the 'constant dip' model. 

Fixing the dip to the north and south at 20'. we performed several calculations vary- 
ing the dip along the arch axis and found that the minimum total integrated dissipation 
power occurs at a dip of 10-12". Thus, the observed arch geometry matches the optimum 
slab configuration in the sense that it requires the least amount of in-plane deformation. 
(3 . )  Non-linear rheology. The experiments discussed above assume a linear Newtonian 
rheology, which is not likely to be appropriate for the cold core of a slab. We have 
extended the calculations to a power-law rheology with a power of n= 3.5 and n= 100000. 
The power law rheology has little effect on the pattern of strain rates, except to concentrate 
regions of peak strain rate, znd to produce large areas of very small strain rates. 
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Qbiect ive:  The primary objective of this research is to improve the calculated 
locations of earthquake hypocenters in New England (particularly to better 
constrabA'the event focal depths) by relocating earthquakes using new network 
station travel-time residuals. These residuals are to be found from a time-term 
tomographic analysis of the P wave arrivals on the New England Seismic Network 
(NESN) stations from the 1984 Maine Seismic Refraction Profile (MSRP) and from 
the 1988 New York-New England Seismic Refraction Experiment (NY-NEX). The 
relocated earthquake hypocenters will be used to reexamine the present 
seismotectonics of the northeastern United States in an effort to identify 
seismically active structures in the region. 

Data Pre~arat ion and Analysis: The time during the first 3 months of the contract 
has been spilt between reading the P wave arrival times from the NY-NEX blasts 
from the NESN stations and writing the computer code to perform the tomographic 
time-term analysis on the full data set. As part of reading the arrival times from 
the NESN stations, we are also accumulating measurements of S wave arrival times 
whenever possible. We hope to use those data to make some estimates of Poisson's 
ratios under the individual stations. The data analysis and computer programming 
are going on schedules and we hope to have this part of the analysis completed by 
J u n e .  

Preliminary Results: While we have no results from the data analysis yet to report, 
we do note from the NY-NEX waveforms from which we have read arrival times that 
many, but not all, of these refraction explosions gave easily recognized P-wave first 
arrivals at many stations. This gives us confidence in the accuracy of the source- 
receiver travel times which we have calculated. We have also seen a preliminary 
crustal model for the New England and Adirondack part of the NY-NEX profile as 
calculated by the U.S.G.S. from their instrumentation (W. Mooney and J. Luetgert, 
personal communication, 1989, 1990). We regard this work as vital to our own effort 
since we need to use the best available average crustal models as the starting input 
into our time-term tomographic analysis .  
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The 1906 trace of the San Andreas fault (SAF) at the Vedanta research site lies 
along the southwest base of a ridge of late Pleistocene terrace deposits here called the 
"medial ridge." The site of this paleoseismologic study is an abandoned water gap which 
was cut across the medial ridge in an orientation nearly orthogonal to the trend of the SAF. 
The following summarizes the past nine months of the project. 

1. The results of the 1988 field season were written as a final technical report last 
summer. We have developed a preliminary reconstruction of the evolution of the wind gap 
that is based primarily on strata exposed in our 1988 trenches east of the SAF. If we 
assume late Holocene slip events on the SAF produced geomorphic changes similar to 
those documented after the 1906 earthquake, (slight subsidence of the western block and 
development of a shallow tectonic trough along the fault trace), then we can infer that these 
changes served to prevent Gravel Creek from flowing through the gap, at least temporarily. 
Based on this model, be are able to identify at least three pre-1906 episodes of faulting: 
between 2,000 and 1,900 B.P. (Figure 1, sketches 1 and 2), between 1,850 and 1,500- 
1,100 years B.P. (sketches 3 and 4), and between 1,100 years B.P. and 1906 (sketches 5 
and 6). Channelized stream deposits located at the northern end of the wind gap at a depth 
of two meters are truncated on the west by the SAF. Wood and charcoal samples from this 
channel have been radiocarbon dated at 1,850-150 years B.P. The correlative channel 
presumably lies northwest of the wind gap and is now buried under marsh sediments. Our 
FY 1990 proposal focuses on investigating the northwest side of the SAF. 

2. Trenching began at the Vedanta Wind Gap site on April 23, 1990. In order to 
dewater the marsh around the targeted area on the northwest side of the SAF, we deepened 
and extended a drainage ditch from the lower end of the marsh. During excavation of the 
ditch, we encountered well-preserved trees buried at various depths in the marsh. At least 
one tree lies across the SAF and appears to be offset by faulting. Orientation of the trees 
across the SAF and possible seismic events captured in their tree rings provide a unique 
opportunity to investigate both slip rate and recurrence intervals at this site. 

Now at: Geornatrix, One Market Plaza, Spear Street Tower, Suite 717, San Francisco, CA 94105 

Also at: Geology Department, Stanford University, Stanford, CA 94305 
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Figure 1: Late Holocene evolution of the Vedanta wind gap. Qoa = older Quaternary 
terrace deposits; Qc = colluvial units. 

1. Gravel Creek deposits a sheet of gravel through the gap from west to east and fills a 
tectonic depression between the fault and the medial ridge. 
2. Gravel Creek drains to the northwest parallel to the fault, but does not cross through the 
water gap, possibly as a response to temporary damming of the gap by colluvium andlor by 
local subsidence on the western block caused by slip on the SAF. A flood event on Olema 
Creek deposits crevasse splay sediments on the Pacific plate. 
3. Gravel Creek erodes a channel across the north end of the gap depositing the gravels 
and wood of our target buried piercing point channel. Stream flow'is from west to east 
across the San Andreas fault. 
4. An Olema Creek meander cuts the deposits within the gap and deposits a point bar 
sequence. The deposits fine upward into floodplain silts. Gravel Creek is diverted to the 
northwest possibly by slip on the SAF. 
5. Gravel Creek resumes flow from west to east across the gap and deposits a sheet of 
gravel. 
6. Subsidence on the western block accompanying at least one pre- 1906 slip event on the 
SAF causes abandonment of the water gap. At present, a tributary of Gravel Creek flows 
in a man-made ditch along the fault. 
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This program focuses on the highly active seismic zone between the Parnir and Tien Shan 
mountain belts in Soviet Central Asia. The Garm region is located directly atop the collisional 
boundary between the Indian and Eurasian plates, and is associated with a dense concentration of 
both shallow and intermediate-depth earthquakes. Since the early 1950ts, G m  has been the 
home of the Complex Seismological Expedition (CSE), whose primary mission is the prediction of 
earthquakes in the USSR (Nersesov et al., 1979). Beginning in 1975, the USGS, in cooperation 
with the CSE, has operated a telemetered seismic network nested within a stable CSE network that 
has operated in the area for over thirty years. The fundamental aims of the present research project 
are: (1) to elucidate the structures and processes involved in active deformation of the broad 
collisional plate boundary, and (2) to examine the temporal variations in seismicity near Garm, in 
the form of changing spatial, depth, and stress distribution of microearthquakes that precede larger 
events. The data base for this study includes the combined resources of the global, regional, and 
local seismic networks. 

Results 

The research reported here is based on two main data sources: (1) the Soviet regional cata- 
log ("Earthquakes in the USSR," Acad. Sci. USSR), which covers an area of approximately 15' x 
25" and includes over 30,000 events since 1962 (compiled in collaboration with D.W. Simpson, 
Lamont-Doherty Geol. Obs.), and (2) the CSE network catalog, which covers an area of about 2" 
square surrounding Garm, and includes over 90,000 events since the early 1950's. Our research 
during this period included collaborative studies with three visiting Soviet seismologists, A. Lukk, 
S. Yunga, and G. Popandopulo, who were working at Indiana University for the period January - 
March 1990. The work included research on velocity inversion using teleseismic travel time 
residuals, analysis of earthquake focal mechanisms, and earthquake relocation problems. We have 
also continued our work on analysis of aftershock properties of intermediate-depth earthquakes. 

Teleseismic Travel Time Inversion. In collaboration with Alek Lukk (Institute of Physics 
of the Earth, Moscow), we have compiled traveltime data from 218 teleseismic earthquakes 
recorded at the Garm network stations, in order to obtain information on mid- to lower crustal 
velocities. These data have been augmented by arrival time data from fourteen regional seismic 
stations operating in the Parnir, in the Tadjik Depression, and in Afghanistan. We have begun 
work with a teleseismic inversion routine based on the work of Aki et al. (1977), and incorporated 
into Foman code by Evans (1986). To date, we have succeeded in calculating travel time residuals 
from the raw arrival time data, removing unreliable readings, and examining azimuthal 
characteristics of the traveltime residuals. Based on our preliminary results, we are reexamining 
the original seismograms for teleseismic arrival times; we anticipate obtaining a three-dimensional 
velocity model for the crust and upper mantle of the Garm region by the fall of this year. 

Earthquake Focal Mechanisms. As a result of our collaboration with Sergei Yunga and 
Alek Lukk (Institute of Physics of the Earth, Moscow), we have gained access to a remarkable data 
base of earthquake focal mechanisms from the Garm network. The Soviet seismologists have 



accumulated over 15,000 earthquake focal mechanisms in this area (Lukk and Yunga, 1988). As 
part of the bilateral exchange, we have gained access to both the focal mechanism solutions and the 
first motion data on which the solutions are based. Our work to date has included comparison of 
Soviet and American techniques in focal mechanism determination (to examine the influence of 
local velocity structure, earthquake relocation, and computational algorithms on mechanism 
determination) and seismotectonic analysis of average mechanism characteristics. 

Single-event mechanism solutions for the larger events in the data base (magnitudes greater 
than 3.0) are summarized in Figure 1. We observe a remarkable uniformity to the mechanisms, 
which are dominated by thrust- and strike-slip fault plane solutions. The mechanisms' P-axes 
generally trend north-northwest to northwest, with a gradual fanning out of the stress axes about 
the syntaxis of the Parnir. We have also redetermined focal mechanisms for 3380 events for the 
period 1980- 1987, using the American program FPFIT (Reasenberg and Oppenheimer, 1 985). 
Significant differences were observed for approximately 30% of the events examined, and the 
discrepancies increased for events located outside the network. What was somewhat surprising 
was that despite significant discrepancies for individual events, the average stress tensor 
determined for the overall region, as well as those for individual sub-areas, proved to be highly 
stable. Average orientations of P- and T-axes, for instance, seldom differed by more than 2 
degrees. This result suggests that while individual earthquake focal mechanism determinations 
may be subject to significant random errors, there are few systematic errors that influence the 
determination of the overall stress field. The results thus provides support for Lukk and Yunga's 
(1988) summary of stress orientations within the Garm region, which documented subhorizontal 
compression as the dominant component of the stress system acting throughout the region. 

Earthquake Relocations. As part of our collaborative work with Gyorgi Popandopulo (Institute 
of Physics of the Earth, Moscow), we have been studying a new algorithm that permits resolution 
of three-dimensional P and S velocity structure and earthquake location in the presence of 
significant lateral inhomogeneity in the earth's crust (Popandopulo et al., 1990). The VELGA 
algorithm has been applied to seismotectonic and earthquake prediction problems in the Garm 
region. We have compared the results with those obtained using U.S. l-D velocity inversion and 
earthquake location programs (VELEST and HYPOELLIPSE). The VELGA algorithm offers 
several distinct advantages over other earthquake location and velocity inversion schemes: (1) the 
program takes advantage of all available arrival time data, rather than being restricted to a small 
group of well constrained hypocenters. In the case of the Garm study, we used over 80,000 
earthquake locations and over 1,200,000 arrival time data to constrain the velocity structure; (2)  
The program requires no apriori knowledge of the velocity structure of the region; (3) because the 
program uses iterative, rather than simultaneous, inversion for velocity structure and earthquake 
location, it is not extraordinarily demanding of computer speed or memory; (4) the use of a laterally 
varying velocity structure appears to circumvent the pitfalls common to one-dimensional, single- 
event location algorithms, in which earthquake hypocenters tend to cluster around layer 
boundaries; (5) the use of the entire 30-year data base pennits resolution of temporal variations in 
P- and S-wave velocity that may be associated with precursory deformation prior to major 
earthquakes; (6) because the program works with effective, rather than absolute, velocities, it does 
not require sophisticated 3-D ray-tracing subroutines to calculate travel times; and (7) the program 
works with S-P times, rather than with absolute P or S arrival times, making the earthquake 
locations less affected by timing errors at individual stations. 

As an independent test of the VELGA algorithm, we have relocated hypocenters recorded by 
the Garm network, using the single-event location algorithm HYPOELLIPSE (Lahr, 1986). In 
general, well recorded earthquakes within the seismic network show little difference between the 
two location schemes (Figure 2). In general, the discrepancies increase at the fringes of the 
network, increasing to 5 krn or more. Over 80% of the events compared showed epicentral 
discrepancies less than 2 km. A small number of events show larger deviations, which may be 
attributable to very poorly constrained events. In general, the VELGA events are systematically 



offset to the south relative to the HYPOELLIPSE events. This is likely to result from lateral 
velocity heterogeneities within the study area, possibly accounted for by the 3-D velocity model 
used by VELGA. 

Aftershock Properties of Intermediate-Depth Earthquakes. In our previous NEHRP Technical 
Report we presented evidence that confirms Lukk's (1968) observation that earthquakes in the 
Pamir-Hindu Kush region are followed by clear mainshock-aftershock sequences. This 
observation is remarkable as the events involved have focal depths of approximately 200 km, 
contradicting the widely held view that deep earthquakes do not have aftershock sequences (e.g., 
Page, 1968). Building on the overview of Central Asia aftershock properties of Thomas (1989), 
Pavlis et al. (1989) examined seismicity associated with all intermediate-depth earthquakes with 
magnitude larger than 5.5 for the period 1962-1984. They examined these sequences by two 
different methods: (1) a qualitative method based on examination of epicentral maps to 
discriminate space-time clustering of earthquakes after a large earthquake, and (2) a quantitative 
method based on a robust estimator of a Poisson rate. They found that of the 36 earthquakes 
examined 16 showed no evidence of aftershock behaviour, 15 showed subtle suggestions of 
aftershock behaviour, and only 3 were followed by unambiguous aftershock sequences. The three 
clear aftershock sequences, however, show a remarkable property seen in Figure 3: they all 
occurred in essentially the same place at an interval of approximately 9 years. Furthermore, the 
aftershock seismicity that follows these large events is primarily associated with an persistent nest 
of earthquakes that occurs near a major change in strike of the Parnir-Hindu Kush seismic zone, at 
approximately 36S0N and 70.4"E. We suggest that the aftershock behaviour of these large, 
intermediate-depth earthquakes is probably caused by the transient load applied to this nest by the 
disruption of the local stress field following the mainshock. This transient load could trigger 
increased activity in the nest which would decay with time as the load was relaxed. 

References 
Aki, K., A. Christofferson, and E. Husebeye, 1977, Determination of the three-dimensional seismic structure of the 

lithosphere, J. Geophys. Res., 82, 277-296. 

Evans, J. R., 1986, Teleseismic traveltime residual analysis system: A user's manual, unpublished computer 
documentation, Draft Dec. 3 1, 1986. 

Lukk, A. A., 1968, Aftershock sequence of the Dzhurm deep-focus earthquake of 14 March 1965, Izvestiya, Physics 
of the Solid Earth, 5 ,  83-85. 

Lukk, A. A., and S. L. Yunga, 1988, Stress-strain state of the earth's crust in the Garm region (11): Results of 
reconstructions [in Russian], Izvestiya, Fiziki Zemli, 24:7, 10-22 

Nersesov. I.L., Yu, P. Skovorodkin, and T.V. Guseva, 1979, Results of complex studies in the Garm geodynamic 
polygon, Izvestiya, Physics of the Solid Earth, 15:4, 47-55. 

Page, R., 1968, Focal depths of aftershocks, J. Geophys. Res., 73, 12- 16. 

Pavlis, G.L., M.W. Hamburger and M.W. Thomas, 1989, Aftershock sequences associated with intermediate-depth 
earthquakes in the Pamir-Hindu Kush region [abstract], EOS Trans. Am. Geophys. Un., in press. 

Popandopulo, G.A., M.W. Hamburger and G.L. Pavlis, 1990, An iterative approach to inversion for 3-D velocity 
structure and earthquake location [abstract], IRIS Annual Meeting. Hilton Head, S.C.. 5-7 March 1990. 

Reasenberg, P.A. and D. Oppenheimer, 1985, FPFIT, FPPLOT, and FPPAGE: Fortran computer programs for 
calculating and displaying earthquake fault-plane solutions, U.S. Geol. Surv. Open-jile Rept. 85-739, 108 pp. 

Thomas, M.W., 1989, Temporal distribution of seismic activity within the Soviet regional earthquake catalog, 
Central Asia, M.S. thesis, Indiana University, 149 pp. 



Figure 1. Earthquake focal mechanism solutions for moderate-sized events (ML 2 3.0) in the Garrn region, 1971- 
1988. Shown are the horizontal projections of the axes of maximum compression of earthquake mechanisms 
determined by Lukk and Yunga (1988). Small symbols indicate earthquakes with 3.0 5 ML ( 4.0; large 
symbols indicate earthquakes with ML 2 4.0. Light lines indicate the 9000 foot topographic contour, and heavy 
lines indicate rivers. 
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Figure 2. Comparison of earthquake locations determined by VELGA (ends of line segments) and HYPOELLIPSE 

(open circles) for a single year (1980). The map area is approximately the same as in Figure 1. 
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Figure 3. Intermediate-depth aftershock sequences in the Pamir-Hindu Kush region. Shown are map views of 
aftershocks of the three clear sequences we have identified in this region. Dates listed are those on which the 
mainshock occurred. Time period shown in each map is from the beginning of the sequence until the seismicity 
rate drops below the mean background rate at a 95% confidence level. Symbols are keyed by depth: crosses, 
h < 50 km; squares, 50 5 h < 100; diamonds, 100 5 h c 150; triangles 2150. Symbol size increases with 
magnitude. Light line indicates the Afghan border. 
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INVESTIGATIONS 
Seismotectonic analysis of earthquake data recorded by the CITIUSGS and USC 

networks during the last 15 years in the greater Los Angeles basin. Improve models of the 
velocity structure to obtain more accurate earthquake locations including depth and to 
determine focal mechanisms. Studies of the earthquake potential and the detailed patterns 
of faulting along major faults in the metropolitan area and adjacent regions. 

A comprehensive study entitled: Earthquakes, faulting and stress in the Los Angeles 
basin , has been accepted for publication in Journal of Geophysical Research. 

RESULTS 

State of Stress in the Los Angeles Basin 
The seismicity, active faulting and folding in the Los Angeles basin are caused by a 

regional tectonic stress field. Close correspondence between the orientations of the P- and 
T-axes from focal mechanisms and borehole breakouts determined by Mount [I9891 is 
observed. For instance, at the northern end of the Newport-Inglewood fault both the thrust 
focal mechanisms and the borehole breakout data show northeast to east-northeast trending 
P-axes. This suggests that the trends of the principal stress axes do not change 
significantly with depth and that borehole breakouts in the Los Angeles basin although 
taken from shallow depth are representative of the tectonic stress field. 

The P-axes show some spatial variations in orientation with mostly northerly trending 
azimuths along the north and eastern sides of the basin but more northeasterly azimuths in 
the southwest. A similar variation can be seen in the azimuths of fold axes. The fold axes 
were grouped into three sets of sliding windows along latitudes 33" 42', 33' 52', and 34" 
2'. These overlapping windows, with a constant radius of 23 km, are spaced 23 and 22 
km apart in longitudinal and latitudinal direction, respectively. Azimuths of fold axes 
within these windows plotted in rose diagrams show how fold axes in the north and the 
eastern parts of the basin have azimuths that differ about 30-40" from azimuths of fold axes 
in the southwestern part of the basin. 

The P- and T-axes or fold axes alone, however, do not adequately represent the local 
stress field, because the trend of the P-axes can differ from the maximum principal stress 
by 45' [McKenzie, 19691. To determine the average deviatoric stress field in the Los 
Angeles basin the data set of focal mechanisms was inverted for the orientations of the 
principal stresses and their relative magnitude. Furthermore, to determine spatial variations 
in the deviatoric stress field across the basin the data set was divided up into 15 spatial 
groups and each group was inverted separately. 

The Whole Data Sel 
The stereonet plots in Figure 1 show the data and the directions of the maximum 

principal stresses with 95% confidence limits obtained from the inversion. As discussed 
earlier these stresses were calculated by selecting one of the two nodal planes from each 



focal mechanism as the actual fault plane. The 95% confidence limits were calculated 
assuming that 30% of the planes were picked incorrectly. The average stress state in the 
Los Angeles basin has a maximum horizontal principal stress with an azimuth of 13Of 3' 
and a vertical intermediate stress axis. The value of #=0.22 shows that the relative 
magnitudes of the three principal stresses are all different, with 3243 smaller than S 1 4 3  
indicating a small but significant thrust faulting component. This stress state reflects the 
coexistence of strike-slip and thrust faulting regime in the basin. This is also consistent 
with the prominent late Quaternary strike-slip faults and the strike-slip faulting observed for 
more than half of the focal mechanisms. This stress state is also consistent with previous 
results obtained for the Newport-Inglewood fault [Hauksson, 19871, Santa Monica Bay 
[Saldivar and Hauksson, 19891, and San Fernando aftershocks [Gephart and Forsyth, 
19841. This stress state also fits within the average stress trajectories of central and 
southern California determined from brehole breakouts by Mount [1989]. 

Spatial Stress Variations 
To determine the spatial distribution of stress within the Los Angeles basin the slip 

vectors from the 244 focal mechanisms were grouped into three sets of sliding windows, 
like the fold axes, along latitudes 33' 42', 33' 52', and 34' 2'. These overlapping 
windows, with a constant radius of 23 km, are spaced 23 and 22 km apart in longitudinal 
and latitudinal direction, respectively. The overlapping windows provide increased 
stability of the stress inversion, and some smoothing of the stress field. The stereonet 
projections of the selected planes and slip vectors for each window are shown in Figure 2. 
Each projection is plotted at the origin of the circle of 23 km radius that was used to select 
data for the inversion. The orientations of the maximum principal stress axes and the 
associated 95% confidence limits determined assuming 30% of the planes were picked 
incorrectly are shown for the 15 data sets in Figure 3. The large misfit angles from the 
stress inversions for events in the southwestern part of the basin are caused mostly by the 
normal faulting mechanisms. This suggests that the normal faulting mechanisms are 
caused by localized spatial variations in the stress field and further supports the 
interpretation that the normal faulting reflects local geometric readjustments. 

The state of stress varies significantly across the Los Angeles basin. The most 
important spatial variation in the state of stress is the variation from NlOW to N3I0E in the 
trend of the maximum principal stress. The east side of the basin has a nearly north 
trending maximum principal stress. From east to west, along the northern edge of the 
basin the principal stress rotates to the east from 0' to 13'. This is also consistent with the 
orientation of the fold axes along the northern flank. 

The 32' variation in azimuth of the maximum principal stress, from a north trending 
axis to a northeast trending axis, occurs between the northeast basin and the southern 
segment of the Newport-Inglewood fault and the San Pedro Bay. This deviation is 
statistically significant because the 95% confidence limits do not overlap, and shows that a 
different stress state exists in the southwest part of the Los Angeles basin. Fold axes in 
San Pedro Bay have a more northwesterly trend than observed elsewhere in the Los 
Angeles basin. The agreement between average trends of fold axes (shown as petals in 
Figure 3) and the trend of the minimum horizontal principal stress suggests that the current 
stress field has existed over the lifetime of the folds or for the last 2-4 Ma [e.g., Davis et 
al., 19891. 

The second most important spatial variation in the stress field is the variation in @ or the 
relative magnitude of S2 and Sg, which shows where strike-slip faulting and thrust faulting 
dominate in the basin (Figure 3). In the central part of the basin and along its eastern edge, 
@=0.25-0.49 (i.e., S2 is significantly larger than S3), and the plunge of S2 is close to 90' 
so that the stress state is equivalent to strike-slip faulting. Along the Elysian Park and the 
Torrance-Wilmington fold and thrust belt, @=0.08-0.25 (i.e. S2 is approximately equal in 
magnitude to S3), so the stress state is equivalent to thrust faulting. These spatial variations 



in the magnitudes and orientations of the principal stresses suggest that the flanks of the 
basin locally influence the state of stress. 

Jones, Lucile, Kerry E. Sieh, Epll Hauksson, and L. Katherine Hutton, The 3 December 
1988 Pasadena, California, earthquake: evidence for strike-slip motion on the 
Raymond fault, Bull. Seismo. Soc. Am., 80, No. 2, 474-482, 1990. 

Hauksson, E., Earthquakes, active faultingand stress in the Los Angeles Basin, 
GeoDhvs.~es.. in press, 1990. m, Cornpanson of broad-band waveforms of local earthquakes recorded at 
crystalline and sedimentary rock sites in the Los Angeles basin, presented at fall 
AGU meeting, 1989. 

Robertson. M. C., and E. Hauksson, Three-dimensional fine velocity structure of the Los 
Angeles basin, presented fall AGU meeting, 1989. m. The 1993 Long Beach earthquake &d its aftershocks, (Abstract), Seis. Res. 
Letters, 61,42, 1990. 
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Figure 1. Data 6om the 244 focal mechanisms and results from the stress inversion. (a) 
lower hemisphere projection of all selected nodal planes (one from each focal 
mechanisms). Location of the slip vector is shown on each nodal plane as a plus 
symbol (with a normal component) or a star (with a thrust component). (b) The 
orientations of the principal stress axes with 95% confidence areas, determined 
assuming that 30% of the planes were picked incorrectly, indicated with solid, 
heavy dashed or light dashed lines. 2,2, and 3 are the maximum, intermediate and 
minimum principal stress axes. 



LOS A N G E L E S  BASIN 
Stereonets: Nodal Planes Used in Stress Inversion 

Figure 2. Map showing the 15 data sets inverted for the stress field. See also caption of 
Figure la. 



LOS ANGELES BASIN 
Stereonets: Stress Field and Fold Trends 
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Figure 3. Map showing the stress field in stereonet projection at the 15 sites. The largest 
petals from each of the rose diagrams of fold orientation are also shown as petals on 
the outside of each stereonet circle. See also caption of Figure lb. 
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J n v e s t i w w  Our long term objective is to determine the 
characteristics of earthquakes occurring in Southern California. The 
basic strategy has been to study the larger modern events since they 
are well-recorded and then to compare the records from these 
events (Masters) to interpret historic events or recent ones to 
obtain quick preliminary results. The primary data sets for these 
studies are the PAS (low gain recording), long term running 
teleseismic stations such as DeBilt, starting in 1917, some local 
strong motion recordings (SMA's), and some of the older Caltech 
array (wa.sp). Essentially we think better locations can be obtained 
using a combination of waveform data and travel time constraints. 

Two approaches will be applied to these four basic data sets in 
source determination, namely empirical (using observed records as 
Green's functions) and completely theoretical (local models fitting 
particular events and hoping that Green's function computed for 
neighboring distances are accurate). We think that there are some 
regions now that are well enough modeled to make these approaches 
powerful enough to simply invert the smaller events, 5 to 3.5, 
directly given one three component station and fitting portions of 
records. 

Three manuscripts are presently in press, see references, titled: 
a) Broad-band modeling of local earthquakes. 
b) Rupture process of the 1987 Superstition Hills earthquake from 
the inversion of strong motion data. 
c) A re-examination of historic earthquakes in the San Jacinto fault 
zone, California. 



Results: The first of these concerns the modeling the Upland events 
on the Pasadena broad-band, high dynamic range instrument. The 
Upland area has had two earthquake sequences with mainshock 
magnitudes of M=4.6 and M=5.5, the first in June 1988 and the second 
started on 28 February 1990. The second sequence is very rich in 
aftershocks with continuing activity, see figures 1 and 2. 

At long periods the largest event of the 1988 sequence, namely the 
June 26 event (M~=4.6) located at 6 km depth, and the 1990 
mainshock are very similar in waveform and can be modeled with the 
1988 focal mechanism (9 =220, 6 =40, A -81, see figure 3. First 
motion studies from the Caltech-USGS array provide a slightly 
different focal mechanism for the 1990 event relative to the 1988 
event, namely the dip is steeper ( $J =220, 6 =70, A =O). We obtain 
better fits to the waveform data using the 1988 mechanism and it 
seems that these two sequences are very similar in source 
orientation. 

The second paper concerns a pair of significant earthquakes on 
conjugate faults in western Imperial Valley. The first event was 
located on the Elmore Ranch fault, Ms=6.2, and the larger event on 
the Superstition Hills fault, Ms=6.6. the latter event is seen as a 
doublet teleseismically with the amplitudes in the ratio of 1:2 and 
delayed by about 8 seconds. This 8 second delay is also seen in 
about a dozen strong motion records. These strong motion records 
are used in a constrained least-squares inversion scheme to 
determine the distribution of slip on a two-dimensional fault. Upon 
closer examination, the first of the doublets was found to be itself 
complex requiring two episodes of slip. Thus, the rupture model was 
allowed to have three separate subevents, treated as separate 
ruptures, with independent locations and start times. The best fits 
were obtained when all three events initiated at the northwestern 
end of the, fault near the intersection of the cross-fault. Their 
respective delays are 2.1 and 8.6 seconds relative to the first 
subevent, and their moments are 0.4, 0.8 and 4.0 x 1025 dyne-cm 
which is about half of that seen teleseismically. This slip 
distribution suggests multi-rupturing of a single asperity with 
stress drops of 60, 200 and 15 bars, respectively. The first two 
subevents were confined to a small area around the epicenter while 
the third propagated 18 km southwestward, compatible with the 
teleseismic and afterslip observations. 



The third paper relocates and provides estimates of historic 
earthquakes in the western Imperial valley. The historic events 
considered occurred in 1937, 1942 and 1954. the recent events 
consist of the 1968 Borrego Mountain, 1969 Coyote Mountain, and 
1987 Elmore Ranch earthquakes. We use regional and teleseismic 
data from continuously operating stations, with Pasadena, De Bilt, 
Ottawa and St. Louis recording most of the events. The waveforms 
imply that all the events. The waveforms imply that all the events 
are almost pure strike-slip events on vertical or near-vertical 
faults. The earthquakes are relocated by comparing S-P and surface 
wave -S travel times of historic events with the presumably well- 
located recent events. The moment estimates are obtained by direct 
comparison of the maximum amplitudes. The moment estimates 
imply that the 1968 and not the 1942 earthquake is the largest to 
have occurred in the region this century. Previous magnitude 
estimates suggested the 1942 event was the largest. The 
relocations change in location for the 1954 event and a larger 
adjustment in the 1942 epicenter. It also appears that the 1969 
earthquake may have been mislocated. 

References: 
Bent, A. L. and D. V. Helmberger (1990). A re-examination of historic 

earthquakes in the San Jacinto fault zone, California, submitted to 
BSSA. 

Wald, D. J., D. V. Helmberger and S. H. Hartzell (1990). Rupture 
process of the 1987 Superstition Hills Earthquake from the 
inversion of strong motion data, BSSA (in press). 

Dreger, D. S. and D. V. Helmberger (19990). Broad-band modeling of 
local earthquakes, BSSA (in press). 
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Figure 1. Locations Map: the inverted triangle is the Pasadena station, the circles mark 
the Chino events, and the stars denote the Upland events. Focal mechanisms for the two 
1988 Upland events determined from USGSICaltech seismic array first motion 
polarities are also given. Hatched regions reprewnt areas of shallow or surficial 
basement rocks after Yerkes et al. (1965). 
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Figure 2. Comparisons of broad-band observations of a few Upland events occurring in 
1988 (lower two) and 1990 (upper three). The 1988 mainshock had a magnitude of 
4.6 and the aftershock a magnitude of 3.7. Note the relative event strengths of their 
peak displacements in cm. Synthetic seismograms computed for the best fitting model, 
see Dreger and Helmberger (1990), were used to estimate a long-period moment of 
( 6f 2 ) ~ 1 0 ~ ~  dyne-cm (M~14.6) and 1X10** dyne-crn (M~13.7) with identical 
triangular source time durations of 0.3 seconds. Assuming the same fault dimension of 
0.4 km from standard scaling laws, stress drop estimates of 410 and 70 bars are 
obtained for the two events, respectively. Generally, we found that it is possible to 
reproduce local waveforms at frequencies up to 1 Hz without a complete knowledge of 
fine structural detail. Resulting Green's functions can be useful in studying historic 
events, and in simulations of large events from a given source region. For example, we 
were able to determine the orientation and moment of the 1990 mainevent, mechanism 
similar to the 1988 mainevent and moment (ldo=l .7X10Z4 dyne-cm), within minutes. 
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I n v e s t i g a t i o n s  

Field and mechanical study of ground cracks associated with the 1974 
M ~ = 5 . 5  and 1983 M ~ = 6 . 6  Kaoiki, Hawaii, earthquakes. 

R e s u l t s  

1. Importance of the Kaoiki Fault Zone. The Kaoiki seismic zone, a young tec- 
tonic feature of Mauna Loa volcano, Hawaii (Fig. I), is the site of recurrent 
moderate- and large-magnitude earthquakes that cause serious damage. 
The Kaoiki is the subject of a forecast for a M ~ r 6  earthquake before the 
turn of the century (Wyss, 1986). Investigation of the relation between 
volcano-seismic processes and faulting within the Kaoiki zone will in- 
crease our ability to evaluate earthquake hazards and test Wyss's prediction 
methodology within this area. 

The November 30, 1974 M ~ = 5 . 5  and November 16, 1983 M ~ = 6 . 6  Kaoiki earth-' 
quakes generated zones of left-stepping, en echelon ground cracks that 
extend for several kilometers on the lower SE flank of Mauna Loa. Most 
large magnitude earthquakes occur along preexisting faults; in contrast, 
these major Kaoiki earthquakes propagated new ruptures, at least in their 
surface expression. The Kaoiki seismic zone is unique because its ground 
ruptures record the initial stages in the development of a strike-slip fault 
zone: future ground ruptures should be expected to merge into a mature 
fault zone Geologic mapping by this project and by Endo (1985) shows that 
at least four ground-rupture zones are concentrated within an area of 30 
km2. 

The 1983 M=6.6 earthquake caused significant damage to the Island of 
Hawaii and preceded an eruption on the NE-rift zone of Mauna Loa volcano 
in March 1984. Similiarly, the November 1974 Kaoiki earthquake preceded 
the July 1975 Mauna Loa summit eruption. Many aftershocks of the 1983 
event are strike-slip but an equal number are low-angle thrust events. 
Based on aftershock data and body-wave modelling, Thurber et al. (1989) 
suggested that the 1983 main shock initiated as a strike-slip event of 
moderate magnitude, which preceded the main moment release on a low- 
angle thrust fault. Here, I use geologic field data collected along the zone of 
ground breakage and mechanical analysis to evaluate the importance of 
strike-slip faulting in the 1983 earthquake. 

2. General Objectives.  This project provides important information on the 
history and mechanisms of faulting within the Kaoiki zone. This data will 
form the basis for seismic hazard evaluations for the Island of Hawaii. This 
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Figure 1. Generalized map showing locations of ground ruptures, focal mechanisms 
and locations of important strike-slip Kaoiki earthquakes, and major fault and rift 
systems within the southeast flank of Mauna Loa volcano and the southwest 
portion of Kilauea volcano, Hawaii. 



study investigates: 1) the faulting and earthquake mechanisms involved in 
the 1974 and 1983 Kaoiki events; and 2) the deformation of the Mauna Loa 
and Kilauea volcanic edifices resulting from the mutual inflation of their 
summit magma chambers and the seaward migration of Mauna Loa's S E  
flank. Field work undertaken by this study includes: 1) the preparation of 
a 1:10,000 geologic map of the rupture zones generated by the 1983 and 1974 
earthquakes and another, much older, undated earthquake; and 2) detailed 
outcrop-scale mapping (<I :  1000) of three critical exposures of the 1983 
ground cracks and one excellent exposure of the oldest crack zone. Endo 
(1985) mapped the 1974 ground cracks at 1:1360, and these data are included 
in this study. Analytical work includes mechanical analysis of the nature 
and depth of faulting underlying the 1974 and 1983 cracks and will include 
analysis of sparse geodetic data spanning the epicentral region. 

3 .  Summary of Data Collected. In the past six months, Jackson completed 
compilation of the 1:10,000 scale map of the 1983 rupture (Fig. 2), and four 
detailed (<1:1000) maps of the cracks (e.g., Fig. 3). These maps are part of a 
manuscript, to be submitted to Journal of Geophysical Research, that 
describes the structure of the 1974 and 1983 Kaoiki ground ruptures, and 
their relation to  the long-term geologic history and recent seismicity of 
Mauna Loa's SE flank. The manuscript will be submitted to Branch review 
this spring; all figures are drafted. Jackson also made several very detailed 
maps of short segments of the 1983 cracks. These show: 1) how pre-existing 
joints in the pahoehoe host rock control the propagation paths of some 
cracks; and 2) how the cracks probably initiated as opening-mode fractures 
that subsequently accomodated small amounts of right-lateral shear. 

4. Analysis of Field Data. Ground ruptures from the 1983 M ~ = 6 . 6  earthquake, 
the 1974 M ~ = 5 . 5  earthquake and an older, undated earthquake trend N48"- 
55OE, a direction nearly parallel to nodal planes of the 1983 and 1974 main 
shocks' focal mechanisms (Fig. 1). Individual ruptures consist of arrays of 
left-stepping, en ecllelon cracks, with predominantly opening displace- 
ments, which strike roughly EW, about 30"-50" clockwise from the overali 
trend of the zones. The orientation and geometry of the cracks are 
consistent with right-lateral shear and they strike parallel to a transect 
joining the summit magma chambers of Mauna Loa and Kilauea volcanoes. 

Geologic mapping of the 1974 rupture (Endo, 1985) shows that: 

*The 1974 cracks extend for 2.2 km, about 3.5 krn downslope and SW of the 
1983 rupture zone (Fig. 1). Left-stepping, echelon ground cracks from 
the 1974 M ~ = 5 . 5  event may have reactivated two crack sets associated with 
the 1962 ML= 6.2 event. 

*The rupture is composed of seven 100--150-m-long, left-stepping, en 
echelon arrays of cracks. These arrays, in turn, form two 600--700-km- 
long, left-stepping arrays with a 100-m step between them. Both scales of 
arrays are joined by prominent pop-up blocks and zones of rubble 
b r e c c i a .  

-In contrast to the 1983 cracks, the 1974 cracks have greater components 
of right-lateral slip, and linkages between cracks at all scales are more 
well-developed. These features indicate coalescence at depth. They may 



Figure 2. Geologic map of the I983 Kaoiki ground rupture (1:10,000 scale). 
Large aa fields (stippled pattern) make detection of some of the cracks 
impossible. Arrows show the tips and terminations of 300--900-m-long 
arrays. I and 11 show the two longest arrays, 1.3 and 3.8 km in length. 
Inset shows the distribution of these arrays and cumulative displacements 
across the zone. 
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Figure 3. Geologic map of 1983 ground cracks in the Mauna Loa Strip Road area. 
Left-stepping arrays of cracks form two 1-km-long arrays with a 100-m-long step 
between them. Inset shows individual crack segments and their displacements. 



result from reactivation of yet another zone of cracks, perhaps associated 
with a 1962 M ~ = 6 . 2  event, or they may be a result of the 1974 event's 
shallower hypocenter, 4--5 km deep (compared with 9--10 km depth in 
1983), that allowed the tip of the underlying parent crack to propagate 
closer to the earth's surface and form a more continuous zone of strike- 
slip ground breakage. 

Geologic mapping of the 1983 rupture shows that: 

-Exposures of the 1983 cracks begin about 4.3 km NE of the mainshock 
epicenter and continue for over 7 km to the NE (Fig. 1). The rupture 
apparently grew upwards and to the NE, propagating from a focal depth 
of 11 km to the earth's surface along a distance of about 4 km. The surface 
area of the fault is about 130 km2. 

-Displacements vary along the rupture zone. Maximum displacements of 
about 0.5 m occur within the central portions of the 300--900 m-long- 
arrays, and displacements are zero at the tips of these structures (Fig. 2). 
Individual crack segments have small, predominantly opening displace- 
ments of <5 cm. Crack segments with larger opening displacements also 
have a component of right-lateral shear parallel to their walls, and 
commonly these segments are linked to their neighbors by small patches 
of rubble breccia. 

.The ground cracks form three scales of en echelon arrays. Detailed 
maps show that the left-stepping crack segments form en echelon arrays 
that range in length from 25--120 m (Fig. 3). These arrays form still 
longer arrays, 300--900-m-long, that step more-or-less continuously 
through the entire rupture zone (Fig. 2). Near the tips of these longer 
arrays, the fairly regular, left-stepping pattern of 25--120-m-long-arrays 
breaks down into zones of disordered short cracks (Fig. 3). Longer arrays 
strike progressively more northeastwardly so that the two longest 
mapped arrays, which are 1.3- and 3.8-m long, deviate only 5'-10" from 
the N56OE trend of the rupture (Fig. 4). 

With depth, crack segments coalesce to form progressively longer, left- 
stepping arrays of twisted surfaces that become sub-parallel to the 
overall trend of the rupture zone. The geometry of the 1983 rupture 
appears to confirm the self-similarity of earthquake produced fractures 
in hierarchial arrays that range in length from a few meters to several 
ki lometers .  

-The ground cracks are a "fracture-process zone" above a parent fault 
that, during propagation, stressed the rocks above its tip (Pollard et al., 
1982). An approximate calculation that uses an estimated fault size and 
the observed seismic moment, and treats the 1983 Kaoiki earthquake as a 
Mode-111 crack, demonstrates that motion along a parent fault that 
extends to a height of somewhat less than a kilometer below the earth's 
surface generates sufficient tensile stress above its tip to induce failure 
(Jackson et al., 1988). The analysis suggests that if the 300--900-m-long 
en echelon arrays have heights equal to their lengths, then they may 
connect directly with the parent fault at depth. 
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Figure 4. Orientations and lengths of hierarchial arrays forming the 1983 
rupture. Progressively longer, left-stepping, en echelon arrays of cracks 
become sub-parallel to the overall trend of the 1983 rupture zone. 

-Estimation of the seismic moment release from field data using M o = A D G ,  

1-20 m 

2 5 - t 2 0 m  . 300-900 m 
o 1 5-4 km 

4 - 
E 3 -  
3') 
0 

t 2 -  
Q: 
b 

1 -  
5 
0 

0 -  
1 
0 
0 
-r - 1  - 

- 2 

where the fault area A=130 km2; the average displacement D=0.5 m, based 
on surface displacements, and the seismically determined shear modulus 
G=50 GPa, gives M, = 3.6 x 1018 Nm. NEIS data for the 1983 event give M,,= 
1.2 x 1019 Nm, and the close agreement between these values indicates 
that the main moment release was indeed accomodated by strike-slip 
faulting along a NE-striking plane. These data are not in agreement with 
Thurber's (1989) hypothesis that low-angle thrusting dominated the 
moment release of the 1983 event. 
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Investigations 

1. Seismotectonics of the Southern Sierra Nevada, California: Early Stages of an 
Intracontinental Transform?, Helen Qian, Craig H. Jones, and Hiroo Kanamori. 

2. Teleseismic Source Parameters and Rupture Characteristics of the 24 November 1987, 
Superstition Hills Earthquake, Lorraine J. Hwang, Harold Magistrale, and Hiroo 
Kanamori, (partial support). 

3. A Slow Seismic Event Recorded in Pasadena, Hiroo Kanamori. 

Results 

1. Seismotectonics of the Southern Sierra Nevada, California: Early Stages of an 
Intracontinental Transform? 

The Lake Isabella region of the southern Sierra Nevada lies between the epicenters of 
the 1946 Walker Pass earthquake (ML 6.3) and of the 1952 Kern County earthquake (Ms 
7.7). Earthquakes in this area occuning during the summer of 1988 were located from P 
and S arrival times at stations of the Southern California Seismic Network and a temporary 
array of 17 digital seismometers using the velocity structure of Jones and Dollar 
(1986).Two prominent features radiate from the epicenter of the 1946 Walker Pass 
earthquake: a linear band of earthquakes trending SW to the eastern edge of surface 
displacement from the 1952 Kern County earthquake, and a north-south band extending 
north about 10 km from the epicenter of the 1946 Walker Pass earthquake. Numerous 
other more diffusely distributed earthquakes are found north of the NE-SW trending 
lineament, but there are far fewer earthquakes south of the lineament. Focal mechanisms 
determined from P first-motions indicate that the earthquakes in this trend have ruptured on 
a NE trending, near-vertical left-lateral fault; such a fault is unknown from the surface 
geology. Focal mechanisms from the events north of this trend indicate slip on roughly 
north-south striking normal faults; this is similar to mechanisms found by Jones and Dollar 
(1986) for events of the Durrwood Meadows swarm north of this area. This geometry of 
deformation is strongly reminiscent of the NE trending Garlock fault, which separates the 
WNW-ESE oriented extension of the California Basin and Range to the north from the 
Mojave Desert to the south. If, as suggested by Jones and Dollar (1986), the Durrwood 
Meadows swarm represents the early stages of Basin and Range deformation in the Sierra, 
then the NE-SW trending seismic lineament might represent the early stages in the creation 
of an "intracontinental transform" analogous to the Garlock Fault. The existence of an 
active structure connecting Basin and Range deformation in the "eastern California seismic 
belt" with the left-lateral reverse White Wolf fault system suggests that the seismic risk and 
neotectonics of this region should be reexamined. 



2. Teleseisrnic Source Parameters and Rupture Characterics of the 24 November 1987, 
Superstition Hills Earthquake. 

Long-period body waves from the 24 November 1987, Superstition Hills earthquake 
are studied to determine the focal mechanism and spatial extent of the seismic source. The 
earthquake is a complex event consisting of two spatially distinct subevents with different 
focal mechanisms. Two consistent models of rupture are developed. For both models the 
second subevent begins 8 sec after the initiation of the first subevent and the preferred 
centroid depth lies between 4 to 8 krn. Model 1 consists of two point sources separated by 
15-20 lan along strike of the Superstition Hills fault. Model 2 consists of one point source 
and one line source with a rupture velocity of 2.5 km/sec with moment release distributed 
along strike of the focal plane at a distance of 10 to 22 km from the epicenter. These 
moment release patterns show that a significant amount of long-period energy is radiated 
from the southern segment of the fault. Total moment release for both models is 
approximately 8x1025 dyne-cm. Both models also suggest a change of dip from near 
vertical near the epicenter to steeply southwesterly dipping along the southern segment of 
the fault. The difference in rupture characteristics and fault dips seen teleseismically is also 
reflected in aftershock and afterslip data, and crustal structure underlying the two fault 
segments. The northern segment had more aftershocks and a smaller proportion of 
afterslip than the southern segment. The boundary between the two segments lies at a step 
in the basement that separates a deeper metasedimentary basement to the south from a 
shdlower crystalline basement to the north. 

3. A Slow Seismic Event Recorded in Pasadena, Hiroo Kanamori. 

A prominent long-period wave with a duration of 2000 sec or longer was recorded with 
a very-broadband system in Pasadena on June 18, 1988. This wave was not observed 
elsewhere, and is considered of local origin. The acceleration amplitude is 225x10-5 
cm/sec2 in the northwest direction, with the vertical component less than 10% of the 
horizontal. The horizontal acceleration can be interpreted as due to a tilt of the ground of 
2.5 x10-* radians to the northwest. A slowly propagating pressure wave with an amplitude 
of about 15 mbars could be the cause of the tilt; however, there were no reports suggesting 
such pressure changes. A more likely cause is a slow tectonic event near Pasadena. The 
required magnitude of such a slow event is Mw = 0,2, and 4, for a distance of 0.1, 1, and 
10 km respectively. This event could be part of a tectonic episode associated with the 
larger earthquakes which occurred in southern California around this time, especially the 
December 3, 1988, Pasadena earthquake (ML = 4.9) which occurred six months later 
within 4 km of the Pasadena station. 
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Research during October, 1989 through May, 1990 was focused on the fol- 
lowing topics: (1) analysis of earthquake doublets for evidence of changes in material 
properties associated with preparation for and occurrence of a strong earthquake; 
(2)modeling stresses in a subduction zone; (3)analysis of aftershock sequences in 
southern California. 

Doublet Analysis 

The study of earthquake doublets is in the final stages of analysis. Doublets 
from three source regions (marked 1,2 and 3 in Figure 1) have been analyzed in order 
to obtain a good azimuthal coverage of the source-station geometry. A 'set' refers to 
two or more events of different origin times that behave as doublets. For 'sets' with 
more than two events, any combination of two events form a doublet pair. Each 
doublet pair yields very similar seismograms at all recording stations, so that, on the 
average, ten pairs of seismograms are analyzed for each doublet pair. From region 1, 
two sets of doublets have been analyzed. The first set consists of three events from 
January, 198 1, December, 1985 and July, 1986 while the second set consists of two 
events from May, 1985 and July, 1986. From region 2, two differents sets of doublets 
have been studied. One set consists of two events from July, 1984 and July, 1986 and 
the other set consists of four events from September, 1981, July, 1983, August, 1985 
and December, 1986. For region 3, only one doublet with two events from June, 1983 
and January, 1986 has been studied. Several of these doublet pairs span the May 7 
1986 Andreanof Islands earthquake (M,=8.0), the primary target of the study. 

Every event has been corrected for instrumental time-drift using a method pre- 
viously developed. Seismograms from all the stations have been analyzed using a 
modified Cross Spectral Analysis Method (CSAM). This produced delay times (in 
the order of millisecs) as a function of running time along the seismograms recorded 
at each station for every doublet pair. In all, over 100 pairs of seismograms from dif- 
ferent stations have been analyzed. 

All the events were relocated as accurately as possible to take out the delays 
due to location error. For each set of doublets, a 'master event' was chosen relative 
to which all the other events were located. The master event had the best routine 
location, with minimum errors involved. It was recorded by maximum number of 
stations and had good, relatively noise-free seismograms. It turned out that the events 
from 1986 satisfied most of these requirements and were therefore chosen as the mas- 
ter events for all the doublet sets. These events were all recorded by a minimum of 
six stations and had overall location errors of 0.2 km or less. Most of the seismo- 
grams had distinct P and S-wave arrivals and background noise was relatively small. 



The master events were first located using the network routine location method 
after rereading all P and S- amvals. When the best solution was obtained, synthetic 
travel times of P and S waves at all the stations from the master event location were 
obtained. The synthetic S-P times were noted for each station. 

The individual events for each set of doublets were located relative to the 'mas- 
ter event' of that set by first calculating the observed S-P delays from the doublet 
analysis; then adding these delays to the synthetic S-P times of the master event; and 
finally using these new S-P times to relocate the individual events. This is a relative 
means of relocation and the absolute locations are only as good as the locations of the 
'master event'. However, the quality of the data in the network and the present avail- 
able means of location do not permit individual location of these events to such great 
accuracy. Usually, the routine locations have standard errors of 0.4 km or more. The 
relative locations obtained from the doublet delays often differ only by 0.2 km or 
less. For the interpretation desired, it is the relative location that is important and not 
the absolute locations. 

Figure 2 shows the relative locations for two doublet sets from regions 1 (doub- 
let 6) and 2 (doublet 8) along with the best routine location of the master event 
(marked as 1986). The maximum difference in location (=: 280 meters) is between 
the 1985 event and the other events in doublet no. 8 from region 1. All the other 
locations are around 100 meters. A careful scrutiny did not reveal any systematic 
bias of the original locations. 

From the relative locations, synthetic S-P times to each station was noted for all 
events. The difference between these S-P times and the master event S-P times for 
the same station, gives the S-P delays due to location difference of each event. Sub- 
tracting these from the observed S-P delays between the master event and individual 
event, gave the S-P delays that could be due to velocity changes along the path of 
travel. Figure 3 shows the S-P delays before and after relocation for doublets sets 6 
and 8. A systematic bias was observed in the delays for station AD8. It always shows 
a unusually higher magnitude of delay than all the other stations. The seismograms 
at this station are also markedly different from all other stations and appear to have 
considerable amplification of all wave energy arriving at this station. A nearby sta- 
tion , ADK, does not exhibit any such behavior and it is therefore proposed that this 
station probably overlies some local rock type that enhances the apparent delays in 
the doublet analysis. 

The S-P delays from doublet set 6 shows positive delays to the east and nega- 
tive delays to the west. For doublet 8, the delays appear to have an oscillatory nature 
with a period of 80' and peak-to-peak amplitude of about 36 msecs. An oscillatory 
behavior was shown by Nur (1971) to be a result of stress-induced velocity aniso- 
tropy in rocks with cracks. However, the period of this variation was suggested by 
Nur(1971) to be 180" (i.e. = Sin(2a)) where a is azimuth around the source location. 
At present, there is no theoretical basis for the type of (S-P) azimuthal variation 
observed for this doublet. Similar analysis with S-P delays have been done with all 
the other doublet pairs. report. 

After the above analysis, the delays in the S-coda for each individual pair can 
be used to interpret for possible S-velocity change. The fractional velocity change is 
given in terms of the slope of the delays as: 



Such a fit has been done to the S-coda delays of doublet no. 6 and is shown in figure 
4. The fractional S-velocity changes observed are mostly negative and range in 
values from .0002 to -.009. As before, if AD8 is neglected, there is a definite trend as 
a function of azimuth. In any case, it can be confidently stated from this result that 
there appears to be a marked decrease in the S-velocity for the path of travel between 
region 2 and all the stations between July, 1984 and July, 1986. This suggest that the 
1986 Andreanof Islands earthquake was accompanied by a decrease in S-velocity. 
Similar analyses are nearly completed for all other doublets considered. 

Stresses in a Subduction Zone 

A study to model stresses in a subducting slab has been initiated. The forces 
assumed in the model are: the negative buoyancy due to the relatively low tempera- 
ture and higher density of the slab material; viscous drag on the slab by the surround- 
ing mantle material; and stresses due to the bending of the slab. The distribution and 
characteristics of the subduction zone earthquakes provide constraints on the pararne- 
ters needed to construct the stress model. The geometric constraints are the length of 
the seismically active part of the slab, the angle of subduction, and the radius of cur- 
vature of the bent part of the slab. In many subduction zones, there is a change in 
focal mechanism with depth along the Wadati-Benioff zone, indicating a change in 
the deviatoric stress from extensional to compressional at some depth. In the neigh- 
borhood of the transition depth, seismicity is reduced. The spatial distribution of 
seismicity and stress drop data from microearthquakes, provided by local network 
seismograms, further constrains the stress distribution. 

The negative buoyancy force, which drives the slab, can be estimated from the 
slab's age at subduction, the thermal diffusivity, the temperature difference between 
the mantle and the surface, and the coefficient of thermal expansion. The viscous 
friction force can be estimated by assuming the slab is not accelerating, and, there- 
fore, the friction force balances the buoyancy force. The ratio of the maximum bend- 
ing stress to the maximum buoyancy stress can be estimated by setting the bending 
moment equal to the component of negative buoyancy normal to the slab. The ratio 
is a function of the slab length, D , thickness, h , the subduction angle @, and Poisson's 
ratio, v. 

This implies that either the bending stresses are much greater than the other stresses 
in the problem, or some other force, acting perpendicular to the slab, enters into the 
moment balance. The model assumes the latter, another force acting at the lower end 
of the slab. This force is probably due to the increasing viscosity with depth, perhaps 
complicated by a component of mantle velocity normal to the plate velocity. 

Preliminary results from this model indicate: 

1) The magnitudes of the modeled stresses are roughly 10 times typical earth- 
quake stress drops of 100 bars. 

2) Some force normal to the slab, other then the three primary ones, is neces- 
sary for the bending stresses to be of the same order as the tensional stresses in the 
slab. 

3) Forces must be transmitted from below the end of the seismically active part 
of the slab in order to satisfy focal mechanisms. This implies an increase in 



viscosity, as well as some integrity of the slab below the deepest seismicity. 

Southern California Aftershock Sequences 

As part of the investigation of aftershock sequences as indicators of fault pro- 
perties, 39 sequences in southern California, 1933-88 were modeled by the modified 
Omori relation. Maximum likelihood estimates of the parameters K, p, c, with stan- 
dard errors, were found by applying the Ogata algorithm. The corresponding b- 
values were also determined. Many of the active faults in the region were sampled. 
Most of the sequences were well represented by the Omori relation. The program for 
the analysis has been improved, in cooperation with P. Reasenberg, U.S.G.S., Menlo 
Park. 

The p-values, which describe the decay rates of the sequences, differed among 
the sequences by more than the estimated errors. The mean value of p is 1.126 _+ 

0.266, with values ranging from 0.688 to 1.816. Correlations of the p-values with b- 
values, mainshock magnitudes, and the differences between the mainshock magni- 
tude and that of the strongest aftershock were tested. No significant correlations were 
found. No significant differences in decay rates were found for strike-slip and thrust 
mainshocks, when the hypocenters are in the same general region. A geographical 
distribution has been found, with high pvalues, 1.5 to 1.8, to the southeast, espe- 
cially in the Imperial Valley, low values, 0.7 to 0.9, for a majority of the events 
offshore and some along the coast, and "normal" values, close to 1 in the Mojave 
block, on the San Jacinto fault, and in and around the Los Angeles Basin. 

The most important finding is that p-value differences greater than the error 
bars on the values do exist. The interpretation of these values is in terms of models 
of aftershock generation. If we ascribe the variations to differences in fault zone pro- 
perties, rather than some as yet undefined differences in fault loading, we conclude 
that the fault surfaces in the Imperial Valley are more homogeneous than those in the 
offshore region, or to the northwest along the San Andreas and San Jacinto fault sys- 
tems. 

This work was done in cooperation with L.M. Jones, U.S.G.S., Pasadena. 



Figure 1. Map showing the C a r d  Aleutian Seismic Nehvork (CASN) seismic gatians 
(solid triangles) and the gawA am wvaed by the network. The three source regions 
o f i n ~ a r e ~ a s  1.2aud3(1~fdtoasregians 1,2md3intut). 



LOCATIONS OF DOUBLET 6(RECION 2) EVENTS I. 
Evmnlm on 7/19/1984 ond 7/4/1966. 

Figure 2. Locations of doublet sets 6 (top) and 8 (bottom). For doublet 6 . 0  - original k 
cation and R - relocated positions. For doubla 8, only the relocated positions an shown 
as the original locations an outside h e  range of the figure. 
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S-VELOCITY CHANGE, DOUBLET 6 (REGION 1) 
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Investigations 
Determine slip rates and earthquake recurrence intervals on the San Andreas and Hayward 
faults. Compare rates of geologically determined surface slip to rates of historic creep and 
geodetically determined deep slip. Analyze the effects of structural complexity and fault 
segmentation upon inferring recurrence times from slip rate. 

Resul ts  
1. Earlier Havward Fault Work and Promess Report, The manuscript, Borchardt et al. 
[in prep.], on joint USGSICDMG trenching in Fremont 1986-1987 is completed and going 
into internal review. Along a 262-km length of the creeping trace of the Hayward fault 
offset curbs, fences, and buildings indicate that the creep rate over several decades has 
averaged about 3.5-6.5 mm/yr, but a 4-km long segment in southern Fremont has been 
creeping at 8-10 mrn/yr [Lienkaemper and Borchurdt, in prep.] Our earlier conclusions 
about creep rate in Oakland [Lienkaemper and Borchardt, 1988, EOS 69,13061 have been 
significantly modified by new measurements in El Cemto, Berkeley, and Oakland, that 
show a gradual decent of creep rate southeastward into central Oakland. Creep in central 
Oakland is at least 3.5-4 mm/yr, but may not be any greater than that. Thus, we tentatively 
conclude that Oakland probably does contain a fault segment showing low creep rate, 
contrary to our earlier opinion. We are now monitoring creep rates in Oakland to test this 
conclusion. 

The Holocene slip rate of 5.5 mm/yr we measured in central Fremont may be too low 
because of local structural complications, thus the 8 to 10 m d y r  creep rate measured by us 
in southern Fremont may better represent the full amount of long-term slip rate on the fault. 
To test this possibility, in April-June 1989 we trenched at the Masonic Home site in Union 
City where the Holocene-active fault zone appears to be narrower. 

2. Holocene and Late Pleistocene Slip Rates at Masonic Home. Union City. Six buried 
fan units offset by the fault were identified, yielding values of total slip (inferred from 
projected locations of fan apexes): C) 20? f 7 m, E) 46 f 5 m, G )  66 f 5 m, I) 88 f 5 m, 
K) 131 k 6 m, and M) 167 f 6 m. We have submitted 24 radiocarbon samples (all 
charcoal) for dating. Thus far 7 dates are available. These yield fairly well-constrained 
slip rates for 2 apexes: 8.0 rf: 0.6 mrn/yr (8260 + 90 yr old, tree-ring correction made) for 
apex G, and 19.2 mm/yr (14,200 f 260 radiocarbon yr BP, correction not currently 
possible) for apex K. Dates on apex E bracket slip rate between 27.4 and S9.9 m d y r .  
Samples at what appear to be the same stratigraphic horizon give distinctly different ages 
that limit the age of onset of apex E to between 24670 + 185 to <6190 f 150 yr old (tree- 
ring corrected.) The discrepancy could result either from a mistake in our stratigraphic 
interpretation or from charcoal that was already many centuries old when deposited (e-g., 
old tree or reworked charcoal.) Further logging and dating of other samples should clarify 



the disparity. More parallel trenching in 1990 will verify and improve both stratigraphic 
control and accuracy of inferred offsets. 

Although the Holocene and late Pleistocene slip rates at the Masonic site seem to be only 
about 8 mm/yr in our preliminary analysis, it should be kept in mind that geologically 
derived slip rate is frequently only a minimum estimate of the entire slip rate. Despite the 
fact that we chose the Masonic site for the relative narrowness of the fault zone here, we do 
know from a trench dug in 1970 about 100 m to the southeast, that Holocene, secondary 
thrust faulting can extend well into the alluviated flat, even farther out than our 1989 
trench. Our main intent with the Masonic site trenching effort was to test the hypothesis 
that the 9 m d y r  creep rates observed in southern Fremont may represent the long-term 
slip rate for the entire Hayward fault. Ideally this theory should be tested by trenching 
several sites along the fault, but the Masonic Home evidence clearly supports -9 mm/yr as 
the underlying or driving slip rate of the Hayward fault. Of greater concern may be that we 
are still underestimating the long-term slip rate of the Hayward fault, because the fast 
creeping segment in southern Fremont had visible surface rupture in 1868, and thus this 
segment could be expected to have a long-term rate even larger than the current 9 m d y r  
creep rate. 
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Investigations 

This contract supports continued research focused on the 
eastern Sierra Nevada and western Great Basin region. We have 
investigated: (1) seismicity near the south moat of the 
caldera using an array of portable event recorders and 
waveform inversion of these for the seismic moment tensor, (2) 
seismicity in the White Mountains seismic gap, and (3) 
pulse-width studies for estimates of stress drops. Some of 
these results are described below. 

Results 

(1) Waveform Inversion 

Following preliminary work by Steve Horton in August of 1989, 
a more concerted effort was made during February and March to 
record digital waveforms close to the sources of the swarm 
earthquakes in the south moat of Long Valley caldera. These 
earthquakes were accompanied by a sudden increase in the 
uplift near the caldera, possibly leading to a resumption of 
seismicity involving large events such as occurred in May of 
1980. Activity has been quite intense in this region, and we 
deployed an array of six three-component EDA digital event 
recorders. After considerable effort in both hardware and 
software, Steve was able to operate these instruments in 
seismic event-triggering mode, and has collected a 
considerable library of useable data. Seismic transducers 
used included three Kinemetrics intermediate-period 
instruments and three-component velocity transducers. The 
data has been successfully uploaded to floppy discs, where a 
body of processing programs is available. Testing has been 
done on use of Brian Stumpfs program FREFIT for 
frequency-domain fitting of seismograms. Green's functions 
are now being computed for a halfspace using a program written 
by Bill Peppin, and we are attempting to get programs PROSE 
and SEIS running to produce proper input for Brian's program 
with a layered halfspace. Andres Mendez is working to put up 
a simpler version of the multilayer codes from Paul Spudich. 
Some runs on the data are occurring at the time of this 
writing, but we have no result to show yet. The driving 
motivation is to investigate whether or not any of the swarm 
events in the south moat have a non double-couple component. 
The portable array, supported by the network data being taken 



by the CUSP system, provides quite dense coverage right over 
the active swarm region. 

(2) Seismicity Within the White Mountains Seismic Gap 

Fi ure 1 shows seismicity drawn from the complete UNR catalog 
&izg through January 1990 of the region encompassing the 
north end of the White Mountains, within an area recognized as 
a possible seismic gap, lying as it does between the 1932 
Cedar Mountains and 1872 Owens Valley rupture zones. 
Seismicity seems to cluster around the end of the northern 
Fish Lake Valley - Death Valley fault system (Figure 1). Near 
the northern termination of this fault system is an earthquake 
cluster (star in Figure 1) which began with an M 4.6 event on 
14 January 1990. This was a particularly vigorous sequence as 
a few hundred aftershocks were recorded within the first few 
days. Preliminary locations of the first of these earthquakes 
define a tight cluster about 2 km in maximum dimension, as 
resolved by onset times at the two close stations BON and MIL, 
at a shallow depth of 3 to 5 km. The mainshock had a 
strike-slip focal mechanism (Figure L), which is the norm 
rather than the exception for this area. The north-northwest 
nodal plane parallels the trend of the Fish Lake Valley fault 
zone. We are examining these earthquakes (Johnson, depolo, 
and Peppin, 1990), which are still continuing; it appears that 
the cluster may be growing in size as the intensity dies out. 

It is known that three paleoseismic events have occurred in 
the last 1800 years on this north section of the Fish Lake 
Valley fault (Sawyer, 1989, M.S. Thesis). We are preparing a 
manuscript (dePolo, Peppin, and Johnson) which catalogs the 
active faults in the White Mountain seismic gap and which 
attempts to identify those regions most likely to produce a 
large earthquake. In this region of complex faulting and 
numerous identifiable trends, we believe that several stand 
out as likely candidates for such an event, if it happens. 

(3). Pulse-Width Studies 

Smith and Priestley (1990) have presented estimates of stress 
drops as obtained by the pulse-width method of Frankel and 
Kanamori (1983). Their results are significant for use in 
arrays such as ours where most of the signals are uncalibrated 
vertical waveforms. Their results show low stress drop in the 
region believed to have ruptured in the main event of the 1984 
Round Valley sequence and higher stresses around the edges of 
this zone. During this contract period we are working on 
application of the pulse-width method to the 1986 Chalfant 
sequence, and on events recently recorded by the CUSP system. 
Software now available on CUSP should permit routine 
application of this method during standard event timing, which 
should facilitate application of the method to the ongoing 
intense earthquake sequences near Long Valley caldera. 
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Introduction 
The objectives of this project were to (1) develop and test a new three-dimensional 

ray-tracing and tomography algorithm for locally recorded earthquake data, and (2) apply 
this method to data collected in the Morgan HillICoyote Lake and Bear ValleyfStone 
Canyon regions of California. 

The first objective has been completed. In addressing the second objective, one of 
our principal aims in the year that we worked on this project was to demonstrate the 
necessity of three-dimensional ray tracing in structure with strong lateral heterogeneity. In 
this final report we summarize the major findings of our research, which center on new 
interpretations of earthquake locations, focal mechanisms, and velocity structure in the 
Morgan Hill area. 

Data Selection and Initial Model 
As a starting point we took the data selected by Michael (1987) in his study of 

Morgan Hill aftershocks. Our intention was to compare the results of a state-of-the-art 
inversion using approximate ray tracing (i.e., Michael's study) with our own application, 
and thereby establish the differences between techniques. Our only modification to the 
dataset was a parsing to reduce clustering with the idea that information in arrivals from 
these events would be largely redundant. By using the criterion that the distance between 
any two hypocenters be greater than 1 km, the total number of earthquakes was reduced 
from 27 1 to 154. 

The area chosen for the study is an 80 x 80 km region centered on the Morgan Hill 
aftershock zone (figure 1). The grid mesh is rotated to the northwest to align with the 
general trend of the fault. Thirty-two stations are located within this model. 

The three-dimensional model deduced by Michael was used as the initial model for 
much of this study. The three-dimensional mesh of grid points used in the analysis were 
assigned to five layers with depths of -1.2, 1.0,3.0,7.0, and 12.0 km. Within each layer 
the 13 x 9 mesh of points was assigned. In order to accommodate expected strong 
variations of lateral velocity near faulted areas, the grid points are denser in those regions. 

Relocated Earthquakes 
Michael's original hypocenters were relocated in a revised structure (described 

below) deduced with the same arrival time data. A comparison of the two shows that, in 
varying degrees, the 154 relocated epicenters are shifted to the northeast by 1 or 2 km. 
Cross sections of these locations taken perpendicular to the faults (figures 2a, 2b, and 2c) 



reveal that the amount of shifting is depth dependant. In cross-section bb' (figure 2a), it is 
clear that the trend of relocated seismicity is shifted to the northeast by about 1 km and the 
focal depths are mostly deeper in varying amounts than the originals. As a result, the dip 
angle of the seismicity in this cross-section has changed from 88' to 80". Even so, the 
projection of the seismic zone to the surface still intersects the surface trace of the Calaveras 
fault. 

The distribution of earthquakes in section cc' (figure 2b) is more complicated, but 
two main groups of earthquake (SW and NE) can be distinguished. For the SW group, 
also seen to the west of the Calaveras fault in figure 1 the hypocenters of the relocated 
earthquakes changed significantly. The locations shifted to the northeast by about 2.0 km 
and the focal depths generally increased by about 4 km. Thus, the angle of the seismic zone 
for the SW group appears to be dipping about 8C to the southwest and its projection to the 
surface is more closely aligned to the surface trace of the Calaveras fault. As for the NE 
group, also seen to the east of the Calaveras fault in Figure 2, the hypocenters of relocated 
earthquakes are shifted to the northeast by about 1 km and the focal depths generally 
increased by about 1 to 2 krn . As a result, the earthquakes in the NE group appears to be 
more closely associated with the Modrone Spring fault than with the Calaveras fault. 

As with the earthquakes to the north, the positions of relocated earthquakes in 
cross-section dd' (figure 2c) shifted to the northeast by about 1 km and the focal depths 
increased about 0.5 km. The dip angle of seismic zone changed from 85' to 76". Although 
the dip angles of these seismic zones are different, the surface projections of both zones are 
very close to the surface trace of the Calaveras fault. 

Ray Paths and Focal Mechanisms 
One of the fundamental pieces of information we get from microearthquake recordings are 

focal mechanisms, the accuracy of which relies to some extent upon our ability to estimate ray 
directions at the source. In his study, Michael compared focal mechanisms deduced from a one- 
dimensional ray tracer and those deduced from an approximate three-dimensional ray tracer and 
concluded that there was little if any significant difference between the mechanisms produced by 
the two. To test whether or not real three-dimensional ray tracing made much difference, we 
produced plots of ray directions and focal mechanisms deduced from our model. A comparison 
of ray directions calculated in a true three-dimensional model those calculated in a "best average" 
one-dimensional model (figure 3) is revealing. Note that the differences in take off angle are 
generally not great, but that the differences in azimuth are impressive. The reason for this 
difference is clear: the "best-average" one-dimensional structure adequately takes into account the 
vertical variations which control the take-off angle, but are relatively insensitive to "out-of-plane" 
variations that control the azimuth. To see how these differences in ray direction affect our 
estimates of individual focal mechanisms, we plotted up the mechanism for three earthquakes 
which were published in Michael's study. These revised mechanisms show strikes and dips that 
are different from their original estimates by 10" to 15'. The dip angle for the more probable fault 
plane averages to the northeast at about 60" - 70". The more probable fault plane for the main 
shock dips to the SW about 83". The difference in focal mechanisms between the mainshock and 
aftershocks suggests that they have not occurred on the same fault. 

Velocity structures 
Generally stated, we find that while our estimates of absolute velocity are often 

significantly different from those in Michael study, the overall trends in structure (locations 
of highs and lows in velocity) generally follow his resuIts. The significant differences are 
the following: (1) the width of the low velocity zone along the fault is somewhat narrower, 
and (2) the low velocity zones are shifted to the southeast and became somewhat deeper. 
We note that the latter trend is consistent with our inference that the fault dips to the 
southeast at about 80'. 

After three iterations the standard deviation in the travel time residuals reduced to 
0 . 0 3 ~ ~  which is close to the estimated error in the readings. This final variance represents a 



9W0 reduction in variance over the original fit, suggesting that we have interpreted all the 
available signal in the data with the model we have selected. 

Summary and Discussion 
To summarize, the main findings of our study are that we have demonstrated the 

usefulness of the three-dimensional ray tracing method employed in deducing the fine 
structure of fault zones. Hypocenters change locations and focal mechanisms are redefined 
in ways that effect the interpretation of how aftershocks relate to mainshocks and faulted 
structures. Velocity structures are also deduced to greater precision. 

Due to the consistent evidence provided by seismicity distribution, velocity 
structures and focal mechanisms, we infer that the subsurface structures in this region 
might be mainly described by two faults: the Calaveras and Modrone Spring faults. For the 
Calaveras fault, the seismicity patterns and the well-defined low velocity zone imply that 
the fault dips to the southwest at about 85'. This result is consistent with the fault-plane 
solution of the 1984 mainshock. On the other hand, the evidence from seismic patterns and 
most of the fault-plane solutions of the aftershocks indicate that the eastern fault in this 
region (the Modrone) dips to the northeast at about 70 degrees. One possible explanation of 
these observations is that main shock of Morgan Hill earthquake occurred along the 
Calaveras fault and, in addition to the causing the aftershocks along the Calaveras, stressed 
the Modrone Spring fault, an older thrust fault dipping to the northeast at about 75 
degrees, and triggered most of aftershocks along this feature. 

Figure Captions 

Figure 1. The initial epicenters taken from Michael (1987) (crosses) and the new epicenters 
(squares) relocated in a the final velocity structure.determined after a three iteration 
inversion. Locations of cross-sections bb', cc', and dd' are indicated. The left side 
of each section is indicated by " L  and the right by "R". The scale at edges of plot 
are distances in kilometers from the center of coordinates. 

Figure 2. (a) Earthquakes in cross-section bb'. Meaning of symbols is the same as in 
figure 1. (b). Earthquakes in cross-section cc'. (c) Earthquakes in cross-section 
dd'. 

Figure 3. Plot of Take off angles and Azimuths of rays determined in a "best-fit" one- 
dimensional d e l  and those determined by the three-dimensional ray tracer in the 
three-dimensional model. Note the wide spread in azimuthal values. 
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Salton Trough Tectonics and Quaternary Faulting 
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Investisations 

1. Post-seismic near-field deformation, 1989 Loma Prieta 
earthquake. 

2. Normal faulting associated with the 1987 Superstition Hills 
earthquake. 

3. Trenching study of a major fault near Bombay Beach, ~mperial 
Valley (with M. Rymer). 

Results 

In order to monitor post-seismic deformation both vertically 
and horizontally within the zone of small surface breaks, an 
-5 km-long array of survey marks was constructed along 
Summit Road a few days after the 17 October earthquake. 
Early indications from regional geodetic arrays and repeated 
slip measurements made at the surface breaks suggested that 
post-seismic deformation would be small to absent. Although 
remeasurement of the 5-km traverse has not yet been done, 
high-redundancy horizontal angle measurements have been 
repeated at a three point array straddling the Pink House 
fault on which the largest left-lateral coseisrnic slip was 
observed. 

As expected, the repeated horizontal measurements showed 
very little change over a 71-day lapse beginning on the 14th 
post-earthquake day. A 2.5 arc second angular shift, 
directionally consistent with continued left-lateral slip, 
is suggested by the data, but this apparent signal is too 
small relative to the angular resolution (+ 5 arc seconds at 
95 per cent confidence) to be accepted as real. If it were 
real, the angular change could be explained by a 2-4 mm 
leftward component of movement normal to Summit Road. On 
the pavement of Summit Road, however, no evidence of post- 
seismic growth of displacement has been observed at this 
site. 

2. Normal faults within a 4 km-wide complex zone, striking 
north-northwestward on average and mostly dipping steeply 



eastward toward the axis of the Salton Trough, have been 
identified and mapped between the Superstition Hills and the 
western edge of the agricultarally developed part of the 
Imperial Valley. This zone is now known to be at least 8 km 
but possibly as much as 22 km in length. The continuity and 
regional extent of the zone is obscured by agriculture north 
and south of the 22-km-span and by an 8-km-long area of dune 
sand in the central part. 

In the course of mapping these structures with large-scale 
1987 aerial photographs of the Superstition Hills region, 
discontinuous surface ruptures also were found along most of 
the traces within 10 km of the epicenter of the Elmore Ranch 
earthquake of 24 November 1987. Most of these surface 
ruptures were not reported in earlier publications. Where 
locational comparisons could be made, the new surface 
ruptures followed old fault traces. Although the 
preservation of the breaks ranged from severely degraded to 
nearly pristine, slip vectors, or at least vertical 
components of slip, were measureable at many locations. The 
largest vertical slip observed was nearly 8 cm, but typical 
movements on the new ruptures were less than 1 cm; at many 
locations the breaks were incipient extensional cracks. 

These ruptures escaped earlier detection in the earthquake 
field investigation probably because little or no searching 
was made where they occur. Whether these breaks formed 
before or after the earlier field checks can be estimated 
now only by comparison of their states of preservation with 
those of ruptures of similar kind that were documented 
earlier. Reoccupation of one rupture in particular, near 
site 491 (Plate 1A of Sharp and others, 1989) indicated a 
similar range of degradation, so all are presumed to be of 
1987 vintage. Inasmuch as earthquake epicenters before, 
during, and after the 1987 earthquake sequence do not 
delineate the zone of normal faulting in a .convincing way, 
the ruptures of probable 1987 origin are interpreted to 
represent triggered movements. 
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3. Two long trenches that were cut across northwest-trending 
faults about 3 km north of Bombay Beach show the zone to 
exceed 50 m in width. The principal and most continuous 
strand now recognized in this zone has an average 
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with the southernmost mapped san Andreas fault, about 5 km 



to the northwest. Small offsets within a thin superficial 
veneer of lake beds, presumably deposited about 300 year ago 
during the last high stand of Lake Cahuilla, suggest that 
creeptor small triggered displacements have occurred since 
that time. Three contiguous quadrilaterals spanning about 
300 m across this zone have been constructed to verify the 
presence or absence of creep. 
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Investigations: October 1, 1989 - March 31,1990 

1. Left-lateral shear beneath the northwestern Colorado Plateau: The 1988 San Rafael swell 
and 1989 Southern Wasatch Plateau earthquakes. 

2. The 1983 M,7.3 Borah Peak, Idaho, earthquake: Stress tensor inversion of focal mechan- 
isms for the main shock and 54 aftershocks. 

Results 

1. Two moderate earthquakes that occurred in the NW Colorado Plateau in central Utah on 
August 14, 1988, and January 30, 1989 (UTC), provide important new information on contem- 
porary deformation and the state of stress at mid-crustal depths in this region. The first was an 
ML 5.3 shock on -the NW edge of the San Rafael swell, a broad Lararnide anticlinal upwarp. 
The second was an ML 5.4 earthquake located 70 km WSW of the first beneath the southern 
Wasatch Plateau, which rims the NW Colorado Plateau and forms part of a transition to the 
Basin and Range Province to the west. These earthquakes were the largest to occur within the 
Colorado Plateau since an M 5% event near the Utah-Arizona border in 1959. Following each 
-main shock, we supplemented the University of Utah's regional seismic network with 4-5 port- 

\ 
able seismographs and later 2-4 telemetered stations in the epicentral areas. Each earthquake 
sequence was relocated with velocity models based on refraction studies and sonic logs of 
nearby oil wells; station delays were derived from well-located aftershocks. For the San Rafael 
swell sequence, the 66 best-located hypocenters define a 5-km-long aftershock zone extending 
from 11 to 18 krn in depth and dipping 60°f 5" ESE. P-wave focal mechanisms for the main 
shock and largest aftershock (ML 4.4) both show oblique normal faulting, with the left-lateral 
nodal plane dipping E to SE in a direction similar to the dip of the aftershock zone. For the 
southern Wasatch Plateau sequence, the 32 best-located hypocenters define an 8-km-long aft- 
ershock zone between 20 and 25 km depth, striking NNE and dipping 90" + 10". P-wave focal 
mechanisms for the main shock and largest aftershock (ML 4.2) both show strike-slip faulting 
with the left-lateral nodal plane striking NNE, parallel to the trend of the aftershock zone. The 

*W.C. Nagy and S.J. Nava also contributed significantly to the work reported here. 
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T-axes for all four focal mechanisms are oriented between E-W and ENE-WSW, intermediate 
between the ESE-WNW extension direction of the Basin and Range-Colorado Plateau transi- 
tion zone and the NE-SW extension direction of the interior of the Colorado Plateau. Our data 
suggest that both main shocks were caused by buried left-lateral or left-lateral and normal slip 
on Precambrian basement faults striking NNE. Active NNE left-lateral shear at depth may 
explain some enigmatic aspects of the surficial tectonics--including the right-stepping, en- 
echelon pattern of young, N-S-trending graben on the Wasatch Plateau. 

2. Previous studies of aftershocks of the 1983 M,7.3 Borah Peak, Idaho, earthquake and an 
analysis of the contemporary strain field from historical seismicity indicated NNE-SSW exten- 
sion for central Idaho. However, the long-period focal mechanisms for the main shock and a 
study by Stickney and Bartholomew of Quaternary faulting and focal mechanisms for 
southwestern Montana and central Idaho suggest NE-SW extension. To investigate this 
apparent inconsistency, we applied the stress inversion algorithm of Gephart and Forsyth to P- 
wave first-motion focal mechanisms for 54 Borah Peak aftershocks of 2.3 5 ML I 5.8 plus the 
main shock focal mechanism determined by Doser and Smith from moment-tensor inversion of 
long-period P waves. The inversion yielded a minimum principal stress (03) direction that is 
horizontal and trends N 49" E, a maximum principal stress (ol) direction that trends S 41" E 
and plunges 81°, and a Q value of 0.65 (where Q = (02 - 03)/(01 - og)). The o3 axis is nearly 
parallel to the NE-SW extension directions inferred from T-axes of long-period focal mechan- 
isms of the Borah Peak main shock and from analyses of Quaternary faulting and focal 
mechanisms in southwestern Montana and central Idaho. This stress field orientation would be 
expected to produce dominantly normal faulting along the Lost River fault with some left- 
lateral motion along the NNW-striking Thousand Springs segment and a small component of 
right-lateral motion along the WNW-striking Arentson Gulch fault. 
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Late Quaternary Recurrence Intervals on the Owens Valley Fault 
Zone, Lone Pine, California 

Paul Bierman and Alan Gillespie 
Department of Geological Sciences, Mail Stop, AJ-20 

Seattle, Washington 98195 

Objectives: Our investigation is designed to constrain more 
tightly current estimates of recurrence intervals and fault slip 
rates for the Lone Pine fault (LPF), a subsidiary strand of the 
Owens Valley Fault Zone (OVFZ), and to test the hypothesis that 
earthquakes occur at regular and predictable intervals on the 
OVFZ. In addition to providing data for the refinement of risk 
estimates, our study provides information concerning the 
applicability and variability of different dating techniques. 

In order to achieve these objectives, we are presently performing 
field and analytical work designed to answer the following 
specific research questions: 

1. What are the aqes of alluvial fans deposited by Lone 
Pine Creek and ruptured by the LPF? 

2. What are the aqes of colluvial wedqes recorded in the 
trench loss of Lubetkin and Clark (1988)? 

3. What are the aqes of varnish rinqs on larqe scarp 
boulders inter~reted by Lubetkin and Clark as representinq 
specific intervals of scarp lowerinq? 

4. How and why do results obtained from different datinq 
methods varv? 

Results: 

1. Mamins and datina of alluvial fan surfaces -- During the 
past year, Bierman mapped the alluvial fans at Lone Pine 
delineating fan surfaces of at least four distinct ages 
(Bierman and Gillespie, 1989). He delineated fan units on 
the basis of relative weathering criteria, soil development, 
and surface morphology. In a distal portion of the youngest 
fan we collected two charcoal samples from fluvial sediments 
interbedded with debris flow diamictons. The dates for 
these samples were 4030 +/- 60 (TO-1666) and 610 +/- 70 (QL- 
4361). Samples were collected from each of the four fan 
surfaces for both rock varnish and cosmogenic isotope dating 
(%e) . Rock varnish analyses are ongoing and are being made 
using several different analytical techniques. Bierman 



will perform the '~e analyses in cooperation with J. Poths 
at the Los Alamos National Laboratory. 

2. Results of trenchinq -- During March 1990 we opened seven 
trenches on the faulted Pleistocene alluvial fan 1 km west 
of Lone Pine. Two of the trenches were opened immediately 
below and normal to the scarp of the LPF. We logged both 
trenches and collected samples for both grain-size and 
thermoluminescence analyses. Our interpretation suggests 
four periods of surface stability are preserved in the 
southern trench and three in the northern trench. These 
interpretations are based on sedimentological criteria and 
the presence of buried Av horizons. Our interpretations are 
consistent with those of Lubetkin and Clark (1988). The 
thermoluminescence samples will be analyzed this summer by 
Bierman under the supervision of G. Berger (Western 
Washington University). No datable organic carbon was found 
in either trench. 

3. Rock varnish datinq -- To determine the applicability of 
varnish dating to neotectonic problems, we have made 
numerous measurements of rock varnish chemistry and 
rigorously considered the statistical constraints on the 
cation ratio method. Some of these data were presented in 
Bierman and Gillespie (1990) and will be considered in a 
paper we have recently submitted to Geology. The 
measurements and the statistical analysis we performed 
suggest that rock varnish cation ratio dating of neotectonic 
events will require chemical measurements to be made more 
precisely and with greater frequency than those made by 
previous investigators. 

REFERENCES CITED 

Bierman, P. and Gillespie, A., 1989, Rock varnish, alluvial fans, 
and tectonism in the southern Owens Valley, CA: Geological 
Society of America Abstracts with Programs, Vol. 21, No. 6, 
p. A 3 4 3 .  

Bierman, P. and Gillespie, A., 1990, Varnish cation-ration ages - 
how precise can they be?: Geological Society of America 
Abstracts with Programs, Vol. 22, No. 3, p. A8. 

Lubetkin, L. K. and Clark, M. M., 1988, Late Quaternary activity 
along the Lone Pine Fault, eastern ~alifornia: Geological 
Society of America Bulletin, v. 100, p. 755-766. 



Surface Faulting Studies 

M.G.Bonilla 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road, MS 977 

Menlo Park, CA 94025 
(415) 329-5615 

Investigations 

1. Lorna Prieta earthquake 

2. Geology of Marina District 

3. Geodynamic map of Circum-Pacific region 

Results 

1. Following the October 17, 1989 earthquake, field examinations of dikes and broad artificial 
fills on the southwest fringes of San Francisco Bay found only a few minor ground cracks and no 
ground failures. Included in the examination were areas within Redwood City, Foster City, Palo 
Alto, Mountain View, and Alviso. The area near Laguna Salada (in Pacifica), known to include 
saturated clean sand, was examined independently by J.J. Lienkaemper and M.G. Bonilla, who 
found no evidence of liquefaction. Ground failures were recorded by K.R. Lajoie and M.G. 
Bonilla at the eastern approaches to the Bay Bridge, at Alameda Naval Air Station, and at the 
Oakland International Airport. 

2. Maps dating back to 185 1, archival materials including photographs, published reports, 
and logs of borings made from 1912 to 1990 were used to prepare a report on the geology, 
including the history of artificial fills, of the Marina District of San Francisco. Others in the study 
group are using the report to better understand what effect the artificial fills, Holocene and 
Pleistocene estuarine deposits, and bedrock configuration had on the severe earthquake damage in 
the Marina District. 

3. Compilation and plotting of historical surface faulting was completed for the Arctic Sheet 
of the Geodynamic Map of the Circum-Pacific Region. This sheet covers most of western and 
northern North America, eastern and northern Asia, Greenland, and Iceland. Publication is 
expected in 1990. 

Bonilla, M. G., and Lienkaemper, J. J., 1990, Visibility of fault strands in exploratory trenches 
and timing of rupture events: Geology, v. 18, no. 2, p. 153-156. 



Northern San Andreas F a u l t  System 

Rober t  D. Brown 
Branch o f  Eng inee r i ng  Seismology and Geology 

U. S. Geo log i ca l  Survey 
345 M i d d l e f i e l d  Road, MS 977 
Menlo Park, Cal i f o r n i a  94025 

(415 )  329-5620 

I n v e s t i g a t i o n s  

1. F i e l d  reconnaissance i n  t h e  e p i c e n t r a l  r e g i o n  o f  t h e  October 17, 
1989, Lorna P r i e t a  ear thquake and i n  l ow land  areas sur round ing  San 
F r a n c i s c o  Bay. Eva lua ted  ev idence  f o r  s u r f a c e  t e c t o n i c  de fo rma t i on  
i n  e p i c e n t r a l  r e g i o n  and f o r  l i q u e f a c t i o n  and a m p l i f i e d  ground 
mo t i ons  near  p resen t  o r  h i s t o r i c  bay marg ins .  

2. Research and rev i ew  of work by o t h e r s  on t h e  t e c t o n i c  s e t t i n g  and 
ear thquake  p o t e n t i a l  a t  D i a b l o  Canyon Power P l a n t  (DCPP), near  San 
L u i s ,  Obispo, C a l i f o r n i a .  A c t i v i t i e s  a r e  i n  an a d v i s o r y  c a p a c i t y  
t o  t h e  Nuc lear  Regu la to ry  Commission (NRC) and a re  c h i e f l y  t o  
r e v i e w  and e v a l u a t e  d a t a  and i n t e r p r e t a t  i ons  ob ta i ned  by P a c i f i c  
Gas and E l e c t r i c  Company (PG&E) t h rough  i t s  long- te rm se ismic  
program. 

. Serve as chairman o f  P o l i c y  Adv iso ry  Board, Bay Area Earthquake 
Preparedness P r o j e c t  (BAREPP). A j o i n t  p r o j e c t  o f  t h e  S t a t e  o f  
Cal i f o r n i a  and t h e  Federa l  Emergency Management Agency, BAREPP 
seeks t o  f u r t h e r  p u b l i c  awareness o f  ear thquake hazards and t o  
improve m i t i g a t i v e  and response measures used by 1  oca l  government, 
bus inesses,  and p r i v a t e  c i t i z e n s .  

R e s u l t s  

1. No con t inuous  o r  c o n s i s t e n t  zone o f  t e c t o n i c  f r a c t u r e s  marked t h e  
s u r f a c e  p r o j e c t i o n  o f  t h e  f a u l t  t r a c e ,  a l t h o u g h  l o c a l l y ,  on Madonna 
Road, t h e  main break o f  t h e  San Andreas f a u l t  e x h i b i t e d  r i g h t -  
l a t e r a l  d i sp lacement  o f  1-2 cm. L i q u e f a c t i o n  near San F ranc i sco  
Bay was l a r g e l y  con f i ned  t o  h i s t o r i c  marsh lands and bay muds now 
c h i e f l y  f i l l - c o v e r e d ,  on b o t h  s i d e s  o f  t h e  bay and f rom 70 t o  100 
km d i s t a n t  f rom the  e p i c e n t e r s .  

2. Cont inued rev iews  o f  g e o l o g i c  and geophys ica l  da ta  r e l a t e d  t o  DCPP 
and p rov i ded  o r a l  and w r i t t e n  r e v i e w  comments t o  NRC. Coord inated 
USGS r e v i e w  and da ta  a c q u i s i t i o n  e f f o r t s  r e l a t e d  t o  DCPP. 

3. Prov ided  i n f o r m a l  o r a l  and w r i t t e n  data,  a n a l y s i s ,  and 
recommendations t o  BAREPP and o t h e r  Pol  i c y  Adv iso ry  Board members 
on g e o l o g i c ,  se ismo log ic ,  and management i s sues  r e l a t i n g  t o  
ear thquake hazard m i t i g a t i o n  i n  C a l i f o r n i a .  



Brown, Rober t  D., 1990, Geolog ic  hazard p a t t e r n s  f o r  f u t u r e  ear thquakes 
( a b s t r a c t ) :  American A s s o c i a t i o n  f o r  t h e  Advancement o f  Science, 
New Orleans, Annual Meet ing.  

Brown, R.D., Jr.,  1990, Qua te rna ry  de fo rmat ion ,  in Wallace, R.E., ed., 
San Andreas f a u l t  system: U. S. Geol o g i c a l  Survey P r o f e s s i o n a l  
Paper 1515,  i n  p ress .  



S e i s m i c  Hazards  of t h e  H i l o  7 1 / 2 '  Q u a d r a n g l e ,  Hawaii 

J a n e  M .  Buchanan-Banks 
Branch o f  Geo log ic  R i s k  Assessment 

U .S. G e o l o g i c a l  Survey  
David A .  J o h n s t o n  Cascades  Volcano O b s e r v a t o r y  

Vancouver,  Washington 98661 
( 2 0 6 )  696-7996 

I n v e s t i g a t i o n s  

P r e p a r a t i o n  o f  m a n u s c r i p t ,  Geo log ic  Map o f  t h e  H i l o  7 1 / 2 l  Q u a d r a n g l e ,  
I s l a n d  of  Hawai i .  

R e s u l t s  

One month was s p e n t  r e v i s i n g  t h e  m a n u s c r i p t ,  and i n  check ing  a l l  p l a t e s ,  
t a b l e s ,  and f i g u r e s  f o r  comple teness  and  a c c u r a c y .  The r e p o r t  was s u b m i t t e d  
t h r o u g h  BGRA t o  BWTR i n  l a t e  December. Complet ion of  t h i s  m a n u s c r i p t  was 
d e f e r r e d  t o  p e r m i t  f u l l - t i m e  a t t e n t i o n  t o  p r o j e c t  9950-04073, Depth t o  bedrock 
map i n  t h e  g r e a t e r  Tacoma a r e a ,  Washington.  T h i s  i s  t h e  f i n a l  p roduc t  of  t h i s  
p r o j e c t .  

Buchanan-Banks, J . M . ,  Lockwood, J . P . ,  and Ruben, Meyer, 1989,  Radiocarbon 
d a t e s  f o r  l a v a  f l o w s  from n o r t h e a s t  r i f t  zone o f  Mauna Loa Volcano,  
H i l o  7 1 /2 l  Q u a d r a n g l e ,  I s l a n d  o f  Hawaii :  Rad iocarbon ,  v. 31,  no .  2 ,  
p. 179-186. 



LATE QUATERNARY SLIP RATES ON 
ACTIVE FAULTS OF CALIFORNIA 

Malcolm M. Clark 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road 

Menlo Park, California 94025 
415/329-5624 

1. Recently active traces of Calaveras fault zone at Tres Pinos 
Creek and San Felipe Creek, California (K.J. Kendrick, J.W. Hard- 
en, M.M. Clark). 

2. Recently active traces of Owens Valley fault zone, Califor- 
nia (Sarah Beanland (NZGS) , Clark). 

3. Degradation of fluvial terrace risers along Lone Pine 
Creek, San Bernardino County. (Kendrick, in conjunction with 
J.B.J. Harrison, L.D. McFadden (UNM), and R.J. Weldon (University 
of Oregon) ) . 
4. Revision of slip-rate table and map of late-Quaternary 
faults of California (Clark, Kendrick, J.J. Lienkaemper, K.R. 
Lajoie, C. Prentice, M.J. Rymer, D.P. Schwartz, R.V. Sharp, J.D. 
Sims, J.C. Tinsley, R.J. Weldon). 

5. Geologic investigation of Lorna Prieta earthquake (Clark). 

Results 

3. Many empirical models have been proposed to evaluate the 
rate of slope degradation; determination of the rate of slope 
processes will allow for estimating ages of landforms. For 
tectonic settings involving vertical separation, the degree of 
degradation of scarps may be one of the more useful tools for 
determining the most recent faulting event. Measurements made on 
a terrace riser and associated lower terrace tread in Cajon Pass 
allow us to evaluate one model of scarp degradation. Radiocarbon 
dates constrain the time of abandonment to approximately 8,350 
years. We measured fourteen scarp profiles along this terrace 
riser and using the nonlinear diffusion equation of Hanks and 
Andrews (1988), estimated scarp age. There predicted ages ranges 
from 4,830 to 10,920 years. On three of these scarp profiles we 
described catenas of soils. This allowed us to compare the rate 



of colluvial accumulation for different parts of the of the slope 
as determined from soil profiled with what is predicted by the 
model. We were also able to compare the variability of soil 
development with the variability of predicted scarp ages. previ- 
ous studies in this area have shown that the most important 
factor affecting soil development is the influx of eolian dust, 
so that the profile mass of silt + clay is an adequate measure of 
degree of soil development. A parallel study of the soils on the 
terrace tread allows us to compare both the degree of soil devel- 
opment and the variability of the tread soils with the soils of 
the catenas. Soils below the inflection point were at least as 
strongly developed as the soils on the terrace tread, and the 
maximum soil development occurred at the base of the scarp. Most 
surprising is that the variation of soils on the terrace tread is 
greater than the variation of catena soils on the same geomorphic 
position. The variation of predicted ages based on the diffusion 
model was not reflected in variation of soil development. This 
would suggest imprecision in the model itself, rather than varia- 
tion in slope processes. 

4. We are in the process of revising, updating, and publishing 
(as a USGS Bulletin) the slip-rate table and map of late- 
Quaternary faults of ~alifornia (USGS OFR 84-106). Our aim is to 
review all entries in OFR 84-106 and add all new data generated 
since its release. We welcome any relevant unpublished data from 
workers in this field. 

5. Post earthquake investigation included search of the epicen- 
tral zone for tectonic ruptures, search of Calaveras fault with 
Peter Wood (NZGS) for triggered slip (none from Halls Valley to 
Coyote Reservoir), search for slip on range-front reverse faults 
in Los Gatos-Palo Alto, and mapping of extension fractures (with 
others) in Summit Road area of Santa Cruz Mountains. 

Reports 

Plafker, George, and Galloway, J.P., eds., 1989, Lessons learned 
from the Lorna Prieta, California, earthquake of October 17, 
1989: U.S. geological Survey Circular 1045, 48 p., (contri- 
bution by Clark). 

U.S. Geological Survey Staff, 1989, Preliminary map of fractures 
found in the Summit Road-Skyland Ridge area during the Loma 
Prieta, California, earthquake of October 17, 1989: U.S. 
Geological Survey open-File Report 89-686, (Clark a co- 
author). 

Ponti, D.J., Wells, R.E., Haugerud, R.A., Clark, M.M., and Hall, 
N.T., 1990, Surface rupture aspects, in Benuska, L., ed., 
Reconnaissance report on the Loma Prieta earthquake: Earth- 
ed., Reconnaissance report on the Loma Prieta earthquake, 
Earthquake Engineering Research Institute (EERI) Special 



Report, in press. 

U.S. Geological Survey Staff, 1990, The Lorna Prieta, California 
earthquake: An anticipated event: Science, v. 247, p. 286- 
293, (contributions by Clark) . 

U.S. Geological Survey Staff, 1990, Surface fractures and ground 
failure associated with the Loma Prieta, California earth- 
quake of October 17, 1989: American Geophysical Union, EOS, 
v. 71, p. 291, (Clark a co-author). 

U.S. Geological Survey Staff, 1990, Apparent lithologic and 
structural control of surface fracturing during the Lorna 
Prieta earthquake of October 17, 1989: American Geophysical 
union, EOS, v. 71, p. 290, (Clark a co-author). 

Kendrick, K.J., Harrison, J.B.S., McFadden, L.D., and Weldon, 
R.J., 1990, An evaluation of a non-linear diffusion model 
for determining the rate of scarp degradation in Cajon Pass, 
southern California (abs . ) : 1990 Mojave Desert Research 
Symposium, San Bernardino, California, in press. 



TECTONICS OF CENTRAL AND NORTHERN CALIFORNIA 

William P. Irwin 
Branch of Engineering seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road 
Menlo Park, CA 94025 

415/329-5639 

Investisations 
Preparation and revision of manuscripts pertaining to the geology 
and tectonic of northern California and southwestern Oregon. 

Results 
The writing of a report describing the geology and tectonic 
development of the Klamath Mountains and adjacent regions contin- 
ued during the report period and is planned for publication in 
the USGS Bulletin series. The Klamath Mountains province is of 
particular interest because it consists of an unusually large 
number and variety of accretionary terranes, and it documents a 
long history of tectonic development of the Pacific coastal 
region of North America. A geologic compilation of the Klamath 
Mountains province at a scale of 1:500,000 was revised and up- 
dates following review by the Geologic Map Editor and was ap- 
proved for publication as a USGS I-series map. A review of 
paleomagnetic results from the Klamath Mountains, Blue Mountains, 
and Sierra Nevada, coauthored with E.A. Mankinen, was revised 
following technical and editorial review and is to be published 
in a symposium volume on Paleozoic and Early Mesozoic paleogeog- 
raphy . 
Reports 
Irwin, W.P., 1989, Cryptic tectonic domains of the Klamath Moun- 

tains, California and Oregon, in A.M. Johnson, C.W. Burnham, 
C.R. Allen,, and M. Muehlberger, eds., Richard H. Jahns 
Memorial Volume: Engineering Geology, v. 27, nos. 1-4, 
p.  433-448. 

Irwin, W.P., in press, Geologic map of the Klamath Mountains, 
California and Oregon: U.S. Geological Survey, Miscellane- 
ous Investigations Map 1-2148, scale 1:500,000. 

Mankinen, E.A., and Irwin, W.P., in press, Review of paleomagnet- 
ic data from the Klamath Mountains, Blue Mountains, and 
Sierra Nevada: Implications for paleogeographic reconstruc- 
tions, in D.S. Harwood and M.M. Miller, eds., Paleozoic and 
Early Mesozoic paleogeography of the Klamath Mountains, 
Sierra Nevada, and related terranes: Geological Society of 
America, Special paper 255. 
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Very Precise Dating of Prehistoric Earthquakes in California 
using Tree-Ring Analysis 

Gordon C. Jacoby 
Trec-Ring Laboratory 

Lamont-Doherty Geological Observatory 
Palisades, Ncw York 10964 

(914) 359-2900 

A. SAN FRANCISCO BAY REGION (San Andreas fault) 
From Fort Ross to near Point Arena, the San Andreas fault zone trends 

through open terrain and some extensive forcsts of coast redwood [Sequo ia  
sempervirens (D. Don) Endl.]. A reccnt excavation-paleoseismic study of this 
region (Prentice, 1988) concluded that thcre werc a minimum of five or  six 
earthquakes in the last 2,000 years. The 1906 event produced 5 meters of slip at the 
excavation site and evidence from thc offset of a buried channel indicated a slip 
rate of about 25 mm. per year (Prentice, 1988a). If there were a relatively 
consistent slip rate, 200 years would be enough to accumulate another 5 meters of 
potential release. This information cncourages us to believe that we should have 
at least one, and very probably two, large events within the lifetime of the oldest 
trees we have found along the fault in thc area. These estimated time intervals 
make this area very promising for application of tree-ring methods to 
pa leose i smology .  

We have found a redwood ovcr 1,400 years in age and over 500 years is not 
unusual. Dating of coast redwoods is very difficult, especially near the base where 
the trunks are buttressed and irregular in form. Although most old growth 
redwoods have been cut in this area, the dccay resistance of redwood has kept the 
stump wood in excellent condition since thc logging days. The dating problem is 
being overcome in two ways. First, we are in the process of developing a master 
chronology from the same species samplcd in the next major valley inland, away 
from the effects of coastal fog, where the growth rings tend to be more consistent 
and easier to crossdate. Analyses thus far indicate that the coastal trees do 
crossdate with the trees from the inland site. Second, our studies show crossdating 
between redwood and Douglas fir [Pseudotsuga menziesii (Mirb.) Franco] from the 
same area. Douglas fir have much better circuit uniformity and are readily 
dateable. With the kind permission of Mr. Larry Mailliard we have also sampled 
cross sections and cores of redwood and Douglas fir from the Mailliard Ranch, 
about 30 miles east of the coast. The inland rcdwood and the Douglas fir are 
serving as guides to the dating of the coastal samples from along the fault. We 
have already established crossdating in both cases and are making good progress 
in developing a basis for dating the old-agcd stump samples from along the fault. 
We now have an absolutely-dated redwood chronology dating back to the late 
1400's. Unpublished coastal rcdwood data from Schulman (1936) and ring-width 
data from other species in the northcrn California region are all being used to 
establish a network of crossdating relationships throughout the region. 

The fault zone location was loggcd around 1900 but many stumps are intact 
today. From fire and decay of the sapwood, outer rings are gone but the remaining 
heartwood is solid in many of the stumps. We corcd over 15 stumps and obtained 
ring counts of more than 500 annual rings in several of them. Adding the 
approximately 100 years accounting for dccay and the logging date, we can expect 



to be obtaining information for the past 600 or 700 years. Sections were cut from 
several stumps but many more remain to be sampled. We traced the fault zone for 
two and one-half miles and noted many more sampling opportunities on or near 
the fault. There are several sag ponds and small linear scarps that delineate the 
fault zone. It is not a single continuous trace, there are subparallel traces and 
offset between traces. At one location thcrc is an offset creek, a well-defined fault 
zone, and large redwood stumps on the immediate sides of the fault. This offset is 
about 10 meters and therefore must have been displaced by at least one other 
event in addition to the 1906 event. Dr. C. Prentice of the U.S.G.S. has aided us in 
locating the fault trace and making geological evaluations of the sample sites. 

B. CASCADIA SUBDUCTION ZONE (CSZ) 
The Late Holocene sediments along the margin of Humboldt Bay and the 

floodplain of Salmon and Little Salmon Creeks have been displaced by the Little 
Salmon Creek fault. Trenches across the fault at Little Salmon Creek have shown 
evidence of multiple slip events bracketed by periodic deposition of well stratified 
fIoodpIain sediments during the late Holocene (Carver and Burke 1987a & b). The 
trench studies show that the west trace of the Little Salmon fault has experienced 
at least 33 meters of slip during the last 6200 years, and indicates the most recent 
event occurred more recently than 415 + 7 0  RYBP (Carver and Burke 1987a & b). 
The rate of fault displacement for the last 6,200 years corresponds well with the 
rate of sedimentation and scarp morphology measured at the site. The very 
youthful geomorphic expression of the fault, including numerous fault-line 
landslides, disrupted stream profiles, and mole-track scarps in late Holocene bay 
marginal marsh sediments support the radiocarbon dating of the last event as 
being less than 415 years B.P. The fault itself can be traced through formerly 
forested lands in the area. 

Our sampling along the Little Salmon Crcek fault itself produced a number 
of old-aged samples for processing. The oldest samples found thus far are 
exclusively redwood. All of the living Douglas fir and Grand fir [Abies grandis 
(Dougl. ex D. Don) Lindl.] encountered along the fault zone were too young (less 
than 150 years) to be of much use for our purposes. Old-aged redwood samples 
were obtained from two areas. Both areas were previously logged, most likely 
around the turn of the century, and the areas subsequently burned either 
naturally or  deliberately. Considerable amounts of wood have been burncd or  lost 
from decay on the outer portions of some stumps. Some of the samples have 300 to 
over 500 annual rings and a few cxhibit obvious trauma from disturbance and/or 
fire. With logging believed to have taken place around 1900, we can study a tree- 
ring record extending back about 400 to 600 ycars. Thus we have old trees along 
the fault that certainly extend back well past the estimated date of the most recent 
prehistoric event dated by carbon-14. Our sampling along the fault thus far has 
primarily been achieved using standard 5mm diameter corers. Although the fault 
sometimes can be traced in this area by gcomorphology, only soil differences 
reveal its location at other sites. The soils in certain locations are distinct enough 
to mark the fault trace to within a meter. 

W e  obtained tree sections from timber companies in the area in 
collaboration with Dr. G. Carver of the Geology Department of California State 
University at Humboldt. With the cooperation with the National Park Service, we 
sampled Grand fir and Douglas fir in Rcdwood National Park. That chronology 
extends back to  the 1750's and crossdates with Schulman's redwood data. The 
successful crossdating of fir with rcdwood dcmonstrates that this fir chronology 
will be useful in dating the rcdwood samplcs with potentially 150 ycars of overlap 
with trees cut down around 1900. We also have developed a chronology based on 
Douglas fir from a timber operation that extcnds back to the early 1400's. This 



Douglas fir chronology is from north of the Little Salmon Creek area. Whole 
sections were obtained from five old-agcd trees and provide us with a good 
reference chronology to  crossdate with our fault zone trees. With the above tree- 
ring data we are now ready to start dating the cores and other samples from the 
fault zone. We will compare the dating from the Little Salmon Creek fault region 
with the trees from the Gualala block zone as a means of cross-verification. 

One intriguing result from our studies in this region is from Catfish Lake, 
north of the Little Salmon Creek and slightly east of the actual fault. The lake 
formed as a result of a large, prehistoric landslide in the hanging wall of the 
fault. The lake contains many submerged stumps of old trees. These trees were 
obviously killed as a result of the submergcnce, and dating the outer ring of each 
tree would effectively date the landslide. Assigning seismic origin to a landslide in 
the steep-sloped and rain-soaked coaslal ranges of California is not justified 
unless there is some corroborative evidence. The large size of the landslide and its 
location relative to the fault allow for a seismic origin but we need confirmation 
from the fault zone trees or  other sources before we can make any definitive 
interpretation. Dating the creation of the lake may merely date a geohazard event. 
Crossdating with other tree-ring data showed the most recent outermost ring is 
1741. There is some loss of outer rings due to decay but judging from the 
configuration of the trunks sampled there are probably not many rings lost. We 
would estimate the event as occurring within a few years after 1741. Until there is 
other corroborative information, the date of 1741 must only be considered as the 
earliest date for a significant landslide evcnt. It is considerably younger than the 
415 yr. limit from Carver (1987). We will try to obtain samples with either bark or  
the outer rings present to  enable us to absolutely date the year of the event. 

We may precisely date at least the most recent large earthquake on the 
Little Salmon fault. We have a minimum age for a hazardous landslide. Dates from 
this region may be especially significant in comparison with dates for other 
possible paleoseismic events on the Washington and Oregon coast (Grant et al. 
1989). The more recent carbon-14 dates from Grant et al. (1989) and tree-ring 
dates from Yamaguchi et al. (1989) show differences in dating of possible 
subsidence events in the CSZ. Problems in carbon-14 dating of young material 
from organically-active environments may partly account for some of the age 
discrepancies. As noted by Grant et al. (1989), earthquake hypotheses for the 
region can presently range from single 700 km events to smaller events 
distributed throughout several centuries. The convcrgence of dates indicating 
major events and the isolation of individual events related to the Cascadia 
Subduction Zone will all be important in assessing the seismic behavior and 
earthquake hazard potential. 

Acknowledgement: This research was also supportcd by the Seismology Program 
of the Earth Scicnccs Division of NSF, Grant EAR88-05058 
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I n v e s t i g a t i o n s  

1. Post -ear thquake s t u d i e s ,  Loma P r i e t a  ear thquake 

2. ESR d a t i n g  

R e s u l t s  

1. Lorna P r i e t a  Earthquake: 

A .  Sur face  F rac tu res :  F i e l d  i n v e s t i g a t i o n s  immed ia te ly  a f t e r  t h e  
ear thquake  r e v e a l e d  t h a t  t h e r e  were no p r ima ry  s u r f a c e  f r a c t u r e s  a long  
t h e  segment o f  t h e  San Andreas f a u l t  t h a t  r u p t i r e d .  However, t h e r e  were 
many secondary s u r f a c e  f r a c t u r e s ,  e s p e c i a l l y  i n  t h e  Summit Road area. 
Many o f  t hese  f r a c t u r e s  a p p a r e n t l y  r e s u l t e d  f r om bedding-p lane f a u l t i n g  
w i t h i n  t h e  f o l d e d  T e r t i a r y  s t r a t a  t h a t  u n d e r l i e  t h e  area. F a u l t i n g  
w i t h i n  weak beds p robab l y  c o i n c i d e d  w i t h  t e c t o n i c  up1 i f t  and e x t e n s i o n  
o f  t h e  hang ing-wa l l  b l o c k ,  r i d g e - t o p  spread ing  due t o  s t r o n g  shak ing,  o r  
both.  F r a c t u r e s  commonly occur  i n  l a t e r a l  1  y  con t inuous  NW-trending 
zones and have c o n s i s t e n t  d isp lacement  v e c t o r s ,  an o b s e r v a t i o n  
sugges t i ng  t h a t  t hey  a r e  n o t  r e l a t e d  t o  nea r - su r f ace  s lope  f a i l u r e .  
Most f r a c t u r e s  a r e  c l o s e l y  a l i g n e d  t o  t h e  s t r i k e  o f  bedding, even i n  
s t r u c t u r a l  domains where bedd ing  d e v i a t e s  f rom t h e  o v e r a l l  t r e n d .  For  
some f r a c t u r e  se ts ,  d i sp lacement  v e c t o r s  l i e  v e r y  c l o s e  t o  bedd ing  
p lanes,  and most o f  t h e  f r a c t u r e s  show downdip movement. 

Most c racks  a r e  e x t e n s i o n a l ,  w i t h  a  s u b o r d i n a t e  component o f  v e r t i c a l  
d i sp lacement .  Nea r l y  t w o - t h i r d s  o f  t h e  f r a c t u r e s  have a  component o f  
l e f t  s l i p ,  whereas most o f  t h e  r e s t  e x h i b i t  r i g h t - l a t e r a l  d i sp lacement ;  
o n l y  5% o f  measured c racks  show p u r e  ex tens ion .  P h y s i c a l  models may 
e x p l a i n  s i n i s t r a l  l a t e r a l  mo t i on  as due t o  anomalous shear s t r e s s e s  a t  
t h e  n o r t h  end o f  t h e  deep-seated r u p t u r e .  However, l a t e r a l  m o t i o n  ( b o t h  
l e f t  and r i g h t  s l i p )  o f  most f r a c t u r e s  can be adequa te ly  exp la i ned  by 
c o n s i d e r i n g  t h e  i n d i v i d u a l  f r a c t u r e  o r i e n t a t i o n s  w i t h  r e s p e c t  t o  l o c a l  
bedding and topography. 

Two d i f f e r e n t  models can d e s c r i b e  t h e  sense o f  l a t e r a l  movement on t h e  
f r a c t u r e s :  I n  t h e  f i r s t ,  pu re  d i p - s l i p  f a u l t i n g  occurs  on u n d e r l y i n g  



bedd ing  p lanes .  L a t e r a l  m o t i o n  r e s u l t s  i f  a  c rack  t r e n d  d e v i a t e s  
somewhat f rom t h e  s t r i k e  o f  bedd ing  as i t  propagates t h rough  t h e  
o v e r l y i n g  co l l uv i um.  I f  t h e  d e v i a t i o n  i s  i n  a  c l o c k w i s e  sense, l e f t -  
l a t e r a l  d i sp lacement  occu rs  on t h e  s u r f a c e  f r a c t u r e ;  coun te r c l ockw i se  
d e v i a t i o n s  r e s u l t  i n  r i g h t - l a t e r a l  d i sp lacements .  T h i s  model p r e d i c t s  
t h e  p rope r  sense o f  d i sp lacement  f o r  more t h a n  60% o f  t h e  f r a c t u r e s  
s t ud ied .  The o t h e r  model assumes t h a t  d isp lacements  a r e  c o n t r o l  l e d  o n l y  
t h e  l o c a l  s l ope  d i r e c t i o n ;  l a t e r a l  components o f  m o t i o n  occur  where 
f r a c t u r e s  a r e  o b l i q u e  t o  t h e  l o c a l  s lope.  T h i s  model e x p l a i n s  most 
observed l a t e r a l  d i sp lacements  on f r a c t u r e s  w i t h  downslope d isp lacement  
v e c t o r s .  A comb ina t i on  o f  d i p - s l i p  f a u l t i n g  on bedding p lanes  and 
downslope mo t i on  i s  p robab l y  a l l  t h a t  i s  r e q u i r e d  t o  e x p l a i n  t h e  
o r i e n t a t i o n  and sense o f  s l i p  on s u r f a c e  r u p t u r e s  i n  t h e  Summit Road- 
Sky land Ridge area. 

B. L i q u e f a c t i o n :  I n  t h e  San F r a n c i s c o  Bay area, where t h e  water  t a b l e  
i s  a r t i f i c i a l l y  depressed beneath most  l o w - l y i n g  a l l u v i a l  areas,  
l i q u e f a c t i o n  and assoc ia ted  ground f a i l u r e  occu r red  o n l y  i n  l a n d  f i l l s  
t h a t  c o n s i s t  o f  hyd rau l  i c a l  l y  emplaced sand, such as t h o s e  under1 y i n g  
t h e  Mar ina  D i s t r i c t  i n  San F ranc i sco  and t h e  Alameda Naval A i r  S t a t i o n  
i n  Alameda. A l l  o f  t hese  f i l l s  l i e  w i t h i n  t h e  bay and a re ,  t h e r e f o r e ,  
wa te r  sa tu ra ted .  There i s  no s u r f  i c i a l  ev idence t h a t  1  i q u e f a c t i o n  
occur red  i n  a l l u v i u m ,  e s t u a r i n e  mud, o r  i n  l a n d  f i l l s  composed o f  
h y d r a u l i c a l l y  emplaced s i l t  w i t h i n  t h e  bay, such as t hose  u n d e r l y i n g  
F o s t e r  C i t y  and Redwood Shores i n  San Mateo County. A l l  o f  t h e  f i l l s  
t h a t  1  i q u e f i e d  l i e  i n  t h e  c e n t r a l  p a r t  o f  t h e  Bay, between t h e  Golden 
Gate and t h e  San Mateo b r i d g e s ,  where t h e r e  a r e  e x t e n s i v e  l a t e s t  
Quaternary  sand d e p o s i t s  f rom wh ich  t h e  f i l l  was dredged. I n  t h e  
e a s t e r n  p a r t  o f  t h e  bay, a l ong  t h e  shores o f  Oakland and Alameda, t h e  
source  o f  t h e  dredged f i l l  was l a t e  P l e i s t o c e n e  M e r r i t  sand and Holocene 
e s t u a r i n e  sand t h a t  was most l i k e l y  reworked f r om t h e  M e r r i t  sand. 
Where t h e  M e r r i t  sand, a  dune d e p o s i t  t h a t  was l a r g e l y  submerged by t h e  
e a r l y  Holocene r i s e  i n  sea l e v e l ,  occu rs  above sea l e v e l  i t  forms t h e  
l o w - l y i n g  areas o f  west  Oakland, Alameda, and Bay Farm i s l a n d .  There i s  
no ev idence t h a t  u n d i s t u r b e d  M e r r i t  sand l i q u e f i e d  d u r i n g  t h e  
ear thquake,  sugges t i ng  t h a t  t h i s  l o o s e l y  c o n s o l i d a t e d  d e p o s i t  had been 
compacted by shak ing  d u r i n g  many p r e v i o u s  ear thquakes.  I n  t h e  western 
p a r t  o f  t h e  bay, a l ong  t h e  n o r t h e r n  and e a s t e r n  shores o f  t h e  San 
F ranc i sco  pen insu la ,  t h e  source o f  t h e  dredged f i l l  was most  l i k e l y  l a t e  
Holocene l i t t o r a l  and e s t u a r i n e  sand most l i k e l y  reworked f rom o l d e r  
dune depos i t s .  

The most  conspicuous s u r f a c e  m a n i f e s t s  o f  t h e  l i q u e f a c t i o n  t h a t  occu r red  
d u r i n g  t h e  ear thquake  were sand- blown d e p o s i t s  ( m o s t l y  a l ong  t h e  marg ins  
of and t h rough  c r a c k s  i n  l a r g e  pavements), ground c racks  ( m o s t l y  i n  
pavements), d i f f e r e n t i a l  s e t t l e m e n t  (most beneath l a r g e  pavements and 
r e s i d e n t i a l  b u i l d i n g s ) ,  and l a t e r a l  spreads ( m o s t l y  o f  e a r t h - f i l l e d  
d i k e s ) .  L i q u e f a c t i o n  p robab l y  occur red  i n  most w a t e r - s a t u r a t e d  sand 
fill s, b u t  ground f a i l u r e  r e s u l t e d  m a i n l y  where t h e  overburden l o a d s  o f  
b road  conc re te  and a s p h a l t  pavements and f ounda t i ons  i nc reased  f l u i d  
p ressu res  s u f f i c i e n t l y  t o  produce v e r t i c a l  and l a t e r a l  sand f l ows .  
However, i n  a  few p laces ,  such as t h e  Oakland I n t e r n a t i o n a l  A i r p o r t ,  
sand blows e rup ted  i n  open areas away f rom pavements o r  b u i l d i n g  



founda t ions .  

2. D i g i t i z e d  and i n t e g r a t e d  ESR s p e c t r a  p r o v i d e  more sys tema t i c  r e s u l t s  
t han  t h e  raw ESR data. 

TL dos imete rs  a t  twe l ve  s i t e s  a l ong  t h e  C a l i f o r n i a  coas t  i n d i c a t e  t h a t  
dose r a t e s  o f  gamma r a d i a t i o n  ( t h e  source o f  most l a t t i c e  damage i n  
f o s s i l  carbonates)  s t r o n g l y  r e f l e c t  bedrock 1  i t h o l o g y  ( r e l a t i v e l y  h i g h  
r a t e s  a r e  assoc ia ted  w i t h  v o l c a n i c  and p l u t o n i c  r o c k s  and low r a t e s  a r e  
assoc ia ted  w i t h  sed imentary  r o c k s ) .  These r e s u l t s  i n d i c a t e  t h a t  dose 
r a t e s  w i l l  have t o  be measured a t  each f o s s i l  l o c a l i t y  used f o r  d a t i n g  
deformed mar ine  s t r and1  ines.  
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PURPOSE OF PROJECT 

To define regional variations in the time-space partitioning of paleoseismic activity in the late Quaternary as a guide 
to understanding how strain accumulates and is released on faults in the Western United States. This project will 
serve as an umbrella for diverse but interrelated aspects of paleoseismicity in the western U.S. We will study 
selected faults that are critical to interpreting the paleoseismobgy and neotectonics in regions of active faulting. Our 
research will apply paleoseismologic studies to important problems at three different scales: (1) refine methodolo- 
gies for dating fault movements that are applicable to a wide variety of tectonic problems and areas, (2) examine the 
long-term behavior and interaction of faults in a broad region (-20,000 krn2) that are exposed to the same regional 
stress field, (3) study the time-space distribution of strain accumulation and release in the upper crust on a regional 
(province-wide) scale. 

INVESTIGATIONS 

1. Bucknam, Machette, and Crone began analysis of data associated with Holocene faulting along the east flank of 
the Fish Springs Range in western Utah for which we have a set of high-quality scarp-morphology data. 

2. Bucknam continued photographic monitoring of the natural (short-term) degradation of the 1983 Borah Peak 
fault scarps using precision close-range photogrammetry that was initiated in 1985. The continuation of this repeat 
photography will help quantify the rates and better understand the processes that contribute to the initial degradation 
of fault scarps. 

3. Bucknarn and Haller are completing work related to IGCP Project 206. They have partly revised the field trip 
guide (USGS Open-File Report 89-528) for submission as a USGS Bulletin. As editor, Bucknam has been ramrod- 
ding publication of tectonic atlas entitled "Geological Nature of Active Faults," a product of International Geologic 
Correlation Program (IGCP) Project 206 (Characteristics of active faults worldwide). The atlas is scheduled to be 
published by Cambridge University Press in 1992. 

4. Crone and Haller (in collaboration with D.P. Schwartz, USGS, Menlo Park, CA) logged two trenches across the 
Lost River fault, Idaho, at the southeastern end of the Mackay segment. 

5. Haller and Machette have started compiling a digital database of Quaternary faults in the Western United States; 
the first priority is to assemble data for a neotectonic transect of the northern Basin and Range province from the 
Wasatch fault zone (Provo, Utah area) to the Sierra Nevada frontal fault zone (Reno, Nevada area). This project is 
planned as an informal coop with personnel of the Nevada Bureau of Mines (John Bell and associates) and the Center 
for Neotectonics (Steve Wesnousky and associates). This aspect of the project will contribute to a broader compil- 
ation of neotectonics data, particularly Quaternary faulting data, for a large portion of the Western United States. 

6. Bucknam, Haller, and Machette assisted in field investigations of surface deformation caused by the 1989 Loma 
Piieta, California earthquake. 

7. Crone and Machette began preparation for their study of Australian Intraplate earthquakes as part of a USGS 
Gilbert Fellowship (FY 90P1). Field work is currently scheduled for July-September, 1990. 



RESULTS 

1. During earlier studies of Quaternary faulting in the Basin and Range province, Bucknam collected a high-quality 
data set on the morphology of the Fish Springs fault scarps. The utility of this data set was limited by the lack of 
information on the age of the scarps. In 1987, we obtained a well-constrained radiocarbon age from a sample col- 
lected during our trenching studies of the scarps. This radiocarbon sample indicates that the Fish Springs fault scarps 
are about 2,000 years old. This radiocarbon age now allows the morphologic data set to be used as a critically needed 
calibration point for morphometric analyses and theoretical models of scarp degradation that have been used for esti- 
mating the age of fault scarps the Western United States. In October, Bucknam and Machette completed field check- 
ing of surficial geologic mapping (1:24,000 scale) along the Fish Springs fault. As part of this mapping effort and 
field studies in Idaho (described in section 7), we conducted a one month training session on modem paleoseismo- 
logic techniques for Mr. Muhammed Muminullah (Geological Survey of Bangladesh). Crone's preliminary interpre- 
tations of the faulting events recorded in two trenches along the Fish Springs fault indicate a complex history of 
latest Pleistocene and Holocene surface faulting. Our favored interpretation of events recorded in the trenches indi- 
cates that Lake Bonneville may have had a major influence on the temporal distribution of surface-rupturing 
earthquakes on this fault during the latest Quaternary. 

2. Analysis of digital elevation models of the Borah Peak, Idaho, fault scarp using an interactive surface-modeling 
program (ISM) maintained by the Branch of Petroleum Geology is providing a convenient means of measuring the 
geomorphic changes of the scarp that occur with time. The digital elevation models are derived from close-range 
photographs of the scarp taken with a calibrated mapping camera. Coordinates of points on the scarp have been digi- 
tized on a 10-cm grid by Jeff Coe and Gayle Culler (USGS Photogrammetic Laboratory) using a Kern DSRl analyt- 
ical plotter. Data is written to magnetic tape in a format directly readable by the ISM program. 

John Michael and Bob Bucknam have used these data to compute the 
volumes of material removed from a section of the scarp face between 
successive sweys and, from this, calculated average rates of scarp retreat. 
Values determined between 1985 and 1989 are shown in the right-hand 
column. The methods used for collecting and analyzing the data appear to 
provide a reliable means of defining the changes occuring in morphology of 
the scarp against which possible variables, such as annual variations in local 
climate, can be evaluated. Variation in annual precipitation, paricularly that 
occurring in the late spring, is suspected to be an important variable. 
Except for the period of earliest surveys, the local climate has been 
dominated by unusually dry conditions. Thus, a greater variety of precip- 
itation values will be needed to test this hypothesis. 

Date of Average Retreat 
Survey (mm) 

3. Continued editing manuscript on "Examples of active faults in the Western United States--A field guide." 
Bucknam and Haller will publish this comprehensive field guide (prepared Eor IGCP Project 206 Field Trip in July, 
1989) as a USGS Bulletin. The field guide includes a 3000-km-long road log from San Francisco, CA to Salt Lake 
City, UT (via southern California), and narratives and site descriptions of the San Andreas and Garlock faults, the 
Sierra Nevada frontal (eastern) fault zone, and a selected faults across the Basin and Range province. 

4. The trenches on the Mackay segment were excavated in alluvial gravel believed to have been deposited during the 
Bull-Lake glaciation (ending about 140 ka). Stratigraphic relations in the trenches indicate three surface-faulting 
events on this segment of the Lost River fault since deposition of the gravel. The most recent faulting event dis- 
places Mazama ash (about 6,800 yr old). A pending radiocarbon date will establish a minimum age for this event. 
The next older event is believed to be latest Pleistocene in age on the basis of the faulting history interpreted from a 
trench at the northwestern end of this segment. The age of the oldest event is only known to be younger than 140 
ka . 
5. We have defined the limits of our neotectonic transect as the corridor between 39' and 41°N. and 111' and 
120°W. This east-west strip allows us to build upon the Wasatch fault zone study and 1°x20 quadrangle mapping in 
Utah by BGRA personnel (Anderson, Barnhard, Bucknam, Machette, Nelson and Personius). Thus, our main con- 
cern for assembling a systematic fault data base is with Nevada; however, previous mapping by Barnhard (Elko 
1°x20), Wallace (Winnemuca 1°x20), and Bell (Reno 1°x20) can be used without major modifications. This leaves the 



Ely, Lovelock, and Millett 1°x20 quadrangles as our main mapping objectives. During the first 6 months of the pro- 
ject, we have performed a search of literature on Quaternary basin-range faulting, obtained some aerial photography 
and topographic maps, and created a reference database using EndNote. In addition, Bucknam (in association with 
Paul Thenhaus) has digitized and updated the map of Quaternary faults in the Western United States (Nakata, 
Wentworth, and Machette; USGS Open-File Report 82-579) as part of our regional database. 

Crone, A.J., and Haller, K.M., in press, Segmentation and the coseismic behavior of Basin-and-Range normal faults: 
Examples fom east-central Idaho and southwestern Montana, U.S.A.: Submitted to the Journal of S tructural 
Geology, 24 ms. p., 7 figs. 

Haller, K.M., 1990, Late Quaternary movement on basin-bounding normal faults north of the Snake River Plain, 
East-Central Idaho [part 4 of GSA field trip no. 11, in Roberts, Sheila, ed., Geologic tours of western 
Wyoming, Montana, and Utah: Geological Survey of Wyoming Public Information Circular 29, p. 4 1-54. 

Machette, M.N., 1990, Slope morphometric dating in Forman, S.L., ed., Dating methods applicable to Quaternary 
geologic studies in the Western United States: Utah Geological and Mineral Survey Miscellaneous Publication 
89-7, p. 30-42. 

Machette, M.N., Nelson, A.R., Personius, S.F., Schwartz, D.P., and Lund, W.R., in press, Lengths of segments, 
earthquake recurrence intervals, and Holocene history of the Wasatch fault zone, Utah: Submitted to Journal of 
Structural Geology, 23 ms. p., 4 figs. 



L a t e s t  Qua te rna ry  Sur face  F a u l t i n g  i n  t h e  No r the rn  
Wasatch t o  Teton C o r r i d o r  (NWTC) 

James McCal p i n  
Department o f  Geology 
Utah S t a t e  U n i v e r s i t y  
Logan, UT 84322-4505 

(801 )  750-1220 

I n v e s t i g a t i o n s  
1. l r e n c h i n g  of l a t e  Qua te rna ry  f a u l t  scarps on t h e  eas te rn  Bear Lake, western 

Bear Lake (Utah and Idaho)  and sou thern  S ta r  V a l l e y  f a u l t s  (Wyoming). 

2. Radiocarbon d a t i n g  of t h e  l a t e s t  two t o  t h r e e  s u r f a c e - f a u l t i n g  ear thquakes 
on t hese  f a u l t s .  

Resu l t s  
m a s t e r n  Bear Lake f a u l t  - -  t h e  eas te rn  Bear Lake f a u l t  i s  marked by a  

narrow zone of  range-bounding f a u l t  scarps up t o  30 m  h i g h .  Based on 
s tepovers  and morpho log ic  f e a t u r e s  o f  scarps,  I p o s t u l a t e  t h a t  t h r e e  
segments e x i s t :  t h e  sou thern  segment f rom Laketown, UT t o  t h e  NE co rne r  
of Bear Lake (32  km), t h e  c e n t r a l  segment f r om  Bear Lake t o  M o n t p e l i e r ,  
I D  ( 2 6  km), and t h e  n o r t h e r n  segment n o r t h  o f  M o n t p e l i e r  ( a t  l e a s t  20 km). 

- s i x  r ad ioca rbon  ages were rece i ved  f rom two t renches  excavated across 
9  m- and 14 m-high f a u l t  scarps on t h e  southern segment. Logs o f  these  
t renches ,  w i t h  l o c a t i o n s  o f  samples, were i nc l uded  i n  t h e  p rev i ous  NEHRP 
Summary (McCalpin,  1990). Ages i n d i c a t e  t h a t  about  10 m o f  v e r t i c a l  f a u l t  
d isp lacement  has occur red  s i n c e  12.7 ka.  The most r e c e n t  event occur red  
about  2.1 ka, b u t  s l i p  pe r  event  i s  unknown. 

TABLE 1 

Radiocarbon Dates From The Eas te rn  Bear Lake F a u l t ,  Southern Segment 

Trench Sample No. Lab. No. S i g n i f i c a n c e  

eas te rn  JM89-20 1 1:::;: 12,780+140 p reda tes  l a t e s t  two even ts  
western JM89-08 91507110 p reda tes  l a t e s t  two events  

11 JM89- 11 
&I ~ ~ 8 9 - 1 3  r3Eb 2130T80 c l o s e l y  da tes  l a t e s t  event  580T7 0 pos t -da tes  l a t e s t  even t  

n a t u r a l  JM89 - 0  1 9100T90 p reda tes  l a t e s t  two events  
exposures JM89-21 @ -33404 12,700'71 30 - preda tes  l a t e s t  two even ts  

2. Western Bear Lake f a u l t  zone - -  t h e  western s i d e  of  t h e  Bear Lake graben 
i s  marked by a  3  km-wide zone o f  l ow h o r s t s  and grabens which d i s p l a c e  t h e  
l a t e  P le i s t ocene /Ho l  ocene(?) l a k e  f l o o r .  Th i s  wide zone o f  d i s t r i b u t e d  
Qua te rna ry  f a u l t i n g  was f i r s t  i d e n t i f i e d  i n  October, 1989, by V.S. 



Khromovskikh ( I n s t i t u t e  o f  t h e  E a r t h ' s  C rus t ,  USSR) w h i l e  c o l l a b o r a t i n g  
on t h i s  p r o j e c t .  We i n t e r p r e t  t h e  zone as t h e  s u r f a c e  exp ress i on  of  a  
c o m p l e x l y - f a u l t e d  h i n g e l i n e  on t h e  marg in  o f  an asymmetric graben. 

- two t renches  ac ross  2.0-3.5 m-high f a u l t  scarps r evea led  f a u l t e d  
monocl ines w i t h  d isp lacements  o f  about 1.6-2.0 m which we b e l i e v e  r e s u l t e d  
f rom a  s i n g l e  even t .  La rger  scarps  (up t o  8  m h i g h )  e x i s t  on t h e  wes te rn  
Bear Lake f a u l t  zone, and may be due t o  r e c u r r e n t  l a t e  Qua te rna ry  f a u l t i n g  
o r  t o  s h o r e l i n e  m o d i f i c a t i o n .  Four r ad ioca rbon  da tes  b r a c k e t  t h e  l a t e s t  
ep isode o f  f a u l t i n g  between 5.9 and 6.5 ka.  

TABLE 2 

Radiocarbon Dates From t h e  Western Bear Lake F a u l t  a t  Bloomington, I D  

Trench Sample No. Lab. No. Radiocarbon A  e  S i g n i f i c a n c e  e 
BLS BLS-1 @ -36674 5900+80 c l o s e l y  da tes  l a t e s t  even t  

BLS-2 4 -36675 1890T70 pos t -da tes  l a t e s t  even t  
BLS-Aug . 1 g -36676 11,240790 g r e a t l y  p re -da tes  l a t e s t  event  
BLS-Aug. 2 P-36677 6530790 - c l o s e l y  da tes  l a t e s t  event  

3. S t a r  Val l e y  f a u l t  -- Two o r  more t renches  w i l l  be  excavated near  A f t on ,  
Wyoming i n  May 1990 ac ross  11-12 m-high scarps which d i s p l a c e  l a t e  
P l e i s t o c e n e  a l l u v i u m .  

4. Regional  Tec ton ics  o f  t h e  NWTC 
A comparison o f  t h e  t o t a l  Neogene t h r o w  w i t h  t h e  l a t e  Qua te rna ry  s l i p  on 
t h e  ma jo r  f a u l t s  o f  t h e  NWTC shows t h a t  f a u l t s  a r e  s l i p p i n g  i n  a  non- 
un i fo rm manner. T o t a l  Neogene t h row  es t ima tes  range f rom 3.4 km t o  5.0 
km, w h i l e  l a t e  Qua te rna ry  ( w i t h i n  l a s t  12-15 ka)  v e r t i c a l  s l i p  r a t e s  range 
from 0.27 mlka  t o  2.2 m/ka. The l a t e  Qua te rna ry  s l i p  r a t e s  a re  g r e a t e s t  
a t  t h e  ends o f  t h e  NWTC and s m a l l e s t  i n  t h e  c e n t e r  ( F i g .  1). 

Ex tens ion  
Th i s  c o n t r a c t  was g ran ted  a  6-month no c o s t  ex tens ion  ( u n t i l  August 31, 
1990) t o  a l l o w  t r e n c h i n g  o f  t h e  S ta r  V a l l e y  f a u l t  i n  summer o f  1990. 

Repor ts  
m n ,  James, 1990, L a t e s t  Qua te rna ry  f a u l t i n g  i n  t h e  n o r t h e r n  Nasatch t o  

Teton c o r r i d o r  (NWTC) , i n  Jacobson, M.L. (comp .)  , Summaries o f  TEchnica l  
Reports,  v o l .  X X X I X ,  U.S. Geol. Survey Open-Fi le  Report  90-54, p. 140-143. 

McCalpin, James, Zhang, L i r e n  and Khromovskikh, V.S., i n  p ress ,  Qua te rna ry  
f a u l t i n g  i n  t h e  Bear Lake graben, Idaho and Utah: Geol. Soc. o f  America, 
A b s t r a c t s  w i t h  Programs, v. 22, no. 5. 
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Figure  1. Diagram comparing t h e  l a t e  Quaternary v e r t i c a l  s l i p  r a t e  w i t h i n  t h e  l a s t  
12-15 ka (based p r i m a r i l y  on f a u l t  s c a r p  h e i g h t s )  t o  t h e  t o t a l  Neogene s t r u c t u r a l  
r e l i e f ,  f o r  each of  t h e  major f a u l t s  of  t h e  NWTC. Neogene v e r t i c a l  s l i p  i s  es t imated  
by combining t h e  maximum dep th  of Neogene b a s i n  f i l l  w i t h  t h e  p r e s e n t  maximum e l ev -  
a t i o n  of t h e  mountain b lock  above t h e  v a l l e y  f l o o r ;  a s  such i t  does  n o t  i n c l u d e  
e l e v a t i o n  removed from t h e  mountain block by Neogene e ros ion .  The low apparen t  
l a t e  Quaternary s l i p  r a t e s  of t h e  c e n t r a l  t h r e e  f a u l t s  a r e  n o t  compat ible  wi th  t h e  
l a r g e  amounts of Neogene s t r u c t u r a l  r e l i e f .  Seve ra l  hypotheses  e x i s t  t o  e x p l a i n  
the  d i s p a r i t y  between l a t e  Quaternary and Neogene s l i p  r a t e s  among t h e  f i v e  f a u l t s :  
1 )  long term r a t e s  a r e  a l l  s i m i l a r ,  apparen t  d i f f e r e n c e s  in l a t e  Quaternary r a t e s  
a r i s e  o n l y  from a s h o r t  sampling pe r iod ,  2 ) b a s i n s  began forming a t  d i f f e r e n t  t imes ,  
o r  3 )  dur ing  t h e  l a t e  Quaternary s l i p  r a t e s  on t h e  c e n t r a l  t h r e e  f a u l t s  have lagged 
behind t h e  r eg iona l ly - r equ i r ed  s l i p ,  t h u s  b u i l d i n g  up a  "slip d e f i c i t "  i n  t h e  
c e n t r a l  NWTC. 



ACTIVE MARGIN TECTONICS, PACIFIC NORTHWEST REGION 
9910-04492 

P. A. McCrory 

Branch of Engineering Seismology and Geology 
U.S. Geological Survey 

345 Middlef ield Road, M S  977 
Menlo Park, California 94025 

(415) 329-5677 or (FTS) 459-5677 

Document recent tectonic deformation in the vicinity of the Puget Sound 
metropolitan area and relate it to the earthquake potential in this region. 

1. FY90 research focuses on tectonically deformed sediments exposed along 
the coast of the Quinault Indian Reservation, Washington. Preliminary 
stratigraphy has been constructed for three key sedimentary sequences 
within the Quinault Formation: the Point Grenville, Taholah, and Duck 
Creek sections. The next task will be to determine the age of these 
sequences so as to understand the rates at which the sedimentary units 
are being compressed and tilted. 

2.  The last set of rock samples collected in FY89 are being processed for 
analyses of age and uplift data. 

3. Analyses of rock samples collected in FY89 for age and uplift data are 
in progress. 

None this reporting period. 



P o s t  Ear thquake I n v e s t i g a t i o n s  

Rober t  J. McLaughlin 
Branch o f  Western R e g i o n a l  Geology 

U.S. G e o l o g i c a l  Survey 
345 M i d d l e f i e l d  Road, MS 975 

Menlo P a r k ,  C a l i f o r n i a  94025 
(41 5 )  329-4945 

For  t h e  las t  two y e a r s ,  g e o l o g i c  mapping i n  f i v e  7 .5  micu te  q u a d r a n g l e s  
h a s  beec  cocduc ted  f o r  t h e  N a t i o n a l  Mapping Program, San J o s e  1:100,000 
s h e e t .  These q u a d r a n g l e s  s t r a d d l e  t h e  San Acdreas  f a u l t  zoce i n  t h e  s o u t h  Sac  
F r a c c i s c o  Bay r e g i o n ,  i n  a d d i t i o n  t o  p o o r l y  u n d e r s t o o d  a c t i v e  t h r u s t  a c d  
r e v e r s e  f a u l t s  e a s t  o f  t h e  Sar, Andreas f a u l t  ( t h e  S a r g e n t - B e r r o c a l  and Shannon 
f a u l t  s y s t e m s ) .  The q u a d r a n g l e s  u r d e r  i n v e s t i g a t i o n  i c c l u d e  Loma P r i e t a ,  
L a u r e l ,  Los Ga tos ,  S a c t a  T e r e s a  H i l l s ,  and Mourt Madonna 7.5' q u a d r a r g l e s .  On 
October  1 7 ,  1989,  a magni tude 7.5 e a r t h q u a k e  o c c u r r e d  o f f  t h e  San Acdreas  
f a u l t  a t  a d e p t h  between 17 and 18 km; t h e  e p i c e n t e r  was ir t h e  L a u r e l  
Quadrang le .  Af te r shock  d i s t r i b u t i o n s  and on-going f i e l d  i n v e s t i g a t i o c s  
f o l l o w i n g  t h e  e a r t h q u a k e  i n d i c a t e  t h a t  t h e  f a u l t  a l o n g  which t h i s  e v e n t  
occur red  d i d  r o t  r u p t u r e  t h e  s u r f a c e ,  b u t  t h a t  t h e  r u p t u r e  p ropaga ted  up and 
nor theas tward  t o  w i t h i c  a few k i l o m e t e r s  o f  t h e  s u r f a c e  b e c e a t h  t h e  S a r g e n t  
f a u l t .  T h i s  b l i r d  t h r u s t  h a s  a sou thwes t  d i p  o f  60'-70°, based  oc  a f t e r s h o c k  
dep th  d i s t r i b u t i o n s .  

The p r e s e n t  purpose  o f  t h i s  mapping p r o j e c t  is t o  f o c u s  on p r o d u c i n g  
upgraded g e o l o g i c  maps a r d  s t r u c t u r e  s e c t i o n s  o f  t h e  r e g i o n  of t h e  Loma P r i e t a  
e a r t h q u a k e  o f  October  1 7 ,  1989,  which a c c u r a t e l y  d e p i c t  t h e  s t r u c t u r e  and 
s t r a t i g r a p h y  o f  t h e  r e g i o n .  I n  p a r t i c u l a r  t h e s e  maps shou ld  b e  i m p o r t a c t  i n  
d e t e r m i n i c g  t h e  i c t e r - r e l a t i o n s h i p s  betweec t h e  bedrock  Sac Andreas f a u l t ,  
a c t i v e  r e v e r s e  f a u l t s  t o  t h e  n o r t h e a s t ,  1906 b r e a k s  a l o n g  t h e  Sari A r d r e a s  
f a u l t ,  and s u r f a c e  d e f o r m a t i o n  which o c c u r r e d  i n  t h i s  r e g i o n  o r  Oc tober  1 7 ,  
1989. We a l s o  are i n t e r e s t e d  i n  d e t e r m i c i a g  t h e  r e l a t i o n s h i p  o f  t h e  r o c k s  
c o r t h e a s t  o f  t h e  Sac  Andreas f a u l t  i c  t h i s  a r e a ,  t o  p o s s i b l y  o f f s e t  r o c k s  e a s t  
o f  t h e  Calaveras-Sac Andreas f a u l t  zone i n  t h e  s o u t h e r n  Diab lo  Rarge.  

We have s o  f a r  p u b l i s h e d  Loma P r i e t a  (19881,  and L a u r e l  (1989)  
q u a d r a c g l e s  a s  o p e n - f i l e  maps acd hope t o  comple te  Los Gatos  Q u a d r a n g l e  i n  
1990. We a l s o  are ic t h e  p r o c e s s  o f  d i g i t i z i n g  t h e s e  maps s o  t h a t  t h e y  may be 
p u b l i s h e d  i n  t h e  GQ o r  I-series as c o l o r e d  USGS maps. 



STRUCTURAL FRAMEWORK OF THE PENINSULAR RANGES 
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(714) 276-6397 

Investigations: 

The project goal is to understand the geologic history of 
the northern part of the Peninsular Ranges Province and its in- 
teraction with the Transverse Ranges Province to the north with 
emphasis on the Neogenc teceonic history. Field mapping was 
continued in the northern Perris Block and adjacent fault zone 
areas of the Peninsular Ranges. Morphometric measurements, at 
a scale of 1:24,000, were made on 10 fluvial basins which ex- 
tend northeast from the Claremont fault into the San Timoteo 
Badlands. The Claremont fault is the sole active strand of the 
San Jacinto fault zone in this area northwest of the San 
Jacinto Valley. 

Results : 

Linear and areal parameters for the 10 fluvial basins lo- 
cated in the San Timoteo Badlands increase linearly from north- 
west to southeast along the Claremont fault. The area of the 
measured basins increases from 0.4 km2 to 5.7 km2 over a 8 km 
distance along the Claremont fault. The corresponding increase 
in length of the trunk streams is 1.3 to 6.8 km. These changes 
have shifted the crest of the badlands 0.5 km to 4.7 km east of 
the Claremont fault. Linear changes in basin lengths, areas, 
and trunk stream lengths suggest a constant rate of geomorphic 
development. The linear change of basin parameters with dis- 
tance along the Claremont fault is most simply explained if the 
long-term slip rate for this part of the San Jacinto fault zone 
has also been constant. 

Reports : 

Morton, D. M. and Kennedy, M. P., 1989, A southern Cali- 
fornia digital 1:100,000 scale geologic map series: The San Ana 
Quadrangle, the first release: Geological Society of America 
Abstracts with Programs, v. 21, no. 6, p. A107. 

Morton, D. M., Sadler, P. M., and Matti, J. C., 1990, 
Constant watershed growth and fault offset in the San Timoteo 
Badlands, southern California: Geological Society of America 
Abstracts with Programs, v. 22, no. 3, p. 70ty 



DETECTION OF B L I N D  THRUSTS I N  THE WESTERN TRANSVERSE RANGES AND 
SOUTHERN COAST RANGES 

Jay Namson and Thomas L .  Davis 

DAVIS AND NAMSON 
CONSULTING GEOLOGISTS 

1545  NORTH VERDUGO ROAD, SUITE 105 
GLENDALE, CA 91208 

(818) 507-6650 

I .  Object ives  

A .  Cetect ion of se ismica l ly  a c t i v e  b l ind  t h r u s t s  i n  t h e  
western Transverse Ranges and southern Coast Ranges. 

B .  Determination of t h e  geometry, kinematics, and s l i p  r a t e  of 
b l i n d  t h r u s t  f a u l t s  . 

C .  Calculat ion of regional  convergence r a t e s  across  t h e  
western Transverse Ranges and southern Coast Ranges. 

11. Approach: Compilation of sur face  and shallow subsurface 
geology using d e t a i l e d  maps and well da ta ,  regional  se ismic i ty ,  
earthquake f o c a l  mechanisms and seismic r e f l e c t i o n  data  f o r  t h e  
cons t ruc t ion  of retrodeformable cross  sec t ions .  

111. Resul ts  

A .  A s e r i e s  of 9 c ross  sec t ions  and r e s t o r a t i o n s  across  t h e  
western Transverse Ranges and southern Coast Ranges have been 
completed (Figures 1 and 2 ) .  The cross  sec t ions  i d e n t i f y  t h e  
major l a t e  Cenozic a n t i c l i n o r i a  which a r e  in te rp re ted  t o  be 
caused by t h r u s t  f a u l t s  (mostly concealed) .  The i n t e r p r e t a t i o n s  
provide an est imate of s l i p  on t h r u s t  f a u l t s  a s  well  a s  t h e  
regional  shortening west of t h e  San Andreas f a u l t .  The s l i p  
and shortening est imates  a r e  being in teg ra ted  on maps t o  
f u r t h e r  understand t h e  d i s t r i b u t i o n  of f a u l t  s l i p ,  s l i p  r a t e s ,  
shortening and shortening r a t e s  i n  t h e  region.  Based on 
numerous geologic r e l a t ionsh ips ,  region-wide shortening began 
a t  - 2 . 0 - 4 . 0  Ma and i s  used t o  c a l c u l a t e  t h e  convergence r a t e s  
below. The s t a t u s  of these  cross  sec t ions  a r e  a s  fol lows:  

1. Cross sec t ion  1 through t h e  southern Coast Ranges near 
San Luis Obispo has been completed and accepted f o r  
publ ica t ion  (Namson and Davis, 1990) .  The cross  sec t ion  has 
26.8 km of shortening from t h e  edge of the  con t inen ta l  
margin t o  t h e  San Andreas f a u l t  and y ie lds  a  l a t e  Pliocene 
t o  Quaternary convergence r a t e  of 13.4-6.7 mm/yr. 

2 .  Cross sec t ion  2 extends across  t h e  western edge of t h e  
onshore Santa Maria basin and has been accepted f o r  



Q u a t e r n a r y  conve rgence  a c r o s s  t h e  o n s h o r e  S a n t a  Mar i a  b a s i n  
i s  9 . 2  km a n d  t h e  conve rgence  r a t e  i s  4 . 6 - 2 . 3  mm/yr. 

3 .  C r o s s  s e c t i o n  3  e x t e n d s  f rom t h e  w e s t e r n  S a n t a  B a r b a r a  
Channel  n e a r  P o i n t  Concep t ion  t o  t h e  San Andreas  f a u l t .  The 
cross s e c t i o n  a n d  r e s t o r a t i o n  are  comple t ed  and  i n d i c a t e  
3 0 . 4  km o f  l a t e  P l i o c e n e  a n d  Q u a t e r n a r y  conve rgence  and  a  
conve rgence  r a t e  o f  1 5 . 2 - 7 . 6  rnm/yr 

4 .  C r o s s  s e c t i o n  4  e x t e n d s  f rom t h e  c e n t r a l  S a n t a  B a r b a r a  
Channel  t o  t h e  San Andreas  f a u l t  ( F i g u r e  3 ) .  The c r o s s  
s e c t i o n  a n d  r e s t o r a t i o n  are comple t ed  a n d  i n d i c a t e  5 7 . 1  km 
o f  l a t e  P l i o c e n e  a n d  Q u a t e r n a r y  conve rgence  and  a  
conve rgence  ra te  o f  28 .6 -14 .3  mm/yr. These a r e  t h e  h i g h e s t  
v a l u e s  f o r  conve rgence  and  conve rgence  ra tes  i n  t h e  w e s t e r n  
T r a n s v e r s e  Ranges a n d  c o u l d  i n d i c a t e  t h i s  a r e a  i s  a t  t h e  
h i g h e s t  r i s k  t o  modera t e  t o  l a r g e  c o m p r e s s i v e  e a r t h q u a k e s .  
The S a n t a  Ynez Range a n t i c l i n o r i u m  a n d  Coal  O i l  P o i n t  
a n t i c l i n e  are t h e  sou the rnmos t  s t r u c t u r e s  on t h e  t r a n s e c t  
a n d  a r e  c a u s e d  by  mot ion  on t h e  San Caye tano  t h r u s t  which i s  
shown as a n  a c t i v e  b l i n d  t h r u s t  b e n e a t h  t h e  c i t i e s  o f  G o l e t a  
a n d  S a n t a  B a r b a r a  ( F i g u r e  3 ) .  The c r o s s  s e c t i o n  a l s o  
i l l u s t r a t e s  t h e  t h r u s t  b e l t  s t r u c t u r a l  s t y l e  of  t h e  a r e a .  

5 .  C r o s s  s e c t i o n  5  e x t e n d s  f rom t h e  e a s t e r n  edge  of t h e  
S a n t a  B a r b a r a  Channel  t o  t h e  B ig  P i n e  f a u l t  and i s  a  
m o d i f i e d  v e r s i o n  o f  a p r e v i o u s l y  p u b l i s h e d  c r o s s  s e c t i o n  
(Namson, 1 9 8 7 ) .  The i n t e r p r e t a t i o n  shows 3 1 . 5  km o f  l a t e  

P l i o c e n e  a n d  Q u a t e r n a r y  conve rgence  a n d  conve rgence  r a t e s  of  
1 5 . 7 - 7 . 8  mm/yr. 

6 .  C r o s s  s e c t i o n  6  e x t e n d s  f rom t h e  c o a s t l i n e  a l o n g  t h e  
s o u t h w e s t e r n  e d g e  o f  t h e  S a n t a  Monica Mounta ins  t o  t h e  San 
Andreas  f a u l t .  The c r o s s  s e c t i o n  a n d  r e s t o r a t i o n  have been 
c o m p l e t e d  a n d  i n d i c a t e  3 3 . 2  km o f  l a t e  P l i o c e n e  a n d  
Q u a t e r n a r y  conve rgence  and  a  conve rgence  r a t e  o f  1 6 . 6 - 8 . 3  
mm/yr 

7 .  C r o s s  s e c t i o n  7 e x t e n d s  a c r o s s  t h e  Ven tu ra  b a s i n  n e a r  
t h e  town o f  F i l m o r e .  The c r o s s  s e c t i o n  and  r e s t o r a t i o n  have 
b e e n  comple t ed  and  i n d i c a t e  2 8 . 0  km o f  l a t e  P l i o c e n e  and  
Q u a t e r n a r y  conve rgence  and  a conve rgence  l a t e  o f  1 4 . 0 - 7 . 0  
mm/yr. 

8 .  C r o s s  s e c t i o n  8 e x t e n d s  f rom t h e  c o a s t  n e a r  S a n t a  Monica 
t o  t h e  San G a b r i e l  f a u l t .  The c r o s s  s e c t i o n  and  r e s t o r a t i o n  
h a v e  been  comple t ed  a n d  i n d i c a t e  1 3 . 3  km of  l a t e  P l i o c e n e  
a n d  Q u a t e r n a r y  conve rgence  and  a conve rgence  l a t e  o f  6 . 7 - 3 . 3  
mm/yr. 

9 .  C r o s s  s e c t i o n  9 e x t e n d s  o f f s h o r e  n e a r  P a l o s  Verdes  t o  
t h e  San Andreas  f a u l t  and  h a s  been  p u b l i s h e d  (Dav i s  e t  a l . ,  
1 9 8 9 ) .  The cross s e c t i o n  h a s  21 .4-29 .7  km o f  l a t e  P l i o c e n e  



and Quaternary convergence and a convergence rate of 3.8- 
13.5 mm/yr. 
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Investigations 

1) Investigations of the San Andreas and related faults in northern 
and central California to determine timing of prehistoric earthquakes 
and average Quaternary slip rates. 2) Investigations of the Lorna 
Prieta earthquake. 

Results 

1) Studies of excavations at two sites are yielding paleoseismic data 
for faults of the San Andreas system in northern and central 
California: 1) on the Carrizo Plain along the San Andreas fault in 
central California, and, 2) along the Maacama fault near Ukiah, CA. 
An excavation site along the peninsular segment of the San Andreas 
fault is being evaluated for paleoseismic and slip rate potential. 
Results from the first two sites are summarized below: 

An excavation across the San Andreas fault on the Carrizo Plain 
in central California has yielded evidence for at least six earthquakes. 
The most recent earthquake is known from historical records to 
have occurred in 1857. The penultimate earthquake occurred after 
the deposition of a unit with a corrected radiocarbon age of 1365 k 
165 AD. The third event back occurred before the deposition of a 
unit formed in 1190 + 80 AD. The ages of the earlier seismic events 
will be constrained by the results of radiocarbon samples that are 
now being processed. 

The excavation at the City of Ten Thousand Buddhas, in 
Talmage, near Ukiah, California, exposed a sequence of marsh, fluvial 
and lacustrine deposits overlying a paleosol developed on Pleistocene 
(?) gravel. The Maacama fault, clearly expressed in the older gravels, 
has not caused any brittle deformation of the overlying Late 
Holocene section. The section instead has been warped.across the 
fault zone. Relations indicate that only one warping event has 



occurred. Results of radiocarbon dating will provide information on 
the age of the Holocene section. 

2) Investigations following the Loma Prieta earthquake of October, 
1989, included mapping of ground fractures and study of the 
historical record to compare the effects of the 1906 earthquake along 
this segment of the San Andreas fault with the effects of the 1989 
earthquake. In this region in 1906, as in 1989, many large ground 
cracks opened up in the Summit Road and Skyland Ridge areas. No 
surface rupture occurred along the San Andreas in 1989; it is not 
possible to determine from the report documenting the effects of the 
1906 earthquake whether of not surface rupture occurred along the 
main trace of the San Andreas fault at that time. Left-lateral offset 
was documented in 1906 near the Morrell ranch; a smaller amount of 
left-lateral offset occurred on this same feature as a result of the 
1989 earthquake. 

Prentice, Carol S., and Sieh, Kerry E., 1989, A paleoseismic site along 
the Carrizo segment of the San Andreas fault, central California: 
[abs.] : EO$, Trans Am. Geophys. Union, v. 70, n. 43, p.1349. 

U.S.G.S. Staff (including C.S. Prentice), 1989, Preliminary map of 
fractures formed in the Summit Road-Skyland Ridge area during 
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Schwartz, D.P., and Prentice, C.S., 1990, Surface fractures in the 
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~biective: The primary purposes of ,this study are: 1) to date 
earthquakes along the Imperial and Cerro Prieto faults, where 
possible; and 2) to determine a slip rate across these two 
faults. These data will further our understanding on the timing 
of past earthquakes for two of the regions most prominent and 
seismically active faults and help resolve how slip is 
distributed in the southern San Andreas fault system. 

Results: High ground water and agriculture have impeded 
preliminary work on the Cerro Prieto fault so our work has 
focused primarily on the Imperial fault. We excavated trenches 
across the fault at Tamalipas (Cucapa) and at the International 
Border. The proximity of the fault to buildings in Tamalipas 
precluded further work there at this time. The border site 
exposed the fault as a 2-4 m wide zone of rupture (consistent 
with historical accounts of the 1940 rupture) in stratified 
fluvial deposits. Work is now focusing on the resolution of slip 
for different stratigraphic units. 

We have also begun study of the south end of the Imperial fault 
where the fault appears to express predominantly dip slip. Of 
interest is substantial recent (post 1984) dip slip that has 
occurred along the surface trace. Analysis of early aerial 
photography flown after the 1934 Cerro Prieto earthquake and the 
1940 Imperial earthquake indicate that the southern end of the 
Imperial fault may have sustained surface rupture in both 
earthquakes. The recent slip, however, appears to be creep and 
may be either tectonic or induced by thermal well production in 
the nearby Cerro Prieto field. Individual buildings, roads or 
canals are vertically displaced by up to 30 cm, and a 50 cm high 
scarp in alluvium is locally present. 
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Objective: 

Although the New Madrid seismic zone is the site of the greatest historical 
earthquakes in eastern North America, the surface expression of the causative 
fault(s) for these earthquakes has never been found. However, during a compre- 
hensive remote sensing examination of the New Madrid seismic zone (Marple, 
1989) a discontinuous linear feature was discovered that may be the surface expres- 
sion of at least one of the coseismic faults of the New Madrid earthquakes of 1811 
and 1812 (Figure 1). We now call this feature the Bootheel lineament. The objec- 
tives of this study are to demonstrate that the lineament is indeed a fault, to charac- 
terize it in terms of its length, geometry, and displacement, and to determine 
whether or not it has ruptured prior to 1811. 

Results to date: 

We are currently mapping the Bootheel lineament in detail and have exca- 
vated two trenches across it. Both trenches were in areas where the lineament is 
well-defined by linear sand bodies (Figure 1). The first was southwest of Hayti, Mis- 
souri. Here, the lineament is expressed as a shallow depression, with the area to the 
northwest of the depression about 0.5 m lower in elevation that the area to the 
southeast. A linear sand body runs along the depression. A portion of the trench 
log is shown in Figure 2a. A dike of liquefied sand, dipping 30" to the northwest, 
underlies the surface sand body. On the opposite side of the trench the dike is more 
steeply dipping. The modern plow zone obscures any possible offset of the pre-1811- 
12 ground surface. Also, the clayey sands into which the dike was intruded were 
massive, thus there was no opportunity to see offset horizontal bedding. 

The second trench site was west of Steele, Missouri (Figure 1). There was no 
topographic expression of the lineament here, but again there was a well defined 
linear sand body. We had determined through hand augering that this site had ver- 
tical stratigraphic changes that would be useful in determining vertical offset. This 
was borne out in the excavation. The portion of the trench log near the trace of the 
lineament is shown in Figure 2b. Two nearly vertical dikes of sand are evident 
about 6 m apart. The block between the dikes has been down-dropped about one 



Figure 1: The Bootheel lineament shown in relation to the New Madrid seismic zone (1974-1987). 
The sites of the first two trenches are also shown. 
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Figure 2: Logs of portions of trenches across the Bootheel lineament (see Figure 1 for locations). A: 
Trench site 1 southwest of Hayti, Missouri. The dike of sand underlies the trace of the 
lineament as identified from aerial photographs. B: Trench site 2 west of Steele, Missouri. 
The downdropped block between the two sand dikes underlies the trace of the lineament. 
Note that the clay unit (second from the bottom) appears to have different thicknesses on 
opposite sides of the dikes. Horizontal scale is meters from east end of trench. 



half meter, with the fissure left at the surface having been filled by the liquefied 
sand erupted through the dikes. This down-dropped block may not be directly re- 
lated to faulting, but may have dropped down to fill the space left by the erupted 
sand. In fact, this graben-like structure is probably very local; the dikes are not paral- 
lel to each other and, if planar, should intersect several meters south of the trench. 

There was some circumstantial evidence of lateral displacement along the lin- 
eament at the second trench site. The thickness of a sandy clay unit was greater 
within the graben than to either side of it. This could either be due to lateral 
movement that juxtaposed different thicknesses of the unit or to growth faulting 
that led to a greater rate of deposition with the graben. The latter explanation seems 
unlikely because there is no other sedimentologic or geomorphic evidence (such as 
a colluvial wedge or eroded graben shoulders) that a graben existed at this location 
prior to the last movement. We plan to excavate at least two short trenches nearby 
and parallel to this trench to help resolve this question. 

All geomorphic and pedologic data suggest that the liquefaction and move- 
ment documented in the first two trenches dates from 1811 and 1812. However, we 
collected wood from a tree stump buried by the liquefied sand in the graben area in 
the second trench and are having it carbon dated. 
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During the six month period ending April 1990, I and my graduate students, in 
collaboration with Carol Prentice of the U. S. Geological Survey, have made progress in 
several areas: 

1) Bidart Site 

Knowledge of the dates of the past few great earthquake ruptures in the Carrizo 
Plain would increase the likelihood of successful forecasts of future great earthquakes 
along the southern half of the San Andreas fault. Currently, intervals are believed to range 
from about 250 to 450 years, based upon our knowledge of the long-term slip rate and 
geomorphic evidence for the amount of slip during the past several earthquakes (Sieh and 
Jahns, 1984). This suggests that the Carrizo segment of the fault has a very low 
probability of rupturing in the next few decades. It also suggests that the next few 
Parkfield earthquakes are unlikely to trigger a great earthquake involving rupture of the 
Carrizo segment. 

Unfortunately, the geomorphic basis of this important conclusion is tenuous. 
Thus, we have sought to date and characterize the past several earthquakes more 
convincingly. To this end, we excavated and logged one wall of a trench across the 
Carrizo segment of the San Andreas fault in May and July 1989. During March and April 
1990 we reopened the trench and logged the opposite wall. This confirmed our earlier 
findings that several large rupture events are recorded by these sediments. These ruptures 
are clearly indicated by upward truncations of fault planes and facies variations in alluvial 
fan and pond deposits. The characteristics of the sediments are such that we are confident 
that we have a complete record of at least the latest three events. Within the past 6 months 
we received the results of radiocarbon analyses of samples collected from the trench. The 
radiocarbon dates indicate that two slip events have occurred at the Bidart site since about 
1263 A.D. The carbon sample that was dated at 1263 A.D. was considerably below the 
horizon of the penultimate event. Thus the data are consistent with our earlier suspicions 
that the past three ruptures of the Carrizo segment of the San Andreas fault may correlate 
with ruptures documented at Pallet Creek that occurred around 1100 A.D., around 1480 
A.D. and in 1857 A.D. 

2) Van Matre Ranch Site 

We have done no more field work at the Van Matre Ranch site in the past six 
months, but we have received the results of radiocarbon analyses of samples collected from 
that site. These analyses indicate that two slip events have occurred at this site (about 15 
krn southeast ~f the Bidart site) since the early 1400's A.D. This further supports the 
hypothesis that the past three ruptures of the Carrizo Plain segment correlate with ruptures 
at Pallet Creek that occurred around 1100 A.D., around 1480 A.D. and around 1857 A.D. 



3) Phelan Site 

Dextral offsets of small stream channels in the Carrizo Plain occur in rough 
multiples of 10 meters (Sieh, 1978). This observation is the basis for the interpretation that 
10 meters is the magnitude of slip associated with each large earthquake produced by this 
section of the fault. If this interpretation is correct, this section of the fault must rupture 
about every 250 to 450 years (Sieh and Jahns, 1984). 

In order to test this interpretation, Lisa Grant and several other graduate students 
continued 3-D excavations of an alluvial fdchannel complex that crosses the Carrizo Plain 
segment of the San Andreas fault. During March 1990, Lisa excavated and logged two 
new trenches at this site. In combination with three trenches that were dug at this site 
earlier, the new trenches reveal two buried channels which are each offset 6.3 to 7.9 
meters. Radiocarbon analysis of carbon samples collected from these channels is currently 
being performed and should bracket the age of the channels. Stratigraphic evidence for the 
number of slip events that produced the 6.3 to 7.9 m offset of the channels is inconclusive 
at this point and requires further investigation. If the offset occurred in one slip event then 
these data will basically confirm the hypothesis that the Carrizo Plain segment of the San 
Andreas fault ruptures in large-magnitude slip events spaced relatively far apart in time. If, 
however, the offsets occurred in two events, then the recurrence interval for rupture of the 
Carrizo segment may be shorter than previously believed. We expect that future work at 
the Phelan site will resolve this question. 

4) Garlock fault 

Graduate student Sally McGill has written the first draft of a paper that characterizes the 
most recent slip events along the eastern Garlock fault, based on offset geomorphic 
features. She has found that the most recent earthquake on the easternmost 90 krn of the 
fault probably was produced by about 3 m of left-lateral slip. Furthermore, along part of 
this stretch, within Pilot Knob Valley, each of the past 5 earthquakes may have been 
produced by about 3 m of left-lateral slip. Farther west, near highway 395, the most 
recent event may have involved as much as 7 rn of left-lateral slip. These data suggest that 
the Garlock fault is capable of producing earthquakes of M=7.3 to M=7.5. If the Holocene 
slip rate determined near Koehn Lake (Clark and Lajoie, 1974) is applicable to the entire 
eastern Garlock fault, then the recurrence interval for large earthquakes may be about 1000 
years near highway 395 and may be as short as 430 years along the easternmost 90 km of 
the fault. 

In order to determine the recurrence interval more directly, Sally has selected a site at 
which she will undertake paleoseisrnic excavations in May 1990. She has also begun 
mapping an offset shoreline of Searles Lake, from which she expects to determine a 
Holocene slip rate for the eastern Garlock fault. 
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Qbjective: For purposes of flood control and land reclamation, the U.S. 
Army Corps of Engineers has recently reexcavated and widened an 
extensive set of drainage ditches within the Saint Francis drainage basin. 
The majority of the ongoing and planned excavations cut through the 
meisoseismal zone of the great 181 1-12 New Madrid earthquakes. The 
181 1-1 2 earthquakes produced extensive liquefaction within the New 
Madrid Seismic zone at the time of the earthquakes. Evidence of that 
liquefactiction still exists in the geologic record. The ditches provide an 
excellent opportunity to systematically examine and document the 
geological record of liquefaction in the New Madrid Seismic Zone. The 
objective of this study is to document liquefaction phenomena exposed in 
the ditches and determine whether or not evidence for pre-1811-12 
earthquakes exists. 

Proaress: Figure 1 shows where we concentrated our efforts during 1989. 
During 1988 and early 1989, the Corps completed the reexcavation of 
Buffalo Creek Ditch, Ditch No. 12, and Stateline Ditch No. 29. The contour 
and shading within the inset of Figure 1 shows the region where 
liquefaction deposits (i.e. extruded sands) attributed to the 1811-12 
earthquakes still comprise greater than 1% and 25% of the ground cover, 
respectively. The ditches are situated on braided stream terrace deposits 
associated with the retreat of the last glaciation and, hence, on a surface 
that has been relatively stable during the last 6 thousand to 10 thousand 
years. The upper few meters of the stratigraphy of the braided stream 
terrace deposits and visible in the ditches is generally quite simple, 
consisting of very fine to fine sands overlain by a clay and silt-rich 
topstratum of low permeability. Toward identifying possible evidence of 
paleoliquefaction, we have walked the length of the reexcavated ditches 
in Figure 1 and searched for breaches in the clay-rich topstraturn. In this 
manner, we systematically identfy sites of sandblows and sand dikes. 
Those sections of the ditches showing a greater concentration of 
liquefaction phenomena are later logged in greater detail. More 
specifically, we establish bench marks that may later be reoccupied and 
use a Total Station to survey the upper and lower contacts of the clay- 
rich topstratum or 'clay cap'. The surveying serves to document the 



general character of liquefaction phenomena along the ditches and 
permanantly deocument their location for later study by ourselves and 
otheres in the future.. Sections of the ditches we have logged in this way 
are labeled Log 1, Log 2, and Log 3 in Figure 1. The pervasive nature of 
liquefaction is illustrated by the numerous breaches of the clay-rich 
topstratum by liquefied sands observed in the Log 2 pictured in Figure 2. 
Towards looking for evidence of pre-1811-12 liquefaction, ruptures or 
breaches in the 'clay cap' will be further cleaned off by hand shovel or 
backhoe to be photographed and logged in detail. Two sites selected for 
detailed logging are labeled Sites 1 and 2, respectively, in Figure 2. To 
date, no evidence of pre-1811-12 liquefaction has been recognized. 

Figure 1. 
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Figure 2. Log of the south side of Ditch No. 12. Locality shown in Figure I. 
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Convergence Rates Across Western Transverse Ranges 

14-08-0001-G1372 and -G1798 

Robert S. Yeats and Gary J. Huftile 
Department of Geosciences 
Oregon State University 
Corvallis, OR 97331-5506 

(503) 737-1226 

Investisations 

Surface and subsurface geology of the Piru 7i-minute 
quadrangle (Figure 1) has been compiled, and the accompanying 
report is being written for submission as a USGS open-file 
report. The Piru quadrangle and the Val Verde quadrangle to the 
east, open-filed earlier (Yeats et al., 1985), comprise the 
displacement-transfer zone between the San Cayetano fault to the 
west and the Santa Susana fault to the east. 

Prof. Lu Huafu of Nanjing University, China is constructing 
a regional cross section from the Simi fault through the San 
Cayetano-Santa Susana transfer zone to the San Gabriel fault. We 
are also starting a new cross section across the eastern lobe of 
the San Cayetano fault, part of which was included in a cross 
section by Yeats (1983, Figure 11). 

Results 

In the Piru quadrangle, the San Cayetano fault bifurcates 
into two strands (Figure l), the Main and Piru strands. Both 
strands have evidence of late Quaternary displacement, offsetting 
alluvial-fan material. The southern, Piru strand offsets 
alluvium west of and in the town of Piru. The northern, Main 
strand offsets the alluvial fan at the mouth of Modelo Canyon; 
aerial photographs show that drainages in the fan are more 
incised northwest of the fault than they are southeast of the 
fault, suggesting uplift of the block northwest of the Main 
strand. Some drainages are offset left-laterally, suggesting 
that offset is oblique on this part of the fault as would be 
expected for a reverse fault that turns in the direction of 
stress shown by Mount and Suppe (1987) and dies out. The folds 
in the Modelo lobe (Figure l), in the hanging-wall block of the 
San Cayetano fault, occur above a decollement in the lowermost, 
Modelo Formation. The Oak Ridge fault (~igure 1) bifurcates into 
north, middle, and south strands, although the north strand is 
considered younger because it offsets folded Pleistocene Saugus 
Formation (Yeats, 1988). The Santa Clara syncline extends east 
to just southwest of Piru where a fold pair, the Piru anticline 
and Piru syncline trend N70°W and underlie the Santa Clara Valley 
at Piru. Much of the folding of the Piru.syncline, between the 
San Cayetano and Oak Ridge faults in the Santa Clara Valley, was 
probably coincident with movement on the south strand of the Oak 
Ridge fault, thus predating movement on the north strand. 
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On-Line Seismic Processing 
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Investigations and Results 

Work has continued during this period at getting the RTP system running on 
INMOS transputer hardware. Progress on the software conversion has been slower than 
hoped, but no major difficulties have appeared. The principal bottleneck is getting used 
to the formalism of programming in OCCAM, the language of preference for INMOS 
equipment, and the one used in communicating between the various processors of a 
transputer multiprocessor. 

The planned arrangement for outside design of the A/D converter did not work 
out as expected, and instead the A D  is being built in-house by Jim Ellis and Grey 
Jensen. They report satisfactory progress and no major known difficulties. 

The Mk I RTP's at Menlo Park and the University of Utah have continued to 
operate satisfactorily, as have the M k  II's at Menlo Park and Caltech. 



Long Baseline Tiltmeters: Southern California 

John Beavan 
Lamont-Doherty Geological Observatory of Columbia University 
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Investigations 
We operate a 535 m long-baseline half-filled water tube tiltmeter at Piiion Flat Observatory 

(PFO) in the San Jacin to Mountains of southern California. This is used in conjunction with a 
similar instrument operated by the University of California, San Diego (UCSD), to investigate: 

(1) sources and magnitudes of noise affecting the tilt signal; 
(2) water level sensor design and reliability; 
(3) methods of referencing tiltmeter to depth; 
(4) interpretation of tilt signal. 

Results (April, 1990) 
I.  Tiltmeter Operation and Sensor Development 

The LDGO tiltmeter continues to perform reliably, requiring little maintenance. 
Development of a simple absolute sensor (USGS Open File Report 90-54, pp 163-165, 1989) 
continues satisfactorily despite the departure of the engineer working on the project. A new 
engineer has been hired who brings highly relevant skills and enthusiasm to the task. The 
remainder of this report concentrates on analysis of data from the LDGO tiltmeter. 
2. Tiltmeter Data Analysis 

Tilt is monitored by measuring the height of the air-water interface at each end of a long 
horizontal pipe buried at -2 m depth and half-filled with water. The water height is measured 
using a laser Michelson interferometer. Tilt is derived by differencing the two signals. The 
heights of the near-surface piers are also referenced to presumably more stable fiducial points at 
-30 m depth using vertical strainmeters. The tilt measured between the (relatively unstable) 
surface piers is corrected using the vertical strain signals, so that the final estimate of tilt is from 
a long-baseline instrument that appears to be buried at -30 m depth. Residual thermal signals 
can be removed by measuring the temperature of the sensors at each end and applying a 
correction to the resulting data. 

The tilt data back through late 1984 have been analyzed, with corrections made for vertical 
displacements of the near-surface piers. Also, occasional micrometer measurements of water 
height have been used to adjust the datum of the water level series when it has been lost due to 
power outages or interferometer fringe counter failures. Results are presented in the Figures; 
data since November 1987 are superior due to more reliable fringe counters and to improved 
micrometer back-up measurements. The data presented here should not be regarded as final; 
the various edits and corrections applied are to be reviewed for accuracy, and the data analysis 
is to be extended back to 1983. 

Figure l a  shows the water levels at the east and west ends of the tiltmeter as recorded by 
the occasional micrometer readings. Figures l b  and l c  show the difference between these 
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micrometer readings of water height and the interferometer readings of water height, after the 
interferometer readings have been adjusted for datum shifts as described above. The residual 
scatter is less than +20 km. This is somewhat worse than the f 3  pm short-term reading 
repeatibility of the micrometers, and is probably due to differences in temperature response of 
the micrometer and the interferometer, and to temporal variations in surface cleanliness of the 
water in the rnicrometer chamber. Nevertheless, the micrometer readings assure the long-term 
accuracy of the water level difference to better than +30 pm, which corresponds to M.05 p a d  
tilt. 

Figure 2a shows the inferred tilt signal, after corrections for the micrometer readings and 
for vertical strain. Figure 2b shows the same signal with tides removed. These data have been 
independently analyzed by UCSD investigators (Wyatt, pers. comm., 1990), and the 
discrepancies between our respective residual signals are at most -0.1 pad;  the discrepancies 
are largely confined to short sections of the data where there are obvious instrumental or other 
problems. The comparison between the independent analyses will be pursued in order to 
understand the source of the (small) differences. Our data suggest that the average 1984-89 tilt 
rate at PFO has been less than 0.01 prad/yr, though there are more rapid fluctuations about this 
mean value. 

LDGO tilt at PFO. Micrometer corrected. Vertical strain corrected. 
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In Figure 3, power spectral analysis of the LDGO tilt data is used to compare tilt noise 
levels with those expected from available and projected geodetic techniques. For signals that 
contain periods shorter than several years, this Figure demonstrates that long baseline tiltmeters 
provide far lower noise data than any available geodetic technique. 
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Crustal Deformation Measurements in the Shumagin Seismic Gap, Alaska 

John Beavan 
Lamont-Doherty Geological Observatory of Columbia University 

Palisades, NY 10964 
(914) 359 2900 

Investigations 
1. Eleven short (- 1 km) level lines are measured approximately annually within the Shumagin 
seismic gap, Alaska (Figure 1). Surface tilt data are interpreted in terms of tectonic deformation 
and earthquake hazard at the Pacific-North American plate boundary. 
2. Six absolute-pressure sea-level gauges are operated in the Shumagin Islands in an attempt to 
measure vertical deformation associated with the Aleutian subduction zone. 
3. The sea-level data are transmitted by satellite in near real time, and are examined for possible 
tectonic signals. Noise studies are used to determine the relative usefulness of different types of 
measurement, and to evaluate the minimum size of tectonic signal visible above the noise. Our 
data are compared with other crustal deformation data from the Shumagin gap. 

Results (April 1990) 
This report will deal principally with the sea level data. The leveling data are most recently 

described by Beavan (1989). As of this writing, three of our sea-level sites are still operating with 
three having failed during the winter. This is disappointing after a near-perfect performance during 
1988-89. Some of the data may be recoverable from the backup recording described below, but 
most of the failures have occurred at sites not yet fitted with backup recording. 

Figure 1. Location of the Shumagin Islands 
with respect to the trench and the volcanic 
arc. Depth contours are in metres. The 
seismic gap stretches from approximately 
Sanak Island in the west to about 30 km 
east of the Shumagin Islands. Also shown 
are the sites of six sea-level gauges operated 
by LDGO and one by the National Ocean 
Survey (at SDP). Level lines of approx. 1 
km aperture are located' bk many of the 
Shumagin Islands, and on Sanak Is. 
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Backup Recording 
During 1989, we installed solid-state backup recorders at three sites in order to protect 

against certain types of station failure. In 1990 we will upgrade the remainder of the sites: in some 
cases with backup recorders, in the more exposed sites with self-contained gauges that record 
more than a year of data in internal solid-state memory. These gauges will be far more robust 
because they will not require the cable linking the pressure sensor to shore. Their data will not be 



available in real time; however, some sites will continue to be transmitted in real-time so that 
detection of possible preseismic anomalies (see Beavan et al., 1984) will still be achievable. 
Sea Level Data Analysis 

The sea level gauge instrumentation and analysis techniques are described by Beavan et al. 
(1986) and Hurst and Beavan (1987). A suite of sea level difference data collected since 1976 is 
plotted in Figure 2. These plots show sea level difference with each trace labeled in the manner 
xxx-yyy, so that relative tectonic uplift of the second-named site (yyy) is indicated by an upward 
excursion of the graph. The gauges have been repeatedly tied to bedrock benchmarks in order to 
assure elevation control; none of these benchmarks has shown instability above the 1 mrn level. 

The three parts of the Figure require some explanation. Figure 2a includes the only 3 sites 
to have been operating during 1976: SDP and PRC in the Inner Shumagins, and SIM in the Outer 
Shumagins. The 1976 data were from a conventional NOS float gauge at SDP, and from mean- 
sea-level-indicators (msli; Bilham, 1977) at PRC and SIM. Before differencing, the NOS data 
were filtered with a long time-constant filter that approximated the operation of the msli. 

The 198 1-85 data are from gauges installed near lower low tide that used ceramic sensors 
to measure pressure. These gauges had significant long term instabilities. Empirical corrections of 
several cm have therefore been applied in order to make the SDP-PRC difference data 
approximately constant (because SDP and PRC are on the same island separated by only 15 km). 
The SDP gauge measures sea level, whereas the L-DGO gauges measure sea+air pressure. In 
order to difference these data correctly, an appropriate air pressure series is first added to the SDP 
data, assuming the usual 1 cm/mbar inverse barometer effect (see Beavan et al., 1986). 

There is an offset between 1983 and 1984 that could coincide with the Valentine's Day 
earthquakes of 1983 which occurred just south-east of SIM (Taber and Beavan, 1986). This -6 
cm relative subsidence at SIM depends to some extent on the way corrections are made to the data, 
so we do not regard it as very persuasive. An offset this size could not have been coseismic 
because two sea-level gauges (SIM itself, and SAD near the S end of Nagai Is.) were running 
during the earthquakes and examination of their difference data excludes a sudden coseismic offset 
greater than -3 cm. (It is difficult to make this estimate more precise because of a 10 cm seiche 
signal in the SIM data and the 12 min sample interval.) The horizontal deformation data show a 
displacement between SIM and sites to the NW of < 2 cm between Summer 1981 and Summer 
1983 (Lisowski et al., 1988), which also suggests that a subsidence of 6 cm is too large. 

The 1985-89 data are from quartz pressure gauges installed in a similar manner to the 198 1- 
85 gauges. Some small corrections have been made to the raw data, based on calibrations of the 
gauges before installation and after removal. The noise levels are substantially reduced relative to 
earlier data. There is a positive trend on both the PRC-SIM and SDP-SIM plots between 1985-89. 
This represents relative uplift at SIM of -3.2 mrn/yr. The trend continues through several sensor 
changes (marked by dots in the Figure) so is most unlikely to be caused by sensor instability. 

Despite the problems with the 1981-85 data there does appear to be a difference between 
the 1976 and 1985-89 relative elevations of SIM and PRC/SDP, with SIM having subsided 855 
cm during that period (note that this is not significant at the 95% level). This subsidence would be 
explained in large part by the 1983 offset, if real. 

A final result from Figure 2a is that the PRC-SIM relative elevation change between 1976- 
81 could not have been more than a few cm, say 10 cm at the most. Beavan et al.'s (1984) 
interpretation of the 1978-80 reverse tilting episode required uplift of SIM relative to PRC of -25 
cm between 1978-80. From the limited (1981182 compared to 1976) differential sea Ievel data 
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Figure 2. (a) Sea level differences from 1976 to 1989 at the three sites SDP and PRC (Inner Islands) and SIM 
(Outer Islands). The SDP data are from an NOS float gauge. The PRC and SIM data are from strongly filtered 
float gauges in 1976-7, ceramic pressure sensors in 1981-85, quartz pressure sensors since 1985. The post-85 
data are by far the most reliable. The offset in 1983 may be caused partially by the 14 Feb 1983 earthquakes, 
but is probably partly due to gauge instability. The dots above the traces indicate when sensors were changed 
at one or both the sites. The fact that the 1985-89 positive trend on traces prc-sim and sdp-sim is independent 
of these changes leads us to believe that it is a real tectonic signal. The trend indicates emergence of the Outer 
Islands relative to the Inner Islands at -3.2 mmlyr. See detailed discussion in text for more information. 



Figure 2 (contd.) (b) The lower 3 traces repeat the sea-level difference data of Figure 2a, from 1981 onwards. 
The top 3 traces are differences that include site PRS in the Central Islands - this is the only other site to have 
been operating since 1981. (c) Differences that include sites CHN and SQH, installed in 1983 and 1984. 
Sensor changes have also occurred frequently in these series, though they have not been marked as in Fig. 2a. 
Note the indications of slight submergence of the Central relative to the Inner Islands, e.g. trace sqh-prs, and 
the emergence of the Outer relative to the Inner Islands, e.g. traces prc-chn and sqh-sim. 
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available to them, Beavan et al. (1984) argued that the deformation in 1976-78 and 1980-81 might 
have partially masked this 25 cm signal, so that it might not be obvious in the differential sea level 
data. While this was a plausible explanation at the time, the continued measurement of <1 crn/yr 
deformation rates make it seem increasingly unlikely. Although the 1978-80 seismicity data, as 
well as the deformation data, show unusual behavior, we nevertheless now feel that the Beavan et 
al. (1984) interpretation of the 1978-80 reverse tilt episode is not supported by the sea level data. 

Figure 2b repeats the 1981-89 data from (a), and adds data from the other gauge, PRS, 
installed in 1981. Looking in detail at only the post-1985 data, these plots suggest slow 
submergence of the Central Islands (PRS) relative to both Inner (PRC/SDP) and Outer (SIM) 
Islands. Note that these deformation rates are quite consistent with the sense and magnitude of our 
leveling data, which show tilting trenchward in the Inner and Central Islands and arcward in the 
Outer Islands. The combined data suggest a hinge line slightly trenchward of the Central Islands. 

Figure 2c plots difference data that incorporate two additional gauges - CHN installed in 
1983, and SQH in 1984. These data tend to support the above scenario, though there are some 
oddities such as the apparent motion between SIM and CHN; this, however, is not unexpected 
from the geology and geomorphology. Also, dislocation modelling of the Oct. 1985 earthquake 
sequence south of CHN predicts up to 1 cm subsidence at CHN, which is of the right sense, 
though rather too small, to explain the -2 cm offset between the 1983 and 1986 CHN-SIM data. 

The sea level data since 1985 are summarized in Table 1, where the rates are calculated by 
linear regression on all available post-1985 data. There are inconsistencies within these rates (e.g., 
SDP-PRS plus PRS-SIM does not add up to SDP-SIM), the reason being that the data sets are 
incomplete and the positions of the data gaps bias the derived rates. The mean values are also 
biased because there are 3 sites in the Inner, 1 in the Central, and 2 in the Outer Islands. 
Nevertheless, the tendency for submergence in the Central relative to both Outer and Inner Islands 
is apparent. The la errors in these rates are on the order of 2 m d y r ,  but we have not formally 
evaluated them. The data are also capable of interpretation as indicating zero vertical motion, in 
agreement with Lisowski et al.'s (1988) contention that deformation is currently taking place by 
steady aseismic slip. 

Table 1. 1985-89 Differential Uplift Between Island Groups in rnm/yr 

Inner - Outer Inner - Central Central - Outer 
- 

sdp-sim +2.2 sdp-prs -1.7 
prc-sirn +4.3 prc-prs -3.9 prs-sim +3.7 
prc-chn +0.5 prs-chn +0.4 
sqh-sim -0.3 sqh-prs -3.2 
sqh-chn -0.1 

Mean +1.3 -2.9 +2.0 

Positive rate implies second-named site is uplifting relative to first. 

The low measured deformation rates, both horizontal (Lisowski et al., 1988) and vertical, 
are in sharp conflict with the inferred seismic history (Boyd et al., 1988) if simple models of 



subduction (e.g., Savage, 1983) are assumed. One potential explanation is that the plate boundary 
is currently locked, yet the deformation rate is lowered by viscoelastic effects late in the inter- 
seismic cycle (Thatcher and Rundle, 1984). This possibility is considered by Lisowski et al. 
(1988), as is the possibility that the low rates may be the result of interaction with neighboring 
large quakes; they find that neither effect is large enough to explain the observations. However, 
recent finite-element modelling by Rice and Stuart (1989), which includes effects of mantle 
relaxation, re-opens the possibilty that relaxation effects are responsible for the discrepancy. The 
model predicts unusually low compressional (or even slightly extensional) horizontal strain rates 
during the latter part of the seismic cycle on the surface of the overriding plate somewhat inland of 
the down-dip end of the locked main thrust zone. This model also predicts reduced rates of 
vertical deformation in the same area, relative to the elastic model (Rice, pers. c o r n , ,  P ~ y ~ i l  1990). 
However, the model predictions do not match our observations of tilt and sea level in detail; in 
particular, the direction of tilting predicted by the models appears to be opposite to that observed. 

A modification described by Beavan (1988), and also discussed by Lisowski et al. (1988) 
as the "Beavan" model, enables the predictions of the simple dislocation model to match the tilt and 
strain data about as well as they are matched by an aseismic deformation model. However, the 
model prediction of 0.5 - 1.5 cm/yr submergence of the Outer and Central relative to the lnner 
Islands is emphatically not matched by the sea level data (Table I), so this model is now rejected. 
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Obiectives; 

Understanding the structure and geometry of seismogenic zones is a key element in the 
prediction of earthquakes. Geodetic measurements contribute to this understanding through the 
mapping of present-day crustal deformation. Three-dimensional relative-positioning using the 
Global Positioning System (GPS) is the most accurate and cost-efficient method for measuring 
crustal deformation over distances of tens to hundreds of kilometers. The objective of our research 
is to investigate sources of error and optimum analysis techniques for high-precision GPS 
measurements. Progress in these areas will lead directly to more accurate measurement of 
deformation in areas of high seismogenic potential. 

Investigations undertaken: 

Our investigations of the last six months have focused on two primary areas: 

(1) continuously monitoring array of GPS observatories in southern California 
(2)  data analysis of the USGS Parkfield GPS network 

Continuous Monitoring - of Deformations with GPS 

(1) Background 

Investigators at four universities (Caltech, MIT, UCLA and UCSD) and JPL, in collaboration 
with USGS and NGS, are operating an array of continuously and remotely operating GPS 
receivers in southern California. In this concept, GPS observations are made continuously for an 
indefinitely long period of time in search of precursory deformation of some sort, particularly 
related to the earthquake cycle. If phase lock can be maintained, phase ambiguities on the network 
baselines need to be resolved only once and relative station positions can be constrained so that 
deformations can be analyzed continuously at temporal scales as short as several minutes (Bock 
and Shimada, 1989). 

The scientific motivations for continuous monitoring are (1) establishing a reference network 
for rapid, frequent resurveys of dense networks in central and southern California; (2) detection 
and analysis of steady and transient strains; (3) studying strain over a broad spectrum of spatial 
and temporal scales; and (4) studying the three-dimensional strain tensor (horizontal and vertical). 
Ultimately, we seek to understand underlying physical phenomena, particularly the physics of the 
earthquake process. 

The technical motivations for continuous monitoring are (1) determining the long-term 
positional accuracy of GPS geodesy; ( 2 )  understanding periodic, non-random signatures in GPS 
data; (3) determining the "instrument response" of GPS hardware (receivers and antennas); (4) 
improving the signal-to-noise ratio for baseline estimation; (4) developing optimal and rapid 
analysis techniques; and (5) studying monumentation and site stability issues. The overall goal is 
to separate the geophysical signal from the geodetic noise, rapidly and confidently. 



The continuous array is meant to support the instrument and orbit tracking requirements of 
geophysical investigations using GPS. Any investigator will be able to do GPS surveys in central 
and southern California with as little as one receiver and know that there is a continuously 
recording station within 100 kilometers, and accurate satellite ephemerides available. 

(2) Current Activities and Results 

At present (April, 1990), three SNR-8 Rogue receivers are tracking at Scripps, Pifion Flat 
Observatory and Jet Propulsion Laboratory (Figure 1). For orbit tracking support, we are 
collecting, from the National Geodetic Survey, data from the U.S. CIGNET stations including 
Mojave (California), Westford (Massachusetts) and Richmond (Florida). In February and March, 
data were collected on the Scripps to Piiion baseline with Trimble 4000 SDT receivers. SNR-8 
Rogue receivers were deployed in mid-March. The data collected through April 1990 are listed in 
Tables 1 and 2. 

The continuous array data system under development at Scripps is illustrated in Figure 2. It 
includes collection, analysis, archiving, distribution and interpretation of data. The data from the 
array is available over Internet for all investigators using GPS measurements in California. At 
Scripps, we are currently processing the data collected in the array with the CIGNET data using 
analysis techniques described in Dong and Bock (1989). A byproduct of our analysis will be 
accurate satellite ephemerides to support GPS-based geophysical research in California. 

We are currently analyzing 14 months of continuously monitored GPS observations collected at 
a ten station network in the Kanto-Tokai district in Japan by the National Research Center for 
Disaster Prevention [Fujinawa et al., 19891. We have been using this data set as a basis for 
developing data processing, data handling and data archiving algorithms for use in the California 
network. The goal is to develop rapid and efficient techniques to handle large quantities of 
continuously monitored GPS data, and to be able to detect confidently any temporal strain events 
for time periods as short as several minutes. 

Parkfield GPS data 

(1) Background 

We are currently analyzing the GPS time series collected by USGS since 1986 at four stations 
in the vicinity of Parkfield (Davis et al., 1990). The baselines are several kilometers in length, in a 
range where modeling of the ionospheric delay should be beneficial in more accurate monitoring 
of deformations. The baselines are too long to analyze using L1 and L2 frequency data 
independently (since residual ionospheric delays start becoming significant) and too short to 
optimally use the ionosphere-free linear combination (since amplification of the phase error in 
forming the linear combination is larger than the residual ionospheric delay). We are using hybrid 
observables [Schaffrin and Bock, 1988; Dong and Bock, 19891 which are a combination of L1, 
L2 observations and constraints on the ionosphere based on ionospheric models, available 
externally and/or derived from an internal calibration of the GPS data. The solutions using these 
observables will be compared to the L1 and L2 independent and ionosphere-free solutions, as well 
as to the solutions by Prescott's group at Menlo Park. 

(2) Current Activities and Results 

We have completed an analysis of 18 individual Parkfield GPS occupations from mid- 1986 to 
early 1989. We have processed the data in two ways, using the L1 and L2 observations as 
independent observables, and using the ionosphere-free combination of phase. In both cases, 
phase ambiguities have been resolved. In general, the two solutions agree within 1 cm except for 
two occupations where the difference is several centimeters. As an example, we illustrate in 
Figures 3 and 4 the changing lengths of two baselines of the network, both spanning the fault, 



using both ways of processing. In general, the rate inferred from the L1 and L2 independent 
solutions (7.8 mm/yr for lOjdg to 33jdg) is almost 50% slower than the ionosphere-free solutions 
(14 mm/yr) although these differences may change as we refine our solutions and add additional 
data points. USGS investigators have published a rate of 9 mrn/yr for lOjdg to 33jdg (Davis et al., 
1989). The data from the ionosphere-free solutions more strongly support a linear rate of change 
(Figures 2 and 3). We are continuing our analysis of the remaining GPS occupations at Parkfield, 
testing hybrid observables, and ionospheric models. 
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Table 1: Permanent GPS Geodetic Array in Southern California - Tracking Log 
February and March 1990 

Date Day Start Stop GPS SIO Pifion JPL CIGNET Comments 
1 2  1 2  M W R  

- -- - - - -  

Feb 15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 

Mar 01 
02 
03 
04 
05 
06 
07 
08 
09 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 

527 4 t t -  m m m  
527 5 t t -  m m m  
5 2 7 6  t -  t -  m m m  
528 0 t -  t -  m m m  
528 1 t t -  m m m  
528 2 t -  t -  m m m  
528 3 t -  t -  m m m  
528 4 t t -  m m m  
528 5 t -  t -  m m m  
528 6 t -  t -  m m m  
529 0 t -  t -  m m m  
529 1 t -  t -  m m m  
529 2 t -  t -  m m m  
529 3 t -  t -  m m m  
529 4 t - X -  m m m  
529 5 t -  t -  m m m  
529 6 t t  t t  m m m  
5 3 0 0  t t  t t  m m m  
530 1 t t  t t  m m m  
5 3 0 2  t -  t -  m m m  
530 3 t -  t -  m m m  
5 3 0 4  t t -  m m m  
530 5 t -  t -  m m m  
530 6 ti t t - m m m  
531 0 t t -  m m m  
531 1 t -  t -  m m m  
5 3 1 2  t -  t -  m m m  
5 3 1 3  t -  t -  m m m  
5 3 1 4  t -  t -  m m m  
5 3 1 5  t t m m m  
5 3 1 6  r t  r t  m m m  
532 0 r t  r t  m m m  
532 1 r t  r t  m m m  
532 2 r t  r t  m m m  
532 3 r t  r t  m m m  
532 4 r t  r t  m m m  
532 5 r t  r t  r m m m  
532 6 t t m m m  
533 0 t t m m m  
5 3 3 1  r t r t  r m m m  
533 2 r t  r t  m m m  
533 3 r t  r t  r m m m  
533 4 t r t  r m r n m  
533 5 t r t  m m m  
533 6 t r t  m m m  

error in scenario 
Riverside Co. begin 

no Piiion, late SIO 

SIO & Piiion ties 
" (Riverside Co, end) 

SIO & Piiion ties 

NGS observes SIO 1 
SIO 2 observed 

Rogues installed 
Trimbles moved 

S. Calif. Expmnt. 
S. Calif. Expmnt. 
S. Calif. Expmnt. 
S. Calif. Expmnt. 
S. Calif. Expmnt. 
S .  Calif. Expmnt. 
S. Calif. Expmnt. 

t : Trimble 4000 SDT, r : SNR-8 ROGUE, m : Mini-Mac 2816 AT, ti : TI 4100, - : no data 
CIGNET: M (Mojave, California), R (Richmond, Florida), W (Westford, Massachusetts) 



Table 2: Permanent GPS Geodetic Array in Southern California - Tracking Log 
April 1990 

Date Day Start Stop GPS SIO Piiion JPL CIGNET Comments 
1 2  1 2  M W R  

- -- - - - -  

Apr 01 091 
02 092 
03 093 
04 094 
05 095 
06 096 
07 097 
08 098 
09 099 
10 100 
11 101 
12 102 
13 103 
14 104 
15 105 
16 106 
17 107 
18 108 
19 109 
20 110 
21 111 
22 112 
23 113 
24 114 
25 115 
26 116 
27 117 
28 118 
29 119 
30 120 

534 0 t - -  m m m  
534 1 t - -  m m m  
5 3 4 2  t - -  m m m  
534 3 t - -  m m m  
5 3 4 4  t - -  m m m  
534 5 t - -  m m m  
534 6 - - - - m m m  
5 3 5 0  - -  - -  m m m  
535 1 - - - - m m m  
535 2 - - - - m m m  
535 3 - - - - m m m  
535 4 - - - - m m m  
535 5 - - - - m m m  
5 3 5 6  - -  - -  m m m  
536 0 r -  r -  r m m m  
536 1 r -  r -  r m m m  
5 3 6 2  r -  r -  r  m m m  
536 3 r -  r -  r  m m m  
5 3 6 4  r -  r -  r m m m  
536 5 r -  r -  r m m m  
5 3 6 6  r -  r -  r m m m  
537 0 r -  r -  r  m m m  
537 1 r -  r -  r  m m m  
5 3 7 2  r -  r -  r  m m m  
537 3 r -  r -  r m m m  
537 4 r -  r -  r  m m m  
537 5 r -  r -  r  m m m  
537 6 r -  r -  r m m m  
538 0 r -  r -  r m m m  
538 1 r -  r -  r m r n m  

S. Calif. Expmnt. 
JPL GPS Workshop 
NASA CDP 
NASA CDP 
NASA CDP 

no array data 
no array data 
no array data 
no array data 
no array data 
no array data 
no array data 
no array data 
fuIl Rogue tracking 

Pinon GPS survey 

t : Trimble 4000 SDT, r  : SNR-8 ROGUE, m : Mini-Mac 2816 AT, - : no data 
CIGNET: M (Mojave, California), R (Richmond, Florida), W (Westford, Massachusetts) 



Figure 1: Stations of the Permanent GPS Geodetic Array in Central and Southern California and 
the CIGNET Mojave tracking station. SNR-8 Rogue receivers are deployed at SIO, PFO and JFL 
and a Mini-Mac 2816 AT receiver at Mojave. The stations at Vandenberg and Parkfield will be 
deployed in 1990. The circles have a radius of 100 km. 
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Figure 2: Data system under development at Scripps Institution of Oceanography to support the 
Permanent GPS Geodetic Array. 
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L1 &L2 Length 1 Ojdg-33jdg LC Length 1 Ojdg-33jdg 
0.04 0.04 

Rate = 7.8 mmlyr (R=0.65) 

Length 1 Ojdg - 33jdg 

Figure 3: Rate of change of length of the Parkfield GPS baseline from station lOJDG to 33JDG 
based on 19 individual occupations from 1986 to 1989. The upper left plot shows the L1 and L2 
independent solution, the upper right plot shows the ionosphere-free solution, and the lowe plot 
shows the difference between the two. 
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Figure 4: Rate of change of length of the Parkfield GPS baseline from station 10JDG to Joaquin 
based on 12 individual occupations from 1986 to 1989. The upper left plot shows the L1 and L2 
independent solution, the upper right plot shows the ionosphere-free solution, and the lowe plot 
shows the difference between the two. 
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I n v e s t i g a t i o n s  

1. NEIC r e p o r t i n g  se rv i ces .  Broadband d a t a  a r e  used r o u t i n e l y  t o  i n c r e a s e  
t h e  accuracy  of some r epor t ed  parameters  such a s  dep th  and t o  compute addi-  
t i o n a l  parameters  such as r a d i a t e d  energy. These parameters  a r e  publ ished 
i n  t he  Monthly L i s t i n g  of t h e  Pre l iminary  Determinat ion of Epicenters .  

2. Rupture process  of l a rge -  and moderate-sized ear thquakes.  We a r e  us ing  
d i g i t a l l y  recorded broadband waveforms t o  c h a r a c t e r i z e  t h e  rup tu re  p roces s  
of s e l e c t e d  i n t r a p l a t e  and subduction-zone ear thquakes.  The r u p t u r e  pro- 
c e s s e s  t hus  d e l i n e a t e d  a r e  used t o  complement s e i s m i c i t y  p a t t e r n s  t o  formu- 
l a t e  a t e c t o n i c  i n t e r p r e t a t i o n  of t h e  e p i c e n t r a l  reg ions .  

3. Te lese ismic  e s t i m a t e s  of r a d i a t e d  energy and s t r o n g  ground motion. On a 
world-wide b a s i s ,  t h e  r e l a t i v e  pauc i ty  of n e a r - f i e l d  record ing  ins t ruments  
h i n d e r s  t he  p r e d i c t i o n  of s t r o n g  ground motion r a d i a t e d  by ear thquakes.  We 
a r e  developing a method of computing r a d i a t e d  energy and a c c e l e r a t i o n  spec- 
trum from d i r e c t  measurements of t e l e s e i s m i c a l l y  recorded broadband body 
waves. From our method, t h e  maximum expectab le  s p e c t r a l  l e v e l  of acce l e ra -  
t i o n  and lower bounds of s t r e s s  drops  can be made f o r  any event  l a r g e  enough 
t o  be t e l e s e i s m i c a l l y  recorded.  

Resu l t s  

1. Report ing s e r v i c e s .  The NEIC now uses  broadband waveforms t o  r o u t i n e l y :  
(1 )  r e s o l v e  dep ths  of a l l  ear thquakes  wi th  mb > 5.8; (2)  r e s o l v e  p o l a r i t i e s  
of depth phases t o  h e l p  c o n s t r a i n  f i r s t - m o t i o n  s o l u t i o n s ;  and ( 3 )  p re sen t  a s  
r e p r e s e n t a t i v e  d i g i t a l  waveforms i n  t h e  monthly PDE1s. In the  Monthly L i s t -  
i n g s  of t h e  Pre l iminary  Determinat ion of Ep icen te r s  covering the  i n t e r v a l  
Apr i l  1989-September 1990, depth  phases from broadband d a t a  were computed 
f o r  59 ear thquakes ;  r a d i a t e d  e n e r g i e s  were computed f o r  55 ear thquakes.  

2. Rupture process  of ear thquakes.  We have modeled t h e  rup tu re  process  of 
t h r e e  l a r g e  ear thquakes  t h a t  occurred wi th in  an i n t e r v a l  of 1 2  hours  a t  
Tennant Creek, A u s t r a l i a ,  on January 22, 1988, by us ing  broadband d a t a ,  
s t r o n g  c o n s t r a i n t s  on ear thquake l o c a t i o n  (provided  by the  Warramunga Array) 
and observed s u r f a c e  deformation. From t h e  de r ived  complexity of r u p t u r e  
and h i s t o r y  of s t r e s s  r e l e a s e ,  we conclude t h a t  the  occurrence of m u l t i p l e  
main shocks i s  no t  an uncommon mode of r u p t u r e  i n  i n t r a p l a t e  environments. 
A s tudy  of t h e  Armenian ear thquake of 7 December 1988, i n  c o l l a b o r a t i o n  wi th  



t he  German Geologica l  Survey, has  been f i n i s h e d .  The ear thquake was a  
complex r u p t u r e ;  from t h e  broadband d a t a  we can r e s o l v e  the  source f u n c t i o n s  
of t h r e e  subevents .  From the d i s t r i b u t i o n  of a f t e r shocks  and the  der ived  
f o c a l  mechanisms, we i n f e r  t h a t  t h e  causa t ive  f a u l t s  have d i f f e r e n t  s t r i k e s .  
The r e l a t i v e  l o c a t i o n s  of these  subevents  i n d i c a t e  a  f a u l t  zone t h a t  has a  
bend. Source c h a r a c t e r i s t i c s  of the  Loma P r i e t a ,  C a l i f o r n i a ,  ear thquake of 
18 October 1989 a r e  being s tud ied  with g loba l  d i g i t a l l y  recorded broadband 
da t a .  Besides t h e  s t a t i c  parameters  such a s  f o c a l  mechanism and depth ,  we 
a r e  d e r i v i n g  the  r u p t u r e  h i s t o r y ,  r a d i a t e d  energy ,  and a s soc i a t ed  s t r e s s  
drops.  In  a d d i t i o n  t o  modeling displacement  and v e l o c i t y  r eco rds  i n  t h e  
t ime domain, we a r e  ana lyz ing  a c c e l e r a t i o n  i n  t he  frequency domain. 

3a. Subduction-zone events .  We have compiled t h e  log-averaged P-wave 
a c c e l e r a t i o n  ampli tude s p e c t r a  from t e l e s e i s m i c  d a t a  f o r  a  s e t  of l a r g e ,  
shallow-focus subduction-zone ear thquakes.  The even t s  range i n  s i z e  from 
t h e  magnitude 6.2 t o  8.1. The a c c e l e r a t i o n  s p e c t r a ,  co r r ec t ed  f o r  
frequency-dependent a t t e n u a t i o n  and t h e  modulation of depth  phases,  a r e  
approximately f l a t  from 10 s e c s  t o  2-3 seconds,  f a l l i n g  off  somewhat a t  h igh  
f r equenc ie s .  The r a d i a t e d  e n e r g i e s  of t hese  ear thquakes  a r e  p ropor t iona l  t o  
t he  se i smic  moments, but the  high-frequency a c c e l e r a t i o n  l e v e l s  a r e  more 
s t r o n g l y  p r o p o r t i o n a l  t o  t h e  a s p e r i t y  a r e a s  than the  se i smic  moments of t h e  
ear thquakes .  

3b. I n t r a p l a t e  even t s .  W e  have appl ied  our a lgor i thm f o r  the  computation 
of a c c e l e r a t i o n  s p e c t r a  t o  a  s e r i e s  of shal low i n t r a p l a t e  ear thquakes.  Most 
of t hese  even t s  a r e  cha rac t e r i zed  by a  f l a t  s p e c t r a l  l e v e l  a t  h igh  frequenc- 
i e s  but an in t e rmed ia t e  s lope  before  an w2 f a l l o f f  a t  low f requencies .  The 
high-frequency s p e c t r a l  l e v e l s  of these  i n t r a p l a t e  ear thquakes a r e  the same 
a s  the  l e v e l s  of subduction-zone ear thquakes with the  same se ismic  moments, 
a 1  though the s p e c t r a l  shapes a r e  d i f f e r e n t  . 
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Investigations 

The Anza project is  based on the analysis of 3-component digital seismograms from 
a n  array of ten, short-period, broadband, high-dynamic-range stations distributed 
around the Anza seismic gap on the San Jacinto fault in southern California. The 
array has been in existence since 1982 and the data have been used to study such 
subjects as source scaling, attenuation of high-frequency seismic waves, and shear 
wave polarization. 

Results 

Several improvements were made to the array during the reporting period. Upgrades 
to the field instrumentation and to the data acquisition computer were accomplished 
this past fall. The RT-24 Data Acquisition Units, upon which the original field 
system was based, required that the digitizing parameters ( e.g.  sampling rates and 
gains) be hard-wired a t  each individual site. Each site, also, had its own clock which 
ran asynchronously. This has been changed with the substitution of RT-97s for the 
RT-24s. The RT-97s contain microprocessors. Now, timing and ins t rument  
parameters can be set remotely and the data are arranged and telemetered in  
packets. Along with the increased convenience, the upgrade has eliminated most of 
the telemetry glitches seen in previously recorded data. 

The data acquisition system previously consisted of a DEC PDP 11/34 computer 
running software written by Larry Baker. The system required a special piece of 
hardware, called a TIU, which acted as an interface between the microwave 
telemetry system and the PDP 11/34. This past fall an  RT-44 from Refraction 
Technology, was installed on Toro Peak. This module serves several functions 
including collating and packetizing the data  from all of the  field sites and  
transmitting the data on to San Diego vLa the microwave link. The RT-44 transmits 
data over the microwave telemetry to another RT-44 in San Diego, which then sends 
packets of data through a digital interface to a MICROVAX-11. This arrangement 
eliminated the TIU, which was dificult to maintain. The switch to a MICEEOVAX-11 
computer provides compatibilty across several projects all of which use the same 
computer and software for data acquisition. The MICROVAX I1 has a much larger 
address space which allows greater flexibility in building the data acquisition 
program. Although various aspects of using a virtual memory computer for a real- 
time application have presented problems, none of these problems have been 
insurmountable. 



The array is generally set a t  gain levels that would cause the digitizer to clip on 
local events with magnitudes of 3.5 or larger. Since large events are not common in 
the gap, this is usually not a problem. However, since early December 1989, 
seismicity has  increased dramatically and several magnitude 4 + events have 
occurred. Although there are several SMA-1 accelerographs in the area, few of these 
are co-located with Anza stations. To provide on-scale recordings for these larger 
events, we installed GEOS digital event recorders equipped with force-balance 
accelerometers a t  five sites (KNW, PFO, BZN, WMC, and CRY). Since their 
installation, a magnitude 4.1 event and a magnitude 3.2 event (both on February 18, 
1990) have been recorded by the GEOS. Figure 1 shows a plot of the acceleration 
records obtained for the M 4.1 event. 

Reports 
none this reporting period. 
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Introduction 

This project covers almost all of the activities of the 
Pasadena Office of the U.S. Geological Survey. This is a large 
and complex project that includes the operation of the 250-sta- 
tion Southern California Seismic Network (SCSN), response to 
major southern California earthquake sequences, and basic 
research in earthquake physics. 

Investigations 

1. Operation, maintenance, development and recording of the 
Southern California Seismic Network consisting of 220 U.S.G.S. 
telemetered seismometers and 66 seismometers telemetered from 
other agencies. All stations are recorded on the CUSP digi- 
tal analysis system. 

2. Routine Processing of Southern California Network Data. Rou- 
tine processing of seismic data from stations of the coopera- 
tive southern California seismic network was continued for the 
period October 1989 through March 1990 in cooperation with 
scientists and staff from Caltech. Routine analysis includes 
interactive timing of phases, location of hypocenters, calcu- 
lation of magnitudes and preparation of the final catalog 
using the CUSP analysis system. About 800 events were 
detected in most months with a regional magnitude completeness 
level of 1.8. The largest earthquake this recording period 
was the M~=5.2 earthquake of February 28, 1990 near Upland in 
the San Gabriel Valley east of Los Angeles. 

3. Development and testing of an automated real-time earthquake 
location capability that is fast, reliable, uses data from all 
network stations and is not dependent on exotic hardware. 

4 .  Seismotectonics of Southern California. In 1985, a well 
recorded earthquake of M ~ 4 . 0  occurred at a depth of 30 km 
beneath the Ventura basin in the western Transverse Ranges. 
This earthquake was far deeper than any previously determined 
reliable earthquake depth in southern California. Subsequent 
analysis has shown that many microearthquakes have been 
recorded under the Ventura basin in the last two decades at 
depths between 20 and 30 km. Other analyses have shown that 
the Ventura basin is characterized by the lowest heat flow, 
deepest Quaternary sediments and one of the fastest rates of 
movement (as shown by geodetics) in California. We have ana- 



lyzed the deep earthquakes under the Ventura basin to deter- 
mine the cause of the deep events and their relation to the 
other anomalous phenomena in the Ventura basin. 

5 ,  Prediction Probabilities from Foreshocks. When any earthquake 
occurs, the possibility that it might be a foreshock increases 
the probability that a larger earthquake will occur at the 
same site within the next few days. It is intuitively obvious 
that the probability of a very large earthquake should be 
higher if the potential foreshock were to occur on or near a 
fault capable of producing that very large mainshock, espe- 
cially if the fault is towards the end of its seismic cycle or 
if the background rate of seismic activity is particularly 
low. In this study, the probability of a major earthquake 
characteristic to a particular fault, given the occurrence of 
a potential foreshock near to that fault is analytically 
derived from basic tenets of probability theory. 

6. Study of multiple P waves in the Imperial Valley. Continuing 
work was done on the multiple free-surface reflection of P 
waves which were observed in aftershock data of the 1987 
Elmore Ranch and Superstition Hills earthquakes. Event record 
sections were formed from 39 aftershocks of the Elmore Ranch 
event and 29 aftershocks of the Superstition Hills event. 
These data were compared to synthetics calculated using flat- 
layered structures, to estimate the velocity gradient of the 
upper 5 km and the source depth of the aftershocks. 

7. Teleseismic data recorded on the network. Record sections 
were constructed for teleseismic P waves which triggered the 
network. 

8. Network recordings of sonic booms. We have examined the seis- 
mograms of the shock wave produced by the space shuttle as it 
passes over the Los Angeles area. We have estimated the 
direction and amplitude of the pressure wave produced by sev- 
eral supersonic sources. 

9. Investigate the physics of the earthquake rupture process 
through the modeling of seismic waveforms. 

Results 

. Operation and maintenance of field stations and recording sys- 
tems continued with little failure during this reporting 
period. Time varying attributes of the system are completely 
recorded on a data base (DBASE 111). Documentation of the 
system and changes to the system continued to be developed by 
the preparation of semi-annual network bulletins. 

2. Routine Processing of Southern California Network Data. The 
projects to upgrade the southern California seismic network 
are continuing. To increase the accessibility and research 
potential of the seismic data, a series of semi-annual Network 
Bulletins have been issued since 1985. These bulletins pro- 



vide information about how to access data from the network, 
problems with the data, details of the processing computer 
systems, and earthquakes in southern California. As part of 
this project, documentation of past and present station con- 
figurations has been compiled. Reconfiguration of station 
electronics to maximize the dynamic range and frequency 
response of the stations is continuing. The average dynamic 
range of most of the short period vertical seismometer sta- 
tions in the network is now 40-50 dB. The gains on the sta- 
tions are now staggered (some very high. others quite low) to 
maximize the overall dynamic range of the network. At the 
lowest gains, 7 force balance accelerometers are now being 
telemetered and digitized within the short period network. We 
have also completed installation of a system to digitize con- 
tinuous FM-tape recordings of the network data. This system 
allows for the analysis of waveform data for times that were 
not contained in the normal online triggering process (e.g. 
teleseisms) . 

3. Development of Real-Time Analysis Systems. A software program 
(PICKLE) has been developed that runs in parallel with the 
existing online data aquisition system on a DEC MicroVAX com- 
puter. PICKLE was tested during the aftershock sequence of 
the ML 5.2 Upland earthquake of 28 February 1990. During the 
two-week test, it picked and located 983 events. We have also 
installed a new MicroVAX 3200 online analysis system to phase 
out an obsolete PDP 11/34. 

4 .  Seismotectonics of Southern California. Earthquakes at depths 
of 20-30 km occur beneath the Ventura Basin in southern Cali- 
fornia. The epicentral distribution of deep seismicity out- 
lines an east-trending ellipse which corresponds closely with 
the mapped Santa Clara Syncline, the main structural element 
of the Ventura basin with 12 km thickness of sediments. Clear 
Pn and Pg phases are seen for even the deepest earthquakes 
which demonstrate that these earthquakes are occurring within 
the crust. Travel time curves from shallow and deep earth- 
quakes in the western Transverse Ranges require that the depth 
to the Moho under the Ventura basin must be depressed by 5-7 
km relative to the surrounding area. Other researchers have 
shown that the Ventura basin also has the lowest heat flow in 
California. Thus low heat flow, very deep (12 km) sediments, 
the deep earthquakes, and a depressed Moho all coincide within 
a small area, strongly suggesting a common cause for all four 
phenomena in the rapid shortening of the Ventura basin. The 
confinement of the deep earthquakes and depressed Moho to just 
the Ventura region suggests that the very rapid shortening of 
the Ventura basin is not representative of the rate of shor- 
tening across all of the western Transverse Ranges. 

5 .  Prediction Probabilities from Foreshocks In this study, the 
probability of a major earthquake characteristic to a particu- 
lar fault, given the occurrence of a potential foreshock near 
to that fault is analytically derived from basic tenets of 
probability theory. The data needed to compute this probabil- 



ity are 1) the rate of background activity on that fault, 2) 
the long term probability of a large earthquake occurring on 
that fault, and 3) the rate at which foreshocks precede the 
large earthquakes. We compute the probability with an expres- 
sion that includes the parameters of time, magnitude and spa- 
tial location. We assume that foreshocks to San Andreas 
earthquakes will follow the average properties of foreshocks 
to moderate earthquakes in California. We thus assume that 1) 
the rate of mainshock occurrence after foreshocks decays rap- 
idly with a l/t type behavior and that most immediate fore- 
shocks occur within three days of their mainshock, 2) that 
foreshocks and mainshocks occur within 10 km of each other, 
and 3 )  that the percentage of mainshocks preceded by fore- 
shocks increases linearly as the magnitude threshold for fore- 
shocks decreases, with 50% of the mainshocks preceded by fore- 
shocks with magnitudes within 3 units of the mainshock's mag- 
nitude within 3 days. This derivation is applied to the San 
Andreas, Hayward, San Jacinto and Imperial faults. We assume 
that at the scale at which we are examining the faults, all 
sections of the fault are equally likely to contain the epi- 
center of the mainshock (and thus the foreshocks). We use the 
long-term probabilities of a large earthquake from the Working 
Group on California Earthquake Probabilities (1988). The 
short-term probability that a M5.0 earthquake on the San 
Andreas fault will be followed by a large earthquake within 3 
days ranges from a low of 0.2% from Point Arena to Cape Mendo- 
cino to a high of 24% in the Carrizo Plain (Figure). By com- 
parison, the probability that any M5 in California will be 
followed by a M7.5 within 3 days is 0.08%. The rate of back- 
ground activity along the major faults varies more than the 
long term probabilities and thus leads to greater variations 
in the short term probabilities. 

6. Comparison of the synthetic seismograms with the data indi- 
cated that a linear velocity gradient with a surface velocity 
of 1.8 km/sec increasing to 5.8 km/sec at 5.5 km depth, could 
adequately model the arrival times of the multiple P waves. 
Using this velocity structure, the amplitudes of the arrivals 
were used to estimate source depths for the aftershocks. For 
both the Elmore Ranch and Superstition Hills aftershocks, the 
depth distribution were similar and ranged from about 5 to 10 
km. 

Plots of the teleseismic P waves recorded on 50-150 stations 
show coherent first arrivals and in some instances clear later 
arrivals, such as upper mantle triplications and PCP. Fig. 1 
shows a record section formed by combining 4 events from Mex- 
ico with distances to the network stations that range from 15 
to 30 degrees. Upper mantle triplications due to the 450 and 
670 km discontinuities can be seen, with cross over points 
near 17 and 23 degrees, respectively. These data are being 
used to study upper mantle velocity structure. 

8. A program was written to use shock wave arrival time data to 
estimate speed, direction and height of supersonic sonic 



sources as they pass over the network. The program was used 
to determine the flight path of several space shuttle landings 
and the final SR-71 flight. The amplitude of the shock wave 
was used to estimate the air pressure at the recording site 
(about 0.7 to 2.2 millibars for a recent space shuttle land- 
ing) . 

9. Simultaneous and instantaneous changes in effective stress on 
a finite fault are shown to produce far-field body waves that 
have high-frequency spectral decays that depend upon the 
assumed geometry of the rupture surface and the location of 
the observer. For most assumed rupture geometries and physi- 
cally plausible slip distributions, high frequency spectral 
decays are faster than inverse omega cubed. Brune (1970, JGR, 
4997-5009) concluded that this class of rupture models should 
produce far-field high-frequency spectral decays proportional 
to the effective stress times inverse omega-squared, where 
effective stress is that stress that drives the inertia of the 
opposite sides of a fault. Therefore, it is incorrect to 
estimate effective stress from the level of high-frequency 
waves radiated during earthquakes. 
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Figure I. Record section formed by combining P-wave arrivals from 
4 events in Mexico as recorded on the Southern California 
Seismic Network. The traces were initially lined up on the P 
wave arrival and then offset assuming a Herrin velocity struc- 
ture. Note the triplications, caused by the 450 and 670 km 
upper mantle discontinuities, which have cross over points 
near 17 and 23 degrees, respectively. 
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Investigations 

This project supports other projects in the Office of Earthquakes, Volcanoes and 
Engineering by designing and developing new instrumentation and by evaluating and improving 
existing equipment in order to maintain high quality in the data acquired by the Office. 
Tasks undertaken during this period include activities related to the Loma Prieta earthquake 
(including an development of an aftershock alarm), modification of the SGR system and 
development of a new blaster and master clock combination, among other things. 

Results 

The Lorna Prieta earthquake in October occupied much of our time early in this period. 
On the night of the 17th, project personnel maintained the continued operation of the main 
emergency generator which supplies power to all critical data acquisition operations. 
Additional power units and cabling were setup to permit use of lights, analysis computers, etc. 
For the following two weeks, technical personnel were on-site 24 hours daily to ensure prompt 
response to unforeseen problems. 

During this time a new earthquake alarm system was developed in response to the need 
for early warning of aftershocks at such places as the 1-880 Cypress structure. This unit was 
a variation of the multi-channel earthquake alarm developed previously for in-office use. For 
this version three low-gain seismic stations were installed at different locations in the 
epicentral region. These seismic signals were radioed directly to the Menlo Park office where 
a trigger circuit would trip if a signal amplitude equivalent to a magnitude 3.7 event in the 
epicentral region was detected on two or more sensors. The alarm output radioed a code via 
a mountaintop repeater to any of several receivers located in the Bay Area. The receivers 
emitted an audible alarm upon receiving the code. The receivers displayed a green light 
whenever they were in radio contact with the alarm system. This system provided about a 
10 second (P-wave) or 20 second (S-wave) advance warning of Loma Prieta aftershocks 
greater than M3.7 to CalTrans operations in the 1-880 Cypress area. 

Microprocessor program code changes were made in the Seismic Group Recorder (SGR) 
timer boards and transfer clock units to implement improvements in operation. Changes were 
also made to the laptop computer software used to control the SGR's. The SGR's were used 
in Kenya in January and February as part of a multi-national cooperative refraction experiment 
(KRISP). This appears to have been quite successful although much of the data has yet to 
be processed. 



A new blaster for firing explosives in refraction experiments was developed. Previously, 
blasting required a separate blaster, a master clock, a chart recorder and an interface unit. 
Eventually, this new device will incorporate all these elements in one case. Eight units with 
the new solid-state blaster circuitry have been built so far. These were used in the KRISP 
experiment in Kenya. Development of a new master clock based on the circuitry used in the 
SGR timer and an associated chart recorder is continuing. 

A digital seismic station using a Nanometrics RD-3 digitizer was installed at Monument 
Peak in February. This station is telemetered using 9600 baud modems over the microwave 
system. The 3-component, 5 sample per second, 14-bit data is collected by a PC-AT 
compatible computer in Menlo Park. The signal is gain-ranged yielding a dynamic range as 
high as 124 dB. This is an experimental station and investigation into digitizer, radio and data 
receiver options is continuing. 

Bakun, W. H., Fischer, F. W., Jensen, E. G., and Van Schaack, J., 1989, An early warning 
alert system for aftershocks, AGU , San Francisco, CA, December 1989. 
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Investigations 

1. Fault Parameters and Tsunami Excitation of the May 23, 1989 Macquarie 
Ridge Earthquake, Kenji Satake and Hiroo Kanamori. 

2. Focal Mechanisms of the Spitak (Armenia) Earthquake of Dec. 7, 1988 
Determined from Teleseismic Records, K. Satake, H. Kanamori, 
H. Kawakatsu and M. Kikuchi. 

Results 

1. Fault Parameters and Tsunami Excitation of the May 23, 1989 Macquarie 
Ridge Earthquake. 

The Macquaire Ridge earthquake of May 23,1989 is one of the largest events in the 
last decade. Furthermore, it is the largest strike-slip earthquake ever recorded instru- 
mentally. We analyzed long-period surface waves and body waves recorded at global 
network (GDSN, IRIS, GEOSCOPE and IDA) to estimate the fault parameters and 
computed tsunamis from the estimated parameters. The Centroid Moment Tensor (CMT) 
solution from surface waves shows that the mechanism is almost pure strike-slip with one 
of the node1 planes parallel to the strike of the Macquarie Ridge. The seismic moment is 
1.6 x loZ1 Nm (x 1028 dynecm) and the corresponding moment magnitude is Mw = 8.1. 
Teleseisrnic P and S waves from 10 stations with good azimuthal coverage are used to 
model the temporal and spatial distribution of the subevents. Four subevents are located 
sequentially from south to north along the ridge system in about 30 sec. All of them have a 
mechanism similar to the CMT solution. The fault length is estimated to be about 120 km 
from the subevent and the aftershock distributions. The rupture propagates from south to 
north at a relatively high speed. The average slip on the fault depends on the estimate of the 
fault width, but it is probably in a range of 9 to 27 m. A large strike-slip earthquake like 
this event produces significant vertical displacements on the ocean bottom and excites 
tsunamis. Computation of tsunamis using the estimated fault parameters predicts that small 
tsunamis are expected at Australia and New Zealand. In fact, small tsunamis were 
observed at the southern coast of Australia. 

2. Focal Mechanisms of the Spitak (Axmenia) Earthquake of Dec. 7,1988 Determined 
from Teleseisrnic Records 

We determined the focal mechanism of the Spitak (Armenia) earthquake of 
December 7, 1988 using teleseismic surface and body waves. Time-domain Centroid 
Moment Tensor (CMT) inversion was made using long-period surface waves recorded at 
eight stations. Only those seismograms recorded by the Streckeisen (STS) seismometer 
were used because of their good signal-to-noise ratio at long period. The CMT solution 
gives T-axis of 1.2 x 1026 dyne-cm (~1660,  az 2400). N-axis of 0.7 x dyne-cm (pl 



210, az 900) and P-axis of 1.9 x 1026 dynescm (pl 1 lo, az 3560). Inversion of spectral 
data of Rayleigh and Love waves over a period range from 150 to 300 sec yielded an 
almost identical solution. This solution has a large non-double couple (non-DC) 
component (minor DCImajor DC - 36%) and suggests complex faulting. The double 
couple soloution indicates a dip-slip fault striking roughly in an E-W direction. Body 
waves from this event show very complex waveforms. We used a revised version of 
multiple deconvolution technique by Kikuchi and Kanamori to obtain three major subevents 
with different mechanisms. The first two subevents are predorninantely dip-slip type. The 
largest subevent occurred about 40 sec after the fnst one with strike-slip mechanism. This 
temporal change in mechanism causes an apparent large non-DC component in the CMT 
solution. The composite moment tensor obtained by tensorial summation of the sub-events 
is similar to the CMT solution and also has a large non-DC component. 
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Investigations 

[I] Water temperature and radon content were continuously monitored at two water wells 
in Parkfield, California. 

[2] Water level was continuously recorded at  six other wells in central California. 

[3] Water temperature and electric conductivity were periodically measured, and water 
samples were taken from most of these wells and two springs in San Jose for chemical 
analysis. 

[4] Cumulative slip distribution for a long sequence of slip events along a laboratory fault 
is studied. 

Results 

Geochemical Data Along Hayward Fault 

Figures 1-4 show geochemical data measured at the four monitoring sites along the 
Hayward fault up to March 1990. The in situ data of temperature and conductivity 
beginning in the last quarter of 1989 are subject to larger experimental error due 
to instrumental problems and change of field persons. The anomalous increases of 
conductivity and sodium concentration at the Chabot well that began shortly before 
the 3 April 1989 earthquake of magnitude 4.9 about 55 km away persisted, and 
this finding is supported by the results of further analyses of the water samples for 
concentrations of calcium, magnesium, and potassium (Figures 5 and 6). However, an 
apparent conductivity increase that preceeded the October 17 Loma Prieta earthquake 
is not confirmed by the corresponding result of water-sample analyses, and it appears 
to be spurious. The Loma Prieta earthquake may have been followed by increases of 
flow rate at  the two springs in the Alum Rock Park in San Jose, but the measurements 
were not made soon enough to catch the maximum rates. Other post-earthquake 
changes a t  the springs may possibly be spurious. 



121 R a d o n  D a t a  in Parkfield 

Figure 7 shows radon concentrations with daily calibration pulses, temperature, water- 
flow rate through the instrument, and barometric pressure recorded at the Taylor well 
since the beginning of monitoring. The radon concentration is not significantly affected 
by the fluctuation in the flow rate (within allowance of instrumental design), except 
at times of power failures which interrupted water supply. The radon value shows 
a seasonal variation possibly as a result of variation in water degassing rate in the 
instrument caused by seasonal temperature and barometric-pressure changes. 

Repor t s  

King, C.-Y., 1989, Volume predictability of historical eruptions at  Kilauea and Mauna Loa 
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Operation of Borehole Tiltmeters 
at Pinon Flat Observatory, California 
and Analysis of Secular and Tidal Tilt 

Judah Levine 
Joint Institute for Laboratory Astrophysics 

Campus Box 440 
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Boulder, Colorado 80309 

(303) 492 - 7785 

Objectives: To install borehole tiltmeters at Pinon Flat Observatory in 
Southern California; to compare the performance our instruments installed at 
three different depths; to analyze the data at secular and tidal periods; and 
to compare our results with those obtained from other instruments at the same 
site. 

Results: We completed the installation of a third instrument in a borehole 
that is approximately 122 m deep. The installation was somewhat more 
difficult that expected because we first had to remove an accumulation of 
rust and metal chips from the bottom of the borehole. The new instrument 
uses a new alignment system. The azimuth of the instrument is fixed by two 
steel pins near that bottom of the casing that mate with two wedge-shaped 
slots attached to the tiltmeter capsule. The slots are tapered in such a way 
that the instrument is automatically rotated to the proper azimuth as it is 
lowered. The azimuth of the pins was determined using a rented gyro-compass 
that was mounted on a well-logging tool. 

Although the newest instrument (named BOC) is somewhat noisier than its 
shallower cousins, we have found good agreement between it and the shallowest 
tiltmeter (which is installed at a depth of about 25 m and is named BOA). 
The discrepancy that we had previously found between BOA and BOB is thus 
peculiar to the intermediate depth at which BOB is installed (about 36 m). 
We have been able to model this discrepancy as a tilt-strain coupling effect. 
These very recent results were presented as a poster paper at the recent 
workshop in Moro Bay, California. Our conclusions so far are 
phenomenological - -  we do not know if the coupling is a result of the change 
in the hydrostatic pore pressure below the water table that accompanies the 
strain tide cycle (and which has been observed as coherent changes in the 
heights of nearby wells) or whether some other strain-driven effect is 
responsible. We are continuing our study of this question. 

We are also studying the usefulness of phenomenological models in 
explaining tilt fluctuations at intermediate periods ranging from a few hours 
to a few days. Our goal is to see by how much the sensitivity of existing 
instruments can be improved at intermediate-period using real-time adaptive 
digital processing. 

We find significant coherence at these periods between barometric pressure 
and tilt, for example, although the admittances vary somewhat with time. We 
attribute this variation to changes in the wave-number spectrum of the 



barometric pressure. These changes would interact with the local topography 
to produce an apparent change in an admittance that was derived from only a 
single nearby barometer. Using an admittance to barometric pressure that 
changes slowly with time, we have had significant success in reducing the 
variance in the data recorded at other sites, and we are continuing this work 
using the data from PFO. 

Summary of Data Collected: We acquire the data from our three instruments at 
PFO (2 channels/instrument) every 6 minutes. These same values are also 
transmitted to the PFO central recording trailer and are digitized and 
recorded there 12 times/hour. 



CRUSTAL STRAIN 

M. Lisowslii, J.C. Sava.ge, W.H. Prescott 
Branch of Tectoliopllysics 

U.S. Geological Survey 
345 Micldleficlcl Road, MS/977 
h4enlo Pa.rk, Califor~lia 94025 

(415) 320-4860 

INVESTIGATIONS 

The principal subject of investigation was the aaalysis of deformation in a  lumber of 
tectonically active areas in the United States. 

RESULTS 

1. A Possible  Geodet ic  Anom,aly  0bser.11ed P r i o r  t o  t h e  L o m a  P r i e t a  Ear thquake .  

Monthly nleasurements since mid-1981 of tlistailce from a geodetic station located 11 
kin from the epicenter of the Lonla. Psieta c.art,liclual;c, (,&IS = 7.1; October 17, 1989) to 
three sta.tions 30 to  40 lcln clistailt provides an unusually con-iplete record of cleformation 
in the epicelltral region in the years prior to an earthcluake. Roughly 1.3 years before the 
earthclual;e, a.t about the time of the first ma.gnitude-5 f ~ r e ~ h ~ c l i ,  the rate of change in line 
length for two of the lines appea.rs to change; the rate for the third line does not change. 
Other similar, though smaller, changes in ra.tc are a.pparent in the eight-year record. Thus, 
there is margina.1 evidence for cha.ngc in deformation rate about one year before the Loma 
Prieta earthquake, but that change liccd not l ~ e  a precursor. 

2. A Geodet ic  E s t i m a t e  of F u ' I L ~ ~  Slip D , I L T ~ ~ ~  t h e  Loma P r i e t a  E a r t l ~ q u a k e .  

Offsets in the relative positions of geodetic stations resulting from the Lolna Prieta 
earthclualce can be explained with a disloca.tion lllodel that illcludes buried oblique slip on 
a rupture surface reaching 37 1;1n along the strike of tllc Saa Andreas fault, clipping 70 
to the SIV, and extending from a. depth of 5 t o  17.5 I;111. tlssuining uniform slip on this 
recta.ngular surfa.ce, the best fitting ~.a.l[~es for tllc, slip vector colllporiellts are 1.6 f 0.3 m 
right-1a.teral strilce slip and 1.2 f 0.3 111 sel-cue slip. The geodetic data clea,sly preclude 
rupture extellcling to near tlie surfac,e. The ~mccstainties in the ca.lculatec1 slip va,lues a.re 
scaled by the misfit of the lnoclel a.nc1 illclutlc cst.illla.tecl uncerta.inty in tlie model geometry. 
Slip on a11 adjacent extension of t . 1 ~  rul>t,~urc t.o the soutl1ea.st recorded in the aftershock 
sequence is not well constrainecl l ~ y  t,llc gcotlct.ic dn.ta., a.nd across-fa,ult extensioil observed 
in this area. is not esplnirlecl by t,hc fa.ult ilioclel. 



9. Little Postse ismic  Deformat ion Detected A f t e r  the Lorna Prieta Earthqc~ake.  

In the interva.1 froin 3 to 140 days a.fter the October 17, 1989, Loma Prieta earthclua.lce 
(M, = 7.1) we detected no significant postsoismic change (a = k7 mm) in 7 Geodolite 
(EDM) line lengths observed from Lonla. Psieta and only marginally significa.nt change in 
the relative positions of 13 GPS stations in a. 80-liln-long profile estending from Sa,nta Cruz 
to the Central Valley. We surveyed the GPS profile 2, 6, 14, 49, 91, and 140 days after 
the main shock and used CIGNET bra.cking clata, to iiilprove the satellite orbits for all but 
the last (3/05/90) survey. Fault parallel a.nd perpendicular colnponents of position change 
are shown in Figure 1. Component changes are ilea.rly all less than 20 inm. There wa.s no 
significant fault para.lle1 displaceille~lt across the San Andreas fault, a possible 20 mm of 
right-lateral slip across the Calaveras fault (30 linl N E  of the San Andreas fault), and an 
apparent 30 mm of contraction across the Sa.n Andreas fault. 
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Figure 1. Plots of the fault parallel a i d  pcrpei~clicular coinponeilts of position change 
relative to the station on Lollla Prieta. (3 .5  lilll NE of the San Andreas fault) with the 
second (20/23/S9) survey taken as the base survey. The second survey was used as a base 
because only S of the 13 stations in tlie profile were occupied during the first (10/19/90) 
survey. Errors bars for the position chaage at. the time of 1/17/90 survey a.re f la and are 
typical of the error in position cha.nge at  the tiine of the other surveys. 

4. S t ra in  Measurements  along the  S u n  An,dreus F(~u1-t North  of Los Angeles. 

The Tehacllapi and Pal~nclale trilatcra.tion networlcs have been surveyed repeakedly 
since the early 1970's. The lines in those networks that have beell measured in each and 
every survey are shown to the left in Figure 2, 13 lines in the Tehachapi network and 31 
lines in the Pa,lmdale network. The uniform st.rain fields t11a.t best expla.in the line length 
changes observed in those two netn-orlis aa.e s11o11-11 to the right in Figure 2. The strains a.re 
referred to  a coortlillate systenl ~vit~h tllc 1 il11cl 2 il.xes dircctecl pasa.llel and perpendicular 



Palmdale  
c .zJ 1 .o 
u 
V) 

'- 0.0 - .- Tehachapi . - ' 
a a -  P -1 .o - 9 P* ' 

0 . 0 1 5 * 0 . 0 1 1 p s t r / y r  
-2.0 . , . . I  . . . . I  

7 0  7 5  8 0  8 5  9 0  
Time, yr 

2.0 
0 .208kO.O06pstr /y  r 

c .zJ 1.0 
C 
V) : 0.0 

N 

i' -1 .o 

-2.0 
7 0  7 5  8 0  8 5  9 0  

Time, yr 

J . . . . ' . " ' ' " " ' " " ' C  

0 . 0 1 6 ~ 0 . 0 1 4 p s t r / y r  

I 

Tehachapi . 
P a  - 5 a 5 

@ * y n  P 
- 0 . 0 0 1  + 0 . 0 0 8 g s t r l y r  

7 .  . . . I  . . " I  " " 1  . " ' I '  -2.0 
7 0  7 5  8 0  8 5  9 0  

Time, yr 

Figure 2. Lines in the Tehachapi and Palnlclale trilateration networks measured in each 
and every survey (left) and strain colnpoileilts a.s a function of time for these parts of the 
Palmdale and Tehachapi networks (right). The 1 axis is directed S 65"E and the 2 axis is 
N 25"W. The error bars represent one stnnda.rc1 error on either side of the plotted point. 

to the local strike of the San Anclreaa fault. The a.ccun~ulation of each component of strain 
for both networks has been approxi~nated by a linear fit in the figure, and the average 
strain rate represented by the slope of that fit is shown. The only significant accumulation 
is in the shear component e i z .  Clearly, strain a,ccumula.tes more rapidly close to the fault 
(Palmdale) than farther from it (Tehachapi) a.s one would expect if the slip at depth on the 
fault is the source of the strain accumulation concentration on a fault. Although at  times 
data from one network may show marginally significa.nt deviations from the linear trend, 
data from the other network does not show significant deviations a t  the sa.nle time. Thus, 
one is unable to deinonstrate that significa.ilt deviations from u~liforlll strain accumulation 
have been observed. 



5. Cri t ic ism of some  Forecasts of the  National Earthquake Prediction Evaluat ion Council  

The Working Group on California Eartllcluake Probabilities has assigned probabilities 
for rupture in the interval 1988-2018 to various segments of the Sari Andreas fault on 
the basis of the lognormal distribution of recurrence times of cha.racteristic earthqua.kes 
postulated by Nishenko and Buland (1987). I cluestion the validity of those probabilities 
on the basis of three separa.te arguments: 1) The distributions of recurrence times of 
the four, best-observed, characteristic-earthcluake sequences are each only marginally 
consis tent with the Nishenko-Buland lognormal distribution. 2) The range of possible 30- 
year conditional probabilities for illally of the fault segments is so great due to  uncertainty 
in the average recurrence time for that segmeilt that the assigned probability is virtually 
meaningless. 3) The 1988 forecasts not subject to the foregoing objection are those in which 
there is a low probability of an earthclual~e in the near future (e.g.,  only a 5% chance of 
rupture of the North Coast segment before tlie year 2049 and the Ca.rrizo segment before 
the year 2018). However, the same seasonillg \vould assign only a. 5% chance of rupture 
before mid-1993 to the southern Santa Cruz Mountaills segment, the seglnent that failed 
in October 1989. 

Finally, the forecast of the nest Parlifield ea.rthquake (95% probability before 1993.0) 
by Bakun and Lindh (1985) depends upon an ad hoc explanation of the out-of-sequence 
1934 earthquake. A less-contrived forecast would have assigned a conditional probability of 
about 60 f 20% to the 1985.0-1993.0 interval and 30 k 15% to the 1990.0-1993.0 interval. 

6. Strain  Accumulat ion  near the Mendocino Triple Junct ion ,  California. 

Measureillents of the deformation of Geodolite trilateration networks near the 
Mendocino triple junction show a transitioil from northwest trending right-lateral shear 
associated with the San Andreas fault systern to northeast trending contraction associated 
with the Cascadia subduction zone. Soutlleast of the triple junction, where the San 
Andreas fault is offshore, a br0a.d zone of distributed right-lateral shear was observed. 
Near Round Valley, located 50 lan southeast of Cape Mendocino and 60 km from the 
San Andreas fault, right-1atera.l sliear strain accumulated at an avera.ge rate of 0.41 f 0.07 
pradianlyr across a vertical plane striking N33°T4rk40 in the 1985 to 1989 interval. This 
high rate of shear so far east of the fault indicates that about half of the estimated 34 mm/yr 
of relative plate motion across the San Anclrea,s fault system is accom~llodated by the 
Garberville and Lake Mountain fa.ults. Along the coast near Cape Mendocino, the avera.ge 
rate of right-lateral shear strain between 1981 and 1989 was 0.40 f 0.04 pradian/yr across 
a vertical plane striking N44"TVf 4", apysosimately parallel to the more westward trend 
of the San Andreas fault in this area. Nost,h of the triple junction, northeast and east- 
northeast directed contraction was observecl. In the area between Cape Meildocino and 
Eureka, contraction at a rate of 0.20 f 0.04 pstsain/yr in the direction N31°Ef 8" was 
calculated from 1981 to 1989 line le~igth changes. In the area between Cape Mendocino 
and Trinidad Head an merage shear rate of 0.26 f 0.07 pradian/yr with the direction of 
maximum contractiolz N63OEf8" was calcula.ted from the change in angles  liea as used in 
1941 relative to those deduced from a 1980 GPS survey. 



7. Deformation in the Shumagin Seismic Gap, Alaska. 

Sea level measurements a.t Sa.nc1 Point, 200 km from the Aleutian trench, suggest 
uniform subsidence at a rate of 1.2 l . lmm/yr during 1973-1988. Dislocation models 
of subduction predict uplift rates of 1 to 5 mn~/yr .  Strain accumulation in the eastern 
part of the Shumagin seismic gap has been nlonitored with biennial surveys of a Geodolite 
trilateration network since 1981. No significant strain accumulation was detected between 
1981 and 1987 (the observed extension rate in the direction of plate convergence a,vera,ged 
-0.02 f 0.03 ~ s t r a i n / ~ r ) .  A subset of this networli was measured with GPS in 1987 and 
1989. There is no significant difference in thc lengths common to the 1987 Geodolite and 
GPS surveys, and the residuals from an adjustment for station position using both types 
of data are within the 0.2 ppm nleasuremellt uncertainty. 

Reports 
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caldera, Wyoming, Bull. Volcanology, 52: 247-270. 
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bend of the San Andreas fault: Ana.lysis of the Los Padres-Tehachapi trilateration 
networks, California, J. Geopltys. Res., 95: 1139-1153. 
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Investigations 
1. Process, interpret, and disseminate Loma Prieta seismic data. 
2. Continue consolidation and clean-up of phase data of central California Seismic 

Network (CALNET) from 1969 through present. 
3. Investigate seismic gaps in San Francisco Bay region. 

Results 
1. The Loma Prieta earthquake of October 17, 1990 generated a treillendous volume of 

data concurrent with an immediate demand for its real-time interpretation. Efforts 
during the first several weeks of the sequence were devoted to processing the data and 
providing preliminary interpretations. These data enabled the USGS to assess the 
on-going hazard, advise public officials and the press of aftershock probabilities, and 
guide colleagues participating in aftershock studies on where to site instruments. As 
the aftershock sequence abated, attention was devoted to the following products: 

a. Dissemination of data. Online computer files of up-to-date earthquake locations 
were available to anyone that had access to communications over the Internet. 
Thus, scientists all over the world were able to examine the same data set we were 
collecting within a day of its creation. In addition, the corresponding phase data 
was available to scientists for special studies through tape distribution. Requests 
for data consumed approximately 20% of this project's effort. 

b. Aftershock focal mechanisms: Several manuscripts were prepared for a special 
issue on the Loma Prieta earthquake in Geophysical Research Letters. The first 
discusses an analysis of 745 aftershock fault plane solutions. At the northwestern 
end of the aftershock zone the earthquakes occurred off the fault with the 
mechanisms showing reverse slip on planes nearly parallel to the San Andreas 
fault. At the southeastern end the mechanisms show right-lateral strike-slip 
motion on near vertical planes suggesting that these a.ftershocks involve slip on 
the San Andreas fault. Few of the aftershock mechanisms in the central zone 
resemble the main shock mechanism (strike N50°W, dip 70°SW, rake 140°), but 
instead exhibit reverse, right lateral, left lateral, and normal motion on planes 
subparallel to  the main shock rupture plane. The aftershock zone dips to the 
southwest, parallel to the main shock slip plane and includes the main shock 
hypocenter. However, the lack of agreement between of the main shock and the 
aftershock mechanisms suggests that few of the aftershocks occurred on the main 
shock slip plane. This behavior is consistent with observations of aftershock 



sequences for other dip slip events and also with studies indicating that main 
shock rupture zones are at all other times aseismic. The variety of aftershock 
mechanisms can be explained in two ways. If the stress drop for the main shock 
relieved most of the tectonic stress, the mechanisms could reflect the heterogeneity 
of the near-field stress redistribution. Alternatively, the variety of the aftershock 
mechanisms reflects deformation by block rotation within a 1-3 km zone adjacent 
to  the main shock rupture plane. 

c. Seismic slip and segmentation: The second manuscript (in conjunction with 
project # 9930-02098) discusses how seismic data can be used to define main 
shock segment boundaries. We plotted the cumulative seismic slip projected onto 
a vertical plane for earthquakes occurring during the last 20 years along the 
210 km of the San Andreas fault spanning the Loma Prieta earthquake. This 
technique illuminates differences in the depth and character of the seismicity 
between the locked and creeping portions of the San Andreas and clearly defines 
the segment upon which the Loma Prieta earthquake occurred. Working by 
analogy from the relation between pre-main shock microseismicity and presumed 
main shock slip regions at Parkfield and Loma Prieta, we identify a segment 
on the San Andreas peninsula upon which we believe the M7 1838 earthquake 
occurred, and which we believe may have accumulated sufficient strain energy 
that rupture should be expected in the coming decades. 

d. Coseismic stress changes: The third manuscript (in conjunction with project # 
9930-02098) builds on the results of the focal mechanism study. The 1989 Loma 
Prieta, California earthquake is the best opportunity to date to infer the coseismic 
change in the stress field by comparing the locations and focal mechanisms 
of background seismicity with those of the aftershocks. We do this both by 
inspection and by using a stress inversion technique. This preliminary study 
shows that before the main shock the uniform component of the stress field was 
larger than the heterogeneities in the stress field and the uniform component 
had a vertical intermediate stress and a generally N-S most-compressional stress 
axis. After the main shock the area near, or within, the rupture zone has a very 
complex stress field with little or no spatially uniform component. This suggests 
that the main shock removed most of the tectonic stress from the region and 
perhaps all of the shear stress from its fault plane, making it a total stress drop 
event. South of the rupture area the stress field was distorted relative to its prior 
state. 

e. Aftershock geometry: The fourth paper (in conjunction with project # 9930- 
02101) discusses the locations of aftershocks and their implications for fault 
structure. Well-constrained hypocenters of the Loma Prieta sequence form a 
southwest dipping zone that extends from the main shock hypocenter and is 
parallel with the main shock nodal plane. Most aftershocks cluster around the 
perimeter of the distribution and surround a relatively aseismic patch which we 
believe approximates with the extent of main shock rupture. In the southeast 
part of the aftershock zone the dipping zone warps into a vertical surface that 



corresponds with the San Andreas fault. In the central and northwestern parts 
of the aftershock zone and at depths above about 10 km the aftershocks define 
numerous disjoint fault structures. The large component of reverse-slip observed 
in this event agrees with a simple model for slip on a dipping plane within a 
compressional fault bend. We are unable to conclude, however, whether the fault 
activated by Loma Prieta earthquake was the principal plate boundary fault or 
a less-frequently active member of the San Andreas fault system. 

Progress continues to be made in the collection, organization, relocation, archiving, 
and documentation of CALNET earthquake data since 1969 (see previous Semi- 
Annual Reports). Main efforts were directed toward merging RTP and CUSP data 
for the latter half of 1986, when the Chalfant Valley sequence occurred. Although 
the CUSP data was completed, the RTP data was never processed. We anticipate 
completion of this task by mid-year at which time the entire catalog from 1/69 through 
the present (with the exception of October, 1989) will be complete. At that time we 
will begin a quality check to remove systematic errors in magnitude determination 
and gross blunders. 

3. One of the most striking features of the Loma Prieta seismicity is the imaging of 
the impending rupture zone by the pre-main shock seismicity. Although models of 
the main shock slip distribution are not yet available, the aftershocks fill in a gap in 
the pre-main shock seismicity and are assumed to be occurring along the slip region. 
Similar seismic behavior has been observed along the Calaveras fault in the vicinity 
of Morgan Hill, where the pre-main shock seismicity outlined aseismic regions at the 
base of the seismogenic zone that subsequently failed during main shocks. Whereas 
along the Calaveras fault the pre- and post-main shock seismicity occur directly on 
the fault and surround the main shock slip zone, on the Loma Prieta segment of the 
San Andreas fault the aftershocks occur adjacent to the slip region and off the fault. 
These results have prompted an investigation of other M > 6 seismic gaps in the 
San Francisco Bay region. Preliminary results show gaps on the San Andreas fault 
along the San Francisco Peninsula, Hayward fault, Rogers Creek fault, Green Valley- 
CaIaveras-Sun01 fault, and perhaps the Palo Colorado-San Gregorio fault (see Figures 
1-3). 
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Figure 1. Map view of 20 years (1969-1989) of seismicity in the San fiancisco Bay 
region. All solutions have at least 8 readings, an RMS < 0.3 see, and 
horizontal and vertical uncertainties of 2.5 and 5.0 km. 



CROSS SECTION WINDOWS 

Figure 2. Cross section windows for Figure 3. 
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Figure 3. Fault-Parallel cross sections corresponding to endpoints shown in Figure 2. a) 
San Andreas fault seismicity before, after and combined), b) Rogers Creek- 
Hayward-Mission faults, c) Seal Cove-San GregoriePalo Colorado faults, and 
d) Green Valley-Concord-Calaveras faults. 
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Introduction 
We are monitoring fluctuations of resistivity with telluric 

currents in Parkfield. The array uses grounded telephone lines as 
dipoles (Figure 1). The analysis has been discussed in previous 
reports and will not be reviewed here. We look at daily 
fluctuations of the telluric coefficients relating Dipoles 1 
through 6 to the reference dipoles of Dipoles 7 and 8. Thus, we 
are looking at relative variations, rather than absolute ones. 
Changes in the telluric coefficients are directly related, albeit 
through the response of a complex, heterogeneous earth, to changes 
of resistivity. 

Discussion of Data 
In previous reports, we have mentioned the variation seen on 

Dipole 2 between 9589 (Julian Day 95 in 1989) and 12589. This 
variation consisted of a 2% decrease followed by a 5% increase and 
then a return to the background level during that time. This 
occurred approximately one month before an M=3.7 earthquake just 
south of the array, and is much larger than the noise level on this 
dipole. We have found that this fluctuation corresponds to a 
change on a tensor strainmeter which is located at the midpoint of 
Dipole 2. However, the data from the strainmeter is suspect 
because an adjacent dilatometer recorded no change at that time. 
Precipitation also occurred during this time, but we do not see 
changes at other times during rain. We thus do not believe that 
the fluctuation we saw was induced by rain. We do not yet have a 
satisfactory explanation for the behavior of Dipole 2, but we 
believe it may be related to preparation for the earthquake. Lack 
of a coseisrnic change anywhere on the array leads us to discount 
any possible change of resistivity directly related to release of 
strain energy. 

Results of the analysis for the past six months for Dipoles 
1 through 6 are shown in Figures 2 through 4. We plot the 
projection of the daily fluctuation of the telluric coefficient 
onto the major and minor eigenvectors (upper and lower plots for 
each dipole, respectively) and the coherency as a measure of the 
data quality. 



All of the major eigenvector projections are small (0 (1%) ) , as are 
the minor projections for Dipoles 1, 3, 4, and 5. Dipoles 2 and 
6 are showing variations of up to 7% on the minor projections. 
These dipoles, and Dipole 5, are traditionally our noisiest 
channels, so the large variations on them are suspect.' However, 
we have not seen oscillations on Dipole 6 as large as these in the 
history of the array. 

The variations on Dipoles 1 and 4 are probably of greater 
interest because the major projections have been very stable for 
two years. These projections vary usually by less than 0.5%. In 
December 1989, both of these changed by about 1% to new levels 
which have persisted into the first three months of 1990 (Figures 
2 and 3). 
A change of 2 to 3% on the minor projection on Dipole 5, which has 
also persisted into 1990. Coincident with this change is a marked 
drop in the cumulative seismic moment reported by Malin (personal 
communication, 1990). To date, that moment is continuing to drop. 

Conclusions 
We are beginning to see changes in the telluric coefficients 

that are above our noise level, although we cannot explain these 
changes at this time. Correspondence with other phenomena is 
intriguing, but is insufficient to help us explain the mechanism 
producing the changes of resistivity. We cannot locate where are 
the resistivity changes nor estimate their magnitudes because we 
have not yet run a 3-D inversion using the electrical structure of 
Parkfield. In any case, we suspect that our results will be 
nonunique. 



Figure 1 - ð ell uric monitoring array i n  Parkf i e ld .  E lec trodes  a r e  
marked w i t h  do t s  and e l e t r o n i c a l l y  crea ted  d i p o l e s  a r e  
shown with l i n e s .  



Figure 1 - Telluric monitoring array in Parkfield. Electrodes are 
marked with dots and eletronically created dipoles are 
shown with lines. 



Figure 2 - Residual analysis for Dipoles 1 and 2 for the past six 
months. The first plot is the projection of the 
residual on the major eigenvector and the second is the 
pro j ect ion on the minor eigenvector . Pro j ections are 
shown with a scale of +59 to -5%. Coherencies are 227 
between the signal predicted using the telluric 
coefficients and the measured signalare shown between 
.998  and 1.000. 



Figure 3 - Residual analysis for ~ipoles 3 and 4 for the past six 
months. See caption of figure 2 for explanation. 



Figure 4 - Residual analysis for Dipoles 5 and 6 for the past six 
months. See caption of Figure 2 for explanation. 
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Investigations 

1. Aftershock probability forecasts: applications. 

The first practical application of our model for real-time probabilistic hazard 
assessment for earthquake sequences was provided by the 6 March, 1989 magnitude (M) 4.7 
Obsidian Butte earthquake sequence in the northern Brawley Seismic Zone at  the southern 
end of the Salton Sea, California. The earthquake sequence was initially very active and 
included a relatively high proportion of large-magnitude aftershocks (a = -0.5, b = 0.6). 
As a result, the model-estimated probability for a larger (M 2 4.7) earthquake during 
the first week in the sequence was relatively high - on the order of 0.30. Some workers 
familiar with the seismicity of the Brawley Seismic Zone generally felt that this estimate 
was reasonable and compatible with the history of earthquake swarms in the region. We 
did find, however, that other factors, in addition to those considered in the model, also 
warranted consideration in assessing the post-mainshock hazard. 

One factor was the proximity (18 km) of the Obsidian Butte earthquakes to the 
intersection of the Brawley Seismic Zone and the San Andreas fault and the possibility 
that a great (M FZ 8) earthquake on the southern San Andrea.~ fault might be triggered 
by stress changes resulting from the Obsidian Butte sequence. The model estimate for 
the probability of a M 2 7.7 easthquake during the first week of the sequence was 0.004. 
Subsequent discussion among scientists considered the fact that the southern San Andreas 
fault has accumulated significant strain and was recently assigned a (relatively high) 40% 
probability of producing a major earthquake in the next 30 years. The concensus was that 
the distance to the San Andreas fault was too great to warrant an upward revision of the 
model probability estimate for a great earthquake. 

Another factor was the belief by some scientists that the Brawley Seismic Zone may 
not be capable of producing very large earthquakes because it is composed of numerous 
small faults, rather than a continuous fault long enough to produce a large shock. Our 
initial application of the model assumed that all earthquake magnitudes were possible. 
If, instead, we assume that the largest possible earthquake in the Brawley Seismic Zone 
is M6.2 (the magnitude of the largest known historic event), then the model-estimated 
probability of a M 2 4.7 earthquake decreases from 0.30 to  0.26. 



Lorna Pr i e ta  Sequence.  The USGS used the model to issue frequent public forecasts 
during the 17 October 1989 Loma Prieta earthquake sequence of probabilities of strong 
aftershocks within a day, a week, and 2 months. While this earthquake produced fewer 
aftershocks than expected for a generic M7.1 earthquake, the final model parameters 
determined for it (a = -1.67, b = 0.75, p = 1.19) all differ by less than 1 SD from their 
respective generic values. We reported 24 hours after the mainshock that the chance of a 
M 2 5 aftershock in the next day was 0.13 (none occurred). One week later that probability 
had decreased to 0.05, while the probability of a (M 2 5) aftershock over the next 2 months 
was 0.5 (none occurred). Forecasts were made first daily, and then less frequently, through 
30 November 1989. These were issued to federal, state and regional government agencies 
and were widely reported by Bay Area printed and electronic media. Public demand 
for and interes in aftershock forecasts was greatest immediately after the earthquake and 
remained high for about 2 weeks, decreasing as the felt aftershocks subsided. 

Some local and regional government agencies requested model results particular to 
their needs during the first week of the sequence. The Port of Oakland requested estimates 
of probabilites for strong aftershocks in order to decide whether and when to reoccupy a 
damaged structure. The San Francisco Fire Department requested probabilites of strong 
shaking in the Marina and China Basin districts to guide decisions about equipment 
deployment and staffing levels in these damaged areas. Within the USGS, scientists 
coordinating the regional deployment of strong motion portable seismographs frequently 
consulted model results in planning their experimental design and field strategy. 

Our experience with the Obsidian Butte sequence and the Loma Prieta sequence has 
shown that the model can provide important information for real-time hazard assessment 
for earthquake sequences. Sensible real-time assessment of the seismic hazard during 
future earthquake sequences in California should take into account relevant regional factors, 
including proximity to stressed fault segments, fault complications or gaps, and possible 
regional limitation of the maximum possible earthquake size, in conjunction with the 
probabilities obtained from our model. 

In the Loma Prieta sequence we found that regularly released short-term forecasts of 
expected aftershock activity were useful in meeting the high public demand for earthquake 
hazard information after a strong earthquake. We also saw that the press and public can 
easily misunderstand a probabilistic forecast; such public statements should be simple, 
clear and consistent. Overall, however, we feel that our use of model probabilites to 
forecast the continuing earthquake hazard after the Loma Prieta earthquake was generally 
understood and widely accepted by the public, the press, and other government agencies. 

2. Aftershock probability forecasts: accuracy. 

A technical comment by P. A. Rydelek criticising some aspects of our aftershock 
probability model was published in Science  19 January, 1990. Rydelek's main criticism 
concerned the formal uncertainties associated with the generic probability model. Because 
the a priori  parameter distributions are fairly broad, he argued, the uncertainties in the 
model results are unacceptably high for use as a forecasting tool. Lucy Jones and I stated 
in our original report in Science  that the initial uncertainty was high and decrea.sed rampidly 
with time after the mainshock, but we did not have space there to give the uncertainties. 



In response to Rydelek, Mark Matthews and I performed a Monte Carlo experiment to 
determine the model uncertainties both for the generic model and for the posterior values 
at varying times after the mainshock. The result contained no surprises, and confirmed 
that the uncertainties in interval probabilities for the generic model begin large and repidly 
decrease. For example, immediately after a M7 earthquake, the generic model probability 
of a M >_ 6 aftershock in the first week is 0.23, and the 311 SD range is (0.07,0.59). The 
uncertainties drop precipitously with time due to the inclusion of aftershock data that 
helps define the model. After 1 day, the 1-week (M > 6) probability and f 1 SD range is 
0.05 (0.034, 0.075). At 3 days after the mainshock, the corresponding result and f 1 SD 
range is 0.021 (0.015, 0.029). 

3. Velocity structure of the San Andreas fault 

The simultaneous inversion method for hypocentral and 3D velocity parameters that 
was developed to study the Coalinga area was applied to the Coast Ranges/Great Valley 
margin and the San Andreas fault (SAF). We have obtained a 3-D velocity model for 
the area surrounding the Parkfield segment of the San Andreas fault, which has been the 
site of five characteristic magnitude 6 earthquakes, and is the location of a M 6 event 
expected in the next few years. 100 km northwest of Parkfield the October 17, 1989, 
Ms7.1 Loma Prieta earthquake occurred in the southern Santa Cruz Mountains along 
another (previously) locked segment of the SAF. The Loma Prieta surface geology and 
fault traces are complex, suggesting that to fully understand the sequence we need to 
image the subsurface geology. 

In the Parkfield study, the San Andreas fault is the primary feature in the velocity 
solution. The hypocenters follow the mapped fault trace except through the bend where 
the seismicity does not bend as sharply as the fault trace. Particularly in the 5- to 10- 
krn depth interval, there is a strong lateral velocity gradient that follows the SAF trace 
through Parkfield and its bend into the Cholame Valley. Northeast of the fault velocities 
too low for typical Coast Range Franciscan rock are shown in the 3-D model below 4 to 
5-km depth for a large area 50-km long and 10- to 15-km wide. In the shallower material 
there are two high-velocity features. The larger one, located on the northeast side of the 
fault near the bend, is a 10- to 20-km-long high-velocity body extending southeast from 
Gold Hill. The other is in the Salinian terrane southwest of Middle Mountain. 

Preliminary 3D inversion results show that the velocity along the Loma Prieta segment 
is higher on the northeast side above 9 km and on the southwest side below this depth. 
Both the aftershock hypocenters and the velocity model show that the SAF changes from 
a southwest-dipping feature along the Loma Prieta segment to a vertical feature in the 
creeping section of the fault to the southeast. The across-fault velocity variation in the 
creeping section is also much simpler, with the southwest side having higher velocity at all 
depths . 

The Loma Prieta velocity model can be compared to a resistivity model computed 
from a magnetotelluric sounding profile across the SAF. Between the San Andreas and 
Zayante faults a low-resistivity, low-velocity wedge is observed and is interpreted to 
be largely Tertiary marine sedimentary rocks. Between the SAF and the sub-parallel 
Sargent fault there is a roughly 20-km-long zone that shows high velocity and high 



resistivity and may represent largely mafic intrusive rocks. The strong agreement between 
independently developed velocity and resistivity models suggests that the combined use 
of magnetotelluric surveys and velocity inversions using local sources can be an important 
tool in understanding geologic structure along major faults. 

Along both the Parkfield and Loma Prieta fault segments distinctive velocity 
variations are associated with variations in the seismicity and fault behavior. This suggests 
that the 3D velocity models are imaging fault zone heterogeneity that controls the rupture 
process. 
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Investigations: 
1. Real-time monitoring and processing of water level data  from Parkfield, Cali- 
fornia as part of the Parkfield Prediction Experiment. Real-time monitoring of 
water level data  from two sites near Palmdale, California. Water level data  are 
processed in real time t o  remove tidal and barometric fluctuations, and the pro- 
cessed data  are automatically screened for anomaIous signals. A beeper monitor- 
ing system provides 24 hour a day automatic notification of water level anomalies. 

2. Analysis of water level records and development of theoretical solutions t o  
study response to fault creep, seismic waves, and barometric pressure. Searching 
of water level data for changes that  may be related t o  t o  the earthquake genera- 
tion process. 

Results: 
1. In cooperation with the USGS Water Resources Division, water level data  from 
a network of 12 sites near Parkfield, California were collected throughout the 
reporting period. Water level data  were also collected from two sites in the 
Mojave Desert. Site locations are shown in Figures l a  and l b ,  and Raw water 
level, barometric pressure, and rainfall data  are shown in Figures 2a-f. 

2. Preliminary analysis of water level changes at  Parkfield due t o  the Loma 
Prieta earthquake showed tha t  the water level changes were, in general, too large 
to be explained either by the strain field of the earthquake or by the subsidiary 
strain field produced by triggered coseismic creep on the Parkfield segment of the 
San Andreas fault. 

Reports: 
No reports were produced during this reporting period. 



Figure I. (a) Map showing water wells near Parkfield California, monitored as 
part of the Parkfield Earthquake Prediction Experiment. 



Figure 1. (b) Map showing wells HV and CJ  near the Mojave segment of the San 
Andreas fault. 
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Figure 2. (a) Water level, barometric pressure, and rainfall records. Hourly values 
are plotted for water level and barometric pressure. Water level is in centimeters 
above an  arbitrary datum. Barometric pressure is in centimeters of water with 
respect t o  an arbitrary datum. Bars indicate total rainfall in a 24 hour period. 
Site names are indicated a t  right. 
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Figure 2. (b)  Water level records plotted as in Figure 2(a). 
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Figure 2. (c) Water level records plotted as in Figure 2(a). 
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Figure 2. (d) Water  level records plotted as in Figure 2(a). 



Figure 2. (e) Water level records plotted as in Figure '~(a).  
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Figure 2. (f) Water level, rainfall, and barometer records plotted as in Figure 
2(a>- 
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Objectives 

Understanding the mechanism by which slip is transmitted from depth to 
the surface and along the strike of the fault from freely slipping to locked 
zones is of great importance for understanding the earthquake process and 
for possibly anticipating damaging events. A major impediment to more 
accurate and realistic analyses has been the difficulty of making 
calculations for three dimensional cracked bodies. We are doing three- 
dimensional analysis of slip zones (cracks) in an elastic half-space to 
determine stresses and surface deformations due to the advance of shear 
faults into locked, or more resistant, portions of the shallow crust. The 
goal of these studies is to understand three-dimensional geometric effects 
on the intensity of stressing near the edges of slip zones. Ultimately, we 
hope to develop theoretical models for the advance of slip zones into and 
around slip resistant portions of the fault, focussing particularly on the 
effects of nonuniformities in the advancing slip front. 

Results 

We are using the method of Lee et al. [1987], developed to 
analyze cracks in bimaterials. The method uses the integral representation 
for a distribution of body force and the elasticity solution for a point 
force near a bimaterial interface (free surface in the present application). 
The problem is then reduced to the solution of an integral equation for the 
unknown crack surface displacements over the two dimensional surface of the 
crack. Because the method uses the exact asymptotic form of the 
displacement field near the edge of the crack in discretizing the kernel of 
the integral equation, the results are accurate. In particular, we 
calculate the stress intensity factors (coefficients of the singular stress 
field at the edge of the slip zone) and energy release rate (per unit area 
of slip zone advance). 

An auxiliary program uses the slip surface displacements to calculate 
displacements at the free surface since these are the quantities that are 
most easily observed. The method uses convolution of the displacements 
calculated for the slip surface with the Green's function for a unit point 



dislocation in a half space. The latter is calculated from Mindlin's 
solution for a point force in a half-space. 

The effect of the free surface has been examined by comparing the 
computed stress intensity factors and energy release rates for various 
geometries, loadings and depths with those for shear cracks in infinite 
bodies. Two features are evident from this comparison. First, if the 
distance from the free surface to the fault center is greater than the 
vertical or downdip length of the fault, the difference between results for 
the half-space and for the full space are less than 10%. Second, for 
inclined faults near the free surface shear slip and relative normal 
displacement are coupled. More specifically, if the normal stress change on 
the fault is assumed to be zero, reverse dip-slip faults tend to 
interpenetrate and normal dip-slip faults tend to open. This effect has 
been noted previously in two-dimensional problems by Dmowska and Kostrov 
[I9731 and has been discussed by Dmowska and Rice [1986]. 

As an application of these results, we have re-examined coseismic 
geodetic data from three earthquakes: 1966 Parkfield, 1983 Borah Peak and 
1987 Whittier Narrows. The geometries inferred for these events are similar 
to those obtained by others. In constrast to models in which the slip is 
prescribed (kinematic models), our approach constrains the stress drop 
directly, by adjusting it to fit the observations, and determines the moment 
from the calculated slip distribution. In addition, we are able to 
calculate the energy release rate. If the slip zone is assume to propagate 
according to the critieria that the energy release rate equals a critical 
value, then the comparison with observations yields an estimate for the 
critical energy release rate at the termination of rupture. 

The Whittier Narrows event is modeled as dip-slip of an inclined 
circular crack embedded in an elastic half-space. The shear stress drop is 
applied in the reverse sense. For the best model, which matches well the 
uplift data reported by Lin and Stein [I9891 and is consistent with the 
aftershock locations, the radius is 3.0 km, the depth of the fault center is 
14.2 km and the dip angle is 40 degrees. The total rms misfit is 5.8 mm, 
slightly larger than the rms pure error (4.9 mm). The stress drop and 

moment determined for the preferred model are 16 MPa and dyn cm, 
respectively. These values differ by less than 10% from the results of Lin 
and Stein. The energy release rate is approximately constant along the 
fault front and is essentially identical to that for a slip zone of the same 
size and stress drop in an infinite body. The value is approximately 2.0 x 

lo8 ~ / m - ~ .  

The coseismic line length changes for the 1966 Parkfield earthquake 
[King et al., 19871 are modeled using a vertical elliptical shear crack 
embedded in an elastic half-space. The shear stress drop is applied along 
the strike direction. The top, bottom and horizontal extent of the 
preferred model are 1.75, 15.75 and 50 km respectively. Although the area 
of the model fault plane is moderately larger than the region defined by the 



aftershocks, the mean misfit to the data is significantly smaller (by 20%) 
than for models having slip areas much less than the aftershock region. The 
mean misfit of the preferred model is 21.4 mm which is lower than the 
average standard deviation of the data (22.5 mm). 

The stress drop and moment determined are about 1.43 MPa and 7.2 x 10 2 5 

dyn cm, respectively. Our estimated moment is larger than the 4.1 x 10 
2 5 

dyn cm obtained by King et al. [I9871 using the dislocation approach and the 

0.9-2.1 x dyn cm inferred from surface waves by Tsai and Aki [1969]. 
The maximum energy release rate occurs near the top of the slip zone and is 

estimated to be approximately 1.5 x lo6 J m-2. This value is consistent 
6 with the 0.8 x 10 J m-2 estimated by Aki 119781 as corresponding to arrest 

of this earthquake. 

For the 1983 Borah Peak event, we use a dip-slip crack model to study 
the coseismic surface deformation. Because Borah Peak is a surface breaking 
event, the dip-slip zone is approximated by a semi-elliptical geometry. The 

strike (150~) and inclination (50') of our best model are similar to those 
of Barrientos et al. [1987], but the surface center of the slip zone is 3 km 
SE of theirs. The horizontal extension of 36 km and width along dip of 18.5 
km for our model are larger than but close to those (26 km and 18 km) for 
their best model. A normal dip-slip is required over the surface of the 
fault. 

Overall, the predicted values roughly match the observations but the 
rms error of the fit to data is large, about 70 mm, six times the rms pure 
error. Comparison of the predicted and observed values suggests that the 
assumption of uniform stress drop needs to be relaxed in order to improve 
the fit to the data. The stress drop and moment determined by our best 

2 6 model are 1.8 MPa and 2.4 x 10 dyn cm, respectively, smaller than the 3.0 

MPa and 2.9 x dyn cm inferred by Barrientos et al. using a single plane 
model (No stress drop and moment values were reported for their two plane 
model). The maximum energy release rate occurs where the slip zone breaks -- 

6 - 2 the earth's surface and is estimated to be 1.2 x 10 J m . 

Because this event breaks the surface, there is a strong coupling 
between slip and normal relative displacement. When the normal stress 
change on the fault surface is specified to be zero, a mode I stress 
intensity factor K is induced that has a maximum value slightly exceeding I 
the larger of KII and KIII. If the normal relative displacement is required 

to be zero, the maximum tensile stress required to close the crack is about 
110% of the applied shear stress drop. Surprisingly, a small compressive 
stress (about 7% of the applied shear) is required on the deepest portions 



of the fault. ApparenCly, this occurs because closure of the crack near the 
surface tends to cause the deeper portions ~o interpenetrate. 
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Ob j ec t ive 

Properly calibrated water wells can function as inexpensive and 
sensitive strainmeters. Solutions predicting water well level changes due 
to slip are needed to infer fault slip history and distribution from 
observed water well level changes. Recent solutions for pore pressure 
changes induced by fault slip have demonstrated that the coupling between 
deformation and pore fluid diffusion can strongly affect the response of the 
well to slip, particularly if the well is close to the fault, and, 
consequently, the inference of fault slip from water well level changes. 
The objective of this study is to assess effects of coupling between 
deformation and diffusion on the inference of fault slip from observed water 
well level changes and to include these effects in the analysis of observed 
water well level changes at Parkfield. 

Results 

We have been using the model of Rudnicki and Hsu [I9881 to investigate 
coupled deformation - diffusion effects in ten creep-related water level 
changes observed since January, 1987 in the well at Middle Mountain near 
Parkfield. Because the original calculations of Rudnicki and Hsu assume a 
ramp time function for the introduction of slip, we have modified the 
calculations to include an exponential time function and a slip function 
suggested by Wesson [I9881 as a good model of near-surface creep. The 
latter appears to describe well the observed creep near Middle Mountain. 

Preliminary comparisons of the calculated water level changes with 
those observed suggest that the coupling between deformation and diffusion 
plays a limited role in these observations. There appear to be at least two 
reasons for this. The first is that the rise times of the slip events are 
very short. Thus, as indicated by the analysis of Rudnicki and Hsu [1988], 
even though the Middle Mountain well is quite close to the fault (460 m), 
the response approaches that of an ordinary elastic solid with the undrained 
constants. Furthermore, for some events, the observed water level changes 
are sharper (shorter rise time) than the slip. This cannot be explained by 
simple coupling of deformation and diffusion, but could occur because of 
differences in the slip at depth and at the surface. 



A second reason for the discrepancy between calculations and 
observations is that decay of the water well change appears to be dominated 
by vertical flow to the free surface. Because the coupled-deformation 
diffusion solutions are for infinite bodies, this effect is not included. 
Consequently, we are concentrating on attempting to determine the portion of 
the decay in the deep segment of the well [Roeloffs et al., 19891 that can 
be attributed to deformation coupled with horizontal flow. 
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Objective 

Surface  deformation due t o  s l i p  i n  t he  e a r t h ' s  c r u s t  i s  t y p i c a l l y  
i n t e r p r e t e d  us ing  t h e  well-known d i s l o c a t i o n  method. Here, we employ an 
a l t e r n a t i v e  approach i n  which s l i p  regions a r e  approximated by p l ana r  zones 
of  p r e s c r i b e d  s t r e s s  drop ( r a t h e r  than  r e l a t i v e  d isp lacement ,  i . e . ,  
d i s l o c a t i o n ) .  By apply ing  t h i s  approach t o  t h e  observed coseismic geodet ic  
d a t a  a s s o c i a t e d  wi th  the  1989 Lorna P r i e t a ,  C a l i f o r n i a ,  ear thquake ,  we a r e  
a b l e  t o  o b t a i n  e s t i m a t e s  f o r  t he  s l i p  induced s t r e s s  drop and moment, and 
t h e  c r i t i c a l  energy r e l e a s e  r a t e  a t  the  te rmina t ion  of r u p t u r e .  

Results 

The Loma P r i e t a  event  i s  modeled a s  shea r  s l i p  of an  i n c l i n e d  
e l l i p t i c a l  c rack  embedded i n  an e l a s t i c  h a l f - s p a c e .  The shear  s t r e s s  drop 
i s  assumed t o  be  uniform wi th  a  component AT along t h e  s t r i k e  and a  

s 
component A7 along t h e  d i p  d i r e c t i o n  of t he  f a u l t .  The r e s u l t i n g  s l i p  i s  

d  
c a l c u l a t e d  us ing  t h e  method of Lee e t  a l .  [ 1987] .  Normal r e l a t i v e  
displacement  over t he  f a u l t  p l a n e ,  which tends  t o  occur because of t he  f r e e  
s u r f a c e ,  i s  cons t r a ined  t o  be z e r o .  A f a i r l y  l a r g e  s e t  of  forward searches  
was performed t o  f i n d  t h e  model parameters  t h a t  g ive  a  b e s t  f i t  t o  t h e  
observed coseismic geode t i c  d a t a  [ P r e s c o t t ,  personal  communication, 19901 
s u b j e c t  t o  t h e  c o n s t r a i n t  t h a t  t he  f a u l t  geometry ag rees  roughly wi th  the  
a f t e r s h o c k  l o c a t i o n s  [USGS s t a f f ,  19901. 

Except f o r  two l i n e s  l p l  - lp2  and l p l  - brush 2 ,  most of t he  d a t a  a r e  
c o n s i s t e n t  wi th  a  r i g h t - l a t e r a l  s l i p .  I n  a d d i t i o n ,  a r e v e r s e  d i p  s l i p  is  
r e q u i r e d .  The f i t  of t he  p r e f e r r e d  model t o  the  geode t i c  d a t a  wi thout  these  
two l i n e s  i s  provided i n  Table 1 .  The mean m i s f i t  i s  57 mm. The mean 
m i s f i t  t o  a l l  d a t a  ( i n c l u d i n g  l p l  - lp2 and l p l  - brush  2 )  i s  91 mm, 40% 
l a r g e r  than f o r  t he  case  exc luding  these  two l i n e s .  We suspec t  t h a t  t hese  
two l i n e s  a r e  a f f e c t e d  by l o c a l  s u r f a c e  c racking  and they  a r e  neg lec t ed  i n  

0 
t h i s  s tudy .  The s u r f a c e  c e n t e r  of  the  b e s t  model i s  a t  x = 1 2 1  48' 30" 

long i tude  and y  = 37' 3 '  10" l a t i t u d e ,  about 5 km e a s t  o f  t h e  main shock 
l o c a t i o n .  The i n c l i n a t i o n  angle  (downdip), the  depth  of t he  f a u l t  c e n t e r ,  

t h e  f a u l t  l e n g t h ,  and t h e  f a u l t  width a r e  about 72O, 11 km, 55 km, and 20 
km, r e s p e c t i v e l y .  The shear  s t r e s s  drops determined by minimizing the  
d i f f e r e n c e  between t h e  observed and p red ic t ed  s u r f a c e  deformation a r e  AT = 

S 



1.1 MPa and Ard - 1.4 MPa. The calculated geodetic moment is 2.5 x 1019 Nm 
The maximum energy release rate (energy released per unit area of fault 

advance) occurs near the top of the fault and is estimated to be 5.5 x 10 6 

- 2 
Jm . If it is assumed that the slip propagated according to the criterion 
that the energy release rate is equal to a critical value, then the 
estimated value is the critical energy release rate corresponding to arrest 
of the earthquake. The slip over the fault surface is distributed 
approximately elliptically . The average slips in the strike and (reverse) 

dip directions are [i ] = 1.0 m and [c ] = 0.8 m, respectively. 
s d 

The geodetic moment, the dipping angle, and the ratio between strike 

and dip slip are very close to those (3.5 x 10'' Nm, 70°, and 1.3) reported 
by Savage (cited by McNally et al. [1989]). The magnitudes of our strike 
and dip slip are smaller than Savage's (1.7 m and 1.3 m) because our best 
model prefers a fault geometry having a larger area. If we use the geometry 
suggested by Savage, the mean misfit to data is increased to be 84 mm. The 
mean misfit to all data for this geometry is 99 mm. 
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Table 1. Fit of Model to Geodetic Data 

STATION - STATION Observed Calculated Re s i dual 
(mm> (mm> (m> 

Line Length Changes - 

amer ican 
biel 
fair 
llagas 
allison 
eagle rk 
hamilton 
IP 1 
IPl 
IP 1 
~4 
P5 
P 5 
P5 
hat crk 
mo j ave 
IPl 
IPl 
IP 1 

loma use 
loma use 
IPl 
IPl 
loma use 
loma use 
loma use 
vargo 
lP4 
Pr 6 
P 5 
chamb 6 
chamb 2 
P6 
brush 2 
brush 2 
allison 
eagle rk 
hamil ton 

Relative Elevation Changes 

IP 1 allison 
IP 1 eagle rk 
IPl hamil ton 
IP 1 brush 2 

Total Mean Misfit - - - - - - -  ( rms) = 5 7 . 0  mm 

Observed Changes are given with the conventions: Post-Seismic value - 
Preseismic value, and Station B - Station A. 
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INVESTIGATIONS 

We continuously monitor soil hydrogen at 1.5 m depth along the San 
Andreas and Calaveras faults in central California. There are 4 telemetered 
monitoring sites in the Hollister area, and 7 sites in the Parkfield area 
(Fig. 1 )  Five sites in the Parkfield area are now equipped with duplicate 
sensors installed 17 m apart. 

We also continuously monitor water conductivity, dissolved C02, and dis- 
solved H2 of pumped water from two wells, one drilled into the San Andreas 
fault zone and the other about 500 m from the fault (filled triangles in Fig. 
1) 

RESULTS 

Soil Hydrogen 

1. Hollister Area 

Telemetered data from 4 sites (Shore Road, San Juan Bautista, Cienega 
Winery, Melendy Ranch) are shown in Fig. 2. There are no duplicate sensors at 
these sites. During the semi-annual maintenance visit in mid-November, two 
sites were found to be malfunctioning. 

The sensor at San Juan Bautista site, which was refurbished in June 1989 
and recorded distinct precursory changes prior to the Los Gatos earthquake of 
8/08/89 (NEHRP Tech. Rpts, XXIX, p.226), was destroyed in late August by 
modernized farming operation that tilled the ground much deeper than in 
previous 7 years. The sensor was repaired and relocated to a safer location 
on 11/15. There was an abrupt decrease on 2/17. 

Cienega Winery site was planned to be renovated in November upon the 
completion of the sensor duplication work in the Parkfield area. The old 
sensor was not equipped with an in-situ feeder for the calibration gas, and 
could not be tested in situ. It was rebuilt and installed with a feeder on 
11/20. This site had a 100-ppm peak followed by a complex changes between 
2/04 and 3/17. 

Melendy Ranch site recorded pronounced increase in diurnal changes in 
mid-September and a very brief (2 hours) but moderately large (600 ppm) peak 
on 10/10/89, 8 days prior to the Loma Prieta earthquake. This site recorded 
an abrupt increase in H activity on 1/19/89 after a 6-month period of 
quiescence (Fig. 3). ~ 2 e  H2 changes subsided by mid-November. If H2 



anomalies, which are not generally coincident to meteorological factors except 
for diurnal emission (much data available on request), are considered to be 
intermediate-term tectonic precursors, the recorded changes may be recognized 
as precursory to the Loma Prieta earthquake. The lack of supporting data from 
San Juan Bautista and Cienega Winery make the correlation less pursuasive, 
though the latter sites were proven to be malfunctioning at the crucial 
time. A 50-ppm peak was recorded at Melendy Ranch on 1/15. 

2. Parkfield Area 

Telemetered data from 7 sites (12 sensors) are shown in Figs. 4A (Slack 
Canyon, Middle Mountain, Parkfield), 48 (Work Ranch, Gold Hill), and 4C 
(Taylor Ranch, Twisselman Ranch, and rain data from Vineyard Canyon). 

Slack Canyon had a 200-ppm peak in mid-January, and small complex changes 
between 2/17 and 2/25. A sharp decrease occurred on 3/26, which returned to 
the baseline by 3/28. 

Middle Mountain #1 started showing an increased diurnal emission on 
3/18. The increase continues to April as shown in the figure. The second 
sensor started showing a steady drift to more negative voltages for an unknown 
cause. An instumental cause is strongly suspected. The data for this sensor 
is not shown in Fig. 4A. 

Parkfield #1 started showing increased diurnal emission on 12/24. The 
increase continues to April, though it is not monotonous. Parkfield #2 seems 
to be suffering from an electronic problem since 12/23, although we had 
suspected failure of the voltage regulator. 

Work Ranch site showed distinct Hz activity on 3/19/90 for the first time 
since the installation of this site in May 1986. At least 6 sharp peaks up to 
250 ppm Hz were recorded concurrently by both sensors between 3/19 and 3/26, 
although air-zinc battery started expiring on 3/24, disrupting the records 
(Fig. 4B, also see Fig. 5 for details). Upon replacing the battery on 3/29, 
it became clear that diurnal emission definitely started at this site. 

Gold Hill site, which had become dormant in the spring of 1989 after one 
and a half years of large changes, started showing increased diurnal emission 
almost constantly since mid-December. Even the baseline started to go up in 
early Aparil. 

Taylor Ranch site was off power prior to 11/16. Taylor Ranch #1 recorded a 
complex pattern (Fig. 4C), which resembles that of dissolved Hz monitored at 
Miller Ranch (Fig. 7). Taylor Ranch #2 seems to be reversely connected 
somewhere. When the data are inversely plotted (Fig. 4C), the data shows a 
general match with that of #l. The sensitivity of #2 is very low. The #2 
sensor system will be scrutinized in the next visit. 

Twisselman Ranch site had a loose solar panel connection and the battery 
went dead in early October. We resoldered the connection and replaced the 
battery in mid-November. Diurnal emission began increasing at this site in 
late March like other sites in the Parkfield area. 



The duplicatability of soil hydrogen pattern at 50-feet separation was 
we19 demonstrated at Work Ranch and Gold Hill (Fig. 5). Although there were 
some differences in absolute values, the patterns were beautifully 
duplicated. Parkfield #2 and Middle Mountain #2 are suffering from diurnal 
changes of the sjgnal due to solar-power supply voltage fluctuations (voltage 
regulator not functioning), which are larger than the true diurnal emission 
signal of the sensor. 

Dupliation of H2 pattern does not seem to be limited t~ a distance of 50 
fe2t. In Fig. 6, dissolved H2 in pumped water at Miller Ranch, soil H based 
on solar-panel operation (sensor #I  with functioning voltage regulator? at 
Parkfield, and soil H2 based on power-line operation at Taylor Ranch are 
compared for a period of no rain (3/Q5 -4/01). Barometric pressure recorded 
at Middle Mountain is also shown, There seem to be a general resemblance of 
the H pattern among the three adjacent sites, and the general pattern is not 
clear ? y correlatable to barometric pressure changes. Furthermore, there 
appears to be a general trend of increassing hydrogen emission throughout the 
Parkfield area at the end of thSs reporting period. 

Water Geochemistry 

1. Miller Ran& 

Water conductivity, dissolved 60 , and dissolved H data recorded at this 
s i t e  are shown in f i g .  7. ~onductivify showed an abrupt decrease of about 400 
micro-Siemens on 10/18/89, 10 minutes after the Lorna Prieta earthquake. It 
returned to the nornlal level by 12/01. Dissolved C02 was high immediately 
after the servicing on 11/17, but  it decreased irregularly until 1/08/90 and 
then settled on the pre-service baseline. So far we have not been able to 
determine the cause for the behavior. An instrumental problem is strongly 
suspected. Dissolved H2 did not show abrupt changes. Its pattern resembled 
those of soil H2 recorded by Parkfield $1 and Taylor Ranch #I. 

2. Taylor Ranch 

The recorded data are shown in Fig. 8. Because of breakdown of metering 
pump on 8/02/89, the power for the monitoring system was turned off by local 
personnel prior t o  the maintenance service performed on 11/16. The system 
worked well until 1/22/90, when the main pump stopped due to the area-wide 
power failure. This produced a domino effect on the metering pump, which 
subsequently f a i l e d  due to the clogging of the bubbler by iron oxides in the 
stagnant degassing chamber. A design modification to avoid the problem will 
be made in the next maintenance visit. 



HYDROGEN MONITORS 
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( F i g .  1)  L o c a t i o n  map f o r  the hydrogen  m o n i t o r i n g  s i tes  i n  c e n t r a l  C a l i -  

f o r n i a .  The s i t e s  marked w i t h  f i l l e d  t r i a n g l e s  a l s o  h a v e  o t h e r  
m o n i t o r s  f o r  pumped w a t e r .  
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Investigations 

Our research in the last six months has focused on developing quantitative methods 
for analyzing shear-wave polarizations, applying these techniques to data from three- 
component seismic arrays, and evaluating recent claims that temporal changes in 
polarizations caused by shear-wave splitting may be useful in predicting earthquakes. 
Results of this work are described in detail i n  Aster e.t al. (JGR, in press, 1990), a brief 
summary follows. 

Results 

Several recent studies have claimed to observe temporal changes in shear-wave 
splitting delay times as seen by three-component recordings of local earthquakes (e.g., 
Peacock et al., JGR 93, 3339-3356, 1988), and in some cases a correlation has been 
claimed between these changes and earthquake occurrence (e.g., Crampin et al., JGR, in 
press, 1990). The observational evidence for temporal changes in shear-wave splitting is 
based on the picking by eye of the shear-wave amval and the onset of non-linear motion 
from polarization plots in the horizontal plane. This procedure, while suitable for 
preliminary observations, has several significant drawbacks: (1) the measurements are 
subject to possible subjectivity and observer bias, (2) measurements are time consuming 
for large data sets, (3) error bounds are lacking, and (4) motion out of the horizontal plane 
is not considered. In order to address these difficulties, we have developed quantitative 
methods for objectively measuring the polarization of three-component records, and have 
applied these techniques to the problem of estimating the degree and direction of 
polarization and the duration of the linearity interval for three-component recordings of 
local earthquakes. 

We used these methods to examine hundreds of seismograms from the Anza Seismic 
Network in southern California. Our analysis shows that initial shear-wave polarizations at 
several Anza stations are aligned, regardless of the azimuth of the event. In order to test 
whether this might be a source effect, we calculated the S-wave polarizations predicted at 
individual stations using focal mechanisms obtained from P-wave polarity data. A 
comparison between these predicted polarizations and those actually observed (Fig. 1) 
shows that the alignment in the S-wave polarizations is not a source effect, and is most 
likely caused by shallow crustal anisotropy. 

Plots of linearity interval vs. time show a great deal of scatter with no clear long term 
trends (Fig. 2). No evidence is found to support the assertion of Crampin et al. that 
temporal changes in shear-wave splitting delay time at station KNW are correlated with the 
occurrence of the North Palm Springs earthquake. A striking feature of these plots is the 
large amount of scatter in the observed linearity intervals. A simple model of shear-wave 
splitting due to an aqisotropic layer beneath the stations cannot explain this scatter since it 



would predict nearly constant linearity intervals (i.e. shear-wave splitting delay times) for 
the data at each station. We believe that near-receiver scattering is the source of the 
variations in the observed linearity intervals, and that this scattering severely limits the 
accuracy with which shear-wave splitting delay times can be measured at these surface 
sites. We were able to identify a slight correlation between our measured linearity intervals 
and earthquake moment, presumably reflecting the longer source time functions for the 
larger events. 

Much of the scatter in these measurements which is not associated with moment is 
probably due to path and source mechanism variations. In an attempt to find a subset of the 
data which might contain earthquakes with more repeatable properties, we searched the 
KNW seismograms for events with nearly identical waveforms. The similarity criteria 
used wds C3rnax, the maximum of the three-component circular cross-correlation function. 
We have identified 22 event pairs that were separated in time by more than 30 days and had 
values of C3rna of 0.8 or better. Although these seismograms are not exact wiggle-for- 
wiggle duplicates (Fig. 3), they have higher values of C3rnax than 99% of all seismogram 
pairs considered and are the best available examples of repeated shear-wave sources 
recorded at KNW. Due to the waveform similarity in these seismogram pairs, we were 
able to use cross-correlation techniques for these events to obtain accurate measures of 
possible temporal variations in waveforms. In particular, we examined the possibility of 
time shifts between waveforms in the "slow" horizontal direction (H2) relative to 
waveforms in the "fast" horizontal direction (Hi) which might be influenced by temporal 
variations in the shear-wave splitting delay time. To within 1 sample (0.004 s), however, 
the best lags for the H;! and Hl components are in agreement for all pairs, even those 
separated in time by more than 5 years. This result argues strongly for stability of the earth 
response over this approximately 7 year period. By extension, the large scatter in linearity 
times at KNW for the complete data set (Figure 2) must be due to source and ray path 
differences between earthquakes rather than to temporal changes in material properties 
along ray paths. 
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Figure 1. Initial shear-wave panicle motion directions predicted from focal mechanism 
analysis (left) compared with those actually observed (right) for station KNW. Only the 
horizontal components are considered in these plots. The predicted alignments were 
obtained by ray tracing allowed source polarizations to the station for each earthquake. The 
plots at the right depict vector linearities obtained from 20 samples of the initial shear-wave 
arrival for each event. Notice that the observed alignments are not predicted by the 
scattered orientations obtained from the focal mechanisms. 
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Figure 2. Linearity interval vs. time for events within the 45" shear-wave window for 
four Anza stations. The time of the North Palm Springs earthquake is indicated. Notice 
the large scatter in these times and the lack of any clear temporal trends. 



Figure 3. 74 samples (0.296 s) of the shear wave seismogram for similar pairs of events 
recorded at KNW. All traces have been aligned on the maximum of the 3-component 
cross-correlation function. Note that there are no large changes in the character of the 
waveforms or time shifts of the components for these pairs, which are separated by up to 
approximately 5.5 years. 
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This grant supports work on the design and construction of a long baselength tiltmeter intended 
for use in crustal deformation studies, and for the monitoring and evaluation of this instrument 
against existing systems at P3on Flat Observatory (F'FO). For long-base tiltmeters to be useful 
in crustal deformation measurement, they must be exceptionally stable, engineered for general 
use, and suitable for installation in a wide variety of locations. For the past few years we have 
been working toward these ends with much of the emphasis on design and testing of the equip 
ment. We recently completed construction of a new 550-m instrument which fulfills most of 
these wants. 

Figure 1 presents data collected from the new north-south tiltmeter - from the first day 
of operation to the present. (Our target date for instrument completion had been January 1, 
1990; a date we missed by a mere month.) Owing to continued work on the instrument vaults 
this record is gappy, but none-the-less tells an interesting story. The long-term tilt rate, at 0.35 
prad/yr down to the south, is some three times larger than the tilt observed by the perpendicu- 
lar long-base tiltmeters at the site, and so roughly equal to the maximum deformation rates 
expected directly over an active fault, slipping at depth. This may be real, as it generally 
matches the ground slope across Pinyon Flat. An important virtue of the new generation of 
deformation monitors - to some degree offsetting their cost and the effort involved in con- 
structing them - is the immediate constraint they provide on the rate of secular deformation. 
Even over longer baselines, say 10 krn, it would take many years of leveling to get similar 
results, and for GPS measurements it would take longer still. 

It is possible that the magnitude of the observed signal is instrumental in origin. At this 
stage, the most likely source of error is from the optical-fiber anchoring system used to meas- 
ure and correct for end-monument instability. So far the total deformation we have observed 
amounts to no more than 50 pn of differential motion, and all anchoring schemes must be 
viewed with suspicion at this level, at least until they have been given a chance to settle in. 
Because our optical-fiber anchoring system is a new technology we are especially uncertain of 
its quality. The redundancy of measurements at PFO provides us with a check on this. Secon- 
dary fibers are being monitored at the ends of the new instrument and will soon be edited and 
evaluated. Also, the north end of the new instrument shares a vault with an extension of the 
original east-west tiltmeter, allowing us to contraint its end-monument motion independently of 
the fiber measurements. Two other explanations for the larger-than-expected signal stem from 
the possibility that the tiltmeter's communicating fluid may not be in thermal equilibrium, 
because (1) so far only one end of the tiltmeter is air conditioned (though initial experiments 
indicate this is not a problem), and (2) we recently discovered that a remote section of the tilt- 
meter conduit is still unburied. Additional observations and further study should clarify the 
outstanding issues, and give us better confidence in the results. 
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This grant provides support for our collaborative studies with those investigators 
conducting research at Pifion Flat Observatory (PFO) under the auspices of the U.S. 
Geological Survey. The main purpose of this work is to evaluate instrumentation 
developed for the measurement of ground deformation, the idea being to simultane- 
ously operate a number of continuously recording sensors, and small geodetic arrays, 
and thereby to identify the merits and limitations of the various techniques. Good pro- 
gress has been made by evaluating the instruments in a common setting. 

Many research groups sponsored by the USGS NEHRP are currently active at the 
site. This report describes a few of these projects in detail. 

Tilts from Parallel Long-base Tiltmeters 
Particularly since its refurbishment in late 1987, Dr. John Beavan's 535-m 

Michelson-Gale water-tube tiltmeter has produced excellent data. The middle panel of 
Figure 1 shows the latest results. At this stage of its development this instrument runs 
nearly without maintenance, but is visited weekly for manual, absolute readings of the 
fluid height at the two ends. These observations are forwarded to Dr. Beavan, provid- 
ing him with an independent measure of the secular tilt, and the means to evaluate the 
long-term stability of the tiltmeter's sensors. The original UCSD long-baseline tilt- 
meter at PFO has continued to operate well, though with some recent perturbations 
caused by temperature changes in the end-vaults because of utility problems (Figure 1, 
middle panel). The top panel of Figure 1 presents the corrected UCSD tilt record 
since fall 1982, when the end-monuments for this instrument were anchored. 

Both long-base tiltmeters have shown remarkable stability. For the UCSD instru- 
ment, the long-term tilt rate is about 0.085 prad/yr down to the west. The most con- 
spicuous signal in this record is the large and long-lasting artifact produced when a 
115-m extension tube was added in late 1986. This extension contained fluid of a 
slightly different density and the very slow mixing of these two fluids caused a tran- 
sient "tilt" lasting nearly a year. Other variations are limited to amplitudes of roughly 
0.1 p a d  about the mean trend, and might very well be real. Further comparison with 
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the Lamont-Doherty instrument records will help clarify this (we have just completed 
editing all the data), but it is worth noting that both instruments showed the same high 
tilt rate (0.2 prad/yr) in 1985-1986 and now show a rate near zero (about 0.02 
p a d y r ) .  Of course the two 535-m long instruments, being separated by only 15 m, 
might be reacting to very localized effects, such as ground-water level changes, but we 
can test for this in a number of ways: the many well-level records at the site allow us 
to check for such correlations, the addition to the UCSD instrument of a 115-m-long 
extension (done in 1986) provides an independent measurement of EW tilt (albeit over 
a shorter baseline), and the NS instrument we have just completed should produce 
correlated records if the signals we are recording are due to broad scale deformation. 

We have examined the long-period tilt records for signals possibly related to the 
1986 North Palm Springs earthquake and the 1987 Superstition Hills earthquakes and 
do not find anything obvious. Figure 1 (upper panel) indicates the times of these 
events. On a much finer scale the permanent coseismic deformations associated with 
these earthquakes appear as large signals. Because even the coseismic signals are 
inconspicuous on Figure 1, we probably should not expect to detect any aseismic com- 
ponent for these events. In contrast, for nearby faulting on the San Jacinto and San 
Andreas faults, permanent coseismic tilts could amount to 10 prad, or five times the 
full range in the long-term tilt plot of Figure 1; this is the magnitude of the deforma- 
tion that we suspect has accumulated. 

The middle and bottom panels of Figure 1 indicate just how well the LDGO and 
UCSD tiltmeters are currently tracking. Outside of a small cycle-per-year component 
in the LDGO instrument these sensors appear to have reached the same level of perfor- 
mance; the annual cycle is, we suspect, caused by the LDGO instrument vaults not 
being air-conditioned, as the UCSD vaults are. This annual cycle was not so evident 
in the earliest records from the LDGO instrument, perhaps because of the initial gappi- 
ness of the data; now that we are aware of it, we will be examining the records from 
all parts of this, including the hydraulic ties to the UCSD instrument, to isolate the 
source of this noise. 

Deep Borehole Tiltmeters 

The two -30-m-deep borehole tiltmeters run by Dr. Judah Levine and Mary Holt 
(in boreholes BOA and BOB) functioned well from their installation in early 1986 
until November 1987, when a lightning strike destroyed their electronics (and almost 
all other electronics in the immediate area). Two new sensors were reinstalled in late 
spring 1988, with one of these needing further replacement in the spring of 1989. Fig- 
ure 2 presents the records from the first and second installations on the same time 
scale. The data from these installations and the Askania tiltmeter show a surprising 
scatter in their earth-tide response; the earth tides, being roughly the same amplitude as 
the anticipated annual crustal tilt signal near a fault zone, though of shorter period, 
give us an important "calibration" signal which is worth understanding fully. 

We also operate an Askania tiltmeter, lent to us by Dr. Walter Ziirn of the 
University of Karlsruhe. The instrument was first installed in late 1985 in a 25 m 



deep borehole (KUA), and produced excellent records until it was damaged by the 
lightning strike mentioned above. Figure 2 shows these results. With advice from Dr. 
Ziirn we were able to dismantle, repair, and reinstall this instrument; it was put back 
into borehole KUA in summer 1988. In the summer of 1989 we removed the instru- 
ment once again for more work on its electronics and cabling, and to prepare for the 
deep deployment. 

During 1987-1988 we drilled, cased, and grouted a deep borehole for this Askania 
tiltmeter. This deeper installation was planned to see how much improvement would 
be made by going into more solid material. Dr. Levine has made a parallel installa- 
tion, using a different sensor. Owing to a lack of funding for this JILA project in 
1989, along with other difficulties, instrument installation was not attempted until late 
1989. Our own progress on a deeper installation has been slower than we expected. 
We have however learned a number of lessons about such deep installations that 
should be useful for any future attempts to install deformation sensors (of whatever 
type) in cased holes. These lessons fall into two areas: instrument alignment and 
down-hole debris. The tiltmeter was aligned by having a "mulesh~e'~ at the bottom 
of the hole to guide the tiltmeter into a definite orientation; the orientation of this 
fixture is determined using a gyrocompass survey before the tiltrneter is put in the 
hole. In such a survey, the gyro is aimed at a known surface azimuth and uncaged; it 
retains this direction as the tool is lowered. At the bottom of the hole, the outer casing 
of the tool locks into the muleshoe, and a camera records the angle between this outer 
part and the gyro. In our final three measurements the scatter observed was a". But 
doing this turned out to be much more difficult than was expected; it required consid- 
erable technical expertise (3-4 weeks of effort). In the future we would have the 
whole survey done commercially rather than renting the tool. 

Our second lesson was that corrosion and scaling of the casing in a deep hole 
creates serious problems at its bottom. Lowering anything down the hole generates a 
substantial collection of debris at the bottom, as whatever is lowered scrapes against 
the inside of the casing, creating a shower of fine metal particles. Our bottom fixture 
was deliberately designed to have a large "sump" for debris to fall into; but even so, 
the deposits of dust on the bearing surfaces were too large to be acceptable. We there- 
fore had to design and build a series of downhole cleaning tools. Even now, both the 
Askania and JILA tiltmeters are showing residual signals whose character we attribute 
to the remaining layer of debris. (This was not a problem in the shallower holes, since 
their verticality can be much better and the casing's internal surface area is much less.) 

Gravity Changes 
With NSF and AFGL funding, Drs. G. Sasagawa and M. Zumberge have contin- 

ued to make absolute gravity measurements at PFO. These have shown no significant 
trend during the 4.5 years of measurement. A linear fit to the data gives a gravity 
change of 0.9 + 1.5 pGal/yr or an equivalent elevation change of -3 k 5 mrn/yr. 

However, these gravity data do show an interesting pattern of variation. The bot- 
tom panel of Figure 3 shows two "geodetic" series that indicate height changes at 
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PFO. One is gravity measurements made at PFO with the IGPP absolute gravimeter, 
corrected for ocean loading, barometric pressure, polar wander, and water table varia- 
tions, and converted to elevation change by applying the reciprocal free air gravity gra- 
dient (-0.325 crn/pGal). The other is mobile VLBI vertical component estimates, for 
the baseline PFO to MOJAVE. since this baseline is only 195 km long, the baseline 
vertical is close to the local vertical. Within the limits of experimental uncertainty, 
both sets of data can be interpreted as showing no significant deformation. There is, 
however, an intriguing correlation between the VLBI data and gravity, beginning in 
1986. Since there is no obvious signal in the data from the long-base tiltmeters during 
this time (Figure I), we know that if vertical motion did occur, it must have had a 
very long wavelength-or else PFO was at a local maximum. However, since the strain 
record (in the top panel of Figure 3) shows no significant variations, we would prefer 
to regard the signal in the bottom panel as a coincidental instrument artifact. 
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This grant supports the operation of P i b n  Flat Observatory (PFO) as a research center 
for the study of crustal deformation in an area of active faulting. Through this grant, the U.S. 
Geological Survey provides 50 percent of the funding needed both for running the 160-acre 
facility and for maintaining the reference-standard instruments there. Matching funds are pro- 
vided by a grant from the National Science Foundation. The work done at PFO includes 
establishing the accuracy of instruments designed for measuring various geophysical quantities 
by comparing results from them with data from the best available continuously recording 
deformation monitors. Such comparison then provides for an accurate record of strain and tilt 
changes in the area near the observatory, between the active San Jacinto fault and southern San 
Andreas fault systems. All of this effort is intended to foster development of precision instru- 
mentation and from this an improved understanding of the earth. Particularly for crustal defor- 
mation studies, more accurate measurements are needed for a better understanding of the 
mechanics of faulting. The site continues to be utilized by roughly 20 different research teams, 
the most recent efforts focusing on GPS and seismic correlation/waveform studies. 

This semi-annual report covers our response to a recent surge of activity on the San 
Jacinto fault, which prompted genuine concern that we might be seeing the prelude to a 
moderate to large earthquake in the area. Figure 1 (courtesy of Dr. Lucile Jones, USGS- 
Pasadena) shows the seismicity of this fault zone during December 1989 (and early 1990). 
During this month there were eight earthquakes of magnitude 3 or more, with two exceeding 
magnitude 4--a much higher level of activity than usual. Concern over the possibility that this 
might have been a response to deep aseismic slip led us to examine carefully the records from 
PFO. Figure 2 shows the strain on two of the instruments: the NW-SE laser strainmeter (the 
most accurate of the long-base strainmeters) and the Carnegie borehole dilatometer. Neither 
record has been detrended, and it should be noted that while the long-term trend of the Came- 
gie data (0.5 Wyr) is very likely due to local effects, the much lower trend seen on the NW- 
SE strainmeter (0.17 Wyr) appears to be the true measure of secular strain at that azimuth. 
Neither record shows any obvious "events" during this time. (The slight excursion in the 
NW-SE record at the start of December is probably the result of imperfections in the laser- 
frequency correction.) 

If we are prepared to make an assumption about what kind of deep slip might have 
occurred, we can of course put bounds on it using this data. For uniform right-lateral slip 
along the fault over the distance covered by the December earthquakes (from 0 to 130 km 
along the profile in Figure I), the NW-SE strainmeter has a response of 1 0 - ~ ~ & / ~ - m .  The total 
strain accumulated during December 1989 (after subtracting out the trend from the previous 
two months) is less than 3 n&, giving a bound of 3x10 '~  N-m in moment release. The seismic 



moment release from the earthquakes shown in Figure 1 is about 6x10'~ N-m, about one fifth 
of this bound. If deep slip triggered this burst of activity, it could not have been much larger 
than the results it produced. Without these data-available in few other places-speculation on 
such an aseismic slip episode would be extremely hard to avoid. 

Figure 3 gives another perspective on the pattern of seismicity in the area-and further 
reason to pay close attention to the San Jacinto fault. The upper panel shows the depth distri- 
bution of seismicity along the San Jacinto fault for roughly the same section as outlined in Fig- 
ure 1 (data from USGS-Caltech Southern California Seismographic Network). The lower two 
panels are the now familiar seismic distribution plots for the San Andreas fault, before and 
after the Lorna Prieta earthquake (The Lorna Prieta, California, Earthquake: An Anticipated 
Event, U.S. Geological Survey Staff, Science, 247, 286-293, 1990). All three plots are identi- 
cally scaled. The similarity of the pre-earthquake seismicity for the Lama Prieta area and the 
Hemet/Anza area of the San Jacinto fault is most striking. Coupled with the generally high 
level of activity on the San Jacinto fault in historic times, we are well warned as to the seismic 
potential of this area (e.g., State of Stress in the Seismic Gaps Along the San Jacinto FauIt, 
Hiroo Kanamori and Harold Magistrale, in Observatory Seismology, edited by J.3. Litehiser, 
University of California Press, Los Angeles, 1989). 
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Creep and Strain Studies in Southern California 

Grant No. 14-08-0001-GI666 

Clarence R. Allen and Kerry E. Sieh 
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91125 (818-356-6904) 

Investigations: 

This semi-annual Technical Report Summary covers the six-month period 
from 1 October 1989 to 31 March 1990. The grant's purpose is to monitor 
creepmeters, displacement meters, and alignment arrays across various active 
faults in the southern California region. Primary emphasis focuses on faults 
in the Imperial and Coachella Valleys. 

During the reporting period, alignment arrays were resurveyed as 
follows: across the Superstition Hills fault at IMLER ROAD; across the 
Imperial fault at HIGHWAY 80, WORTHINGTON ROAD, and ALL-AMERICAN CANAL; across 
the Coyote Creek fault at BAILEYS WELL; across the unnamed fault at DIXIELAND; 
across the San Andreas fault at NORTH SHORE, DILLON ROAD, and INDIO HILLS; and 
across the Mission Creek fault at THOUSAND PALMS CANYON. The nail-file array 
across the Imperial fault at ANDERHOLT was remeasured, although the similar 
array at ROSS ROAD had recently been destroyed by repaving. Creepmeters were 
serviced at ROSS ROAD (4 times), SALT CREEK, MECCA BEACH, HEBER ROAD (twice), 
TUTTLE RANCH (twice), and HARRIS ROAD. 

Although we had been planning to place a fourth satellite-telemetered 
creepmeter across the San Andreas fault near Indio (in addition to those at 
NORTH SHORE, SALT CREEK, and ROSS ROAD), the landowner decided at the last 
minute to develop a golf course across the proposed locality. We are now 
tentatively planning instead to place the creepmeter near Devers Hill (12 km 
north of Palm Springs), a locality where only minor creep has been observed 
heretofore, but where a significant creep episode could be ominous in terms of 
the potential for a large earthquake on the Coachella Valley-Bombay Beach 
segment of the San Andreas fault. 

Results : 

The reporting period was one of little activity. Shortly after the 
close of the period, on April 3rd and 4th, a classic 7-mm creep event took 
place on the Imperial fault at ROSS ROAD, with most of the slip occurring in 3 
episodes of 2-3 hours each. A very similar event had occurred one year 
earlier. 



Southern San Andreas Crustal Deformation 

John Beavan 
Lamont-Doherty Geological Observatory of Columbia University 

Palisades, New York 10964 
(914) 359-2900 

Investigations 
1 .  Historical water level recordings from three sites around the Salton Sea are being investigated 
to determine tectonic tilting, taking account of as many noise and error sources as possible. 
2. The tectonic tilt so derived is being carefully compared with leveling data from the area. 
3 .  LDGO-designed pressure-sensor gauges at five sites around the sea are being used to measure 
water level continuously, to investigate noise sources, to determine the level of detectability of 
tectonic tilt signals in the data, and to measure tectonic tilting. 
4. A dense network of sites near the Southern San Andreas and northern Imperial Valley Faults is 
being surveyed approximately annually to cm-level horizontal accuracy, using Global Positioning 
System (GPS) techniques (in cooperation with Dr. R. Reilinger of MIT and others). 

Results (April, 1989) 
1 .  Four of the GPS stations are close to our water level sites (Figs. 1 and 2). We are hoping to 
enhance the vertical accuracy of the GPS survey by introducing the 1 cm accurate inter-site height 
differences obtained from the water level data into the GPS analysis. The success of this effort 
will depend on being able to define the local geoid with sufficient accuracy. We have begun the 
task of analyzing GPS, water level and gravity data with this objective in view. 

A major GPS campaign was carried out during February and March 1990, involving MTT, 
Lamont, CalTech, NGS and Riverside County, as well as several other institutions. Lamont 
provided 3 Trimble 4000ST dual frequency receivers and 3 operators for this experiment. The 
survey greatly improved the station coverage in the vicinity of the southern San Andreas fault (Fig. 
2), and generated a third epoch of GPS observations at some of our water level sites. 

REAS FAULT 
Figure 1. Map of the study region, showing the 
tectonic setting and the sea-level gauge network. 
Historical sea-level data have been collected at FT and 
SB since 1950, and at SP since 1970. Continuous 
recording pressure gauges have operated at SP since 
May 1985, at SB since January 1986, at BP since 
December 1986, and at BM and FT since May 1987. 
The pressure gauge data are digitally telemetered, via 
the repeater site shown, to SP. There they are stored 
on disk, and can be accessed by modem. Datum 
control of the sea level gauges has been provided by 

SEISMIC leveling them to nearby NGS benchmarks; clockwise 
from SP, these are G70, V1255, K1299, Extra No. 2 
and 41299. P. Williams' trenching site across the 
San Andreas is at Salt Creek. The SB to FT baseline 
length is 35 km, FT to SP is 14 km. Gauge BP has 

SUPERSTITION HILLS FA been out of operation since April 1989 due to silting 
at the site. 

IMPERIAL FAUL 



Fig. 2. Imperial Valley/Southern San 
Andreasmiverside County GPS network 
measured during February and March 
1990 by MIT, L-DGO, CalTech, 
Riverside County, NGS, UT Dallas and 
Mexican collaborators. The large dots 
represent sites occupied for 3 sessions, 
while the smaller dots show Riverside 
Co. sites occupied for a single session 
or with kinematic surveying. Triangles 
are VLBI sites used for control of the 
GPS survey. 

2.  Data from the L-DGO water level sites (Fig. 1) continue to be collected. We do not plot the 
original data from the pressure-sensor water level gauges since they are all basically similar, 
showing a -40 cm annual cycle and a number of gaps due to vandalism, silting of the gauge site, 
and other problems. (See Open File Report 89-453, p 278 for examples.) Only a very small 
fraction of the gaps are due to data transmission link failures or to central computer problems; 
however, since such failures could be catastrophic, we have now installed solid-state back-up 
recorders at the 3 operating remote sites. It is also planned to back-up the gauge at the SP central 
recording site, and at the BP site when it is reinstalled. 

A complete suite of differences between the observed water level series is plotted in Figure 
3, after low-pass filtering at 4 day periods. These differences may be converted to apparent 
ground tilt (i.e., true ground tilt plus measurement noise of various sorts) by dividing by the 
distance between the gauges. The rms value of these difference series is close to 1 cm, and our 
estimated error in referencing the gauge datum to the nearby benchmark array is 39.5 cm. All but 
one of the differences show rates that are less than 5 rnm/yr, and our estimate of the accuracy in 
these rates is +5 m d y r .  Hence we presently see no significant long term tilt at any site, though 
there is a suggestion of down-to-the-south tilting on the SB-SP baseline, at least through the Fall 
of 1989. The apparent change in tilt direction since Fall 1989 was investigated during a brief field 
trip in February 1990. There are no obvious problems in the calibration of the pressure sensors, 
so the possibility that this is a real signal remains open. Alternative explanations include an 
unusual salinity change (possible) or a local instability (unlikely, but this will be tested by leveling 
in the near future). There are short term (weeks - months) variations in several of the difference 
series, with peak-peak amplitudes as high as 4 cm; we expect that these are due to temperature or 
salinity variations, but there is also the possibility of barnacles fouling the gauge inlet in some 
cases. Higher frequency noise (days - weeks) is due to wind and to temperature changes in the 
sea. Despite these various problems, our difference data are quieter than the data obtained from the 
staff and float gauges used historically. 
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Figure 3. Differences between water level series after low-pass filtering at 4 day period. These 
differences may be converted to apparent ground tilt (i.e., true ground tilt plus measurement noise of 
various sorts) by dividing by the distance between the gauges. The rms value of these difference series 
is close to 1.0 cm. Positive trends on the plots indicate ground uplift of the second-named site relative 
to the first. All trends are within the estimated noise level of 5 mmlyr. Gaps are due to vandalism and 
other problems at one or both sites. 1989 has been our best year so far for data continuity, with the 
unfortunate exception that BP had to be removed because of severe silting at the site. 
(a) shows SB-SP water level differences since January 1986. SP apparently uplifted relative to SB at 
3.6 mm/yr between Jan 1986 and FalI 1989 (i.e., down-to-south tilting). Our estimate of the error in this 
rate is about f 5 mmlyr - the error will decrease as the data length increases since the referencing of the 
gauge pressure datum to nearby benchmarks is a primary source of error, and is independent of data 
length. The dots below the data indicate times that a sensor was exchanged at one or other of the sites; 
since the trend continues through these changes we suspect it is not due to sensor instability. The 
triangles (filled=SB, open=SP) indicate times that staff gauges adjacent to the pressure sensors were 
read manually as a check on gauge stability; generally the agreement is 5 mm or better. The gauges 
have also been leveled annually to nearby arrays of benchmarks; their stability has been at the mm level. 
During Fall 1989 there is an apparent change in the direction of tilting. Since the change coincides with 
a sensor exchange we hesitate to claim that it is tectonic; also, strainmeters at Pifion Flat have showed 
nothing unusual over the past several months to suggest a regional strain event (Wyatt, pers. comm., 
1990). Tests during a February 1990 field trip found no problems with gauge calibrations, so the 
possibility that the change repesents a real signal remains open. 
(b), (c), (d) (overleaf). These plots show many additional pairs of differences that include the other 
three gauges, BP, BM and m. These gauges are also regularly checked for stability with staff readings 
and leveling; we have not, however, marked the plots as in Figure 3a. See text for more discussion. 



Figure 3 (b), (c). (d). See caption on previous page. 



Figure 4 shows spectra of apparent tilt derived from our water level data compared to tilt 
derived from GPS and leveling measurements. We may use linear fits to these spectra, and 
Agnew's (1987) formalism, to estimate the period of a signal at which either repeated leveling or 
GPS measurements become the technique of choice, rather than differential water level 
measurements. 

Agnew's method works by comparing noise levels in the frequency domain, and its 
specific importance is its applicability to data both from continuously monitoring instrumentation 
and from survey techniques such as leveling and GPS. Assuming that leveling or GPS errors are 
uncorrelated between surveys, these data have a flat ("white") power spectrum, whose power 
spectral density is given by Po = &'& = 2 a2t where a i s  the rms error in each survey, and fn is 
the Nyquist frequency corresponding to the time interval between surveys, t. Instrumental spectra 
are often "red" and can often be modelled as a straight line of log power versus log frequency, 
PCf) = KIP. The survey data become quieter than the instrumental observations at periods longer 
than that period, T, at which these two lines cross; they are therefore superior for detecting signals 
whose period is greater than T. T is given by: T = (202tl~)l/". An important point to note about 
the survey errors is that more frequent repeats of the survey (smaller t) decreases the noise level 
even at very long periods, provided the errors remain uncorrelated between consecutive surveys. 

In the Figure, the water level difference power spectra, calculated by conventional section- 
averaging techniques, are plotted in terms of equivalent tilt over a 40 km measurement baseline, 
using units of p a d  for tilt, and days for time. These spectra are band-limited at long periods by 
the available length of data, so they have been extrapolated (dotted lines) assuming a linear relation 
between log power and log frequency. 

Also plotted in the Figure are spectra of: (i) annually repeated leveling measurements over a 
40 km baseline, assuming a 1 mm/km112 standard error, (ii) annually repeated GPS over a 40 km 
baseline, assuming a vertical baseline accuracy of 2 cm, (iii) daily repeated GPS over a 40 km 
baseline, assuming a 2 cm standard error as above, and that these errors are uncorrelated between 
consecutive measurements (this may be a poor assumption). 

40 km is the maximum baseline that is likely to be useful for plate boundary monitoring; for 
parts of California 10 km, or even less, would be more appropriate. As the baselines get shorter, 
all the spectral levels in Figure 4 will rise. For a factor of 10 decrease in baseline, the spectral level 
for GPS and differential sea level will rise by up to 2 units; that for leveling will rise by 1 unit. 

It is clear that annual GPS surveys will perform better than sea-level only at periods greater 
than several decades. However, daily (i.e., effectively continuous) GPS will equal or outperform 
sea-level differencing at all periods of interest, provided that uncorrelated daily GPS data are 
attainable. In order to validate this conclusion, more work needs to be done on vertical errors in 
GPS over relatively short baselines. Annual leveling is superior to differential water level for 
periods greater than a few years; but leveling is progressively favored as baselines become shorter. 

Reference 
Agnew, D.C., On noise levels in deformation measurements: comparison in the frequency 

domain, USGS Open File Report, 87-591, Vol 11, pp 838-844, 1987. 



Figure 4. Apparent tilt spectrum derived from Salton Sea differential water 
level, compared to predicted spectra for GPS and leveling over 40 krn baselines. 
The "water level" spectrum has been linearly extrapolated to lower frequencies 
by fitting a straight line to the spectrum between 2 year and 50 day periods. 
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Acceleration, Velocity, and Volumetric Strain 
from Parkfield GEOS Network 

Roger D. Borcherdt, Malcolm J. Johnston, C. Dietel, and Allan Lindh 
Branch of Engineering Seisn~ology and Geology 

345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415) 329-5619 

Investigations 

o Mainlain GEOS array near Parkfield, CA to serve as a strong-molion array to provide broad-band, 
liigli-resolution mcasurcrnents of thc mainshock as well as an array to provide mcasul.emenls of 
pre-, co-, and post-seismic slrain and displacement field pertubalions Sor purposes of earthquake 
prediction. 

o Mainlain up-lo-dale archive of all evenls recorded in anlicipaled rupture zone. 

o Develop theoretical basis and models lo interpret colocated measurements 01 volumelric strain and 
seismic displacement fields. 

Results: 

o An array of 15 stations has been maintained at 95 percent or grealer reliability since July, 1987. 
An up-to-date digilal dala archive is being mainlained and summarized in monthly internal USGS 
reports. (See previous reports for detailed description of the array.) Events recorded along 
Parkiield segment of study zone during time interval are summarized according lo magnilude and 
depth (Table 1). Examples of colocaled measurements of volumetric slrain (Figures 1 and 2; 
traces 1, 2, and 3), ground velocity (Figure 1, traces 4, 5, and 6), and ground acceleration (Figure 
2; traces 4,5, and 6) for a magnitude 4 even1 are shown. 

Reports 

Borcherdt, R.D., Johnston, M.J.S., and Glassnioyer, G., 1989, On the use of volumelric strain-meters to 
inler addilional characteristics of short-pcriod seisnlic radialion: Bulletin of the Seisrnologicul 
Society of America, v. 79, p. 10,106-10,230. 

(See projects (Borcherdl, 9910-02689 and 9910-03009) and Johnson for related reports.) 



TABLE 1 

HYPO-71 LISTING: PARKFIELD EARTHQUAKES FtECORDED ON ONE OR MORE GEOS STATIONS 
FROM MAY 1 TO FEBRUARY 10, 1990. 



NORMALIZED 
UN-DEFINED c H  1,2,3 89* 145+ I 2:40: 10.622 



NORMALIZED - 
UN-DEFINED cH1,2,3 89* 145+ 12:40:09.960 



Seismic Studies of Fault Mechanics 

William L. Ellsworth 
Lynn Dietz and Randall White 

Branch of Seismology 
U.S. Geological Survey 

345 Middlefield Road - MS 977 
Menlo Park, California 94025 

41 5-329-4784 

Investigations 
1. Aftershocks of the Ms 7.1 Loma Prieta earthquake sequence. 

2. Variation in seismic noise in the frequency band from 0.1 to 20 Hz immediately preced- 
ing the Loma Prieta earthquake. 

3. Loma Prieta earthquake response. 

Results 
1. The October 17, 1989 Loma Prieta earthquake (0004 UTC on October 18) occurred 

beneath one of the most densely instrumented portions of the Calnet, and provides an 
unusual opportunity to analyze the "complete" aftershock sequence of a major event. 
Our work to date has concentrated on the geometry of the Loma Prieta earthquake 
sequence. We calculated station delays and 1-dimensional velocity models to improve 
the locations over those determined by routine procedures. To model the contrasting sur- 
face geology across the San Andreas fault, we derived a separate velocity model for each 
side using a simultaneous inversion of the mainshock and aftershock traveltimes. The 
resulting locations (figure 1) are more precise in relation to each other (f0.3 km) than in 
an absolute sense (f 1 km based on relocations of shots). 
Well-constrained aftershock hypocenters of October 18-31, 1990, form a 60 km long 
zone with the mainshock at its base. Most aftershocks cluster around the perimeter of 
the distribution and surround a relatively aseismic patch (-15x30 km) which we believe 
approximates the extent of main shock rupture. In the central and northwestern parts of 
the zone, earthquakes at depths above about 10 km define numerous disjoint fault struc- 
tures. The earthquakes deeper than 10 km define a plane dipping 65Ok5OSW and striking 
N51°W+2", consistent with the mainshock focal mechanism. In the southeastern 15 km 
of the aftershock zone the dipping zone warps into a vertical surface that corresponds 
with the San Andreas fault. 

The large component of reverse-slip observed in this event agrees with a simple model 
for slip on a dipping plane within a compressional fault bend. We are unable to con- 
clude, however, whether the fault activated by Loma Prieta earthquake was the principal 
plate boundary fault or a less-frequently active member of the San Andreas fault system. 



2. The detection of unusual ULF radio signals preceding the Loma Prieta earthquake, 
reported by A.C. Frasier-Smith and his colleagues at Stanford, raises the issue of con- 
current variations in seismic noise within the epicentral region. To examine this ques- 
tion, we are studying the ambient seismic noise using continuous recordings from the 7 
hours immediately preceding the main shock, as recorded on the Calnet. The seismo- 
grams are analyzed by computing the power spectral density from long records (160 s), 
and yield useful measurements of ground motion between 0.1 and 20 Hz (figure 2). 
No unusual variations in seismic noise were detected during the 7 hours before the earth- 
quake. Ground noise levels at Calnet station (JBZ) nearest, located 1.5 km to the west 
of the Stanford ULF receiver, are indistinguishable from noise levels measured well 
before and after the earthquake (figure 3). The seismograms at this station, however, 
contain long sections of high-amplitude cultural noise during the three hours immediately 
preceding the event, generated by a half-track truck used to load crates during the apple 
harvest. Other nearby stations display normal ground-motion noise levels and did not 
detect this cultural noise. 

3. Response activities to the earthquake ranged from crisis management of information and 
reporting to the public during the days immediately following the event, to testimony at a 
Congressional Field Hearing, to the editing of a report on the earthquake published in 
Science within 3 months of the event. 

Reports 
Dewey, J.W., Hill, D.P., Ellsworth, W.L., and Engdahl, E.R., 1989, Earthquakes, faults, and 

the seismotectonic framework of the contiguous United States: Geological Society of 
America Memoir 172, p. 541 -575. 

Dietz, L.D., and Ellsworth, W.L., in press, The October 17, 1989 Loma Prieta, California 
earthquake and its aftershocks: geometry of the seqence from high-resolution locations: 
Geophysical Research Letters, 4 p. 

Ellsworth, W.L., 1990, Future Earthquakes: Lecture notes for the American Geophysical 
Union Lecture, National Science Teachers Association 38th National Convention: Amer- 
ican Geophysical Union, 4 p. 

Hill, D.P., Ellsworth, W.L., Johnston, M.J.S., Langbein, J.O., Oppenheimer, D.H., Pitt, A.M., 
Reasenberg, P.A., Sorey, M.L., and McNutt, S.R., 1990, The 1989 earthquake swarm 
beneath Mammoth Mountain, California: an initial look at the 4 May through 30 Sep- 
tember activity: Bulletin of the Seismological Society of America, V. 80, P. 325-339. 

Michael, A.J., Oppenheimer, D.H., and Ellsworth, W.L., in press, Coseismic stress changes 
induced by the 1989 Loma Prieta, California earthquake: Geophyiscal Research Letters, 
4 P. 

U.S. Geological Survey Staff, 1990, The Loma Prieta, California earthquake: an anticipated 
event: Science, v. 247, p. 286-293. 

White, R.A., and Ellsworth, W.L., in press, Seismic signals (and the lack thereof') immediately 
preceding the Loma Prieta earthquake (abs.): Seismological Research Letters. 



Figure 1. Well-constrained aftershock hypocenters, October 18-3 1. 
1989. Main shock denoted by star. 
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Figure 2. Power spectral density of seismic noise at station JBZ 6-8 
rninu tes before Lorna Prieta earthquake. 
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Figure 3. Time variation of seismic noise at station JBZ in frequency 
bands shown for September 30, 1987, seven hours preceding the 
Lorna %eta earthquake and March 4, 1990. 



Dense Seismograph Array at Parkfield, California 

Joe Fletcher, Paul Spudich, Larry Baker, and Margaret Hellweg 
Branch of Engineering Seismology, and Geology 

345 Middlefield Rd., MS 977 
Menlo Park, California 94025 
(415) 329-5628,5654, and 5608 

Investigations 

The Parkfield Dense Array is a 14 element, short-baseline seismic array situated 
on the Work Ranch near Parkfield, California. Each site has 6 channels of data 
including a three-component velocity transducer and a three-component 
accelerometer which will provide on-scale recordings from the smallest local 
microearthquakes to the expected main shock. Each channel is digitized a t  200 
samples/s with a 16 bit A/D and data is stored in local memory and then telemetered 
to a central recording site. 

The 14 stations are irregularly spaced along a serial coaxial line with a total 
length of about 8,000 ft. Arbitration of the coaxial line is handled using ARCNET 
protocols. The ARCNET controllers drive the coaxial line through Computrol 
modems which operate between 3.25 and 6.75 MHz. Using high-quality cable these 
modems can drive a network with a total length of about 32,000 ft. Time 
synchronization signals and power are also provided a t  each site through their own 
cabling system. In continuous mode the rate of data acquisition of the Parkfield 
Dense array is more than double that of the Anza array. 

Results 

While we have been recording data since April, 1989, several timing problems 
were discovered in the early data. These were mostly fixed in two stages. During the 
first stage we replaced the GOES receiver with a GOES receiverlclock that would 
provide meaningful time codes even when GOES reception was not good. At the same 
time software was installed in each field unit that prevents the internal clock from 
being reset unless it  is sure that i t  has received uncontaminated time code. Time 
code is judged to be good if no parity errors are detected during transmission and 
several consecutive time codes are received in a row, each new one predictable from 
the previous. This upgrade to the timing system occurred a t  the end of August, 1989. 

The second stage involves the circuitry in each field unit designed to phase-lock 
the time code so that digitization is synchronous across the array. I t  was discovered 
during December, 1989 that  the circuitry that accomplishes this function was 
miswired. This was fixed. Whereas we were detecting 2,000 timing errorslday before 
the wiring errors were discovered, we now log only 20 timing errorslday. A timing 
error occurs when a packet is received with a time tag that is beyond limits set by the 
data acquisition system. We now feel most of our hardware is functioning as  
designed. 

At present we are turning our attention to processing the data which has  
accumulated since late August, 1989. When we have calibrated the array for events 
recorded since the timing problems have been corrected, we will be able to correct the 
timing errors on the data recorded prior to August, 1989, and will include this data in 



the analysis. We are currently designing a data base to keep track of event files, 
archival volumes, parameters that describe the data, the associated earthquake 
parameters, and seismologically interesting parameters such as coda-Q that can be 
derived from the data. We have chosen Sybase as our data base. Since i t  resides on a 
VAX with the data, the data base can interact with the processing or analysis 
programs, either as a 'driver' providing queried information or as an  immediate 
receiver of parameters for storage. 

Reports 

Fletcher, J.B., Spudich, P., MacDonald, T., Sembera, E., Miller, D., and Baker, L.M., 
1989, The Parkfield, California, dense seismograph array: EOS, v 70,1224. 

Fletcher, J.B., Baker, L., Spudich, P., and Goldstein, P., 1989, The Parkfield, 
California, dense seismograph array: Bulletin Seismological Society A merioa, 
submitted. 



TheodoIite Measurements of Creep Rates 
on San Francisco Bay Region Faults 

Jon S. Galehouse 
Department of Geosciences 

San Francisco State University 
San Francisco, CA 94132 

We began to measure creep rates on San Francisco Bay region faults in 
September 1979. Amount of slip is determined by noting changes in angles between 
sets of measurements taken across a fault at different times. This triangulation method 
uses a theodolite to measure the angle formed by three fixed points to the nearest 
tenth of a second of arc. Each day that a measurement set is done, the angle is 
measured 12 times and the averaged determined. The amount of slip between 
measurements can be calculated trigonometrically using the change in average angle. 

We presently have theodolite measurement sites at 22 localities on active faults 
in the San Francisco Bay region (see Figure 1). Most of the distances between our 
fixed points on opposite sides of the various faults range from 50-275 meters. The 
precision qf our measurement method is such that we can detect with confidence any 
movement more than a millimeter or two between successive measurement days. We 
remeasured most of our sites about once every two to three months prior to the 17 
October 1989 Loma Prieta earthquake. Following the quake, we established new 
Sites 22 and 23 on the San Andreas fault northwest and southeast of the epicentral 
area (see Figure 1). We also began more frequent measurements on sites on the San 
Andreas fault (1 4, 10, 22, 23), on the Hayward fault (1 7, 13, 12, 2, l ) ,  and on the 
Calaveras fault in the Hollister area (6, 4). These more critical sites are now being 
measured about every six to seven weeks. The following is a brief fault by fault 
summary of our movement measurements through 26 April 1990. Included are brief 
discussions regarding the effect of the Loma Prieta earthquake on creep rates at each 
measurement site. 

SAN ANDREAS FAULT (See Figure 2) - We have been measuring horizontal slip 
on the San Andreas fault at Site 10 in South San Francisco for about ten years and at 
Site 14 at the Point Reyes National Seashore Headquarters for about five years. Both 
sites have shown virtually no net slip over the years and neither was affected by the 17 
October 1989 earthquake thus far. 

In November 1989, we began measuring a USGS site (our Site 22) in 
Woodside that had not been remeasured for several years. Our preliminary results 
compared to unpublished USGS measurements in 1977 show that virtually no surface 
slip occurred between 16 February 1977 and 4 November 1989. About 4 millimeters 
of right slip has occurred, however, between 4 November 1989 and 20 April 1990. 

We also established in November 1989 a new measurement site (23) on the 
creeping segment of the San Andreas fault near the southeastern end of the 
aftershock area near San Juan Bautista. We -intend to compare the post-earthquake 



slip rate at this site with the pre-earthquake rate of about 6 to 8 mm/yr determined by 
USGS creepmeter and theodolite measurements in the San Juan Bautista area. 

Our Site 18 (not shown on Figure 1) in the Point Arena area has averaged less 
than a millimeter per year of right slip since January 1981. 

HAYWARD FAULT (see Figure 3) - We have been measuring horizontal slip at five 
sites along the Hayward fault for about the past ten years and have determined that 
the right-lateral creep rate is about 4 to 5 mm/yr. Although the creep characteristics 
(steady, episodic, or seasonal) differ from site to site, the ten-year rates are similar. 
None of our five sites on the Hayward fault showed any unusual movement either 
before or after the 17 October 1989 earthquake. 

CALAVERAS FAULT (See Figure 4) - We have been measuring horizontal slip at 
two sites on the Calaveras fault in the Hollister area for more than ten years. Slip at 
both sites has been rather episodic with intervals of relatively rapid right slip typically 
lasting a couple months or less alternating with longer periods of time when little net 
slip occurs. More specifically, Site 4 along Seventh Street in Hollister has had ten 
episodes of relatively rapid right slip of about 5 millimeters or more since September 
1979. Alternating with these times of relatively rapid movement are intervals of little 
net movement typically lasting about 8 - 12 months with one lasting two years between 
January 1986 - January 1988. The Loma Prieta earthquake occurred during an 
interval of slower movement that had persisted for about a year. The earthquake 
apparently triggered up to 14 millimeters of right slip at Seventh Street. Total 
cumulative right-lateral displacement went from about 67 millimeters to about 81 
millimeters (see Figure 4). Overall the rate of right slip at Seventh Street is about 7 
mmlyr for the past 10.5 years. 

Slip at Site 6 along Wright Road just 2.3 kilometers northwest of Site 4 has 
included 12 episodes of relatively rapid right slip of about 5 millimeters or more since 
October 1979. Intervals of little net movement typically last about 3 - 12 months with 
one lasting about a year and a half between June 1985 - December 1986. The Loma 
Prieta earthquake occurred during an interval of slower movement that had persisted 
for about a year at Wright Road (similar to the situation at Seventh Street). The 
earthquake apparently triggered up to 12 millimeters of right slip and cumulative 
displacement went from about 11 9 millimeters to about 131 millimeters. The overall 
rate of right slip at Wright Road is more than 12 mmlyr for the past 10. 5 years. This 
rate is the fastest of any of our sites in the San Francisco Bay region and is about 5 
mmlyr faster than the rate at nearby Seventh Street. It is possible that undetected 
surface movement may be occurring outside our 89.7 meter-long survey line at 
Seventh Street. 

Our theodolite data alone cannot prove coseismic slip on the Calaveras fault 
due to the Loma Prieta earthquake on the nearby San Andreas fault. Our last 
measurement in the Hollister area before the earthquake was on 19 August 1989 and 
our first measurement after the quake was on 21 October 1989. Strictly speaking, we 
can only say that the 12-14 millimeters of right slip in the Hollister area occurred 
between these two measurement days. Other evidence, however, does indicate that 
the 12 - 14 millimeters of displacement was at least partially coseismic. We detected 
fresh en echelon cracks on Highway 25 near Hollister on 21 October 1989. The 
cracks extended from the asphalt into the dirt shoulder of the road. In addition, a 
USGS creepmeter detected coseismic slip of about five millimeters on the Calaveras 



fault about eight kilometers northwest of Hollister (S. Schulz-Burford, personal 
communication, 1989). Since 21 October 1989, both of our Hollister sites have 
returned to a slower phase of movement. 

In contrast to our sites in the Hollister area, Site 19 in San Ramon near the 
northwesterly terminus of the Calaveras fault was not affected by the Loma Prieta 
earthquake. It remained virtually locked as it has been throughout our 9.4 years of 
measurements. It has also been unaffected by the recent (April 1990) swarm of 
earthquakes near Alamo. 

CONCORD - GREEN VALLEY FAULT (see Figure 5) - We began our 
measurements at Site 3 and Site 5 on the Concord fault in the City of Concord in 
September 1979. We measured about one centimeter of right-lateral slip at both sites 
during October and November 1979. Following this, both sites showed relatively slow 
slip for the next four and one-half years at a rate of about a millimeter per year. In late 
Spring-early Summer 1984, both sites again moved relatively rapidly, slipping about 
seven millimeters in a right-lateral sense in a few months. The rate again slowed to 
about a millimeter per year for about the next three years, beginning in late August 
1984. Between late November 1987 and late February 1988, the Concord fault moved 
about eight millimeters right-laterally. Between late February 1988 and April 1990, the 
fault at Site 3 has moved about a centimeter, somewhat faster than its ten-year 
average rate. The fault at Site 5, however, has moved at about its overall average 
rate. If thus appears that typical movement characteristics on the Concord fault since at 
least 1979 are intervals of relatively rapid right slip of about 7-10 millimeters over a 
period of a few months alternating with intervals of relatively slower right slip of about a 
millimeter or two a year over a period of several years. An exception to this pattern is 
the relatively average rate of movement of the Concord fault since late February 1988. 

It appears that the Loma Prieta earthquake and the recent (April 1990) swarm of 
earthquakes near Alamo had no affect on the Concord fault at our measurement sites 
in the City of Concord. 

We began measuring Site 20 on the Green Valley fault in Cordelia in June 
1984. Large variations tend to occur at this site between measurement days, possibly 
because logistical conside rations resulted in our survey line being particularly long 
(335.8m). However, our results suggest that the Green Valley fault behaves similarly 
to the Concord fault which is along trend to the southeast, i.e., relatively rapid right slip 
in a short period of time (months) alternating with relatively slower slip over a longer 
period of time (years). The Green Valley fault was in a period of relatively slow 
movement for the first 20 months of our measurements, averaging a few millimeters 
per year of right slip. In early 1986, however, the fault slipped right-laterally more than 
a centimeter. This was followed by about three years in which the net slip was less 
than a millimeter per year. Preliminary results indicate that sometime after 6 August 
1989, the Green Valley fault entered into another phase of relatively rapid right slip 
that is still continuing. Four measurements since then indicate slip of about 15 
millimeters. It is tempting to suggest that shaking from the Loma Prieta earthquake 
triggered the onset of this relatively rapid displacement. However, the measurement 
intervals are too far apart to lend much credence to this hypothesis and as far as we 
know, there is no additional evidence suggesting a relationship between the two. It is 
probably a coincidence that the Green Valley fault began a period of rapid movement 
at a time that could be related to the Loma Prieta earthquake. Nevertheless, the 
movement characteristics of the Green Valley fault do suggest a relationship with the 



Concord fault. Even though the episodes of relatively rapid slip and relatively slower 
slip on the Green Valley and Concord faults occur at different times, they are similar in 
amount of slip and duration of the intervals. Although future measurements may 
suggest otherwise, at the present time we consider the Concord and Green Valley 
faults to be different names for southeastern and northwestern segments of the same 
fault. The overall average rate of about 5 to 6 mmlyr of right slip on the Green Valley 
fault for the past 5.9 years is higher than the rates determined for the Concord fault. 
This may be because of the shorter duration of measurements and because of the fact 
that the Green Valley fault is still in its second relatively rapid phase of movement 
since we began our measurements. 

OTHER FAULTS - Seasonal andlor gravity controlled mass movement effects are 
present at Site 21 on the Rodgers Creek fault and Site 15 on the West Napa fault. 
Both sites show large variations from one measurement day to another and both show 
virtually no net slip since September 1986 and July 1980 respectively. 

Not much, i f  any, net slip appears to have occurred at our two sites along the 
Antioch fault since 1980 and 1982. However, much subsidence and mass movement 
creep occur both inside and outside the Antioch fault zone and it is probable that these 
nontectonic movements obscure any tectonic slip that could be occurring. 

The Seal Cove-San Gregorio fault has shown virtually no net slip since 
November 1979 and May 1982 respectively. 

The Lorna Prieta earthquake appears to have had no noticeable effect on the 
rate of movement at our sites on the Rodgers Creek, West Napa, Antioch, and Seal 
Cove-San Gregorio faults. All these faults have remained virtually locked thus far. 
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DEEP BOREHOLE PLANE STRAIN MONITORING 
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ACTMTIES 

1.Detailed investigation of the long and short term strain data  associated 
with the Lorna Prieta earthquake of October 17, 1989 has been carried out. 

2. Necessary conditions for the establishment of a full scale strain instrumen- 
tation array in an earthquake-prone region such as the San Francisco Bay area 
were investigated, and the results presented a t  the USGS/NSF Workshop on Cru- 
stal Deformation and Earthquake Mechanics a t  Morro Bay in March, 1990. 

3. Progress has been achieved in developing tidal calibration procedures based 
on comparison of borehole tensor strain data  with data from the Pinon Flat  Laser 
strainmeter. However further developillent of this procedure is necessary. 

4. Retrieval and processing of data  from the five borehole tensor strain 
instruments in California (st San Juan Bautista, Pinon Flat and three near 
Parkfield) has continued. Regular reports have been presented t o  the monthly 
Parkfield review meetings, including comments on any significant signals. In par- 
ticular a number of strain signals coincident with nearby creep events have been 
observed. 

RESULTS 

1. The Lorna Prieta earthquake of 17 October 1089 provided the first oppor- 
tunity in California t o  observe the near field of a magnitude 7 earthquake with 
borehole tensor strainmeters. No short term (seconds to  days) precursors were 
identified a t  the 1 nt level. The medium tern1 data a t  the Saa Juan Bautista ten- 
sor stl.ainmeter site, 30 knl t o  the south of tlle eyicentle, where the strain rate had 
been constant a t  the 2011c level since 1986, shotved a clearly anomalous change in 
strain rate of approxinlately 200n~/year established in late 1988, a year before the 
event, in the fault parallel shear r, = ( e n - % ) / ? .  7'he areal and r, (e,,) shear 
strain rates remained constant over this perlod. These data are shown in the 
accompanying figure, which contains areal strain and shear strains r, and r:, in 
nanostrain. Two simple esponentials have been extracted from the data  t o  
account for grout cure (approximately 100 days time constant) and non elastic 
long term hole recovery (app~.oximately 1000 days time. constant). 

This signal is compatible in sense of shear and order of magnitude with a 
change in strain rate of 300 nc/yeal* implied from clianges of line length of the 
Loma Prieta - Allison geodetic record. These observations seem t o  indicate a 
broad regional change of strain rate about one year before the event acting to  
increase the shear stress across the fault and the probability of failure. With  such 



linlited spacial sanlpling of the region it is imposs!ble to  model the tectonic 
processes occurring in the region and so determine whether there is a causal link 
useful for prediction between this observation and the Loma Prieta earthquake. 

2. Presentation a t  the Morro Bay workshop developed the concept of an 
instrument cluster t o  provide a coherent observatory type data base for geodetic, 
seismic and borehole strain instrun1enl;s for a region scaled appropriately for a 
magnitude 7+ event. Typically a cluster woilld cover an area of about 150 by 50 
km, and include sites instrumented with borehole strain ~nonitors, seismometers 
and accelerometers. 

It was demonstrated that  for reasonable boschole strain coverage of such an 
area, a nliniinum of 25 sites would be necessary. The sites would be located not 
nearer than 5 km from the fault trace, and be operated at  a precision of 0.1 
nanostrain for frequencies below 10 Hz. This will provide useful co-seismic data 
for all events above h4=4, and for larger events permit monitoring of longer 
period precursive strain fluctuations larger than 0.1% of the event. The strain 
cluster should be a 50-50 mix of dilatometers and te~lsor strain meters because of 
their complementary cl~aracteristics. 
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Introduction 

This pro jec t  i s  pr imari ly  a  da ta  co l l ec t ion  e f f o r t ,  t h e  
short-term aim being t o  increase t h e  dens i ty  of geodet ic  
monumentation and measurement along t h e  southern San Andreas 
f a u l t .  Longer-term goals  a r e  t o  accomplish t h i s  along o ther  
segments of s u r f i c i a l  f a u l t s  i n  southern Cal i forn ia  a s  well ,  
and t o  i n i t i a t e  a  d e t a i l e d  study of block r o t a t i o n  i n  t h e  
Salton Trough. Proposed f o r  1 9 9 1  i s  t h e  in teg ra t ion  of t h i s  
pro jec t  w i t h  two o the r  Caltech p r o j e c t s ;  t h e  long-standing 
Creep and S t ra in  study, and t h e  recent ly  completed GPS survey 
and fu tu re  monitoring of c r u s t a l  deformation i n  t h e  Los 
Angeles Basin, which i s  being done i n  co l labora t ion  with t h e  
City and Coun ty  of Lo3 Angeles. 

We have accomplished two GPS surveys s ince  e a r l y  February, 
when t h i s  p r o j e c t ' s  funding began. The f i r s t  was a  
cooperative survey involving a l a r g e  group, organized 
pr imari ly  by Rob Rei l inger  of MIT, which i s  described below. 
Our  p a r t i c i p a t i o n  i n  t h i s  survey involved s i t e  s e l e c t i o n  and 
repons ib i l i ty  f o r  adding eleven new s t a t i o n s  t o  t h e  network 
i n  t h e  Coachella Valley.  Second was a  kinematic GPS survey 
of the  UCSB monument a r ray  a t  Painted Canyon, combined with 
s t a t i c  measurements between t h i s  a r ray ,  t h e  Durmid H i l l  
a r ray ,  and the  f i d u c i a l  s t a t i o n  a t  Black But te .  I n  addi t ion  
t o  descr ip t ions  of these  da ta  c o l l e c t i o n  p r o j e c t s ,  t h i s  
report  b r i e f l y  descr ibes  work i n  t h e  pas t  s i x  months t h a t  i s  
s c i e n t i f i c a l l y  r e l a t e d  but funded by o the r  sources t o  d a t e .  
The following sec t ion  l i s t s  da ta  co l l ec ted  s ince  the  f a l l  of 
1989, i n  chro.nological sequence. Thus, work d i r e c t l y  funded 
by t h e  USGS comes towards t h e  end of t h e  following s e c t i o n .  

Results 

1. December 1989 Kinematic G P S :  
Two ar rays  across  t h e  San Andreas f a u l t ,  one a t  Durmid H i l l  

( t h e  UCSB a r ray)  and one a t  Cholame (southeast  of Parkf ie ld ;  
the  USGS "FMK" l eve l  l i n e )  were surveyed by kinematic GPS. 
Results t o  date  a r e  a l l  from processing of t h e  GPS data by M .  
Jackson (UNAVCO) .  Information on these  da ta  i s  a v a i l a b l e  by 
requesting a  copy of t h e  paper presented a t  t h e  Morro Bay 
workshop. Baselines have now been processed from the  a r ray  
a t  Cholame as  wel l .  A manuscript i s  i n  preparat ion by M .  
Jackson and o thers  regarding accuracy of kinematic GPS, and 



r e s u l t s  f rom t h e s e  December 1989 s u r v e y s  w i l l  b e  i n c o r p o r a t e d  
i n  t h i s  m a n u s c r i p t .  

Funding  f o r  t h e s e  s u r v e y s  i n  Dec. 1989 was n o t  p r o v i d e d  by  
t h e  USGS, b u t  t h e  Durmid H i l l  a r r a y  s u r v e y  i n  p a r t i c u l a r  i s  
encompassed by  t h e  p r e s e n t  USGS p r o j e c t  f o r  FY1990. Using 
o u r  USGS f u n d i n g ,  w e  a n t i c i p a t e  a d d i n g  new monuments n e a r  
t h i s  a r r a y ,  and  d i r e c t l y  t y i n g  it t o  t h e  a d j a c e n t  USGS s m a l l  
t r i l a t e r a t i o n  a r r a y  a t  Durmid H i l l  ( M .  L i sowsk i ,  w r i t t e n  
comm. ) . 

2 .  1 9 9 0  S a l t s  ( S t a t i c  GPS Survey  o f  
11 new s t a t i o n s  i n  t h e  C o a c h e l l a  V a l l e y ) :  

T h i s  s u r v e y ,  p r i m a r i l y  o r g a n i z e d  by  Rob R e i l i n g e r ,  was 
i m p o r t a n t  t o  o u r  g e o d e t i c  d e n s i f i c a t i o n  p r o j e c t  i n  t h e  
C o a c h e l l a  V a l l e y .  In  o r d e r  t o  p r o v i d e  a good d i s t r i b u t i o n  o f  
new p r i m a r y  GPS s t a t i o n s  i n  t h e  C o a c h e l l a  V a l l e y ,  C a l t e c h  
worked w i t h  R i v e r s i d e  County t o  select  s i t e s  a n d  i n s t a l l  
s e v e r a l  new GPS monuments. Fu r the rmore ,  f i e l d  r e c o n n a i s s a n c e  
o f  a l a r g e  number o f  e x i s t i n g  monuments l e d  t o  i n c o r p o r a t i o n  
o f  a t o t a l  o f  e l e v e n  new monuments i n  t h e  C o a c h e l l a  V a l l e y  
d u r i n g  t h i s  y e a r ' s  ma jo r  S a l t o n  Trough campaign.  
E s t a b l i s h m e n t  o f  t h e s e  w i l l  h e l p  u s  b y  p r o v i d i n g  c o o r d i n a t e s  
f o r  r e l a t i v e l y  nea rby  c o n t r o l  p o i n t s  f o r  o u r  k i n e m a t i c  GPS 
s u r v e y s .  We a r e  a l s o  i n i t i a t i n g  o c c a s i o n a l  GPS m o n i t o r i n g  o f  
a  s u b s e t  o f  t h e s e  p r i m a r y  p o i n t s ;  s o  f a r  B lack  B u t t e  h a s  been  
r e o c c u p i e d  s i n c e  t h e  main campaign i n  F e b r u a r y .  

F o l l o w i n g  o u r  work on t h e  p l a n n i n g  and  r e c o n n a i s s a n c e ,  
C a l t e c h  f i e l d e d  o u r  two Tr imble  4000SST G P S  r e c e i v e r s  and  two 
o p e r a t o r s  (Hudnut and  L a r s e n )  i n  t h e  campaign .  Our USGS 
f u n d s  s u p p o r t e d  t h e  f i e l d  expenses  f o r  o n l y  one  of  u s ,  a s  had  
been  r e q u e s t e d  i n  o u r  1990 budget  - f o r  1991, we hope t o  
s u p p o r t  o p e r a t o r s  f o r  b o t h  o f  o u r  r e c i e v e r s  d u r i n g  t h e  
r e s u r v e y  o f  t h i s  ne twork .  W e  t h a n k  R e i l i n g e r  f o r  s u p p o r t  o f  
t h i s  i n i t i a t i v e  i n  t h e  C o a c h e l l a  V a l l e y ,  a n d  Mike Lisowski  
f o r  s e n d i n g  u n p u b l i s h e d  i n f o r m a t i o n  on USGS t r i l a t e r a t i o n  
s t a t i o n s  i n  t h e  a r e a .  

3 .  1 9 9 0  110s Angeles  Bas in  GPS C-aicrn ( S t a t i c  GPS s u r v e y  
o f  2 3  s t a t i o n s  a c r o s s  t h e  San Fernando V a l l e y  and LA B a s i n ) :  

T h i s  s u r v e y  was o r g a n i z e d  and o p e r a t e d  by C a l t e c h ,  and  was 
funded  by t h e  C i t y  a n d  County of  LA Survey  D i v i s i o n s  - most 
o f  t h e  f i e l d  p e r s o n n e l  were p r o f e s s i o n a l  s u r v e y o r s  from t h e s e  
o f f i c e s .  Al though n o t  funded  b y  t h e  USGS i n  FYI990 because  
it was n o t  w r i t t e n  i n t o  o u r  o r i g i n a l  p r o p o s a l ,  t h i s  p r o j e c t  
i s  s t r o n g l y  r e l a t e d  t o  t h e  NEHRP g o a l s  o f  a s s e s s i n g  h a z a r d  i n  
t h e  Los Angeles  a r e a .  Our p roposed  work f o r  FYI991 i n c l u d e s  
p r o c e s s i n g  of t h e  d a t a  f rom t h i s  s u r v e y  a n d  a n a l y s i s  f o r  
s t r a i n  s i n c e  t h e  h i s t o r i c  s u r v e y s  i n  1933  a n d  1979 t h e r e .  W e  
a n t i c i p a t e  p r e s e n t i n g  i n i t i a l  r e s u l t s  a t  t h e  1990 F a l l  AGU 
m e e t i n g .  S t a t i o n  d e s c r i p t i o n s  and  a l l  i n f o r m a t i o n  on t h e  
expe r imen t  have a l r e a d y  been  d i s t r i b u t e d  t o  o t h e r  g roups  
c o n d u c t i n g  GPS r e s e a r c h  i n  s o u t h e r n  C a l i f o r n i a .  



4 .  A p r i l  1 9 9 0  K i n e m a t i c  GPS  S u r v e v :  
Twelve  o f  t h e  monuments i n  UCSB1s P a i n t e d  Canyon a r r a y ,  i n  

a d d i t i o n  t o  two monuments f a r t h e r  f r o m  t h e  f a u l t ,  were 
s u r v e y e d  u s i n g  k i n e m a t i c  GPS. I n  a d d i t i o n ,  a b a s e l i n e  f r o m  
t h i s  a r r a y  t o  t h e  Durmid H i l l  k i n e m a t i c  a r r a y  ( d o n e  i n  Dec. 
' 8 9 )  w a s  m e a s u r e d  by  s t a t i c  GPS. B o t h  were o b s e r v e d  
s y n c h r o n o u s l y  w i t h  t h e  B l a c k  B u t t e  f i d u c i a l  s t a t i o n .  UCSD's 
T r i m b l e  a t  t h e  P i n o n  F l a t  s t a t i o n  w a s  r u n n i n g  f o r  p a r t  o f  o u r  
s u r v e y ,  a n d  t h e  Rogue r e c e i v e r s  i n  t h e  p e r m a n e n t  a r r a y  w e r e  
a l s o  o p e r a t i n g  d u r i n g  o u r  s u r v e y .  

W e  h a v e  p r i m a r i l y  o p e r a t e d  u s i n g  o n e  r o v i n g  k i n e m a t i c  
r e c e i v e r  p e r  r e f e r e n c e  r e c e i v e r ,  o b t a i n i n g  two m e a s u r e m e n t s  
p e r  n i g h t  t o  e a c h  k i n e m a t i c  p o i n t .  W e  h a v e  a l s o  now 
a t t e m p t e d  o p e r a t i n g  t w o  r o v i n g  k i n e m a t i c  r e c e i v e r s  u s i n g  j u s t  
o n e  as a  r e f e r e n c e .  P r o c e s s i n g  o f  t h e s e  d a t a  f r o m  t h e  f i v e  
r e c e i v e r s  w i l l  be d o n e  n e x t  month .  
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i n  t h i s  r e p o r t .  



A Vertical Deformation Sensor on the Southern San Andreas Fault 

Hadley 0 .  Johnson, Frank K. Wyatt, 
and Duncan Carr Agnew 

Institute of Geophysics and Planetary Physics 
University of California, San Diego 
La Jolla, California 92093-0225 

(619) 534-2019 

This grant supports the construction of a fiber-optic anchoring system near the 
Coachella segment of the San Andreas Fault-specifically, on the western flank of 
Durmid Hill, near the termination of this fault and its junction with the Brawley 
Seismic Zone. This area has been identified as one of the more likely initiation points 
for a great earthquake during our lifetimes. The experiment involves measuring the 
relative vertical motion of several points in the ground down to a depth of 50 m. The 
goal of this temporary (two year) installation is to study the stability of the near- 
surface material in the region to determine if it is stable enough to support precise 
measurements of strain and tilt. Efforts at Pifion Flat Observatory have shown that 
observatory-based instruments can give data up to one thousand times more precise 
than geodetic surveying techniques in the period range of months to minutes, while 
accurately recording the secular accumulation of deformation-provided that the instru- 
ments are adequately anchored to depth. Determining what depth is adequate in this 
area-as a first step toward consideration of more extensive instrumentation-is the 
main goal of this project. 

Over the course of several trips to the area our opinion on where to site this 
experiment changed a number of times, based primarily on logistics considerations as 
the geology is fairly uniform over broad areas. We came to feel that our best possibil- 
ity of getting good data would be to seek an agreement with a private land owner- 
this despite the consistent helpfulness shown by public-lands representatives in the 
area. Indeed, our initial choice for siting was on Salton Sea State Park land, and we 
pursued permitting for this, but due to the remote yet frequented nature of the area we 
came to feel that building on private land, where we will have relatively easy access to 
electric power, phone lines, and most importantly, security and ready assistance, would 
be better. Toward this end we have recently come to an agreement on a privately 
owned site approximately 1 krn west of the surface trace of the San Andreas Fault (see 
figure). We have also made arrangements to use part of an out-building on the pro- 
perty to house a small data-recording computer. This computer will allow us access 
(via modem) to the data from our lab in San Diego, and provide an on-site display of 
the displacement sensor's health. 

The installation itself will be made underground, to get away from some of the 
daily temperature fluctuations, and housed inside two connected sections of drainage 
culvert tipped on-end. One of these sections will serve as the entrance way, extending 
from the surface down to about 2% meters depth. A "window" between this section 



and the instrument section will provide access to the optical and electronic components 
and to the optical fiber sensors which will extend down the vault's borehole. The 
instrument half of the vault will be buried under approximately 1 meter of dirt. Instal- 
lation of our low cost vault is awaiting borehole dnlling and fiber installation. Other 
boreholes which have k e n  drilled in the area have had problems with side-wall cave- 
ins due to the very weak nature of the surface material; we see successful completion 
of the borehole work as the most difficult task remaining. 

The displacement sensors themselves wiII be un-equal arm Michelson interferom- 
eters using as light paths single-mode optical fibers which extend to different depths. 
By monitoring the differential displacement between pairs of these fibers we hope to 
measure a vertical profile of the ground's deformation rate. We expect to find rela- 
tively small differential motions between the deeper fibers, indicating that the material 
at depth is deforming very little. It is this "bedrock" material to which long-base sur- 
face instruments need to be "anchored" and that we would like to locate with this 
experiment. 

--- 

Jc Instrument Site - San Andreas faun 

Heat flow hole 

I,',] Borrego formation 

Lake Cahuilla sand 

Lake Cahuilla silt 

F i g u r e  1. 
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[I] T o  investigate the mechanics of failure of crustal materials using data from 
both deep borehole tensor and dilational strainmeters and near surface 
strainmeters, tiltmeters, and arrays of absolute magnetometers. 

121 T o  develop physical models of incipient failure of the earth's crust by 
analysis of real-time records from these instruments and other available data. 

Results 
[I] SEISMOMAGNETIC EFFECT GENERATED BY THE OCTOBER 

18,1989, ML 7.1 LOMA P R I E T A ,  CALIFORNIA, EARTHQUAKE. 
A differentially connected array of proton magnetometers operated within the 
eventual epicentral region of the October 18, 1989, ML 7.1 Lorna Prieta 
earthquake for 10 years from 1976 to 1986. Following the  earthquake, the  
magnetometers were reinstalled with sensors replaced in the  original undis- 
turbed sensor holders. Comparison of data obtained during the weeks follow- 
ing the  earthquake with the earlier data indicates offsets of about 1 n T  may 
have been generated a t  some of the sites. The measurement error in these 
da ta  ranges from 0.1 n T  t o  0.4 nT. The offsets can be generally, but not per- 
fectly, fit with a simple seismomagnetic model of the earthquake for which 
1.9 m of right lateral and 1.3 m of dip slip (south-west side up) occurred on a 
fault patch between 6 km and 18 km deep and 45 km long. The total rock 
magnetization is assumed to be 1.0 A/m.  An alternate explanation in terms 
of electokinetic effects is possible since some ground water flow occurred fol- 
lowing the earthquake. 
N E A R - F I E L D  H I G H  PRECISION STRAIN PRIOR TO THE 
OCTOBER 18, 1989, LOMA PRIETA M L  7.1 EARTHQUAKE? 
High resolution strain recordings were made throughout California prior to, 
during, and following, the October 18, 1989, ML 7.1 Loma Prieta earthquake. 
These recordings were made in deep boreholes with both dilational strainme- 
ters (sensitivity lo-'" and 3-component tensor strainmeters (sensitivity lo+'). 
The nearest instruments, a dilatometer and a tensor strainmeter near San 
Juan Bautista, California, are about 40 km to  45 km, respectively, to  the 
south-east along strike from the epicenter of the earthquake but only about 
10 km and 15 km, respectively, from the probable southern end of the final 
rupture. All instruments remained on scale during the earthquake and all 
instruments recorded strain offsets generated by the earthquake. The data 
have been searched f ~ r  iildications of short, intermediate, and long term 
strain redistribution and/or fault slip that  might have indicated imminent 



rupture. Changes in both dila.tiona1 and tensor strain during the months t o  
minutes before the earthquake are about 1000 times smaller than the strain 
offset generated on these nearby instruments by the earthquake. This con- 
strains preseismic slip at  the nucleation point of the earthquake, if the form 
is similar to  tha t  during the earthquake, to  be less than 0.1% of the earth- 
quake rupture. In other words, slip equivalent to  that  expected for a bI 5 
earthquake could have occurred in the hypocentral region without the 
strainn~eters (or the geodetic instruments over the hypocenter), detecting it. 
Some hints of intermediate term strain changes occurred in mid-1988 and 
mid-1989. These changes were both followed by ML 5 earthquakes in the 
hypocentral region on June 27, 1988, and August 8, 1989, respectively, and 
correspond approximately in time with minor indications of changes in geo- 
detic strain rate over the epicenter. 
REVIEW OF CONTINUOUS HIGH PRECISION STRAIN MEAS- 
UREMENTS NEAR THE LOCKED AND CREEPING SECTIONS 
OF THE SAN ANDREAS FAULT 
Deep-borehole strainmeters have been operating since 1884 a t  sites near the 
northern and southern creeping/locked transition zones and in the "Big Bend" 
region of the San Andreas fault in northern and southern California, respec- 
tively. These instruments resolve strain changes t o  better than 1 part per 
billion (ppb) over periods of months to minutes. The last five years of strain 
data show long periods of uniform crustal strain, infrequent episodes of ase- 
ismic strain sometimes resulting from aseismic fault creep, and high frequency 
straingrams and strain field offsets generated by local earthquakes. Whereas 
simple views of the earthquake rupture process have suggested that: 1) sub- 
stantial non-linear deformation occurs prior t o  rupture, 2) the scale of this 
deformation exceeds the  eventual earthquake rupture dimensions, and 3) the 
properties of near-fault materials may vary with time and location, these 
high resolution borehole strain recordings indicate: 1) minimal short-term 
non-linear precursive strain occurs, 2) the size of fault patches that  initiate 
failure are probably less than a few hundred meters in size while the eventual 
earthquake rupture dimensions can be several tens of kilometers, 3) no evi- 
dence of variations in near-field material properties, and 4) strain offsets from 
local earthquakes tha t  are largely transmitted elastically despite complex 
geology and fault geometry. In the case of the recent October 18, 1989, ML 
7.1 Loma Prieta earthquake, strain data from two instruments near San Juan 
Bautista, 5 km to  10 ltm southeast of the final southern extent of the rup- 
ture, indicate that  any precursive failure in the hypocentral region (with a 
form similar t o  that  during the earthqualte) was 2t least a 1000 times smaller 
in the minutes to  months before the earthquake. This, in turn,  constrains the 
maximum amount of horizontal or vertical displacemellt in the hypocentral 
region t o  be, a t  most, a few millimeters, if any occurred a t  all. As more 
borehole strainmeters are inst.alled, these data u7ill continue t o  place increas- 
ingly tighter constraints on physical processes that  occur at  the earthquake 
source. 

141 STRAIN AND MAGNETIC FIELD CHANGES ON THE RED 
RIVER FAULT SYSTEM NEAR DENGCHAUN AND LIANTE, 
YUNNAN, CHINA: 1980-1990. 
Arrays of differential nlagnetometers and intermediate-baseline geodetic nets 
have been illstalled and surveyed since 1980 a t  the northern end of the Red 
River fault in Yunnan Province. The primary features of the geodetic data  
are a non-uniform, but net negative dilation of 0.3 strain/a and a max- 
imum shear increase of 0.2 11 strainla in a direction NGOW. Test line data  



indicate repeatibility in distance measurements during this time to better 
than  3 mm on a 734 m line. Magnetic measurements in the region of high 
magnetization on the west side of the fault a t  Dengchaun show an increase in 
local magnetic field of up to 1 nT /a  over sites on the east side of the fault. In 
contrast, no significant magnetic changes have occurred in the Liante array. 
This result is in accordance with tectonomagnetic theory since the absence of 
regional magnetic anomalies indicate remanent and induced rock magnetiza- 
tion of less than 0.001 A/m. 

[5] BOREHOLE STRAIN ARRAY IN CALIFORNIA 
A network of 15 borehole strainmeters along the San Andreas fault zone and 
in the Long Valley Caldera continue t o  be monitored and maintained (Figure 
1). All instruments are installed a t  depths between 117-m and 324-m and all 
are between 1-km and 5-km from the the surface trace of the fault. High fre- 
quency dilatometer data  in the frequency range 0.005 Hz to 100 Hz are 
recorded on 16-bit digital recorders with least count noise less than 10-ll. 
Low frequency data from zero frequency to  0.002 Hz are transmitted through 
the GOES satellite to  Menlo Park, CA, using a 16-bit digital telemetry sys- 
tem. A t  the USGS in Menls Park  the data  are displayed in "almost real time" 
and are continuously monitored with detection algorithms for unusual 
behavior. The data for the past 6 months are shown in Figures %a, 2b, 26. 
Least-count noise is about 6* lC)-iVor the on-site digit a1 recordings, and 
about 2*20-11 for the satellite telemetry channels. Earth strain tides, strain 
transients related t o  fault creep and numerous strain seismograms from local 
and teleseisnlis earthquakes witk magnitudes between -1 and 6 have been 
recorded on these instruments. Static moments and total earthquake 
moments are determined from the co-seismic strains and total strain changes 
observed witk the larger events. 

[6] CROWLEY LAKE AND S A N  ANDREAS LAKE WATER LEVEL 
MONITORING 
Water level monitoring sites have been installed on Lake Crowley in the Long 
Valley/ Mammoth Lakes region and San Andreas lake on the San Andreas 
fault just south of San Francisco. These data  provide differential water Ievel 
measurements (tilt) with a measurement precision of less than 1 mm on base- 
lines of 5 to  8 kilometers. Monthly averages of the data from San Andreas 
lake between 1979 and 1989 indicate a tilt rate of 0.02k0.08 microradians/yr 
(down s340E).  The data  for the past 6 months are shown in Figure 3. 

(71 DIFFERENTIAL, MAGNETOMETER ARRAY IN CALIFORNIA 
W e  continue investigations of local magnetic fields and relationships t o  cru- 
stal strain and seismicity in the Parkfield region and in southern California 
(Figure 4). The network consists of 9 stations which are all sampled synchro- 
nously every 10 minutes and transmitted with 16-bit digital telemetry t o  
Menlo Park,  CA through the GOES satellite. Data  are monitored daily with 
particular attention to the seven stations operating in the Parkfield region of 
central California. The data for the past 6 mon^,hs are shown in Figure 5a, 
5b, 5c, 5d. 
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GEODETIC STRAIN MONITORING 

John Langbein 
Branch of Tectonophy sics 

U.S. Geological Survey 
345 Middlefield Road, MS/977 
Menlo Park, California 94025 

(415) 329-4853 

Investigations 

Two-color geodimeters are used to survey, repeatedly, geodetic networks within 
selected regions of California that are tectonically active. This distance measuring 
instrument has a precision of 0.1 to 0.2 ppm of the baseline length. Currently, the crustal 
deformation is being monitored within the south moat of the Long Valley caldera in eastern 
California, near Pearblossom, California on a section of the San Andreas fault that is 
within its Big Bend section and on Middle Mountain near Parkfield, California. Periodic 
comparisons with the prototype,, two-color geodimeter are also conducted near Parkfield, 
California. These intercomparison measurements serve as a calibration experiment to 
monitor the relative stabilities of the portable and prototype geodimeters. 

Results 

1. Post-seismic slip following the 1989 Loma Prieta Earthquake 

A small'geodetic network was installed and measured 7 days, 78 days and 158 days 
following the October 17, 1989 Loma Prieta M7.1 earthquake. This network straddles the 
northwestern end of the rupture plane defined by the locations of numerous aftershocks. 
In the initial 70 day interval, the measured line-length changes revealed that 5.6 f 0.6 mm 
of slip occurred within the network. However, during the later 80 day interval, an 
insignificant, -0.6~k 0.6 mm of right lateral slip could be detected. Thus, it appears 
that the measured slip is a typical response of the fault following a major shock in that 
the rate of slip decreases in time. However, the magnitude of the post-seismic slip is less 
than 0.5% of the inferred co-seismic slip at depth and that the observed rate decrease in 
post-seismic slip is faster than the usual inverse-time rate decay observed for post-seismic 
slip. 

2. Long Valley Caldera 

We have two dramatic results to report. The most dramatic observation is that since 
late September through the present, the resurgent dome in the Long Valley caldera has 
started to reinflate after several years of quiescence. Shown in Figures 1, 2, and 3 are 
the location of the CASA sub-network and the line-length changes measured from CASA. 



The rates measured on the few baselines for which data exist from mid 1983 indicate that 
the current strain rates are as high now as they were in mid 1983. The two examples 
come from the baselines LO/NU-MIKE and JCM/SE W ER. Furthermore, the baseline 
to KRAKATAU (Figure 3 )  shows the highest rate, approximately 0.15 ppm/week. This 
baseline spans the resurgent dome (Figure 1 )  and is sensitive to inflation sources at  depth. 
I have attempted to model the line-length changes using the same types and locations 
of deformation sources discussed in Langbein [1989] .  Using this model with a deep point 
source of inflation at 10 km and a shallow point source a t  5 km beneath the resurgent dome 
plus dextral slip in the south moat, I have adequately fit the data. The results indicate 
that during the 6 month interval, the deep inflation source increased its injection rate from 
nearly 0 to 0.0392 f 0.0012 km3jyr, no change in the volume of the shallow source, and 
left-lateral slip in the south moat of 1 0 k 8  mm/yr. By using the deep inflation source, an 
uplift rate for a point along the leveling route on highway 395 can be predicted. Using 
this model, I predict a 80 mm/yr rate of uplift for the segment of Rt 395 that crosses the 
resurgent dome. This inferred uplift rate exceeds the observed average rate between the 
leveling surveys in 1976 and 1980 and the current rate is nearly equal to the rate obtained 
between 1982 and 1983. As reported by Hill [this volume], the seismicity in the caldera had 
been relatively quiet through mid November 1989. After then, there have been a number 
of swarms of M 1  and M2 earthquakes. 

As noted in the previous Semi-annual report, we installed a small geodetic network 
southeast of Mammoth Mountain and centered around MILL (Figure 1 ) .  This network is 
designed to monitor possible deformation associated with the earthquake swarm detected 
beneath Mammoth Mountain during the summer of 1989. From early September through 
mid November 1989, we made 3 measurements of the 8 baseline network. By fitting a 
spatially uniform strain model to the data, the results indicated 8.4 f 2.0 ppm/yr of nearly 
uniaxial extension oriented N45O W. This axis is perpendicular to the alignment of the 
earthquake epicenters and the axis formed by the location of Mammoth Mountain and 
the Inyo Domes. Encouraged by this result, I used the dense pattern of earthquake hypo- 
centers [Hill et al. 19901 to define the location of possible dike injection under Mammoth 
Mountain. Relative to the uniform strain model, the use of the dike yielded smaller misfits. 
My initial dike used a length of 2.1  km, a width of 3.0 km centered at 7.5 km beneath 
Mammoth Mountain. These numbers are taken from the figures of Hill et al. By least 
squares fitting, the estimated dike opening comes to 8.8 f 1.4 m or a volume change of 
0.055 km3. By changing the location of the dike along the initial plane, I could further 
reduce the misfits yielding a dike that is 1.5 km long, 3.0 km wide, centered at 5.5 km 
depth and opening by 4.3 m or an equivalent volume change of 0.019 km3. 

3.  Parkfield deformation 

During the past year, I have been tracking the performance of the two-color 
geodimeter instrument at Parkfield. I initiated this practice when it came to our attention 
that the network appeared to compress uniformly in mid April, 1989. The obvious question 
was whether the event was tectonic or instrumental in origin? To answer this, I relied 
upon two data sets. The first set consists of line-length measurements made using the 
observatory based, two-color geodimeter which resides in Parkfield. These measurements 



are made very frequently and can be interpreted as a linear combination of fault slip on 
the San Andreas near the central station at CARR, a shear strain parameter, and areal 
dilatation. The shear strain accounts for the unknown spatial distribution of slip on the San 
Andreas fault which is not included in the local slip parameter. The areal dilatation is a 
combination of tectonic dilatation plus any drift in the instrument. The result of estimating 
these parameters as a function of time is shown in Figure 4. In computing this result, I 
have tried to estimate the parameters for times when "most" of the 15 baseline network was 
measured. Although the results plotted in Figure 4 show some very interesting variations 
in slip and strain, I will focus on the apparent variations in dilatation. As mentioned 
above, the data show an apparent 1 pprn areal compression on the network in April 1989. 
In the following month, several large fluctuations (again 1 ppm) occurred. During the 
past 6 months, these fluctuations have continued. These high peak-to-peak fluctuations 
of 1.6 pprn should be compared with the relatively small fluctuations (0.6 ppm) that were 
observed before April 1989. 

To determine whether these variations in areal dilatation are either tectonic or 
instrumental, I have been periodically measuring a large subset of the Parkfield baselines 
using the portable, two-color geodimeter. These measurements are made simultaneously 
with the observatory based instrument. By tracking the differences in the distances 
recorded with both instruments, I can check stability of one instrument relative to the 
second. The bottom trace in Figure 4 shows the variations of the length scale of 
the observatory based instrument relative to the portable instrument. To first order, 
the variations in length scale mimic the apparent areal dilatation estimated from the 
observatory based instrument. Hence, I conclude that most of the dilatational signal is 
instrumental in origin, 

As a rough check on the stability of the portable instrument, I have been conducting 
an experiment at  Mammoth using both of the USGS's portable instruments. The second 
instrument only became operational again in February 1990. For a period of about 
2 months, we have been measuring the lengths of 7 baselines from CASA using both 
instruments. The measurements are not made simultaneously, but are separated by about 
2 to 3 hours which cause us to use slightly differing meteorologic corrections. These sets 
of measurements have been repeated 15 times. Using the same analysis technique that I 
applied to the differential Parkfield measurements, I found that the standard deviation of 
the inferred length scale changes came to 0.06 pprn which if doubled to equate to apparent 
areal dilatation yields 0.12 pprn. To compare this value with the peak-to-peak scatter of 
areal dilatation at  Parkfield, I multiply the Mammoth result by a factor of 4 which implies 
that the recent Parkfield dilatation is at least a factor of 3 noiser than predicted. 
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Figure Captions 

Figure 1. Map showing the locat ion of the two-color network within the Long Valley 
caldera. During this 6 month period, only the baselines with stations 
common to either CASA or MILL were measured. 

Figure 2. Plot of the changes in length of all of the baselines using CASA as a common 
station. The vertical bars represent f 1 standard deviation of the measured 
distance. The distance changes have been normalized by the nominal baseline 
length. Hence, the length changes are plotted in units of part per million 
(ppm). The vertical line in mid 1986 designates the time of the 21 July 
earthquake in Chalfant Valley. 

Figure 3. Plot of the changes in length of the 7 frequently measured baselines using 
a CASA as a common station. The vertical scale represents length change 
in millimeters (mm). To accentuate the observed rate change associated 
with reinflation of the resurgent dome, I have only plotted the observations 
between January 1989 and April 1990. 

Figure 4. The variation of fault slip on the San Andreas fault at the center of 
the Parkfield two-color network at CARR, shear strain, areal dilatation, 
and twice the inferred variations in length scale of the observatory based 
instrument relative to the portable, two-color geodimeter. Since slip as a 
function of time is only determined for the central part of the network, slip 
along the other portions of the San Andreas fault gets lumped into the shear 
strain parameter, thus this parameter should not be used to estimate the 
load on the fault due to very long wavelength sources such as plate tectonics. 
Of interest is the large fluctuations in dilatation and its coherence with the 
calibration results. 
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Microearthquake Data ~nalysis 
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Investiqations 

The primary focus of this project is the development of state- 
of-the-art computation for analysis of data from microearthquake 
networks. For the past six months I have been involved in: 

(1) A continued seismic study of explosive sources. 
The depth effects of explosive source were investigated by 

spectral analysis of seismograms recorded in the near-field of 
three single explosions at depths of 138, 353, and 712 feet. The 
spectral amplitude of the deeper shots at 30 Hz is about an order 
of magnitude higher than that at 5 Hz. On the other hand, the 
spectral amplitude of the shallow shot at 30 Hz is about the same 
as that at 5 Hz. Using this spectral ratio technique, it is easy 
to discriminate a quarry blast from a single explosion at depth of 
over 300 feet if near-field seismograms are available. 

(2) Loma Prieta Earthquake Seauence 
A low-cost 128-channel PC data acquisition and recording 

system was implemented with the off-the-shelf hardware and a 
proto-type multiplex designed by Jim Ellis. It became operational 
just a few hours before the Oct. 18, 1989 Lorna Prieta earthquake, 
and recorded the main shock for about 20 seconds. The system was 
shut off because the electric power supply failed in Menlo Park. 
At about 10 p.m. local time, the PC system was connected to 
emergency power and recorded about 30 aftershocks before its 30- 
megabyte hard disk was full and stopped. I had to transfer the 
digitized data and re-started the system several times a day to 
keep the system operating. This situation was greatly improved 1 
day later when another PC was networked to it to off-load the data. 
Since then the system has performed reliably and has recorded over 
3,000 aftershocks. Some preliminary analysis was performed on 
selected aftershocks to check the system performance. 
Occasionally, the digitized channels were shifted and this problem 
was caused by an improper timing of the proto-type multiplex. A 
circuit correction implemented by John Rogers has solved this 
problem. 

(3) Armenia Seismic Studies 
I have also been involved in planning and preparing seismic 

studies to be carried out in Armenia in June, 1990. In brief, some 
techniques for processing and analysis of data recording by GEOS 



were ported from the VAX computer to PC under my supervision. 
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Investigations: An Interpretive Seismic History of the San 
Francisco Bay Area 

During the nineteenth century, almost all of the large 
earthquakes in the San Francisco Bay area occurred in two short 
time periods in the 1830s and 1860s (Figures 1 and 2); both 
intervals included pairs of M6.5-7 earthquakes on the San Andreas 
and Hayward faults. Since 1979 there have been three M6 
earthquakes in the same general area, and now a M7.1 earthquake 
on the San Andreas (Figure 4); this activity resembles in some 
respects the pattern of seismicity observed from 1858 to 1865, 
which was followed by the M7 1868 earthquake on the Hayward fault 
(Figure 2). The question of whether this similarity is 
sufficient to significantly increase the probability of a M7 
earthquake on the Hayward fault cannot be answered objectively 
with such a sparse data set, but a very subjective, back-of-the- 
envelope calculation suggests that the probability of a M7 
earthquake in the Bay area may be as high as 20% in the next 5 
years. This represents a factor-of-two probability gain above 
the long-term estimates in Agnew et al. (1988); other lines of 
reasoning suggest that this may not be unreasonable. 











SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA 

T.V. McEvilly, R. Clyrner, T. Daley, W. Foxall, E. Karageorgi, A. Michelini 
Seismographic Station 

University of California 
Berkeley, CA 94720 

INTRODUCTION 
Three programs of seismic wave measurements continue: Earthquake recording with the high-resolution 
seismic network (HRSN), begun in December, 1986; controlled-source monitoring with HRSN begun 
in June, 1987; and controlled-source monitoring with the Varian well vertical array (VWVA), begun in 
November, 1987. 
The HRSN (Figure 1) consists of ten, 3-component, borehole seismometers surrounding the 1966 
Parkfield epicenter. Data-acquisition features digital telemetry with 125-Hz bandwidth and 16-bit reso- 
lution, and can operate in external-trigger (i.e., controlled-source) or event-trigger (earthquake) modes. 
The VWVA extends to 1400-m depth at a site 2 krn from the San Andreas fault (Figure I), close to 
the nucleation zone of the expected magnitude 6 Parkfield earthquake. While tests done shortly after 
installation indicated that the entire array was functioning, failure of deep connecting cables soon elim- 
inated sensors below 968m. There is some indication of further degradation. The original November, 
1987 tests provide a 'benchmark' vertical seismic profile (VSP) using the full string. The remaining 
instruments are adequate to proceed with all the proposed uses of the VWVA. The array is recorded 
on a Sercel 338 96-channel reflection system. 

INVESTIGATIONS 
I) Earthquukes. Local microearthquakes of magnitude about -1 to about +2 are continuously recorded 
on scale. A 3-D velocity model and a high-precision hypocenter location procedure have been 
developed, which will allow high-resolution analysis of al l  earthquakes in this area. Relocated events 
are being used to study failure processes, fault zone structure, and material properties within the 
Parkfield nucleation zone. 
2) Controlled-source monitoring with HRSN. From June, 1987 through March 1990, the HRSN has 
been illuminated 27 times with S-waves of three polarizations at eight source positions throughout the 
study zone, using a shear-wave Vibroseis source, in an on-going monitoring program. The resulting 
data contain a temporal record of wave propagation characteristics throughout the nucleation zone. 
Albeit complexly encoded, the wave fields recorded contain the evidence for any nucleation-induced 
changes in velocities, attenuation or anisotropy, along with the ubiquitous seasonal effects of varying 
moisture content at the vibrator sites. Data reduction is accomplished at the University of California's 
Lawrence Berkeley Laboratory (LBL). 
3) Controlled-source monitoring with VWVA. 

Analysis of local anisotropy and velocity structure using short-offset VSP's. 
Monitoring of seismic parameters by occasional illumination from at least the four closest HRSN 
source sites plus an additional near-offset site. 

RESULTS 
I) Data collected. 

Full-time, triggered recording of earthquakes has continued in the past six months. Local Parkfield 
events have been picked and relocated with the 3-D model through December, 1989. 
Five vibrator data sets have been collected and the data reduced. 
At VWVA, a detailed multi-azimuth VSP survey was collected in December, 1989, to be used in 
modeling material properties in the vicinity of the well. In addition, three monitoring data sets have 
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been recorded. 
2)  Earthquakes. 
We have completed the development of a three-dimensional model for P and S velocity in the Parkfield 
area, a model that capitalizes in its resolution on the bandwidth and dynamic range of the HRSN data, 
and provides the necessary framework for on-going and subsequent studies. A discussion of the 
modeling process and results have been submitted for publication (Michelini and McEvilly, 1990). A 
cubic B-spline parameterization was used to produce optimally smooth velocity distributions suitable 
for generating, using dynamic ray tracing (Cerveny, 19851, the 3-D Green's functions needed for 
studying the earthquake sources and rupture processes. These velocity models still retain some small- 
scale features. A result of particular interest is a zone of high Vp/Vs ratio (1.9) in the vicinity of the 
hypocenter of the 1966 earthquake. 
These models form the basis for several studies: 

The three years of earthquakes recorded on HRSN have been relocated using the new model, and 
spatial clusters of events producing very similar waveforms are being defined. 
Very precise relative locations of clustered events are being used to study fine-scale structure of the 
fault zone. 
Event clusters whose members occur over a significant time span are being used to search for tem- 
poral variations in fault-zone properties. Preliminary results show stability of travel-times near the 
1966 epicenter on Middle Mountain. 
Comparison of results of ray-tracing through the 1-D Parkfield model and the new 3-D model shows 
suprisingly little difference between ray take-off angles at the source in the two models. Therefore, 
it appears that although the smooth 3-D model is suitable for dynamic ray-tracing it may not ade- 
quately account for effects produced by the strongly laterally heterogeneous fault zone, such as 
laterally refracted head waves and fault-zone trapped modes. We are presently examining ways to 
incorporate first-order lateral discontinuities into the smooth 3-D model so we can model these 
effects. 

Green's functions will k calculated for moment tensor inversions for equivalent point sources of 
Parkfield microearthquakes. 

3)  Controlled-source studies - HRSN. 
The final working data sets for analysis are "time gathers": one source into one receiver gathered 
across calendar time, producing 720 files, each containing, at present, 27 similar traces. An example is 
shown in Figure 2. To analyze these gathers, several data manipulation methods have been developed 
to display waveform properties of 1) windowed phases, 2) for whole traces, and 3) for entire time 
gathers. Simple techniques displaying various properties in short time windows centered on particular 
phases produce interesting results, but present only a small fraction of the information available in the 
waveforms. In recent months, our primary effort has been development of color-graphics displays of 
trace amplitude, frequency content, travel-time changes, and instantaneous trace attributes (signal 
strength and instantaneous frequency) of whole traces or entire gathers. 
The figures illustrate this development with an example of particular present interest. Most displays to 
date show only the seasonal variations (we are presently working on procedures to reduce their effect), 
however, two paths (all we have analyzed to date) from source site 2 show a significant travel-time 
anomaly at late travel times. The grey-scale display of relative travel-time change in a moving window 
shown in Figure 3 does not contain the richness of information of the equivalent color plot, but the 
anomaly clearly shows as the dark zone from 6-8 sec. Figure 4, showing windowed travel-time 
changes for two phases, shows that the advance does not appear on early amvals, and is thus not a 
near-surface, seasonal effect as usually observed. The phases used are identified on the trace gather in 
Figure 2. 
There are similar large late variations on paths 1-MMN and 7-JCN, though in zones of relatively poor 
correlation. 

We are now searching for the effect on many more paths and source orientations, and are attempting to 
identify the wave types involved with particle motion and frequency analyses. 
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Two further methods are under development. We are developing 3-component, particle-motion tech- 
niques to study S-wave anisotropy. Finally, using a Stardent computer system, we are extending the 
3-parameter color displays to 4-parameter, 3-D displays of cubes of data that can be viewed in perspec- 
tive, rotated, sliced, etc. 
The tools discussed here are a beginning; the task ahead is their application to the efficient reduction of 
a massive data set to a few displays of key waveform parameters. These, in conjunction with the 
high-precision HRSN microearthquake observations, will be the basis of active programs of 1) predic- 
tion monitoring, and 2) high-precision interpretation of changes in physical properties observed in the 
nucleation of Parkfield earthquakes. 
4 )  Controlled-source studies - W A .  
The analysis of the initial VSP studies, showing up to 10% anisotropy in the vicinity of the well, has 
been submitted for publication (Daley and McEvilly, 1990). 
The present recording system, on loan to LBL/UCB, was placed in service in November, 1989. The 
system has proven difficult to operate and maintain, and we have decided to reduce our data gathering 
to three to four month intervals. 
The development of 3-Dl generally anisotropic models continues, in cooperation with V. Cerveny, I. 
Psencik, and D. Gajewski. The results will be used in modeling of material properties with the data 
set discussed above. 
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Figure 1. Parkfield location map, showing the High-Resolution Seismic Network, 
contmlled-source (vibrator) points, and 6/87-12/89 seismicity as relocated through the 
3-D model. 

Figure 2. Twenty-three trace time gather for one source polarization at source sik 2 and the MMN (Middle 
Mountain) H1 receiver. The indicated windows (S and L) refer m the fravel-time analysis shown in Figure 4. 
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Figure 3. Travel-time change relative to a reference trace (here trace 6, Figure 2) by 
cross-correlation in a moving time window. Note the 50-60 msec anomaly from 6-8 
sec. 
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Figure 4% Travel-time change (relative to trace 6, Figure 2) of two windowed p b s  
by a cross-correlation, crosscoherence technique. Note the large variation in the late 
phase. 
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EXPERIMENTAL TILT AND STRAIN INSTRUMENTATION 

C.E. Mortensen 
Branch of Tectonophysics 

U.S. Geological Survey 
345 Middlefield Road, MS/977 
Menlo Park, California 94025 

(415) 329-4856 

Investigations 

1. There are currently 134 Data Collection Platforms (DCP's) that transmit a variety of 
data through the GOES-6 spacecraft to the Direct Readout Ground Station (DRGS) 
in Menlo Park. Fifty-four of these DCPs transmit data at  10-minute intervals on an 
exclusively assigned random channel, which is being utilized under a special agreement 
with NESDIS. This system transmits data from all types of low-frequency instruments 
including dilatometers, creepmeters, strainmeters, water-level meters, magnetometers, 
tiltmeters, and related instruments. 

2. A system to backup the satellite telemetry with non-volatile, solid-state memory and 
dialup or dedicated telephonic communications path has been developed. Included in 
this system is the capability to lock the DCP timing to a radio time standard. This 
feature will enable more efficient utilization of the assigned satellite bandwidth. This 
system is known as the Companion because of its interfacing role with satellite DCP's. 
The first five production models have been delivered and are currently being tested 
prior to  field deployment. 

3. A system has been developed that utilizes the emergency interrogate capability of 
GOES to switch the Sutron 8004 DCP to rapid reporting at random, frequent intervals. 
This adaptive random reporting system is being interfaced with the Parkfield alert 
systems to test the feasibility of utilizing adaptive random reporting in earthquake 
prediction monitoring applications. 

4. Networks of tiltmeters, creepmeters and shallow strainmeters have been maintained in 
various regions of interest in Califorina. A network of tiltmeters monitors crustal 
deformation within the Long Valley caldera. Roger Bilham of the University of 
Colorado and Jon Beavan of Lamont-Doherty installed a very long baseline tiltmeter 
in Long Valley. This project provided three DCP's to collect the data from that 
instrument and return it to Menlo Park via the GOES satellite. We also monitor 
the data received to keep track of deformation within the caldera, comparing results 
frequently with the USGS tiltmeter array. Other tiltmeters are located in the San Juan 
Bautista and Parkfield regions. Creepmeters located along the Hayward, Calaveras 
and San Andreas faults between Berkeley and the Parkfield area are maintained in 
cooperation with the Fault Zone Tectonics project. A shallow strainmeter is located 
near Parkfield, while observatory type tiltmeters and strainmeters are sited at the 



Presidio Vault in San Francisco, and a tiltmeter is installed in the Byerly Seismographic 
Vault at Berkeley. Data from these instruments are telemetered to Menlo Park via the 
GOES satellite. 

5. A low-cost , short-haul digital telemetry sys tem utilizing UHF radios, packet con- 
trollers and off-the-shelf digital data converters has been developed, tested, and is 
currently in use in Parkfield monitoring the tilt of monuments that support the reflec- 
tors that constitute the 2-color laser network. This system, components for which cost 
less than $1500 per site, automatically polls the remote sites and transfers the data to 
a computer file, calculating the mean and standard error in the process. The system, 
including the tiltmeters, can easily be removed and transported to other locations. 

Resul ts  

Strainmeters and tiltmeters having short base lengths and installed at  shallow depths 
have been known for years to be sensitive to very local perturbations caused by surface soil 
conditions, meteorological events, thermoelastic effects and other sources of spurious noise. 
Because of this, these instruments usually display poor long-term stability and can respond 
wildy at times, especially to  episodes of heavy rainfall. From extensive arrays of these 
instruments installed years ago, most have been removed; just a few that perform especially 
well, or are located in critical spots, remain. Despite the inherent disadvantagess of these 
instruments, they are highly sensitive and are capable of detecting deformational changes 
that occur over short time spans such as solid earth tides, signals that are associated with 
propagating creep events (see for example, Mortensen, et al., BSSA, 1977) or volcanic 
intrusions (see, for example, Mortensen and Hopkins, JGR, 1987). When associated with 
data from other sensors, these instruments can constrain source mechanisms of such signals 
and make a contribution to a regional monitoring effort. 

Plotted in the figures that follow are data from most of the shallow borehole tiltmeter 
and strainmeter sites. In each figure the part labeled 'a' is the raw data for the period 1 
October, 1989, through 31 March, 1990. In part 'b' of each figure the data have been high 
pass filtered using a Butterworth digital filter having a cutoff period a t  48 hr. The plots in 
the 'b' part of each figure roughly demonstrate the instrumental performance at  each site 
in the frequency range of interest for these instruments. For example, tidal modulations 
dominate the instrument responses at most sites, and increased noise can be seen during 
the winter periods of rainfall (around February). Each tiltmeter is identified by a three 
letter code followed by an 'n' or 'e' for the north or east component, respectively. The 
sites are plotted on the map in Figure 1. Movement of the record trace in the positive 
sense represents tilt down to the north or east. On the strainmeter records movement in 
the positive sense is extension. Units are all ppm - microradians or microstrain. 

These records have been "cleaned" using an automatic cleaning algorithm. The 
data have not been reviewed for spurious effects of instrumental or metorological origin. 
Instruments sited at the San Francisco Presidio (pdo ... etc ....) and UC Berkeley (brk..) are 
installed in temperature-stable vaults, the Harris Ranch tiltmeter (har..) is installed in a 
mine shaft (giving very good results), and all other instruments are installed in shallow 
boreholes. 
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Analysis of Crustal Deformation Along the Southernmost Segment of the San 
Andreas Fault System, Imperial Valley, California: Implications for Earthquake 

Prediction 

R.E. Reilinger 
Earth Resources Laboratory 

Dept. of Earth, Atmospheric, and Planetary Sciences 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02142 
(617) 253-7860 

INVESTIGATIONS 

This project involves using geodetic observations in conjunction with other geophysical and geolog- 
ical information to investigate contemporary tectonic processes along the southernmost segment of 
the San Andreas fault system. Our primary efforts during the present contract period include: 

1. Planning and carrying out (February-March 1990) a Global Positioning System survey in the 
Salton Trough-Riverside County region (Figure 1). 

2. Continuing analysis and interpretation of 1986, 1988 and 1989 GPS measurements in the Im- 
perial Valley-Salton Trough with emphasis on regional strain accumulation and strain release 
associated with the 1987 Superstition Hills earthquakes (Larsen/Reilinger/Strange/Naugebauer). 

3. Comparison of geodetic and geologic deformation in the Imperial Valley to investigate the 
age of the present style of deformation and the mechanics of the transition from rifting/ocean 
formation in the Gulf of California to  strike-slip faulting along the San Andreas fault system 
(LarsenIReilinger). 

RESULTS 

1. From February 18 through March 9,1990 a high precision GPS network was established along 
an approximately 400 km segment of the Pacific-North American plate boundary from the 
Gulf of California in Northern Mexico to  just south of the junction of the San Andreas and 
San Jacinto faults (-34ON). Participatinginstitutions in the field campaign included: Caltech, 
CICESE, L-DGO, MIT, NGS, Riverside County, UNAVCO, U. of Mexico, U.T., Dallas, and 
U. of Nevada. A total of 103 primary stations were observed, most for 2 to 3 days. In addition 
half sessions (-3-4 hours) were observed a t  31 sites near the San Andreas (Banning-Mission 
Creek segments), San Jacinto and Elsinor faults, and 5 sites were observed in a kinematic 
survey within a pre-existing EDM network straddling the Imperial fault in Northern Mexico 
(2 of these kinematic sites were also observed statically). Dense coverage ( ~ 5 - 1 0  km site 



spacing) was also established along the southernmost San Andreas and Imperial faults in S. 
California. Coverage extends to  150 km from the active fault systems. 

A total of 23 dual frequency GPS receivers were fielded, with continuous GPS observations at 3 
VLBI stations located within the network (Pinyon Flat, Black Butte, Ocotillo). Observations 
a t  Pinyon Flat were made with a remotely operated Trimble 4000ST receiver (courtesy of 
Yehuda Bock and Duncan Agnew, UCSD). Many of the sites observed in the Coachella 
Valley and Riverside County have a history of GPS observations dating from 1988, and all 
sites in the Imperial Valley date back to 1986. Overlap was established with 1989 GEOMEX 
GPS sites, and new GPS sites were established along the Imperial-Cerro Prieto faults in 
Northern Mexico. 

2. Shawn Larsen has completed initial reduction of the 1988 and 1989 static GPS observations 
made with TI-4100 receivers using the Bernese 3 software a t  Caltech (reduction of 1989 
Trimble data has been hampered by severe ionospheric disturbances during the campaign). 
Preliminary strain maps (Figures 2 and 3) show large deformations associated with the 1987 
Superstition Hills earthquakes and right-lateral strain accumulation. Reduction, analysis and 
interpretation of these data and the new 1990 observations is continuing. 

3. Releveling and other geophysical data for the Imperial Valley of Southern California suggest 
the northern section of the Imperial- Brawley fault system, which includes the Mesquite Basin 
and Brawley Seismic Zone, is much younger than the 4 to 5 million year age of the valley itself. 
A minimum age of 3000 years is calculated for the northern segment of the Imperial fault 
from correlations between surface topography and geodetically observed seismic/interseismic 
vertical movements. Calculation of a maximum age of 80,000 years is based upon displace- 
ments in the crystalline basement along the Imperial fault, inferred from seismic refraction 
surveys. This young age supports recent interpretations of heat flow measurements, which 
also suggest that the current patterns of seismicity and faults in the Imperial Valley are not 
long lived. The current fault geometry and basement morphology suggest northwestward 
growth of the Imperial fault and migration of the Brawley Seismic Zone. We suggest this 
migration is a manifestation of the propagation of the Gulf of California rift system into the 
North American continent. 

PUBLICATIONS 

Reilinger, R.E., J. Beavan, L. Gilbert, S. Larsen, K. Hudnut, C. Aiken, D. Ziegler, W. Strange, M. 
de la Fuente, J. Gonzalez, J. Stowell, W. Young, G. Doyle, G .  Stayner, 1990 Salton Trough- 
Riverside County GPS Network, EOS, Tmw. Am. Geophys. Union, in press, 1990. 

de la Fuente, M., J.J. Gonzalez, D. Ziegler, C. Aiken, The Northern Baja California GPS Campaign: 
First Epoch, EOS, Trans. Am. Geophys. Union, in press, 1990. 



Figure 1. GPS stations observed during the 1990 Salton Trough-Riverside County campaign. Large 
dots show primary stations, small dots half-session and kinematic sites. 
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Figure 2. Observed station displacements 
derived from GPS surveys in 1986 and 1988. 
Large movements southwest of Salton Sea 
due to 1987 Superstition Bills earthquake. 

Figure 3. 0 bserved station displacements 
derived from GPS surveys in 1988 and 1989 
showing righ t-lateral strain accummulation. 



Implacement of Alignment Arrays Across the Elsinore and San 
Jacinto fault zones in southern California 

Thomas Rockwell 
Dept. of ~eological Sciences 
San Diego State University 

San Diego, CA 92182 
(619) 594-4441 

Objective: To emplace alignment arrays across strands of the 
southern San Jacinto and Elsinore fault zones and associated NE- 
trending cross faults for the purposes of: 1) measurement of 
creep or triggered slip, should it occur; and 2) measurement of 
coseismic fault slip should rupture occur on one of the fault 
segments under study. 

Results: To date, nine lines have been built. Along the San 
Jacinto fault zone, three are across the southern Clark fault in 
Clark Valley, one is across the Superstition Mountain fault, and 
one is across the Dixieland fault (in the same vicinity as the 
Caltech array). Along the Elsinore zone, two lines have been 
emplaced across the southern Elsinore fault, and one each across 
the Laguna Salada and Yuha Wells faults. 



MECHANICS OF FAULTING AND FRACTURING 

Paul Segall 
Branch of Tectonophysics 
U.S. Geological Survey 

345 Middlefield Road, MS/977 
Menlo Park, California 94025 

(415) 329-4861 

Investigations 

1. Geodetic Displacements in the San Francisco Bay Area Due to the 1906 Earthquake. 

2. Cornpaxison of the 1934 and 1966 Parkfield Earthquakes (with Wayne Thatcher 
and Yijun Du, Purdue University). 

3. Analysis of deformation and slip on the San Andreas Fault near Parkfield, California 
(with Mark V. Matthews). 

Results 

1. The October 1989 Lorna Prieta Earthquake has focused attention on deformation 
in the San Francisco Bay region. We have recomputed the surface displacements due to the 
1868 and 1906 earthquakes as determined by repeated triangulation measurements. This 
calculation was (to our knowledge) last done by Hayford and Baldwin in 1910, and used 
by H. F. Reid in his classic report on the 1906 earthquake. There are two limitations to 
Hayford and Baldwin's solution. First, in order to overcome the non-uniqueness inherent 
in these calculations, they arbitrarily held stations Diablo, Mocho, and Santa Ana fixed. 
Secondly, they did not compute uncertainties in the the displacement vectors. We overcome 
the non-uniqueness using the "model-coordinate" solution of Segall and Matthews (1989, 
J.G.R.) and fix the null space component of the solution (rigid body motions and uniform 
dilatation) using a simple dislocation model of the 1906 earthquake. Note in Figure 1 
that the data include angle changes between the 1850's and 1906 and the 1880's and 
1906, the error ellipses are 95% confidence intervals, and the data has been assumed to be 
independent. 

2. Bakun and McEvilly (Science, 1979; J.G.R., 1984) showed that waveforms of 
the 1922, 1934 and 1966 earthquakes are remarkably similar, particularly at teleseismic 
distances. This observation requires that the three earthquakes have comparable moment, 
source mechanism, aad location. This result, in combination with intensity data indicating 
similar sized events in 1857, 1881, and 1901, led to the now famous forecast of a 
"characteristic" Parkfield earthquake in 1988, with some uncertainty. 



Given that the last three Parkfield mainshocks have inter-event times of 12 and 32 
years, the question remains: Just how similar were these earthquakes? We report here on 
the slip distributions for the 1934 and 1966 earthquakes determined from the inversion of 
geodetic measurements. Previously, Segall and Harris (J.G.R., 1989) inverted changes in 
the lengths of 15 geodimeter lines measured before and after the 1966 earthquake. To this 
data set we add triangulation data from an arc that crosses the San Andreas Fault near 
the southeastern end of the 1966 rupture. This network was surveyed in 1932, 1951, 1962, 
and 1966 (post-eart hquake) . 

As noted by Savage and Burford (B.S.S.A, 1970), the 1966-62 angle changes show 
relaxat ion of the fault-parallel shear strain, demonstrating that the 1966 rupture passed 
as far southeast as the triangulation arc. Simultaneous inversion of the geodimeter and 
triangulation data confirms that the 1966 earthquake slipped the San Andreas Fault about 
10 km southeast of the prominent right-step in the fault trace. The magnitude of the slip 
at seismogenic depths southeast of the step was comparable to that northwest of the step. 

In contrast, the 1951-32 angle changes show an increase in fault-parallel shear strain. If 
the 1951-32 changes are dominated by the 1934 earthquake, it must have stopped northwest 
of the triangulation arc (Savage and Burford, 1970). We use the Harris and Segall (J.G.R., 
1987) model of inter-seismic slip to subtract out the effects of inter-seismic deformation 
between 1932 and 1951. With this model, or indeed any reasonable model that locks the 
Parkfield segment between ea.rthquakes, we conclude that the shear strain due to the 1934 
eart hqauke increased at the latitude of the triangulation net. 

Inversions of the 1934 coseismic slip distributions, were done employing the best- 
fitting 1966 slip pattern as an a priori model and positivity constraints. Even trying to 
force the 1934 earthquake to look like the 1966 earthquake we see that the maximum slip 
is considerably farther northwest in 1934 than it was in 1966. It is possible that there was 
deep slip southeast of the step in 1934. The data seem to prohibit shallow slip there. We 
conclude that the 1934 and 1966 earthquakes could not have been the same, unless the 
19 years of interseismic deformation between 1932 and 1951 were very different from the 
18 years of interseismic deformation between 1966 and 1984. Either way the earthquake 
cycles were different. 

3. Crustal deformation around active faults is commonly measured by various 
techniques. From both historic and current surface deformation data, we would like to know 
as much as we can about fault behavior at depth. Elastic dislocation models sometimes 
furnish a useful relationship between observable surface deformation and slip at depth, but 
the problem of inverting dislocation models to estimate slip is generally ill-posed. There 
are usually many hypothetical slip distributions that satisfactorily fit available data. In 
order to address the problem of nonuniqueness, we have proposed finding slip distributions 
that fit the available data and minimize a measure of elastic strain energy. 



Let s be an unknown slip distribution on a fault surface, C, and let ~ ; ( t ;  s), t  E C, 
be the components of traction on the fault surface due to s. The Ti are the sel f - tract ions 
of s, and the se l f -energy  is given by 

Self-energy is a good candidate for minimization because it depends only on slip, not on an 
unknowable absolute stress state, and because under certain assumptions the self-energy 
of coseismic slip equals the energy available for seismic radiation. We are able to show 
that when a deformation measurement is related to slip by 

we can m i n i m i z e  sel f -energy by  f inding t h e  slip d is t r ibut ion  w i t h  t rac t ion  o n  t h e  s l ipping 
part  of t h e  faul t  m a t c h i n g  t h e  weight  f unc t ion  mul t ip ly ing  slip t o  produce t h e  measured  
d a t u m .  We call this the t rac t ion -ma tch ing  cond i t i on  (TMC). It says, for instance, that 
we get least self-energy for a given m o m e n t  from a slip distribution with constant stress 
change in the slipping region. 

We have been experimenting with energy-minimizing slip inversions in certain 
antiplane slip models that are of interest because of their computational tractability and 
because of their use in describing deformation around long strike-slip faults such as the 
San Andreas. We have simulated the process of observing deformation at the free surface 
of a half-space and inverting for slip, and we are now working on applying our techniques 
to real data. The first application will be to estimate coseismic slip at the northern end 
of the the 1906 rupture by inverting triangulation measurements made near Point Arena. 
Subsequently, we will construct a time-varying estimate of interseimic slip for the segment 
of the San Andreas near Parkfield. The first step in constructing this estimate involves 
using the TMC to determine the energy minimizing slip distribution corresponding to 
the slip functional measured by each station in the instrumental network. These energy- 
minimizing distributions are taken to be basis functions with time-varying coefficients, and 
the coefficients are estimated using recursive linear filters which also try to remove noise 
due to measurement errors and benchmark motion. 



Figure 1. 1906 Displacements in the San Francisco Bay Region. 
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LOW FREQUENCY DATA NETWORK 
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(415) 329-4862 

Investigations 

[I] Real-time monitoring, analysis, and interpretation of tilt, strain, creep, magnetic, and 
other low frequency data within the San Andreas fault system and other areas for the 
purpose of understanding and anticipating crustal deformation and failure. 

[2] Enhancements to satellite-based telemetry system for reliable real-time reporting and 
archiving of crustal deformation data. 

[3] Development and implementation of backup capabilities for low frequency data 
collection systems. 

[4] Specialized monitoring, including automated alerts, and display of data relevant to the 
Parkfield region. 

Results 

[I] Data from low frequency instruments in southern and central California have been 
collected and archived using the Low Frequency Data System. In the six months over 
eight million measurements from over 100 satellite platforms have been received via 
satellite telemetry and subsequently archived by Low Frequency Network computers 
for analysis. 

The project has operated a configuration of an Integrated Solutions (ISI) V24S 
computer running under the UNIX operating system, with another IS1 serving as data 
storage backup. In addition, after the Loma Prieta earthquake, a Sun 31280 was also 
used as a backup for the collection and storage of low frequency data. This backup was 
added due to the importance of maintaining operations and problems with maintence 
of the IS1 systems. Data from the Network are made available to investigators in 
real-time and software for data display and analysis is readily available. Tectonic 
events, such as creep along the fault, can be monitored while still in progress. Also, 
periodic reports are produced which display data collected from various groups of 
instrumentation. 



[3] The project continues to use a five meter satellite receiver dish installed in Menlo Park 
for retrieval of real-time surface deformation data from California and South Pacific 
islands. The GOES geostationary satellite together with transmit and receive stations 
make possible a reliable real-time telemetry system. Further expansion of the number 
of platforms monitored is ongoing. 

The project continues to take an active part in the Parkfield Prediction activities. 
Software has been written to provide scientists with automated alerts for signals 
which may indicate anomalous tectonic activity. Kate Breckenridge is the monitor 
for Parkfield creep events, which includes contact via paging system during periods of 
increased activity. Stan Silverman is the alternate monitor for Parkfield strainmeter 
data, which also includes contact via paging system alerts. Also, data collection and 
computer operations are automatically monitored for abnormal activity and project 
members are paged in event of problems with either. 

[5] The project has continue to provide real-time monitoring of designated suites of 
instruments in particular geographical areas. Terminals are dedicated to real-time 
color graphics displays of seismic data plotted in map view or low frequency data 
plotted as a time series. During periods of high seismicity these displays are 
particularly helpful in watching seismic trends. The system is used on an ongoing 
basis to monitor seismicity and crustal deformation in central California and in special 
areas of interest. 

Data collection, storage and analysis were performed before and after the Loma 
Prieta earthquake of October 17, 1989, without loss of data. Use of backup power 
at  the Menlo receive site and transmission of redundant data samples from field sites 
provided uninterrupted coverage of satellite telemetry. During the last quarter of 1989, 
operations of the low frequency computer were switched to a loaner system while the 
Survey computer was removed from the building for repairs. During this period, 
complete satellite telemetry was available from either the loaner system or backup 
computer facilities. Aside from short interruptions for system operations, users of 
the low frequency computer system were provided with a working system during this 
repair period. 
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Investigations 

1. Field investigations of structural and stratigraphic relationships between late Cenozoic 
sedimentary units and underlying Franciscan and granitic basement in central California 
with emphasis on the Parkfield-Cholame area. 

2. Field investigations of late Holocene and historic slip rates in the Parkfield and Carrizo 
Plain segments of the San Andreas fault. 

3. Post-earthquake investigations of the 1989 Loma Prieta, California earthquake. 

Results 

1. Geologic mapping progressed and the Parkfield and ChoIame 7%-minute quadrangles have 
been completed. The ParHield Quadrangle was and the Cholame Quadrangle is now at 
Menlo-BTR. Work is progressing on the Stockdale Mountain and Orchard Peak 7%- 
minute quadrangles. 

These quadrangles along with those already publish delineate the complexities of the San 
Andreas fault zone in the Parkfield segment. The San Andreas is shown to be composed 
of three segments that have been occupied as the "main" trace over the past 18-20 Ma. 
Preliminary conclusions derived from mapping in the Orchard Peak and Cholame 
quadrangles suggest multiple phases of uplift sine late Cretaceous time. Each period of 
uplift is followed by transgression of the seas and inundation of the southern Diablo and 
northern Temblor Ranges. Major unconfonnities separate late Cretaceous Maastichtian, 
late Oligocene to Early Miocene, and middle Miocene deposits in this area. 

2. A network of surveyed quadrilaterals, established on the San Andreas, White Canyon, Red 
Hills, Gold Hill, and Gillis Canyon faults in the Parkfield-Cholame area, totals 19 
quadrilaterals. Fifteen quadrilaterals lie across the San Andreas, 2 on the White Canyon, 
and one each on the Red Hills and Gold Hill faults. These quadrilaterals are resurveyed 
every 2 months to gain background information on the sites prior to the next Parkfield 
earthquake. 



3. We excavated 10 additional trenches (-165 m total length) in November 1989 to search 
for more offsets, evidence of individual events, and additional study of the process of 
stream abandonment at the Phelan Site on the Carrizo Plain. The fault trace at the site 
is easily identified by geomorphic features. The site is characterized by a pair of offset 
modern streams, an older abandoned and infilled stream channel, and a pair of beheaded 
streams. Off-sets of the modern streams were measured by high precision surveys of their 
thalwegs. The thalweg of the SE larger stream is offset 17.4 + 1.6 m, and the offset of 
the NW smaller stream is 15.8 + 0.6 m. Excavations in the alluviated abandoned channel 
reveal that it is offset 101.9 + 1.4 m from the smaller stream, its probable parent stream. 
Offset of the stream lengthened the channel without significantly altering its base level, 
and aggradation proceeded. Filling of the channel occurred in four phases, the last ending 
just prior to establishment of the present pair of stream courses. One or two older 
abandoned and filled channels were revealed by the excavations NW of the younger 
abandoned channel. 

The 1857 break varies from a single fracture with horizontal slickensides, to multiple 
vertical faults with gouge zones of 2 to 25 cm, to an indistinct zone of distributed shear 
up to 2 m-wide. Conjugate faults of the San Andreas fault have both normal and reverse 
sense and occur in groups which alternate in sense of movement along strike of the SAF. 
Deposits in the modem channels show evidence for 2 events; the 1857 and the 
penultimate event. Identification of events older than the penultimate event is uncertain. 
Detrital charcoal for C-14 dating is abundant in the sediments excavated; more than 320 
samples were collected. All sedimentary units contained multiple charcoal samples and 
potentially can be dated. Initial radiocarbon dates were received in December and suggest 
a slip rate of 32.0 and 35.6 d y r  for the past 4645 yr. This is based on a single date 
from Trench I that dates the abandonment of the large stream at the site. The date is 
4645 k205 CAL BP. Other dates received in December require substantiation by dating 
in progress. 

4. Following the 17 October 1989 Loma Prieta earthquake I set out a large quadrilateral 
across the San Andreas at the intersection of Mount Madonna and Hazeldell Roads. The 
quad is about 160 by 45 meters and consists of 6 monuments. We have been resurveying 
the quad since 1 day after the earthquake. Thus far the quad records ambiguous surface 
slip. 
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Sims, J.D., Ito, Tanio, Hamilton, J.C., and Meier, D.B., 1989, Late Holocene Record of 
Earthquakes and Slip on the San Andreas Fault in Excavations on the Carrizo Plain, 
Central California: American Geophysical Union, EOS, v. 70,no. 43, p. 1349. 
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Investigations. 

1. STUDY OF THE CONTEMPORARY, HOLOCENE AND LATE QUATERNARY 
DEFORMATION OF THE ASAL RIFT, DJIBOUTI, AND ITS IMPLICATIONS FOR THE 
MECHANICS OF MID-OCEAN RIDGES. The Asal rift in Afar is one of the few segments of 
the world ocean rift system to stand above water, affording detailed measurement of its 
deformation. The only other equally accessible site is Iceland, which is complicated by its 
position over a hot spot. The Asal Rift is the most active spreading center of the Nubia- 
Arabia plate system in Afar, opening at 18 d y r ,  and propagating inland from the Gulf of 
Aden at 30 rnm/yr. Because of Djibouti's hyper-arid climate, there is virtually no erosion 
and little deposition on to the rift features, which means that a topographic surface is also a 
structural datum. In addition, shoreline markers of the highstand of Lake Asal furnishes a 
precise measure of Holocene deformation. The lake level stood 160 m above sea level 
8,600-6,000 yrs ago and dropped precipitously 300 m 6,000-5,000 yrs ago. Some 85 1 4C 
dates on 100 surveyed highstand sites provide an unparalleled index of Holocene vertical 
deformation of a rift system. Finally, deformation associated with a seismovolcanic crisis 
in 1978 was measured by precise leveling and electronic distance measurement by Ruegg et 
a1 (in progress by R. Stein, Pierre Briole, Jean-Claude Ruegg, and Paul Tapponnier from 
Institut de Physique du Globe de Paris). 

2. STUDY OF COSEISMIC AND POST-SEISMIC DEFORMATION AT COALINGA M CONTEXT 
OF THE 1 10-KM-LONG NEW IDRIA-COALINGA-KETTLEMAN-LOST HILLS FOLD CHAIN. 
(Part 1 submitted; Part 2 in progress; R. Stein & G. Ekstrijm, Harvard Univ.) 

3. STUDY OF THE RECURRENCE CHARACTERISTICS OF LARGE EARTHQUAKES AND THE 
INFLUENCE OF COSEISMIC SLIP DISTRIBUTION ON MECHANICS OF RECURRENCE. 
Investigations include survey and synthesis of existing historical, seismological and 
paleoseismic information on earthquake recurrence. Geologic, geodetic and seismologic 
estimates of earthquake slip distribution are integrated with recurrence data whenever 
possible. Assessments of the precision and resolution of fault slip estimated by these 
different methods are needed both to evaluate the methods themselves and to judge the 
reliability of individual slip determinations (in progress, W. Thatcher and G. Marshall). 

4. STUDY OF THE STATIC DEFORMATION FIELD OF THE 17 OCTOBER 1989 LO MA 
PRIETA, CA, EARTHQUAKE. In cooperation with the National Geodetic Survey and Santa 
Cruz County, 400 km of 1st Order leveling is being conducted by NGS crews to measure 
the coseismic elevation changes. The pre-earthquake surveys were conducted by the NGS, 
USGS, Santa Cruz County, and CalTrans to 1st-3rd Order standards. These pre- 



earthquake surveys are quite variable in quality and date from 1908 to 1988. The post- 
earthquake surveying spans February-May 1990. Installation and reoccupation of a tidal 
gage at the Santa Cruz warf is also in progress. Reprocessing of the pre-earthquake 
surveys has just begun (G. Marshall, R. Stein & W. Thatcher). 

Results. 

1. ASAL RIFT. We seek to detennine the time when rifting commenced at Asal, which 
is known only to have formed during the past 1 million years. In addition, we seek to find 
out whether active faulting becomes progressively less active with distance from the axis, is 
distributed across the 10-km-wide rift, or migrates around the rift with time. Finally, we 
wish to learn how the spreading, fault slip, and rift subsidence rates are related. We find 
that one quarter of the deformation has occurred during the past 6,000 yrs; thus the rift is 
likely to be just 25,000 years old. Faulting has been uniformly distributed across the entire 
rift. All faults within the rift flanks are similarly active; only one out of 13 has ceased 
during the Holocene. The subsidence rate of the rift, as well as the summed fault slip rate, 
are found to be equal to the spreading rate. 

2 . NEW IDRIA-COALINGA-KETTLEMAN-LOST HILLS FOLD. We argue that the New 
Idria-Coalinga-Kettleman-Lost Hills chain of en echelon folds marks the leading edge of a 
continuous segmented thrust fault, the 3 northern segments of which ruptured in three 
5.51MW16.5 earthquakes in less than 3 years. The earthquakes ruptured from north to 
south and the sequence may continue. The southernmost Kettleman South Dome-Lost 
Hills segment is the longest in the chain, and thus may be capable of generating an 
earthquake of 6.5>MW>7.0. The main shocks and nearly all well-constrained aftershocks 
exhibit compressional mechanisms perpendicular to the fold axes, suggesting that the blind 
fault undergoes pure dip slip and accommodates contraction normal to the San Andreas 
fault, which strikes parallel to the fold chain and lies 30 km to the east. The master fault 
appears to lie at a depth of 14- 15 krn at the north end, shallowing to perhaps 5 krn at the 
southern extremity. Relocation of the seismicity reveals that the aftershock zones abut at en 
echelon offsets in the fold axes. We interpret the fold offsets to overlie tears, offsets or 
step-ups in the fault below, and suggest that offsets along youthful folds elsewhere can be 
used to deduce the plausible segmentation on blind faults, which are otherwise inaccessible 
for assessment. The large earthquakes also provide evidence that the blind fault is 
propagating away from the San Andreas fault at a rapid rate of about 2 rnrn/yr. The 
Kettleman main shock and center of coseismic uplift are displaced 5-7 km basinward of the 
Quaternary fold axis, the New Idria main shock is displaced 2 km, and the postseismic 
deformation at Coalinga is displaced 2 krn from the coseismic deformation, all suggesting 
that the fault is propagating into the undeformed Great Valley sediments. 

A common feature of the large eslrthquakes is their diffuse pattern of aftershocks, with the 
shallowest events locating in the core of the anticlines. We argue that this pattern is a 
fundamental feature of seismicity on blind faults that contrasts with events on strike-slip or 
normal faults, and corresponds to secondary faulting on associated fractures, and to small 
adjustments in the highly deformed and strained anticlinal cores. Background seismicity 
during the 12 years before the New Idria-Coalinga-Kettleman sequence began is 
concentrated at the offsets and ends of fold axes, and also in the cores of the anticlines. A 
feature unique to the Kettleman Hills event among the 3 earthquakes is its slow rupture 
speed, resulting in a long-period and geodetic moment 10 times larger than the moment 
estimated from short-period seismograms, and delayed triggering and late peak amplitudes 
in the strong ground motion. Whether other historical earthquakes beneath the fold- 
several of which predate the seismic network-also ruptured slowly is unknown. 



3. FAULT SLIP HETEROGENEITY AND PATTERNS OF EARTHQUAKE RECURRENCE. The 
existence of an upper failure threshold for fault slip is a central axiom of earthquake 
mechanics and a common feature of concepts as diverse as Ried's elastic rebound model 
and modern laboratory-based constitutive laws of fault behavior. This axiom is also 
closely related to the time predictable model of Shimazaki and Nakata, which postulates that 
earthquake interevent time is determined by the ratio of slip in the most recent event to 
longterm fault slip rate. Applying this prescription to simple patterns of slip heterogeneity 
results in a wide range of permitted recurrence behavior. If slip rate is constant along fault 
strike and earthquake slip is not, then cycle-to-cycle variability in the rupture lengths and 
magnitudes of successive events is required. Overlap of rupture zones during a single 
strain release cycle is also common. Provided slip on specific subsegments of plate 
boundary does not vary from event to event, interoccurrence times on these may be 
constant even though different combinations of them may rupture in each cycle. However, 
interaction between adjacent subsegments can significantly perturb these patterns. If slip 
on each subsegment depends on total rupture length then interevent times will become 
nonuniform. Occurrence time will also be influenced by the slip history of the adjacent 
regions through the timing of their events, the resulting dynamic and quasistatic stress 
transfer that accompanies them, and the existence of locked or freely sliding zones. 
Downdip variations in earthquake slip distribution would produce further complications. 
Given these expectations it is surprising that observed recurrence behavior shows as much 
order as it does. Rupture zones of circum-Pacific earthquakes tend to abut without 
significant overlap, and in a number of regions rupture characteristics vary from cycle to 
cycle, but events are clustered in time and cycle duration is relatively uniform. These 
features might be rationalized if subsegments (asperities?) are largely isolated from the 
perturbing effects of their neighbors (by aseismic slip zones?). On some plate boundary 
segments recurrence behavior is apparently less ordered and some of the permitted effects 
of slip heterogeneity may be responsible. 

Reports published or submitted during this period (excluding abstracts): 
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Obi ective: 

For the past 5 years we have been studying the detailed distribution of earthquakes, 
focal mechanisms, rotations of small crustal blocks, N.E. striking cross-faults, the 
existence of shallow-angle detachment faults and premonitory changes before large 
earthquakes along the southern San Andreas and San Jacinto faults in southern California. 
Major emphasis has been given to the large tectonic knot centered near San Gorgonio Pass 
and to 2 recent earthquakes near the southern end of the Salton Sea. Little of the present 
seismic activity occurs on the major throughgoing faults themselves. Instead much of it is 
situated on secondary faults and detachments. Seismicity in the months before the 1986 
North Palm Springs earthquake appears to be concentrated on a detachment fault that 
determined the lower limit of the rupture. Secondary cross-faults at the two ends of the 
rupture were active during the aftershock sequence. The purpose of this study is to use 
relocated hypocenters and single-event focal mechanisms to examine precursory changes in 
three regions near the San Jacinto and southern San Andreas faults that contain prominent 
cross-faults and detachment faults. One includes small earthquakes associated with a 
magnitude 6 event on a cross-fault near the southern end of the Salton Sea that was a short- 
term precursor to a larger event in 1987 on the Superstition Hills fault. A temporal 
sequencing of activity along NW and NE trending conjugate faults of the Brawley zone has 
been identified and is being examined in detail. Future changes in activity on the next cross 
fault to the north of the one that ruptured in 1987 could be a precursor to a larger event that 
would rupture the southern San Andreas. We have developed computer programs to 
automatically determine hundreds of focal mechanism solutions of high quality so as to 
examine in detail the hypothesis that the San Andreas is a weak fault. Moderate 
earthquakes prior to the 1989 Lorna Prieta earthquake in central California, most or all of 
which are outside the ensuing rupture zone, show a pattern of accelerating moment release. 
In light of this precursory change in seismicity in a region of complex fault interaction, we 
have begun re-examining seisimicity of moderate-to-large earthquakes in southern 
California to establish if such changes also occur before large earthquakes on the San 
Andreas system in southern California. 

Results; 

Two large strike-slip ruptures 1 1.4 hours apart occurred on intersecting, nearly orthogonal, 
vertical faults during the November 1987 Superstition Hills earthquake sequence. This 
rupture was investigated in the paper "Cross-fault triggering in the November 1987 
Superstition Hills Earthquake Sequence, Southern California" that was published in 
Geophysical Research Letters in February, 1989 by Hudnut, Seeber, and Pacheco. They 
show evidence that this sequence is the latest in a northwestward progression of 
earthquakes (1979, 1981, and 1987) rupturing a set of parallel left-lateral cross-faults that 
trend northeast between the Brawley seismic zone and the Superstition Hills fault. It is 
inferred that the observed northwestward progression of ruptures on cross-faults may 
continue. The next cross-fault expected to rupture intersects both the San Andreas fault and 



the San Jacinto fault zone. They hypothesize that slip on the cross fault decreased normal 
stress on the main fault and triggered main strand rupture after a delay that was caused by 
fluid diffusion. 

The preprint "The interaction between secondary and master faults within the 
southern San Jacinto fault Zone, southern California" by Petersen, Seeber, Sykes, 
Nabelek, Hudnut and Armbruster shows evidence that a third of the moment radiated from 
the April 9, 1968 Borrego Mountain earthquake came from a subevent that occurred on a 
secondary fault. In addition, the April 28, 1969 Coyote Mountain earthquake may have 
occurred on a northeast cross-fault instead of along the mainstrand fault as was previously 
thought. They relocate seismicity (1981-1986) and identify a secondary fault (the Palm 
Wash fault) that is parallel to the mainstrand fault and appears to be activated by regional 
large earthquakes. Increased seismic activity in a location well off the master fault occurs 
in a three-month time window both subsequent and prior to activity on the master fault and 
may signal increased stress in the region. 

An abstract "Stress orientation inferred from the kinematics of secondary faults 
within the San Andreas fault zone at Parkfield" by Seeber and Armbruster demonstrates the 
use of the focal mechanism program that automatically determines hundreds of mechanisms 
from the most well-constrained phase data. They show that near Pmeld almost half of 
the focal mechanisms have nodal planes that are not parallel to the San Andreas fault and 
are not ruptures on a master strand. They infer these ruptures to be on minor faults 
confined to the fault zone. If these faults are randomly oriented, their combined slip 
geometry define the direction of maximum compression on the San Andreas fault in the 
seismogenic depth range. The compression axis lies at about 55" with the San Andreas 
fault. This angle is consistent with friction laws derived from laboratory experiments. 

An abstract "Seismicity changes in the San Francisco Bay region before the Loma 
Prieta earthquake of 1989" by JaumC and Sykes establishes a pattern of accelerating 
moment release prior to 1989 Loma Prieta earthquake. Most, if not all, of the M 2 5.0 
earthquakes in the 35 years prior to this earthquake are outside the ensuing rupture zone. 
In the preprint "Long-term seismic precursors to three large earthquakes, greater San 
Francisco Bay area, California" Sykes and Jaum6 show that accelerating moment release 
has occurred before three large earthquakes in central California and also before the 1948 
Desert Hot Springs earthquake in southern California. 
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OBJECTIVE 

The long-term, fixed purpose of this investigation is to search for and monitor the spatial and 
temporal nature of nearfield displacement across active and potentially active faults. Thus, we document 
pre-, co- and post-seismic displacement and aseismic creep, if any, especially where seismographic, 
paleoseismic and geomorphic evidence indicates current or recent fault activity. The geodetic arrays range in 
length from 300 m to 7000 m and are intermediate in scale, therefore, between the infrequent, regional 
geodetic surveys traditionally done by the National Geodetic Survey, and point measurements by 
continually recording instruments such as creepmeters, tiltmeters, and strainmeters. All leveling is done 
according to First Order, Class I1 standards, and horizontal surveys are done to First Order standards. 

RESULTS 

LOMA PRIETA EARTHOUAKE: The only geodetic mays we had near the meisoseismal area of the 
17 October 1989 Lorna Prieta were a 978 m-long level line and two nail lines across the San Andreas fault 
at San Juan Bautista. We resurveyed the level line 10 weeks before the earthquake, two days afterward, and 
then again 10 weeks after the earthquake. We measured the nail lines in December 1988, then 3 days after 
the earthquake, and then again 10 weeks after the earthquake. We found that the San Andreas fault at San 
Juan Bautista was hardly affected by the Lorna Prieta earthquake, and the earthquake did little to terminate 
the six year-long episode of horizontal and vertical creep retardation there. Resurveys of cross-fault nail 
lines, each 1 km NW and SE, respectively, of San Juan Bautista showed that 15 mm of right slip occurred 
between December 1988 and October 20, 1989. Some of that slip may have been coseismic, however, 
because creepmeter XSJ2 southeast of the town recorded 5.18 mm of coseismic, right-lateral creep, which 
decayed left-laterally in the two days after the earthquake to yield net right slip of 4.05 mm. First-order 
surveys of bench marks in the leveling array revealed 25 mm of vertical separation occurred across the fault 
between 1974 and 1983, but no change occurred from 1983 to 1990, corresponding approximately in time 
to the period of horizontal creep retardation that commenced in early 1984. This leads to a conclusion that 
the vertical displacement across the San Andreas fault at San Juan Bautista represents tectonic creep rather 
than non-tectonic subsidence related to withdrawal of groundwater for agriculture in San Juan Valley. 
Moreover, the lack of significant, triggered, nearfield surficial slip at the time of the Loma Prieta earthquake 
means that a strain deficit still remains at San Juan Bautista, a deficit which will require a M 4.9 k 0.3 
earthquake to resume the average horizontal strain rate of 7 mmlyr observed there over the past 20 years. 
These results were reported in a poster session at the Annual Fall Meeting of the American Geophysical 
Meeting by Sylvester, Burford and Schulz (1989). 

SAN JACINTO FAULT: The increased seismic activity along the northern reach of the San Jacinto 
fault in December, 1989, prompted us to resurvey nearfield geodetic mays across the fault near Anza and on 
the campus of San Bernardino Valley College in January 1990. Horizontal displacement was not detected to 
a precision of * 5 rnm along the main strand of the San Jacinto fault in the Anza area between mid-1988 
and mid-January, 1990, based on comparison of two incomplete EDM-resurveys of small aperture 
trilateration arrays across the fault at trench sites north of 3 krn north of Anza and 1 km northwest of Hog 
Lake. Resurveys of short level lines across the fault, however, reveal 10 mm (* 0.4 mm) at the San 



Bernardino site, and 1.5 mm (+ 0.5 mm) at Anza in the same time period. The vertical displacement in San 
Bernardino occurred across a horst where 6 previous levelings of the same line of permanent bench marks 
revealed less than 4 mm of displacement from 1985 to 1988, northeast side-down relative to the southwest 
side. That displacement was previously attributed to withdrawal of groundwater, only because the San 
Jacinto fault is an aquiclude in San Bernardino damming groundwater northeast of the fault. The abrupt 
displacement across the fault coincides temporally not only with nearby seismic activity in December 1989, 
but also with the southern California drought. Water pumping records and more frequent surveys are 
required to determine whether the displacement is tectonic or due to subsidence. At Anza, a height change 
of 1.5 mm (k 0.5 mm), mountain side-up, from July 19 88 to January 1990, occurred across a 100 m-wide 
zone that coincides with the trace of a subsidiary strand of the fault, whereas no displacement occurred across 
the main fault. Repeated annual levelings of the array from 1984 to 1988 yield a displacement rate of 0.5 
m d y r  across the subsidiary fault, but the rate doubled to 1 mm/yr from mid-1988 to January 1990. The 
surveys demonstrate that vertical displacements have occurred across widely separated parts of the San 
Jacinto fault, but they are not sufficiently frequent, laterally extensive, or temporally lengthy to determine 
whether the displacements represent coseismic slip or aseismic creep, or if they have non-tectonic causes. 
These results were reported at the 1990 Annual Meeting of the Seismological Society of America by 
Sylvester, Helm, Hitchcock, and Howe (1990). 

GRAND TETON PROJECT: The 22 km-long line across the Teton fault in Grand Teton National 
Park (Fig. 1) was resurveyed during the last few days of August and the first week of September. The line 
was established and first surveyed in August, 1988 in cooperation with the University of Utah and the 
National Park Service. The observed misclosure for the 1989 survey is 12.25 mm, compared with 12.44 
mm for the 1989 survey. The standard deviation, after the data were adjusted by the National Geodetic 
Survey for misclosure, rod error, atmospheric effects, and refraction effects, in both surveys is 0.4 mm. 
Displacement across the east-dipping fault from 1988 to 1989 was 8 mm, footwall down relative to the 
hanging wall (Fig. 2). No earthquakes r M 2.5 occurred during that time period. This means that aseismic 
reverse slip occurred on a normal fault by means of one or a combination of the following mechanisms: 1) 
interseismic, east-west regional crustal shortening; 2) complex tectonic interaction with the seismically 
active Gros Ventre Range, 25 km southeast of the Teton Range; 3) hanging wall dilation prior to an 
impending earthquake; and 4) poroelastic strain of glacio-fluvial sediments beneath Jackson Valley due to 
refilling of Jackson Lake. We are performing elastic dislocation modeling to evaluate these possibilities 
more fully. These results were reported at the 1990 Cordilleran Section Meeting of the Geological Society 
of America by Sylvester, Byrd, and Smith (1990). 

COACHELLA VALLEY: We resurveyed our 2.2 km-long level line across Bat Caves Buttes, the 
Extra fault, and Kane Spring fault in March 1990. The height differences between bench marks in the Bat 
Caves lines in 1990 are virtually identical to those we observed in 1989, which means that no vertical 
displacement has occurred across the San Andreas fault there since the 3 mm we observed withii 3 weeks of 
the 1987 Superstition Hills earthquake. Also in March 1990 we resurveyed alignment arrays EXTRA, 
KANE SPRING, and CORVINA BEACH. 

PARKFIELD:  We resurveyed our 7 km-long line across Cholame Valley in January 1990. 
Comparisons with previous surveys reveal continued vertical displacement across the San Andreas fault at a 
rate of 3 mm/yr, valley side down relative to Gold Hill. 
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GRAND TETON L E V E L  L I N E  

Fig. 1. Sketch map of the UCSBN of Utah first order level line 
across the Teton fault, Grand Teton National Park, Wyoming 
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Figure 2. Height changes of bench marks across the Teton fault west of Jenny Lake, Grand Teton 
National Park, from 1988 to 1989. 

A. Height changes plotted versus distance, where the distance is the straight line distance 
from GTO1 at the east end of the line to GT42 at the west end. Error bars for the 1989 survey are 
two standard deviations. Dashed lines on each side of the solid, straight line that represents the 
1988 datum are also error limits that correspond to two standard deviations. Both surveys have 
been adjusted by the National Geodetic Survey for misclosure, rod error, and refraction. 

B. Topographic profile of the level line. 
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Investigations 

Laboratory experiments are being carried out to study the physical properties of rocks 
at elevated confining pressures, pore pressure and temperature. The goal is to obtain data 
that will help us to determine what causes earthquakes and whether we can predict or 
control them. 

Results 

Friction experiments have been conducted in a triaxial press on 2.4 mm-diameter 
cylindrical granite samples containing simulated faults. Fault surfaces were sawcuts 
included 30" to the sample axis and contained ridges and grooves oriented perpendicular 
to the direction of slip. A layer of wet montmorillonite clay of thickness comparable to 
the ridge heights was used to separate the fault surfaces. A single pair of ridges sliding 
past each other resulted in a strength transient whose magnitude and shape depended 
on the dimensions of the ridges and the thickness of the clay layer. A variety of more 
complex geometries was also studied. In one example, surfaces with regularly spaced 
ridges and grooves were used to produce a strength function which varied cyclically with 
displacement. This geometry was used to investigate the dependence of fault stability on 
machine stiffness, which was varied in two ways: first, stiffness was reduced by placing 
a chamber of compressed gas between the. ram and the piston used to apply load to 
the sample. In the second method, stiffness reduction was accomplished electronically by 
adding a signal proportional to the axial load to the servo feedback loop controlling sample 
displacement. In both cases, samples which slid stably at normal stiffness were observed 
to slide unstably when stiffness was reduced. 

The effective stress law relates the total stress acting on a material to the difference 
between the confining and fluid pressures. The effective stress law for frictional sliding has 
been shown to hold for a variety of rock types and gouges, but has not been studied 
for clays. Because clay gouges are common in fault zones such as the San Andreas, 
we have studied the effective stress law for representative expanding and non-expanding 
clays that are likely to exist to seismogenic depths. Frictional sliding experiments were 
performed on pure montmorillonite, illite and mixed montmorillonite/illite gouges with 



effective pressures ranging from 2 to 300 MPa. The data show that the shear strength 
of both montmorillonite and illite vary as a function of effective pressure, independent of 
confining and fluid pressures, verifying that the effective stress law holds. We also found 
that pure montmorillonite gouge showed the lowest strength at all effective pressures, with 
shear strength increasing in proportion to illite content. Dry gouge was consistntly stronger 
than wet gouge for all sample compositions. The coefficient of friction of both dry and 
wet montmorillonite gouge increased with increasing effective pressure, whereas the illite 
gouge showed significantly less dependence upon effective pressure. The low strength of 
expanding clays has been related to the presence of loosely bonded interlayer water. Our 
results for montmorillonite suggest that with increasing pressure, fewer layers of water are 
retained by the gouge, thus the coefficient of friction increases. 

To look for differences in the style of fault zone deformation between stick-slip and 
stable sliding, cylinders of intact granite were loaded in triaxial testing equipment until they 
failed in compression, and deformation was continued by sliding along the resulting breaks. 
The experiments were conducted at room temperature on dry or fluid-saturated granite 
cylinders. At confining pressures between 40 and 120 MPa, the samples slid stably following 
the initial'break, and at confining pressures between 150 and 600 MPa they showed stick- 
slip motion. Deformation maps were prepared from thin sections of the faulted samples. 
The deformation maps vary widely in appearance, reflecting sample-to-sample variations 
in the initial'breaks, but the paths along which shear was concentrated could be identified. 
In the low-pressure, stably sliding samples, shear was accommodated in zones as much 
as 1.5 mm wide, which are characterized by a pronounced fabric of deformed opaque and 
phyllosilicate grains and a moderate reduction in grain size compared to adjoining areas 
that were fractured but not sheared. In contrast, shear in the high-pressure, stick-slip 
samples were localized in zones that are roughly 0.2 mm or less in width. These zones, 
in turn, contain as many as four, 0.005 to 0.010 mm wide, sub-parallel shear bands that 
consist of extremely fine-grained gouge. Each shear band may represent a single episode 
of slip; thus, successive slip events in the stick-slip cycle may occur as fresh breaks in 
the same part of the fault. The observed textural differences emphasize the correlation 
between stick slip and the localization of shear. Repeated slip events along nearly the same 
path, similar to those occurring in the stick-slip samples, are also characteristic of natural 
faults such as the San Andreas of California. 

WE: have complkted a suite of hot isostatic pressing experiments using fine grained 
(5-10 1.1 m) quartz powders saturated with water at 700°C. Pore fluid pressures ranged 
from 30 to 200 MPa; confining pressures ranged from 200 to 370 MPa; initial porosity 
varied from 35-47%. After hot pressing under effective pressures of 170 MPa for several 
days, the final porosities were from 20% to as low as 7%. As is common in compaction 
experiments, the volumetric strain rate is quite rapid at first (-- 105/s), decreasing with 
time (-- 108/s). Under these conditions, densification rates appear to depend on the pore 
fluid pressure as well as the total effective pressure. The electrical conductivity of the 
compact also falls steadily with time. After the initial rapid compaction, the conductivity 
of the compact may be represented by a power law relation between porosity and electrical 
conductivity similar in form to Archie's law. However, the empirical values of the exponent 



range widely from experiment to experiment, varying from 0.8 to 2.8. The exact form of 
the relation between porosity and conductivity are probably related to changes in average 
particle size, size distribution, and packing geometry which occur during compaction. 

A plane-strain multiple crack interaction model is presented in which finite difference 
quasi-s tatic equilibrium equations are solved to examine multiple crack interactions. A 
multi-scaling approach is used to achieve solutions for large crack populations. The 
model includes frictional strength for crack surfaces and time-dependent sub-critical crack 
growth. Many features of laboratory experiments are duplicated. These include dilatency, 
Mohr failure envelope, acoustic emission and acoustic wave velocity. In the multi- 
scaling approach, the sample is divided into small' cells which are analyzed individually 
to determine local average elastic properties. A new system, constructed of these cells 
of averaged properties, is itself subdivided, this time on a coarser scale than the scale of 
the original system. The new system, in turn, is analyzed for average elktic properties. 
This procedure is continued, increasing in scale, until a single set of average properties 
for the entire system is determined. Desired boundary conditions are then applied to the 
coarsest scale system and average displacements are computed. These displacements are 
used as boundary conditions for each cell at the next finer scale and interior displacements 
are computed cell by cell. This procedure is continued until displacments and stresses 
are determined for the original system. Finally, crack growth is precribed based on the 
local stress conditions and a critical stress intensity criterion. The entire process is then 
repeated with the new crack population. 
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Investigations 

The goal of the project is to determine the friction constitutive behavior of water saturated faults 
at hypocentral conditions through experimentation and constitutive modeling. Specifically, we are 
conducting friaxial friction experiments on wet and dry quartz gouge at normal stresses to 100 MPa 
and temperatures to 250 'C. Methods of testing include velocity stepping, slide-hold-slide and 
temperature stepping. Through such experiments we will determine the trade-off between slip rate 
and temperature, and the form of temperature dependence in rate and state dependent friction 
constitutive laws. Experiments are being conducted at water saturated and nominally dry 
conditions to determine the effects of water on frictional behavior, and in particular, to search for 
evidence of solution transfer at elevated temperatures and low sliding velocities. 

Mounting geologic evidence suggests that solution transfer is an important mechanism of 
deformation in natural faults at seismogenic depths. It has been suggested repeatedly that solution 
transfer could be an important process for fault healing during interseismic periods, and promote 
creep at low shear stresses. It is well known that the mechanisms of solution transfer are favored 
in fine grain materials at low deformation rates, and have strain-rateltemperature relationships 
described by relatively low activation energies (Rutter 1983). Consequently, it is very difficult to 
study these mechanisms in the laboratory. Some of the best evidence indicating that solution 
transfer can be studied in exXperimental faults is provided by stress relaxation (hold) tests because 
these achieve low deformation rates (e.g. Rutter & Mainprice 1978). To date, analyses of this type 
of experiment have generally assumed that the specimen relaxes at steady state even though the 
fault continues to slip at continuously varying velocities, and accordingly, under a changing state. 
Moreover, the experiments show frictional behavior, yet the constitutive laws utilized are not 
friction laws. Thus, with our present state of knowledge, these analyses are no longer entirely 
satisfying. 

Part of our work under this contract has been to analyze relaxation experiments using the 
framework of the rate and state dependent friction laws. This is important ground-work for 
analysis of our experiments utilizing the slide-hold-slide mode of testing. Our findings show that 
stress relaxation experiments on simulated faults can be used to investigate friction behavior at low 
velocities and at conditions favorable for the operation of solution transfer. This work also has 
been useful to reanalyze previous experiments on faults containing quartz gouge at elevated 
temperatures and pressures by Nigel Higgs (Higgs 1981, Higgs & Logan 1981). Although 
Higgs' data are sparse, we are able to infer the rate and temperature dependence of friction from his 
slide-hold-slide tests, and delineate friction behavior at low sliding velocities where solution 
transfer is thought to dominate. We summarize this analysis in the following, and will report on 
our findings at the Spring Meeting of the AGU (Chester & Higgs 1990). 

Results 

The experiments by Higgs involved shear of thin layers of ultra-fine grained quartz gouge 
along 35" sawcuts in a triaxial rock deformation apparatus. Experiments were conducted at both 
water saturated and nominally dry conditions at an effective pressure of 150 MPa and temperatures 
of 25, 300,450 and 600 'C. Higgs performed slide-hold-slide tests in which he closely monitored 



the stress relaxation as a function of time during the hold periods, and the transient friction strength 
versus displacement upon resuming the sliding-after the holds. Hold times varied up to 105 
seconds. Based on the microstructures produced during the shearing experiments, Higgs 
identified two deformation regimes. The regime characterized by fairly typical cataclastic 
microstructures and relatively high porosity occurs at all temperatures under dry conditions and-at 
temperatures below 300 "C for wet tests. The other regime is characterized by relatively low 
porosities, preferred c~ystallographic orientations in the quartz shear zone, and fractures cemented 
with quartz. Higgs (1981) and others (Power & Tullis, 1989) have interpreted these features as 
indicative of solution transfer. The two deformation regimes also are distinguished on the basis of 
the relaxation response during the hold tests. The wet experiments at elevated temperatures 
produced rapid stress relaxation relative to the stress relaxation observed at dry, and low 
temperature, wet conditions (Fig. 1). Higgs' data indicate that the onset of rapid stress relaxation 
in the wet tests is itself a function of temperature, indicating a trade-off between temperature and 
deformation rate. 

We have simulated Higgs' experiments numerically to infer friction constitutive properties. 
Our simulations utilize a spring-slider model of the triaxial apparatus. The friction law is based on 
the rate and state dependent law formulated by Ruina (1981), with assumptions regarding normal 
stress dependence following Rice and Gu (1983), and addition of temperature dependence as 
suggested by Chester (1988). The single state variable law is given by: 

p = T/O = k* + a[ln(V/V*) + Qa/RTJ + bO 
and 

dO/dt = (-V/L)[O + ln(V/V*) + QJRTJ, 
where a and b are the friction parameters describing the direct and evolution effect, and Qa and Qb 
are the apparent activation energies for these effects. 

The relationship between velocity and stress for the spring slider model of the triaxial apparatus 
is given by: 

d p d t  = kT[ ( l -p t ana )2 /~c ] (~o-~ )  - [p(1-ptana)/P,]dPJdt, 
where Vo is the load point velocity resolved onto the shear plane, a is the angle of the shear pIane 
with the cylinder axis, kz is the stiffness of the apparatus in units of shear stress and shear 
displacement, and PC is the effective confining pressure of the experiment. We solve this system 
of equations numerically using a Runge-Kutta integration scheme. 

The transient frictional response observed in Higgs' dry and low-temperature, wet slide-hold- 
slide tests are sufficient to define approximately the friction parameters a, b and L. The data are 
described satisfactorily with a single state variable friction law. The analysis suggests that the 
ultra-fine quartz is slightly rate-strengthening at room temperature for both wet and dry conditions. 
At elevated temperatures and dry conditions the gouge is rate-weakening. 

To fit both the microstructure observations and mechanical data from Higgs' wet experiments 
requires a two-mechanism constitutive law (Fig. 1 and 2). In this case we let = pl = i2 and V = 
V1 + v2 where superscripts represent the two mechanisms, and the behavior of each mechanisms 
is described with a friction law as shown above. The relaxation and transient friction behavior for 
experiments at 300,450 and 600 "C are adequately described by this formulation. We find that 
the behavior of the cataclastic mechanism (dominant at lower temperatures and higher velocities) is 
rate weakening with a-b = -.005; this is similar but greater in magnitude than what we find for the 
dry, high temperature tests. The solution transfer mechanism (dominant at lower velocities and 
higher temperatures) is strongly rate-strengthening with a-b = .03. The apparent activation energy 
for the solution transfer mechanism as determined through this analysis is approximately 44 
kJ/mol. This value is similar to that suggested by Rutter (1983) for pressure solution in quartz, 
and determined from experiments on diffusional crack healing in quartz by Brantly et al. (1990). 

The findings from this phase of our project emphasize that frictional behavior in fault systems 
at water saturated and elevated temperature conditions is substantially different than at room 
temperature conditions. Ow analysis suggests frictional behavior of quartz is most rate weakening 



at moderate temperatures, wet conditions, and at higher velocities. At lower velocities the quartz 
layers are strongly rate strengthening, and the absolute velocity at which the transition from 
weakening to strengthening occurs depends on the temperature. 

Although Higgs' experiments can be modeled successfully using the temperature dependent 
friction law formulated previously by Chester (1988), the experiments are not sufficient to verify if 
this formulation is correct. Our current experiments involving temperature and rate stepping will 
address this question. We also will use stress relaxation experiments, as this can be a useful 
technique to investigate friction at low rates where solution transfer is promoted. 
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Fig. 1. Stress relaxation response for a) dry and b) wet ultra-fine grained quartz gouge as a 
function of temperature. Dry experiments show relaxation response for the cataclastic mechanism. 
The relatively greater relaxation seen in the wet tests at long hold times and high temperatures 
reflects the operation of an additional mechanism involving solution transfer. Simulation of 
relaxation in wet tests based on our friction constitutive model for the simultaneous and independent 
operation of the two mechanisms (see text) is shown by the solid lines. 
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Fig 2. Representative variation in frictional strength as a function of displacement for Higgs' slide- 
hold-slide tests on wet quartz gouge at different temperatures. Simulations using the two- 
mechanism friction constitutive law are shown with solid lines, and are offset vertically for ease of 
comparison. This and previous figure show that the constitutive model can adequately describe the 
frictional behavior both during the relaxation (hold) and during subsequent sliding. 
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Objective: For a class of earthquakes - e.g., the 1983 Coalinga Earthquake (M=6.7), the 
1987 Whittier Narrows Earthquake (M=5.9)- the seisrnogenic faults occur within or are 
intimately related to large-scale folds which form above a shallowly-dipping basal 
detachment. The aim of the present study is to obtain a quantitative description of the 
mechanical environment of seismogenic faulting within large-scale folds, through 
theoretical modeling of fold initiation and growth, to apply the results to several natural 
structures, in order to test their value in interpreting the observed structure or the behavior 
in active fold growth, and to discuss the potential significance of the findings for the 
assessment of earthquake hazards. 

Results: A study of the mechanics of sliding across a thrust ramp has been started to 
provide insight into the mechanics of "fault-bend folding", a process that is prominently 
employed in the interpretation and analysis of the form and kinematics of the fold and fault 
configurations implicated in fold-associated seismogenic faulting. Earlier studies (Berger 
and Johnson, 1980; Kilsdonk and Fletcher, 1989) obtained approximate solutions for 
stress and deformation in a deep isotropic viscous medium sliding across a thrust ramp. 
The method is accurate provided the thrust ramp has a dip of no greater than about 15". 
The slip surface has been treated either as frictionless or as having finite sliding resistance 
at the thrust ramp (Berger and Johnson, 1980). In this study, we consider: (i) a frictionless 
detachment, (ii) a layer of finite thickness, H, (iii) an anisotropic viscous medium to 
account for the relative weakness of the rock mass in bed-parallel shear, (iv) the effect of 
gravity through the induced topography, (v) the decay of topography by surface processes, 
and (vi) quasi-static viscoelastic transients. Features (v) and (vi) have not yet been 
implemented. 

A base level for the study of quasistatic transients is provided by first studying the 
steady-state. The parameters describing the behavior are (1) the ratio of layer thickness to 
ramp width, T = H/2d, (2) the ratio of lithostatic stress at the base of the layer to a stress 
associated with sliding, S = pgH/[qs(U/2d)], where U is the sliding velocity, and q, is the 
viscosity in layer-parallel shear; (3), and the ratio of viscosity in layer-parallel shortening to 

qs, M = qnlqs. 
Steady-state surface profiles are shown in Figure 1. The upper profiles are for the 

case of an isotropic layer moving across a ramp whose width is equal to the layer thickness 
(T = 1); the variable parameter is S = 0, 1,2, and 4. The ramp form and the horizontal 
mean position of the upper surface are shown at true scale. Surface profiles are shown at 
an exaggerated scale, and, for comparison, the ramp form itself is represented by a sharp 
corner. Thus, the form of the upper surface for the "zero gravity" case mimics the 
underlying ramp except that it is about twice as wide as the ramp itself, and is more 
rounded. For this case, the height in the upper-surface ramp form is indistinguishable from 
that of the ramp. The effect of gravity is to reduce the total topographic relief at the upper 
surface; this leads to a localization of topography above the ramp, where it is created. For 
S = 1 and 2, the spacing between the thrust ramp and the adjacent normal ramps is too 
small to prevent interaction, and the surface does not have a horizontal region between 
them. For S = 4 (e.g., H = 10 km, U = 1 cm/a and q = lo2 Pa-s) such regions are 
present, and an adequate approximation is achieved for an isolated ramp structure. The 



structure produced is a slightly asymmetric anticline whose maximum is nearly above the 
upper ramp comer. The layer is thinner downstream of the ramp by the ramp height, and 
so the mean horizontal elongation is E = 26/H. It is clear that in this case, the process more 
closely approximates thinning by extrusion through a frictionless die than "fault-bend 
folding". Fault-bend folding is a fair description of the process for the zero gravity case (S 
= 0) in the sense that the internal layering maintains uniform thickness. The zero-gravity 
case also corresponds to a limiting case in which the removal of topography by surface 
processes is so efficient as to keep the upper surface nearly planar. Although the surface 
would then be flat, the form of internal layer surfaces would closely approximate the ramp 
form. In the low-dip approximation used here, vertical axial planes cannot be distinguished 
from those that bisect the ramp-flat angles. 

The fault-bend folding process assumes implicitly that the rock deforms chiefly in 
layer-parallel shear. Hence, it would be expected that a better approximation to it is attained 
if M is large. This is indeed the case, in that the zero-gravity surface profiles more closely 
approximate the ramp form. When gravity acts through the surface relief, the surface form 
is least changed in going from an isotropic layer to one that is anisotropic when the quantity 
S* = S/M is held constant (Figure 1, bottom). This implies that the important viscosity is 
that in layer-parallel shortening and extension, not that in layer-parallel shear. 

The stress distributions within the layer, at the primary slip surface, and within the 
underlying substrate are pertinent to considerations of structural evolution and earthquake 
mechanics. For example, sites of high normal stress across the sliding surface are likely to 
be sites of asperities on frictional surfaces. The stress distribution within the layer may be 
though of as resulting from three contributions. (1) The stress distribution required by the 
presence of a thrust ramp is equivalent here to that for a frictionless indenter bounded on 
either side by frictionless rigid restraining surfaces. (2) The induced topography at the 
layer surface gives rise to a distribution of normal traction. (3) The background state of 
stress here may be considered lithostatic. 

The normal stresses oxx and oZZ are nearly equal along the detachment surface (Fig. 
2); for a half-space (T >> 1) they would be equal. To the low-dip approximation used, the 
stresses oxx and oZz are parallel and normal to the detachment surface; the ramp and the 
surface topography is left off in a representation of the stress distribution (Figure 3). Both 
normal stresses are compressive along the ramp. The large compressive and tensile 
maxima just inside and outside the ramp comers are indicative of the stress singularities for 
an ideal sharp-cornered ramp. The positions of compressive maxima would be likely sites 
of asperities or of strong stress relaxation. 

The stationary strain-rate field is illustrated (Figure 4) by plots of the components 
cx, and cxz for the case of an isotropic layer (M = 1, T = 1, S = 0). There is rounding of 
the ramp equal to that shown in Figure 3. Deformation is concentrated in the vicinity of the 
ramp comers. Rates of layer-parallel shearing are larger than those of layer-parallel 
shortening or extension. Except near the detachment surface, material extends parallel to 
layering as it moves above the ramp and shortens on either side. As M increases and the 
material becomes more anisotropic, the magnitude of ex, increase and that of E, decreases. 

References; 
Berger, P., and A.M. Johnson, First order analysis of deformation of a thrust sheet 

moving over a ramp. Tectonophysics, 70, T9 - T24, 1980. 
Kilsdonk, B., and R.C. Fletcher, An analytical model of hanging-wall and footwall 

deformation at ramps on normal and thrust faults, Tectonophysics, 163, 153 - 168, 
1989. 



r - - -  , Ramp Shape 
I (A11 surface profiles vertically exaggerated) 

Figure 1. Steady-state surface profiles for the case of no erosion. The frictionless surface, 
across which the layer slides from left to right, has a planar thrust ramp. The portion of 
the slip surface shown is continued by reflection to the right and left, so that thrust 
ramps alternate with normal ramps. (Top) For S = 1 and 2, adjacent normal ramps and 
thrust ramps interact; for S = 4, the profile has planar segments upstream and 
downstream, and the structures at thrust ramps and normal ramps are isolated. 
(Bottom) Comparison of structures for equal values of S/M = pgh/qn(U/2d), for M = 1 
(thin line) and 4 (thick line). The anisotropic layer forms a narrower and somewhat 
higher anticline. 
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Figure 3. Deviatoric strain rates E, and E,, throughout an isotropic layer 

(M = 1, T = 1, S = 0 ). Contours of are at intervals of 0.5; contours 
of exx are at 1,0.3, 0, -0.3, -1, -1.8. Material moves through the 
stationary field of strain rate. 
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Figure 2. Normal stresses om and oZz at the detachment surface. 
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I n v e s t i g a t i o n s  - 
Funding i n  t h i s  p r o j e c t  h a s  no t  been provided  t o  conduct  any new f i e l d  
measurements of i n  s i t u  s t r e s s .  During t h e  l a s t  s i x  month w e  worked on t h e  
r e e v a l u a t i o n  of  d a t a  c o l l e c t e d  e a r l i e r  on Yucca Mountain. Two o r a l  r e p o r t s  on 
ou r  Yucca Mountain stress measurements were p re sen t ed  a t  con fe rences  i n  Death 
V a l l e y ,  CA and Denver, CO.  There a r e  two t e c h n i c a l  r e p o r t s  i n  review and a 
t h i r d  comprehensive d a t a  r e p o r t  is i n  p r e p a r a t i o n .  S tephen  Hickman is 
c u r r e n t l y  w r i t i n g  a  review a r t i c l e  on i n  s i t u  s t r e s s  f o r  t h e  1990 I U G G  U.S. 
N a t i o n a l  Report  on Tec tonophys ics  . We conducted bo reho le  t e l e v i e w e r  l o g g i n g  
i n  a  3.2-km-deep o i l  e x p l o r a t i o n  well t h a t  was r e c e n t l y  d r i l l e d  i n  t h e  wes t e rn  
Mojave D e s e r t  nea r  t h e  San Andreas f a u l t .  A 1  though t h e  high-densi  t y  borehol  e  
f l u i d s  p r e s e n t  d id  no t  permi t  a  h i g h - q u a l i t y  l o g  t o  be o b t a i n e d  from t h i s  
w e l l ,  we a r e  c u r r e n t l y  e x p l o r i n g  o p t i o n s  f o r  t a k i n g  over  and c l e a n i n g  o u t  t h i s  
wel l  t o  a l l ow  a d d i t i o n a l  t e s t i n g .  We have submi t ted  a  proposa l  f o r  i n  s i t u  
s t r e s s  and hydro log ic  measurements i n  a  wel l  d r i l l e d  i n t o  t h e  New Madrid 
Se i smic  Zone and a r e  p r e p a r i n g  an  i n v e n t o r y  o f  deep o i l - e x p l o r a t i o n  wells i n  
t h i s  a r e a  t h a t  may be reopened f o r  i n  s i t u  stress measurements and bo reho le  
t e l e v i e w e r  l o g g i n g  i n  t h e  f u t u r e .  

R e s u l t s  

The r e s u l t s  of t h i s  work r e i n f o r c e s  our  e a r l i e r  conc lus ion  t h a t  t h e  s t r e s s e s  
measured on Yucca Mountain a r e  r e f l e c t i n g  p r e s e n t  day t e c t o n i c  e x t e n s i o n  i n  
t h i s  r e g i o n  and t h a t  t h e  measured stresses a r e  c l o s e  t o  t h e  va lues  a t  which 
f a i l u r e  may occu r .  
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Investigations 

1. To better understand the processes controlling the physical and temporal evolution of physical 
properties in the earth (e.g. permeability, seismic velocities, and density), the mechanisms and 
kinetics of solution-transport creep, and the rnicromechanics of friction and fault strengthening, I 
have begun a detailed experimental study of pressure solution and crack healing under load in 
simple quartz/water systems. This study will employ experiments with single crystals in well- 
controlled model geometries and experiments on polycrystalline aggregates (with Brian Evans at 
M.I.T.) 

2. Although knowledge of the pathways and rates for fluid migration in the earth's crust is 
critical to a full understanding of such diverse phenomena as the mechanics of rock deformation 
and faulting, metamorphic reaction kinetics, and heat and mass transfer by circulating fluids, the 
permeabilities of rocks at depths of greater than a few kilometers are almost completely 
unknown. To obtain more accurate information on rock matrix permeability at depth, and to 
quantify the extent to which crack healing and sealing are occurring in the mid to upper 
continental crust, I have initiated a project to measure permeabilities and conduct quantitative 
microstuctural observations on cores recovered from the 12-km-deep Kola Deep Well in the 
U.S.S.R. (with David Lockner and James Byerlee at the U.S.G.S. in Menlo Park). 

3. Although borehole breakouts have been widely used to study in-situ stresses, the extent to 
which variations in breakout geometry within a given well reflect variations in rock strength and 
the extent to which they reflect real fluctuations in the in-situ stress field is largely unknown. To 
improve our understanding of the mechanics of breakout formation, I have initiated a cooperative 
U.S./Soviet program to study the distribution, orientation, and morphology of breakouts from 
the Kola Deep Well using oriented four- and eight-arm caliper logs and strength measurements 
on cores obtained by Soviet scientists. 

4. I am continuing to analyze and model the processes of crack healing and asperity adhesion in 
the solution-transport regime using data from experiments already conducted on halite single 
crystals. 

Results 

1. I have completed design and selection of the high pressureltemperature hydrothermal vessel 
and associated equipment for the single-crystal pressure solution and crack healing experiments 
and have submitted these items for competitive bidding and purchasing. 

2. We have conducted constant flow-rate permeability measurements on three core samples 
recovered from the Kola well at depths of 11.4 to 12.0 km. Pore pressures used in these 
experiments (calculated assuming hydrostatic equilibrium with the ground surface) ranged from 
112 - 117 MPa and effective confining pressures (Peff = Pconf - Ppore) ranging from 10 - 400 



MPa. The resulting permeabilities varied from approximately 25 p a  at a Peff of 10 MPa to 0.1 
nDa at a Peff of 300 m a .  By comparison, Bayuk et al. [I9861 reported minimum permeabilities 
of 8 to 100 pDa at effective confining pressures of up to 120 MPa, using cores recovered from 
depths of 3.7 - 9.9 km in the same well. Although the pore fluid pressure at depth in the Kola 
Well is not well constrained, by assuming that the in-situ pore pressure follows the hydrostat, 
and using a confining pressure equal to the calculated overburden stress (317 - 333 m a ) ,  our 
measurements, if taken at face value, indicate in situ matrix permeabilities of 0.5 to 12 nDa at 
effective confining pressures appropriate to depths of 11.4 to 12.0 km. These values are 3 to 4 
orders of magnitude lower than Bayuk et al.'s results, due primarily to the higher effective 
confining pressures used in our measurements. Furthermore, if our estimates of in situ fluid 
pressures are correct, then the irreversible stress-relief cracking that appears to have occurred 
during sample retrieval requires that our permeabilities be interpreted as upper bounds on the in 
situ matrix permeability. The strong pressure dependence of permeability observed in our 
samples illustrates the importance of measuring permeability under in situ pressures in order to 
obtain meaningful bounds on the matrix permeabilities at these great depths. 

3. I have completed planning of a trip to the Kola Deep Well and three other deep wells in the 
Soviet Union to be conducted in July, 1990. During this trip, I will examine data collected from 
these wells, obtain copies of geophysical logs and laboratory data necessary for the analysis of 
breakouts from the Kola Well (and other wells, if appropriate), and obtain approximately 20 core 
samples from throughout the Kola Well to be used in permeability measurements and 
microstructural analyses at the U.S.G.S. in Menlo Park. At this time, I will also negotiate details 
of cooperative research projects in borehole geophysics and physical properties measurements 
and scientific personnel exchanges to be conducted in upcoming years. 
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Investigations 

We investigated polymorphic phase transformations under deviatoric stress in our 
laboratory and have sought to understand why their inelastic behavior varies so greatly 
from mineral to mineral. 

We have successfully done sliding experiments on dunite under controlled hypothermal 
conditions. 

A low-volume moist-argon pore-pressure system is under construction to investigate 
the fracture of dunite at high gas pressure and high temperature, the enviornment of 
intermediate-depth earthquakes under the island of Hawaii. 

Results 

A number of important solid-state phase transformations have now been investigated 
under deviatoric stress. Only three, the ice I + 11, the tremolite -, amorphous phase and 
the olivine + spinel transformation in MgaGe04 have displayed the anomalous faulting 
that is a promising candidate for the faulting mechanism of deep earthquakes. Recent 
work by Brad Hacker on the disproportioning reaction albite -, jadeite + quartz and 
other transformations involving simple polymorphism (such as calcite + aragonite and 
quartz -+ coesite) that have been previously studied by others failed to show any evidence 
for anomalous faulting. Other than detailed differences in the crystal structures of these 
minerals, the only distinctive features of the transforming minerals that fault is that fault is 
that they have somewhat larger volume changes and, more importantly, have much larger 
latent heats of transformation. Both factors are important in the microphysics of growth 
of inclusions of the high-pressure, high-density phases. The albite breakdown reaction has 
a large volume change (-15.6%) and a large latent heat and yet does not show anomalous 
faulting. This finding suggests that only simple polymorphic phase changes with large 
volume reductions and evolved latent heats will produce transormat ion faults. If this 
phenomenology applies to the phase changes occurring in deeply subducting lithosphere, 
then the direct transformation of metastable olivine to spinel is the best candidate for 
transformation faulting in the deep earthquake environment. A Science article is in 



preparation describing our experiments and conclusions concerning the physical mechanism 
of deep earthquakes. 

Preliminary experiments at 400 "C on the sliding resistance of dunite under a 
controlled pore pressure of 100 MPa and a confining pressure of 500 MPa were successful 
in reproducing the low sliding resistance in previous sealed tests where the pore pressure 
was not controlled. Also, evidence of active hydrothermal alteration on the sliding surface 
was found, again consistent with the earlier sealed tests. These recent results suggest an 
important role of retrograde metamorphic reactions in maintaining low shear stresses along 
crustal faults. 

The gas pore-pressure system and new high-temperature furnace for fracture 
experiments on dunite at high pressures and temperatures are under construction and 
expected to be completed this summer. We will then be in a position to investigate the 
brittle faulting under conditions that simulate those found at intermediate depth beneath 
the island of Hawaii. 
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Correlation of the ratio of displacement to thickness of 
crushed zone on a fault to the compressive strength of the wall 
rock type may be useful in applying internal and sliding friction 
laws to earthquake prediction. 

Results 

In Figure 1, 76 displacement d points are plotted against 
thickness t of gouge and breccia measured on faults in mines 
predominantly (Robertson, 1983, 1987). The data could be grouped 
and regression llines fitted according to five rock types by 

where a and b are constants. The variation in slopes from the 
linear diagonal (b = 1) is inherent in the variation of mechanical 
abrasion with petrography when selecting only by common rock names. 
Data from Otsuki (1978) on sandstone are also shown. Conceivably, 
d, &, and fault length and depth could be used to calculate work - 
done to comminute fault walls, breccia and gouge, which could be 
compared with energy release by creep or an earthquake. The & 
values from the five regression lines at d = 1 m are plotted in 
Figure 2 against the corresponding rack strengths S (Handin, 1966) 
at 50 MPa confining pressure. The forced line of negative linear 
slope fits the inverse equation 

where c = 7, with t in m, S in MPa. 

From a review of sliding friction at low normal stress cn 
(< 100 MPa) by Byerlee (1978), the values of the coefficient of 
friction for four rocks are plotted in Figure 3 against S for 



those rocks (Handin, 1966) at 50 MPa confining pressure. The 
initial p values are directly proportional to S values of these 
rocks 

where g = MP~-'. Coefficients of maximum friction are about 25 
percent higher but are spread about the same for these rocks. At 
high normal stress (> 200 MPa) there are smaller differences in p 
among the rock types. The constants c and g are only poorly 
constrained by the data in Figures 2 and 3. 

These results may eventually be found applicable to the 
criteria for compressive and friction strength and help predict 
creep or earthquake failure of faults. Failure on a fault through 
intact rock is given by the Coulomb-Mohr criterion of strength in 
compression 

where 7 is the shear stress at failure, 7, is the initial 
cohesive strength, rn is the effective normal stress across the 
fault plane, and 4 is the internal friction angle. The law for 
friction strength by sliding is 

where T is the shear stress in sliding friction and Cn is 
effective normal stress on the fault. 

The relations of d and & with S and p in Equations 1, 2, and 
3 (Figs. 1, 2, and 3) are only approximate because of the uncertain 
petrography and physical properties and their shallow depth of 
observation. After thorough investigations, correlations of d and 
t with T,, 7 ,  and p eventually could be made from estimates of - 
ambient shear 7 and normal stress 6,, as they approach failure, 
using the strength laws of compressive and sliding friction. 
Approach of 7 and to failure can be measured from related 
changes in wave velocities and attenuation (Robertson, 1975). 
Confining and pore pressure need to be accounted for, of course. 
Useful studies of stress level and strength limits could be made 
in an appropriate patch on a fault, a target where a seismic gap 
has been located for predicting seismic or aseismic energy release. 
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Investigations: 

A geothermal study of the Santa Maria Basin and environs is continuing. Thirty- 
three idle oil wells have been logged, and samples have been collected for thermal 
conductivity determinations. Interpretations of the temperature profiles in terms of 
lithostratigraphy and active tectonics are under way. 

Precision temperature monitoring in the USL-Pearson well near Parkfield is 
continuing. Monitored temperatures are stable to +0.0002"C and show little variation in 
temperature over the past six months. 

A final temperature log was obtained in the Cajon Pass well prior to an additional 
round of hydrologic testing. Two manuscripts for the JGR Cajon Pass special volume will 
be submitted to the journal early in the next report period. 

Temperature data from DOE research well LVF 51-20 in Long Valley have been 
analyzed and thermal conductivity measurements on nine core samples have been 
completed. 

Software for the new data-acquisition system is in the final phase of development. 

Results: 

Santa Maria Basin. The interdisciplinary USGS study of the Santa Maria Province, 
California, provides an opportunity for the coordination of traditional heat-flow 
investigations with concurrent stratigraphic and tectonic studies. To date, the Geothermal 
Studies Project has logged 19 idle oil wells in the onshore Santa Maria Basin, 5 wells in 
the offshore Santa Maria Basin, 3 wells in the onshore Ventura Basin, and 6 wells in the 
Cuyama Basin. These logs provide thermal data from the Guadalupe, Santa Maria Valley, 
Cat Canyon, Orcutt Hill, Lompoc, Zaca, Point Conception, Point Arguello, and South 
Cuyama oil fields. 



Figure 1 presents a typical temperature and gradient plot from the Santa Maria 
Valley. The figure reveals a conductive thermal regime below a depth of 1700 feet, with 
gradients in the lower section of the well averaging approximately 50°C/km. The upper 
section displays a distinctive curvature characteristic of temperature logs from low-lying 
areas of the Santa Maria Basin. The curvature probably results from the combined effects 
of recent sedimentation and coastal uplift. Quantitative modeling of these effects is under 
way. 

Paryeld. The Project's Long Term Temperature Monitor (LTTM) has been 
installed in the USL-Pearson 1B (PRSN) well, located approximately 1 mile west of the 
San Andreas fault and 15 miles northwest of Parkfield. Data collected over the past six 
months confirm the k0.2 mK (+_0.0002°C) resolution capability of the monitor. Except for 
some early problems with rain-related disturbances to the electronics, temperatures at a 
depth of 2600' have remained remarkably stable. It is expected that activity along the San 
Andreas fault near Parkfield will generate an identifiable thermal-hydrologic signal that 
could provide premonitory information and possibly data on strain-heating in the fault 
zone. 

Cajon Pass. The temperature-depth-time record of 22 months post drilling to 
3.5 km at Cajon Pass is one of the most complete and accurate records of the decay of 
drilling disturbances to these depths ever assembled (Figure 2). The temperature profiles 
emphasize the large amount of time required to re-establish pre-drilling temperatures after 
a long and complex drilling history. The curve labeled "Equil" (Figure 2) was calculated 
from extrapolation of the time-temperature relation for the previous four curves. The 
conspicuous structure in the gradient (r) curves centered on a depth of 2 km reflects the 
long-lived effects of lowering the water level in the well by 600+ m after setting casing to 
a depth of 1.8 km at the end of both the first and second phases of drilling. 

Long Valley. Extrapolation of four post-drilling logs obtained between October 3 
and November 14, 1989, results in an "equilibrium" temperature profile that is concave 
upward between the depths of 250 and 550 meters (Figure 3). This interval penetrated 
rocks of fairly uniform composition indicating that the temperatures are affected by 
recharge. The cored section between about 790 and 830 meters has an estimated thermal 
gradient of 53°C per kilometer and the harmonic mean of 20 determinations of thermal 
conductivity is 2.26 + 0.13 (95% confidence limits). The resulting heat-flow estimate of 
120 mW m-2 is typical of rapidly extending portions of the Basin and Range province but 
is a factor of 3 to 5 lower than estimates of the total energy flux from the caldera. 

Data Acquisition and Reduction. Data-acquisition software for the PC-based logging 
system is nearly finished. Data reduction on the IBM PC system is established, and the 
Tektronix system in the labloffice has been retired. The Tektronix data-acquisition system 
in the logging truck is still active pending debugging of device interfaces and complete 
bench and field tests of the PC-based system. 
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We are continuing to develop a theory to predict the frictional and wear properties 
of rock from topography data. From 1989 to present our project had three objectives: first, 
acquiring high-quality friction data for rock undergoing shear; second, modeling and testing 
frictional data on the initial slip stage; and lastly, determining an empirical law for wear of 
rock surfaces. Progress has been made in all three areas as discussed below. 

1) A suite of experiments was performed in a rotary shear apparatus. Hand- 
lapped Westerly granite surfaces were prepared with #60 and #A20 grit, roughnesses were 
measured with a profilometer. Experiments were run at normal stresses of 10, 15, and 20 
MPa and slip velocities of 0.1 microns s-1 to total distances of several centimeters. 
Displacements were corrected for the deformation of the apparatus and sample. The first 200 
microns of slip provided high-resolution displacement data to k0.02 microns while slip 
distances of several centimeters were reached with somewhat lower displacement resolution. 

The frictional properties of contacting rock surfaces were observed to evolve with 
displacement through three distinct phases. Stage one began the instant a shear load was applied 
and continued through the first few microns of displacement. The rock surfaces were observed 
to have a finite shear compliance from the start, and runs with smoother surfaces and/or higher 
normal stress had higher initial stiffness and strength at first yield. Shear stress normalized 
by normal stress increased with displacement from zero to 0.30 to 0.35. This first stage was 
successfully modeled using elastic contact theory as described below. A second stage began once a 
fully sliding surface was established and continued for 200 to 300 microns. The rougher 
surfaces exhibited positive slip hardening. We believe this is due to the onset of asperity 
interlock, ploughing and wear. The smoother surfaces showed less slip hardening than rough. 
Beyond 300 microns, relatively stable frictional properties characterized a third stage. 

2) We developed a constitutive model which predicts during the early stages of 
frictional sliding the mechanical properties of two rough surfaces in contact under shear with 
constant normal load. The model uses the normal closure algorithm of Brown and Scholz (1985) 
to calculate the initial conditions imposed on individual asperities by the normal stress. The 
shear deformation is modeled by approximating the behavior of each contacting asperity with 
the elasticity solutions of Mindlin and Deresiewicz (1953). These solutions describe the 
development of slip at the contacts, a phenomenon which begins immediately upon application of 
the shear load. 

The macroscopic mechanical properties of the surface are computed by imposing a 
shear displacement and summing the forces exerted by all the individual asperities. The 
micromechanical properties of each contact are a function of its geometry and elastic constants, 
the local normal load, and an asperity scale coefficient of friction. Initially, at the scale of an 
individual asperity, application of a finite shear displacement propagates an area of partial slip 
inward from the edge of the contact annulus until eventually the entire contact is fully sliding. 
We find that the presence of partial slip is the dominant phenomenon controlling the 



deformation of the contacting asperity and is highly dependent on the local normal load and size 
of the contact. As the shear load increases, more and more contacts begin to slip, with the 
contacts having lower local normal load sliding first. 

The model was tested with experiments on lapped surfaces of Westerly Granite 
having a variety of surface roughnesses and normal loads (10, 15, and 20 MPa). Topography 
data from surface profiles constrained numerous geometric parameters in the model. The only 
free variable was an "asperity scale" coefficient of friction. We found that a coefficient of 
friction between 0.30 and 0.36, which is independent of normal load and surface roughness, 
gives good agreement between the model and the data. The model predicts the macroscopic shear 
compliance and friction for the first few microns of sample slip. It also predicts the effect of 
surface roughness and normal load on the initial friction curves. Additionally, it describes the 
first yield point of the friction curve which may correspond to a gradual transition from elastic 
deformation and partial slip of asperity contacts to a state of fully sliding contacts. Once a large 
population of contacts are fully sliding, the model under-estimates the frictional strength, 
indicating that displacement strengthening mechanisms have begun to operate. 

3) Our experimental data shows that wear loss during frictional sliding is a 
function of normal stress on the sliding surface and the initial roughness of the surface. For a 
given normal stress and initial roughness, the wear loss-sliding displacement relationship 
indicates that the wear rate is initially higher, but then gradually decreases to a constant value. 
The wear process results in an evolution of the surface topography. Based on a model of two 
rough surfaces in elastic contact, a numerical model can describe wear in two different stages: a 
transient stage and a steady state stage. In the transient stage, the wear mechanism is 
interpreted as the shearing off of interlocking asperities. The total contribution by this 
mechanism is proportional to the overlapping volume of the asperities which is related to the 
initial roughness as well as the normal stress. In the steady state stage, wear is almost linear 
with displacement and the wear rate is proportional to the area of real contact between the two 
rough surfaces. The wear curves predicted by this model are in good agreement with the 
experimental results. 

Brown, S. R. , and C. H. Scholz, Closure of random elastic surfaces in contact, J. Geophvs. Res,, 
u, 5531 -5545 (1 985). 

Mindlin, R. D., and H. Deresiewicz, Elastic spheres in contact under varying oblique forces, A 
Appl. Mech, a, 327-344 ( 1  953). 
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Ob jec t ive :  The o b j e c t i v e  of  t h i s  r e p o r t  p e r i o d  was t o  compile, t h e  
sequence in fo rma t ion  d e s c r i b e d  i n  t h e  l a s t  r e p o r t ,  fo l lowing  Shaw (19871, 
and t o  p l o t  a r e a l  r e c u r r e n c e  p a t t e r n s  i n  t h e  form of c o d i f i e d  m a t r i c e s  
(digram t o  6-gram l o c a t i o n  'word t -mat r ices  a r e  be ing  compiled; e.g. ,  a  
'one-gram' i s  a  h i s tog ram o f  l o c a t i o n  f r e q u e n c i e s  i n  a  c a t a l o g ) .  An 
ongoing o b j e c t i v e  i s  t o  r e l a t e  t h e s e  p a t t e r n s  t o  t h e  dynamical and f r a c t a l  
p r o p e r t i e s  of  networks o f  coupled o s c i l l a t o r s .  

R e s u l t s :  W e  have completed digram m a t r i c e s  f o r  M equa l  t o  o r  g r e a t e r  
t han  about  5 f o r  t h e  h i s t o r i c a l  r eco rd  i n  C a l i f o r n i a  and env i rons  (cDMG 
Ca ta logs  t o  10 /25/82 ,  and NEIS  Cata logs  t o  d a t e ) ,  i nc lud ing  even t s  i n  an  
a r e a  enc losed  by t h e  approximate c o o r d i n a t e s  114-126 W l ong i tude  and 30-43 
N l a t i t u d e .  To d a t e  we a r e  r e s t r i c t i n g  t h e  a n a l y s i s  t o  a  s e t  of 8  
sub reg ions ,  two o f  which w e r e  chosen t o  emphasize t h e  p recu r so ry  sequence 
p a t t e r n s  i n  t h e  v i c i n i t i e s  o f  San F ranc i sco  and Los Angeles ,  
r e s p e c t i v e l y .  
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Investigations 

Three-dimensional dislocation models have been used to estimate the change in static 
stress on major Bay Area, California faults caused by the 1989 Loma Prieta earthquake. 
Delayed changes caused by aseismic afterslip on deeper parts of the vertical faults or on 
horizontal detachment surfaces extending under the Bay have also been explored. Other 
models were constructed to see if patterns of static stress change might explain pairing of 
large earthquakes that occurred on the two sides of the Bay in 1836-1838 and in 1865-1868. 

Results 

Changes in both shear stress and normal stress resulting from the Loma Prieta rupture 
have been calculated for Bay Area faults, as well as a signed combination equal to the 
increase in horizontal right-lateral shear plus a coefficient of friction times the increase in 
extensional normal stress. This combination is an approximate measure of the change in the 
Coulomb failure function (CFF) assuming that the faults are already loaded predominantly 
with horizontal right-lateral shear. 

The largest changes in the CFF occur for the segments on the San Andreas fault 
to the north and south of the Lorna Prieta rupture. In the models, these segments are 
now closer to failure by tens of bars as a result of the redistribution of stresses. On the 
Hayward fault, right-lateral shear stresses are slightly diminished. The CFF on the north 
and central parts of the Hayward fault indicates a slight relaxation (0 to -1 bars), whereas 
the CFF at the south end is higher (0 to +1 bars) because of the increase in extensional 
normal stress at the south end. Most of the Calaveras fault shows relaxation (negative 
changes in CFF), except for a part near Morgan Hill that shows slightly larger CFF values. 

Although it is not clear that changes in CFF have anything to do with the timing 
of earthquakes, it does appear that the background seismicity rates on the Hayward fault 
decreased in the region of CFF relaxation after the Loma Prieta earthquake. This apparent 
correlation needs to be tested statistically. 

Models were also constructed to test the effect of delayed post-seismic slip on deeper 
vertical parts (20-40 km) of Bay Area faults in response to static stress changes generated 



by Loma Prieta. As a result of slip at depth, amplitudes of stress in the upper seismogenic 
region change by less than 10-20 percent in general, and the overall pattern of stresses 
does not change very much. 

For a horizontal detachment surface connecting the faults a t  depth under the Bay, the 
effects of delayed afterslip on the seismogenic layer can be as large or larger than the initial 
coseismic static stress changes. For a model with a detachment surface at 20 km depth, 
the regions of positive CFF at the south end of the Hayward fault and near Morgan Hill 
on the Calaveras fault were reduced in size and amplitude by afterslip on the horizontal 
plane. Thus detachment faults or horizontal decoupling zones may serve as a effective way 
to redistribute stresses over large horizontal distances. 

Stress calculations to test if the 1836 earthquake on the northern Hayward fault could 
have triggered the 1838 earthquake on the Peninsula segment of the San Andreas fault 
suggest that increases in extensional normal stress (an unclamping effect) may be more 
important than increases in right-lateral shear. The same observation applies for the 
possible triggering of the 1868 Hayward earthquake by the 1865 San Andreas earthquake 
(which was possibly a Lorna Prieta type event). Jim Brune (oral communication, 1989) has 
observed that moderate to large earthquakes alternating from one side of the Bay to  the 
other in the 19th century tended to occur in a dilatational quadrant of the previous event. 
This observation also suggests that an increase in extensional forces may be important 
in triggering events across the Bay and that more work needs to be done to explore the 
significance of such patterns. 
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Investigations 

Pacific-North America Plate Interaction 

This work attempts to reconcile two related problems. The first problem is the cause 
of the variation along strike and depth of locking of the upper San Andreas fault. On 
the northern and southern sections the locking is firm, and thus conditions exist for the 
generation of great earthquakes. On the central section the locking is weak or absent, 
and slippage occurs as aseismic creep and small earthquakes. The second problem is to 
determine the tractions and body forces that cause tectonic plates in contact along western 
North America to move relative to one another. The assumption made for the analysis of 
both problems is that plate boundary faults obey a pressure dependent constitutive law, 
and this law links the two problems. That is, in principle fault properties are to be found 
simultaneously with plate motions. 

Parkfield Predict ion Methods 

The goal of this work is to construct methods for trying to predict the next moderate 
Parkfield earthquake before it happens rather than after. There are two strategies. The 
first is to formulate an earthquake instability model for repeated earthquakes. The model 
simulates faulting and ground deformation for all parts of each cycle. In all models of this 
kind accelerating preseismic faulting and ground deformation occurs, and such anomalies, 
if large enough to detect, could be the basis of experimental predictions. This work is 
in collaboration with T. Tullis and R. Simpson. The second strategy is to construct a 
mechanical model that accounts for the seismic quiescence and rate changes of trilateration 
lines reported by Wyss, Aviles, Burford, Langbein, and colleagues. 

Results 

Pacific-North America Plate Interaction 

A procedure has been developed to compute the stress and velocity fields for the 
Juan de Fuca plate as it interacts with the Gorda, Pacific, and North America plates. 
The procedure makes the plane stress approximation and uses edge dislocations to 



represent strike slip and opening mode boundaries. Subduction is represented by a new 
approximation that maps three dimensions into two. 

Separately, a two-dimensional plane stress model for faulting of the San Andreas 
between the Mendocino triple junction and Ft. Tejon has been analyzed. The fault is 
postulated to have a constitutive law wherein the rate of healing after a great earthquake 
(e.g., 1906 San Francisco) increases with effective confining pressure, but shear strain 
counteracts the healing. The pressure-dependent healing hypothesis derives from an idea of 
J. Byerlee. This model explains the creeping section of the San Andreas as due to relatively 
low regional confining pressure that is not necessarily caused by high pore pressure. 

Parkfield Prediction Methods 

A second generation model now works and its computed fault slip history has been 
displayed as a movie on videotape by T. Tullis. S. Silverman is attempting to assemble 
a USGS facility to do the same. This model has several improvements over the model of 
Stuart, Archuleta, and Lindh, JGR, 1985. Early runs with the new model seem to produce 
pre-, co-, and post-seismic features that are known or plausible at Parkfield. 

The rate changes of seismicity and trilateration lines appear to imply a decreased 
loading rate on the upper part of the San Andreas between Parkfield and Slack Canyon. It 
is easy to explain both kinds of observations by slippage on a sub-horizontal detachment 
fault at 10-15 km and adjacent to or intersecting the San Andreas. Such a fault would be 
expected to start slipping late in a seismic cycle, consistent with the observed rate changes 
starting about 1986. 
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INVESTIGATIONS : 

1. Determination of the physical processes responsible for the evolution effect. 

2. Development of a computer program to do formal inversion of friction data to obtain values of 
the constitutive parameters for a Ruina state-variable model. 

3. Determination of the constitutive behavior of granite at large displacement. 

4. Realistic modeling of the earth to study the implications of friction constitutive measurements 
for earthquake prediction. 

5. Development of a bearing assembly to eliminate sample misalignment. 

RESULTS: 

1. We now have clear experimental evidence supporting our proposal that the evolution effect in 
rock friction is caused by the time-dependent diffusion of water away from the highly-stressed 
points of contact, resulting in an increase in true bonding across the sliding surfaces. We hypoth- 
esize that the evolution effect is caused by removal of contaminant water molecules from contacting 
points by diffusion under the driving potential of the normal force pressing the sliding surfaces 
together. The gradual removal of water would increase the adhesion of the surfaces and so cause 
time-dependent strengthening and the evolution effect (note that this is in contrast to theories that 
call on increases in the size of contacts with time). Thus, the evolution effect should be seen in 
hydrophilic materials in which water has a tendency to become attached to surfaces, but it should 
not exist for hydrophobic materials in which surfaces do not attract water. One specific prediction 
we made from our hypothesis was that talc should show no evolution effect because the basal 
planes of talc are hydrophobic; they are electrically neutral and do not attract the polar water 
molecule. In contrast, mica should show a moderate evolution effect because the basal planes of 
mica are electrically negative and attract positively charged ions in solution which are in turn 
hydrated, carrying with them a group of polar water molecules. This layer of hydrated ions results 
in a repulsive force and lowered adhesion between the mica surfaces. Thus, talc has no water to 
interfere with bonding at contact points, whereas mica, if electrolytes are present, will have layers 
of weakly bonded water that can diffuse away to improve bonding with time. Although the water 
present in our samples is adsorbed from the air and therefore contains no electrolytes, the strength 
of the evolution effect is likely to be non-zero for mica because thin films of water will probably 
contain some K+ ions released from the mica surfaces. The evolution effect would be expected to 
be larger for framework silicates because the water is bound to the surfaces by hydrogen bonds 
even in the absence of an electrolytic solution. 

We have done experiments on talc and flourophlogopite mica that support these predictions. We 
have tested for the presence of an evolution effect in these materials by looking for the presence or 



absence of a decay with sliding displacement following the direct response to a step change in 
velocity, and by looking for the presence or absence of an increase in the static coefficient of fric- 
tion when sliding is resumed following a period of no sliding. Using both of these measures we 
have found that mica shows a small but definite evolution effect, whereas talc does not, just as 
predicted (Figure 1). Also as predicted, a stronger evolution effect is typically observed in granite 
and quartzite. Our results would appear to agree with those of Dieterich and Conrad (1984) 
although they interpreted their findings differently. They found that extremely dry quartzite both 
had higher frictional strength and lacked an evolution effect, as would be expected if the contarni- 
nate water layers had been removed by drying. 

2. One of the goals of our work is to determine parameters for the Ruina state variable model that 
characterize rock friction behavior as observed in the laboratory. Because the models to describe 
rock friction constitutive behavior are highly non-linear and exhibit interaction with machine com- 
pliance, in the past this has meant trial and error forward modeling using a numerical solution of 
Ruina's differential equations. Determination of fit was done by eye. Needless to say, this was 
time-consuming and lacked accuracy and objectivity. In a major advance in our ability to interpret 
the measurements made in the laboratory, we have developed a computer program to numerically 
invert friction data for the values of the parameters of the constitutive law. The program uses an 
iterative least-squares method to solve the linearized problem Gm = d, where G is the matrix of 
partial derivatives of the model residuals with respect to the matrix of model parameters m and d is 
the matrix of differences between the predicted and observed values of the coefficient of friction. 
Nonlinearity of the model requires that the solution be iterated to achieve a good fit. A number of 
special problems had to be solved including the inability to form analytical solutions for the Ruina 
differential equations, numerical instability of the solution method, instability of the model itself, 
and the large amount of computation required. 

The Ruina model, combined with equations giving the interaction of the constitutive law with the 
machine compliance, yields differential equations that cannot be solved except by numerical inte- 
gration. Consequently, the matrix of partial derivatives must be calculated numerically by finite 
differences between a starting model and models having slightly perturbed parameters. This means 
that in order to fit a two state variable constitutive law to a data trace one iteration of the program 
requires seven numerical integrations of the differential equations - one for the predicted model and 
once each to calculate partials for each of six parameters (a, bl, L1, b2, L2 and PO). The amount 
of computation required for running these forward models has been minimized by the use of a 
fifth-order Runge-Kutta method incorporating adaptive step-size control. Even so, each computa- 
tion of the forward model may require a thousand or more iterations of this numerical integration 
routine. Thus, a large amount of computation is required; the speed of our new Hewlett Packard 
work station allows one iteration to be done in a matter of a few seconds. A few tens of iterations 
of the program are required for convergence to a high degree of precision.The nature of the model 
equations is such that instability can be a problem, both numerical instability of the iterated solution 
and actual instability of the model, representing unstable slip or earthquakes. Large differences in 
the magnitudes of the parameters led us to normalize the matrix of partial derivatives, G. In addi- 
tion, singular-value decomposition of the matrix is done in order to reduce computation and 
decrease the adverse effects of machine precision. The limitation of machine precision turns out to 
be significant and requires the use of double-precision computation. Finally, the likelihood that a 
given starting model would converge to a solution was improved by an unsophisticated damping 
method in which just half the corrections to the model parameters indicated for a given iteration are 
actually applied. This greatly decreases the chance of overshooting the desired solution in an 
unstable fashion. In Figure 2, a comparison is made between a previously published trial-and- 
error fit (dotted line) and a fit produced by application of the program (solid line). Both are fits to 
the same laboratory friction data (shown by x's) The starting model for the program is also shown 
(dot-dashed line). While the Tullis and Weeks fit appears quite good, it is clear that the inversion 
program has made a much better fit. The amount of difference between the Tullis and Weeks 
parameters and those resulting from the inversion program is sobering and illustrates the extreme 



sensitivity of the friction model to small changes. As this is a very recent development there are 
still problems to solve and enhancements to be made to the program. As mentioned above, numer- 
ical and model stability can be a problem. We plan to incorporate the methods of Tarantola and 
Valette (1982) which can take into account a priori information about model parameter values 
thereby enhancing the computational stability. We must also improve our ability to get information 
on the covariances, or interdependence of parameter values. This is very important and will be a 
top priority for further work. 

3. We have developed new techniques to investigate the constitutive behavior of simulated granite 
gouge at large displacement. In the past, we observed that Teflon from sample jackets had contam- 
inated the sliding surface and we feared that this was responsible for a switch from velocity weak- 
ening to velocity strengthening that occurred at a displacement of about 75 to 100 pm. We have 
developed a new sample geometry to allow experiments on granite gouge with no confining pres- 
sure and, consequently, no Teflon-containing jacket. This new assembly consists of a groove 
containing simulated gouge in one sample ring mated to a sample ring that fits into the groove to 
confine the gouge. The sample rings can be made of granite to assure that no foreign materials can 
contaminate the experiment, or they can be steel which is less likely to fail under the applied loads. 
This assembly is shown in Figure 3. 

We have performed three experiments on simulated granite gouge using this assembly- two using 
granite rings which achieved 35 and 150 mrn displacement, and one using the steel rings which 
achieved 319 mm displacement. The results of these experiments, conducted in rotary shear on 
gouge under a normal stress of 25 MPa but without any confining pressure, are not as simple as 
one might like. Still, they resolve some of the questions and promise that we may learn some very 
interesting things with more work. These results are shown in Figure 4, where we have superim- 
posed the new results from the two types of grooved assemblies on the results previously reported 
for the assemblies having the sliding jacket assembly involving Teflon. The behavior of the gouge 
in the grooved steel holder was similar to that of the samples in which the Teflon may have been 
present, but at the highest displacement an additional change back to velocity weakening occurred. 
As the figure shows, all results show a similar decrease in a-b over the first 10 mm of sliding. 
This results in velocity weakening in the displacement interval 10-60 mm. One of the granite 
groove experiments failed while still in this velocity weakening regime. The steel groove experi- 
ment exhibits a shift to velocity strengthening identical to that shown by the jacketed sampIes, sug- 
gesting that the switch to velocity strengthening we observed in jacketed experiments are caused by 
the rock and not Teflon. However, the switch back to velocity weakening after 250 mm slip is a 
new observation having unknown origin. The second granite groove experiment is different from 
any previous experiments in having a period of unstable behavior from 9 to 95 rnrn with a return to 
stability after 120 mm. The overall shape of the evolution of a-b may be similar with an increase 
in a-b at about 100 mm, with the exception that in this experiment a-b simply was never positive. 
These results taken together suggest that characterizing the eventual behavior of the crushed granite 
simulated gouge as either velocity weakening or strengthening is not yet possible. 

4. During the past year we have worked together with Bill Stuart to develop and test a three 
dimensional model of faulting applied to the geometry of the San Andreas fault at Parkfield, 
California. This is an extension to three dimensions of the type of modeling carried out by Tse and 
Rice (1986) for a two dimensional strike-slip fault model. The modeling uses constitutive parame- 
ters determined from laboratory studies including the depth variation in constitutive parameters that 
is expected from the San Andreas geotherm. A range of along-strike variation in constitutive para- 
meters is used, keeping the range reasonable in terms of the variations found for different rock 
types in the laboratory. These three dimensional models will allow more reasonable estimates to be 
made of the magnitude of premonitory strain and geodetic signals to be expected prior to the next 
Parkfield earthquake. Preliminary models have been created and videos made from these models 
show interesting patterns of slip and seismicity in space and time. 



5. We have made some significant progress in understanding the problem of Teflon contamina- 
tion, and have devised a solution that has some additional advantages. Originally we thought that 
the Teflon was forced into the samples by the confining pressure applied to the sample. However, 
i t  now appears that the problem is caused by axial misalignment and the Teflon is wiped against the 
adjacent faces of the samples. We have made some measurements of the run-out of the samples 
and find that it varies between experiments and is more likely to occur at higher normal stress. We 
have designed a bearing assembly that will prevent this axial misalignment and at the same time 
will allow relative axial motion between the upper and lower samples. This assembly is shown in 
Figure 5. Although there will be a slight resistance to rotary and axial motion fiom friction in this 
bearing, we calculate this to be very low compared to the forces and torques arising from the 
sample. This assembly has the additional advantage that the associated redesign will allow us to 
measure both the rotary and axial displacements of the samples simultaneously using our internal 
resolver and internal LVDT. At present we are restricted to using either one or the other of these 
alone in any given experiment. 

Papers: 

Blanpied, M. L., Weeks, J. D. and Tullis, T. E., 1990, The effects of sliding rate and shear 
heating on the friction constitutive behavior of granite, J. Geophys. Res., in press. 

Blanpied, M. L., Tullis, T. E. and Weeks, J. D., Evolution of frictional behavior and fault zone 
textures in experimental granite faults with and without simulated gouge, J. Geophys. 
Res., in press. 

Abstracts: 

Blanpied, M. L., Weeks, J. D., and Tullis, T. E., Effects of sliding rate and shear heating on 
the velocity dependence of granite friction, Eos, Trans. AGU, 70 1303, 1989. 

Reinen, L. A. and Weeks, J. D., Determination of rock fiction constitutive parameters using a 
least squares inversion method, submitted to Eos , Trans. AGU for presentation at the 
spring meeting, 1990. 

Tullis, T. E., Blanpied, M. L., and Weeks, J. D., The velocity dependence of granite friction 
with and without simulated gouge, Eos, Trans. AGU, 70, 1302, 1989. 
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Figure 1. Comparison of response of talc and flourophlogopite mica to a velocity change (A) and 
stationary hold (B). Part (A) shows frictional strength for sliding first at 1, then at 10 and back to 
1 pm s-1. Talc shows no hint of transient peak following velocity changes, whereas the mica 
does, though not as strongly as for materials like granite or quartzite. Part (B) shows the response 
to a 100 second stationary hold. The figure shows the steady-state frictional strength achieved at 
1 pm s-1 followed by relaxation of stress during 100 second hold, and finally the response to re- 
loading at 1 pm s-1. The evolution effect in the mica is expressed as a transient peak in strength 
upon re-loading (which, in this case, resulted in a small stick-slip event) and the relatively flat- 
bottomed decay. 
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Figure 2. Example of friction model found by iterative least-squares inversion program. Model 
(solid line) is fit to data obtained in a laboratory sliding experiment (x's). The starting model for 
the inversion is shown by the dot-dashed line. For comparison, a trial-and-error fit from Tullis 
and Weeks (1986) is also shown (dotted line). The indicated precision of parameter values reflects 
only the variance of individual parameters with others held constant; it does not include covariances 
reflecting non-linear interactions of parameters. 

Figure 3. Schematic cross-section of grooved sample 
assembly. An upper ring-shaped sample rotates in a groove 
machined in the lower sample. The groove is about half 

Steelgrlp filled by a 1 mm layer of simulated gouge. The samples 
Granite may be either rock or steel. In the latter case, the samples 
or steel 
samples and grips are made in a single piece. This assembly has 
steel grip been used with crushed granite simulated gouge on rock and 

w steel, and with powdered talc and mica on steel. 
10 mm 



Figure 4. Com~arison 
• ofwsteady-state ;elocity 

dependence of crushed 
granite simulated gouge 
as measured using a 
jacketed sample assem- 
bly with possible Teflon 
contamination (squares), 
our new grooved rock 
assembly (circles and 
mangles are from differ- 
ent experiments using 

loo 200 300 this assembly), and the 
Displacement, mm grooved steel assembly 

(stars). The experi- 
ments using the grooved rock assembly were terminated by failure of the lower sample (see Figure 
3) after about 35 mm (circles) and 135 rnm (triangles). The experiment represented by triangles 
slid unstably between 9 rnm and 90 mm, preventing the measurement of steady-state velocity 
dependence in this interval; stability theory indicates that the velocity dependence here would have 
been even more velocity weakening than in the regions in which stable sliding prevailed. 

Rod to LVDT Core n n T ( n h .  for rno0-r 

Figure 5. Diagram of bearing to prevent axial misalignment 
of sample rings,.while allowing rotary and axial motion. 
Unlike standard ball bearings, the surfaces on which the 
balls roll is cylindrical so that both axial and rotary motion 
are possible with the very low frictional forces associated 
with ball bearings. Much of the apparent complexity of the 
design is due to the mount for the resolver that measures 
rotary displacement, and a LVDT to measure axial displace- 
ment caused by compaction or dilation in response to sliding 
and application of normal stress. 
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Investirrat ions 

1. Following the October 17,1989 Loma Prieta, California, earthquake a field team was 
dispatched to gather detailed information on damage to dwellings and Modified Mercalli 
Intensity in the stricken area. 

2. Regional seismic source zones for a ncw generation of national probabilistic ground 
motion hazard maps are continuing to be revised, updated and documented. 

3. Comparitive analyses of published ground-mot ion attenuation relations are cont in- 
uing to determine which relations or combination of relations are best suited to modeling 
ground motion in a consistent manner nationwide. 

4. Probabilistic ground-motion modeling that includes the probability of a great earth- 
quake along the Cascadia subduction zone is being investigated for the Puget Sound and 
Portland areas. 

5. Two loss investigations in California have been completed and manuscripts are in 
press. One study examines single family housing losses in the 1933 Long Beach, the 1971 
San Fernando, the 1983 Coalinga, and 1987 Whittier Narrows earthquakes in the contexts 
of dwelling market value and insured values. The other investigation examines probable 
maximum loss to California mobile homes (manufactured housing). 

6. A state-wide investigation of probabilistic losses to single-family dwellings for Cal- 
ifornia has been completed. 

7. Developmental work is continuing on the new seismic hazard and risk program, 
FRIENDLY. This program allows the analyst to perform probabilistic ground-motion haz- 
ard analysis interactively at a computer terminal. Conceptually, the ground-motion cal- 
culations are similar to those performed in the current program SEISRISK 111. However, 
FRIENDLY is far more flexible with more sophisticated geometric treatments of fault 
sourees. 

Results 

1. The epicentral Modified Mercalli intensity of the Loma Prieta earthquake was 
assessed as VIII based on structural damage to wood-framed dwellings and unreinforced 
masonry commercial buildings. Maximum intensities of IX, however, were assigned to 
sites of anomalous damage to freeway systems in San Francisco and Oakland, as well as to 
the Marina district of San Francisco. Ground-motion amplification by surficial sediments 
appears to have played a significant role in localizing pockets of extreme damage. 



The largest peak horizontal acceleration of 0.64 g was measured in the epicentral 
region at Corralitos. The peak vertical acceleration at this location was 0.47 g. In the San 
Francisco-Oakland area, differences of 100 to 200 percent were observed in peak horzontal 
accelerations recorded on Bay Mud and Franciscan rock sites. These large differences are 
consistent with observed differences in MM intensitiy in this same region. 

Damage in the Marina district was strongly influenced by the pounding of adjacent 
buildings and by 4-story apartment buildings having soft first stories. Certain blocks 
in which these buildings had been previously rehabilitated showed markedly less damage 
although exceptions were noted where there was extensitve ground distortion or settlement 
due to liquefaction. 

The threshold of chimney damage usually corresponded to a density of less than 3 
percent. At these lower levels, overall intensity evaluations corresponded to intensity VI. 
When density of chimney damage reached 30 percent, it was usually accompanied by 
other examples of damage indicating a local level of MM intensity VII. It appears that the 
density measure of intensity indicators can be used as a guide to isoseismal intensity and 
strong ground motion. The collected damage data will improve vulnerability relationships 
between shaking level and damage in loss estimation studies for dwellings. 

2. Focal depths and nodal-plane dips of medium-sized earthquakes, hypocentral depth 
distributions from local networks, and geologic evidence are elements that help character- 
ize the seismogenic crust in central and eastern North America. The seismogenic crust is 
thinner in the Appalachians than in the Precambrian craton. Most medium-sized earth- 
quakes in the craton are 5-15 km deep, but an aseismic gap separates these from a few 
hypocenters 20-30 km deep. Network seismicity does not show the gap. The absence of 
surface ruptures is partly explained by the moderate nodal-plane dips of medium-sized 
earthquakes and a tendency for larger shocks in this range to have shallower dips. A 
manuscript is in review for eventual submittal to Seimological Research Letters. 

The northwest two thirds of the Iapetan passive margin in eastern North America 
has a uniform style of seismicity distinct from styles in adjacent regions. The structure 
of the margin is dominated by north- to east-striking normal faults formed during late 
Proterozoic-early Paleozoic rifting. Slip on these Iapetan faults thinned the southeast 
third of the margin to about half its original thickness. The northwest two thirds contains 
Iapetan normal faults but lesser extension on them left this part of the margin compar- 
atively intact. The boundary between intact and thinned parts of the margin and the 
southeast boundary of the entire margin are identified on deep seismic-reflection profiles. 
The northwest boundary of the margin is located by analogy to the width of the Meso- 
zoic Atlantic margin. The location of the boundary is confirmed by comparison to sites 
of known and probable Iapetan faults. Northeast striking, steeply dipping Iapetan faults 
or fault zones at three and perhaps five or six locales of the intact part of the margin 
are undergoing seismic reactivation. The thinned part of the margin is aseismic beneath 
the overthrust metamorphic and igneous rocks of the Appalachian orogen. Seismicity a t  
well-studied locales bordering the margin in the craton and the overthrust Appalachian 
core has different and more diverse characteristics than well-studied seismicity in the in- 
tact part of the margin. A manuscript is in internal review for eventual submittal to the 
Geological Society of America Bulletin. 

3. Of particular interest in the comparison of strong-ground motion attenuation re- 
lations are three factors: (1) suitability of the attenuation relations to be adjusted for 
general crustal characteristics in the eastern and western U.S., (2) reasonableness of spec- 
tral shapes for a broad range of magnitudes and distances, and (3) provision for adjusting 
ground motion levels for differences in geological site condition. No single existing atten- 
uation function performs well on all three factors. 



A second Eastern U.S. ground-motion workshop sponsored by the National Center 
for Earthquake Engineering Research was attended in Troy, New York. The workshop 
was a followup of one attended in July, 1989 (Whitman, 1989) on desirable parameters 
for national hazard maps. The recent conference was convened for the purpose of recom- 
mending one or more standard site conditions to be used for a national map, with the 
intention of making feasible simple spectral adjustments for a small number of alternative 
site conditions. A general consensus was that a California attenuation, calibrated for "soft 
rockn, would meet the standard condition requirement in the west and in the east when 
adjusted for the difference in anelastic attenuation. However, for the Appalachians and 
the northeastern U.S., where crystalline basement rock sites predominate, it was felt that 
this "hard rock" should be the standard site condition. There was no consensus on what 
existing attenuation function would be most appropriate. It was strongly doubted that an 
adjustment to a California "soft rock" attenuation relation to account for basement rock 
conditions would fit the observed eastern U.S. strong motion data. 

4. Ground-motion acceleration, spectral velocity and Modified Mercalli intensity are 
being modeled probabilistically in the Puget Sound, Washington, and Portland, Oregon, 
areas. Attenuation relationships developed by Youngs and Coppersmith (1989) for both 
intraplate and interplate earthquakes are used for accelerations and spectral velocity. In- 
tensity attenuation is based on new regressions of intraplate shocks in the subducted Juan 
de Fuca plate and shallower shocks in the North American plate in the Puget Sound area. 
Potential subduction zone interplate shocks are modeled along a dipping subduction zone 
interface as a Poisson process with an average interoccurrence time of 550 years. Acceler- 
ation and spectral response values are being determined for both rock and soil sites, and 
Modified Mercalli intensities are being determined for "average" site conditions. 

Preliminary results indicate accelerations on rock at Seattle, Tacoma, Olympia, and 
Portland range from about .20 g to .12 g and on firm soil from .41 g to .25 g for a 50- 
year period of interest with a 10-percent chance of exceedance. Average Modified Mercalli 
intensities in the four cities range from VI to VII for the same period of interest and 
probability level. The results suggest that for a 50-year period of interest and a Poisson 
model of earthquake occurrence, a great interplate earthquake (M,  = 8.5) having an 
average recurrence of around 550 years contributes little to the expected ground motion. 

5 .  Most of the methods for quantifying earthquake monetary losses to California 
wood frame dwellings have been based on summarized information on the 1933 Long 
Beach earthquake and on the partially analyzed 1971 San Fernando earthquake. Loss over 
deductible, for example, was not studied in the published reports which followed the 1971 
San Fernando earthquake. The existing data from these two earthquakes, plus those from 
1983 Coalinga and 1987 Whittier Narrows, and other events with less information, are 
re-examined in the contexts of dwelling market value and insured value. 

Transferring data from specific earthquakes to generalized loss estimation methodology 
required commonality of data. Unusual construction characteristics were eliminated from 
the data as were unusual geologic effects. For examples discussed in the text, 1983 Coalinga 
information shows many dwellings unachored to their foundations. This circumstance was 
the result of houses moved to the city and placed on new foundations without anchors, 
contrary to generally accepted practice. In 1971 San Fernando, surface faulting and related 
ground movements at dwelling sites intensified damage. After standardizing the data, a 
transfer function was developed for earthquakes of other magnitudes. 

Two key factors are examined: (a) Probable Maximum Loss and (b) loss over the 
deductible from the standpoints of market value and insured value. Analyses included 
one story, one and two story, split level, and two story structures. There are three age 
groups: pre-1940, 1940-49, and post-1949. Further subdivision is by type of first floor. 



While measurable differences in expected monetary losses were found among most of these 
dwelling characteristics, those most important from a practical use standpoint are two age 
groupings: (I) pre-1940 construction, and (2) post-1939 construction. Available data allow 
the inclusion of any of the other dwelling characteristics which may be of user interest. 
The definition of the Probable Maximum Loss when applied to dwellings has practical 
difficulties due to uncertainties when evaluating the loss distribution curves. An alternative 
based on loss over deductible is proposed. 

Proprietary and published earthquake loss data to mobile homes for five damaging 
earthquakes between 1971 and 1983 were examined. Mobile home losses were 2 to 4 times 
greater than losses to conventional wood frame dwellings in the 1971 San Fernando shock, 
which in part may be associated with the focal mechanism of the earthquake and the 
location of mobile homes with respect to the earthquake focus. The attenuation with 
distance, D, of percent loss to mobile homes derived for the San Fernando data is: 

Percent loss = 7.81 - 0.34 D 

where D is distance in miles from the energy release. 

For the earthquakes studied, the mobile home Probable Maximum Loss is estimated to 
be 40 percent for unbraced mobile homes, using the alternate "9 out of 10" PML definition. 
The average insured mobile home loss in the 12 mile wide PML zone for a magnitude 8.25 
is estimated to be about 15 percent with a 1.5 uncertainty factor included. 

6. All phases of the statewide California dwelling loss study have been completed 
to the point of providing losses to housing with 1 to 4 units per structure by county for 
periods of 10, 50 and 250 years. The general procedure for the analysis was as follows: 

a. Determine three regional attenuation functions for intensity with distance in California 
using a method involving direct use of intensity observations and a relationship with 
M, (Arnold, 1990). 

b. Determine site responses in terms of intensity for about 2500 sites using about 7300 
observations of intensity and distributing these over the 5000 centers of population for 
which housing statistics are known. 

c. Update the number and replacement value of housing units since the 1980 Census. 
The values were found from an extensive survey of 180 California Boards of Realtors 
and numbers were derived from the Bureau of the Census estimates of net migration 
of population. 

d. Using source zones already developed for California and the SEISRISK I11 program 
(Bender and Perkins, 1987), probabilistic intensities for each Census tract were ob- 
tained and losses were calculated using three different vulnerability functions. 

7. The next generation seismic hazard and risk computer program, FRIENDLY, has 
been expanded to include nonhomogeneous source zones. A supplemental program has 
been coded to grid the geographic locations of historic earthquakes, and then to smooth 
the these locations. The output of this earthquake gridding program provides the input 
for the nonhomogeneous source zopes in FRIENDLY. These programs are currently being 
tested. 
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INVESTIGATIONS 

Continued studies of Neogene shortening strains in the southern Great Basin by gathering 
additional data on fault-slip characteristics in the southern Mormon Mountains and East 
Mormon Mountains, Nevada. 

RESULTS 

Developed a model to explain how strike-slip deformation is absorbed or partially absorbed 
by folding during extensional deformation. The model is based on structures observed in 
the East Mormon Mountains. It is applied to other areas in the southeastern Great Basin 
where right steps are known or suspected in the left-oblique fault systems that characterize 
that area. 

REPORTS 

Anderson, R.E., 1989, Tectonic evolution of the intermontane system; Basin and Range, 
Colorado Plateau, and High Lava Plains, in Pakiser, L.C., and Mooney, W.D., eds., 
Geophysical framework of the continental United States: Geological Society of 
America, Memoir 172, p. 163-176. 
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INVESTIGATIONS 
Preparation and submission of 12 samples for precise radiocarbon 

dating of the most recent episode o f  sudden subsidence in coastal 
southern Washington. One of the samples comes from a western red 
cedar snag previously dated through tree-ring pattern matching by 
David K. Yamaguchi; the radiocarbon age will provide an independent 
check on Yamaguchils dating. The other 11 samples come from stumps 
of Sitka spruce collected in September, 1989. The lab promises results 
in the fall of 1990. 

RESULTS 
The ring-width pattern and cell structure of the spruce samples 

collected for precise radiocarbon dating provide the first direct 
evidence that the most recent episode of sudden subsidence happened 
within a year. 

The sarr~ples come from a suite of 12 stumps, each of which has 
well-preserved rings beneath the bark. The 12 stumps are rooted in 
the uppermost buried soil a t  northern Willapa Bay (7 stumps from two 
localities) and the Copalis River (5 stumps). The mud above all but two 
of these stumps (2  from the Copalis River) contains rhizomes of 
Triglochin maritima, whose preference for salt-water mud flats implies 
that the spruce trees should have been killed by the subsidence, as  
happened promptly to Sitka spruce in Alaska that subsided into the 
intertidal zone in 1964. 

In 8 of the samples (2 from the Copalis River, 3 each from the 
Willapa Bay localities) the outermost 20-40 rings consistently show little 
or  no outward decrease in thickness. In 4 of these 8 samples ( 1  from 
the Copalis River, 2 from each Willapa Bay locality) the outermost ring 
lacks thick-walled latewood cells (cells that form a t  the end of the 
spring-to-autumn growing season) or is composed entirely of cells with 
thin walls (D.K. Yamaguchi, written communication, 1989). In the other 4 
samples either the outermost rings are obscured by pitch or, a s  is 
common in roots, the rings vary in thickness too greatly around the 
circumference to show any consistent pattern. 

Lack of pronounced outward thinning of rings and absence of 
thick-walled cells in the outermost ring suggest rapid death. In 
particularly, the five trees lacking thick-walled cells in the outermost 
ring probably died during the growing season (D.K. Yamaguchi, written 
communication, 1989). Such rapid death is more consistent with 
coseismic subsidence than with a submergence of a more gradual sort, 
such as a regional rise in sea level caused by melting of glacial ice or 
an upward bulging of the geoid. 
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Depth t o  Bedrock map i n  t h e  g r e a t e r  Tacoma a r e a ,  Washington 
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Vancouver ,  Washington 98661 
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I n v e s t i g a t i o n s  

C o n t i n u i n g  r e s e a r c h  and  c o m p i l a t i o n  o f  d a t a  on  d e p t h  t o  bedrock .  
A n a l y s i s  o f  r e c o n n a i s s a n c e  h i g h  r e s o l u t i o n  m a r i n e  s e i s m i c  s u r v e y s  ( S n a v e l e y  
and o t h e r s ,  1977) t o  d e t e r m i n e  t h i c k n e s s  of u n c o n s o l i d a t e d  d e p o s i t s  b e n e a t h  
t h e  s e a w a t e r - s e d i m e n t  boundary w i t h i n  t h e  s o u t h e r n  Puget B a s i n .  

R e s u l t s  

A n a l y s i s  o f  most of t h e  m a r i n e  s e i s m i c  s u r v e y  l i n e s  p r o v i d e d  o n l y  a  
minimum t h i c k n e s s  o f  u n c o n s o l i d a t e d  d e p o s i t s ;  however,  a t  o n e  s h o t  p o i n t  i n  
Budd I n l e t  n o r t h  o f  Olympia,  t h e  sed iment -bedrock  c o n t a c t  was p e n e t r a t e d  and a 
t h i c k n e s s  of 120 m was d e t e r m i n e d .  

C o n s u l t a t i o n s  p lanned  w i t h  Sam H a r d i n g  on i n t e r p r e t a t i o n  o f  t h e  new 
m u l t i c h a n n e l  d a t a  i n  t h e  Colvos  Passage-Commencement Bay a r e a  (Hard ing  and 
o t h e r s ,  1988) were  d e l a y e d  and  e v e n t u a l l y  c a n c e l l e d  due  t o  Sam's t e r m i n a l  
i l l n e s s .  

A l l  well l o c a t i o n s  p l o t t e d  on t h e  map were checked f o r  a c c u r a c y  o f  
l o c a t i o n  and  d e p t h .  The s o u r c e  d i a g r a m  was r e v i s e d  and  t e x t  and  r e f e r e n c e s  
u p d a t e d .  Bedrock o u t c r o p s  on t h e  map were d i v i d e d  i n t o  t h r e e  g r o u p s  u s i n g  
z i p a t o n e  p a t t e r n s  t o  d e l i n e a t e  v o l c a n i c  and  i n t r u s i v e  r o c k s ,  c o n s o l i d a t e d  
s e d i m e n t a r y  r o c k ,  and  u n c o n s o l i d a t e d - t o - s e m i c o n s o l i d a t e d  s e d i m e n t a r y  r o c k s  o f  
t h e  Miocene Mashel Format ion .  Each g r o u p  r e f l e c t s  d i f f e r i n g  g e o l o g i c  
c o n d i t i o n s  which w i l l  l i k e l y  r e s u l t  i n  d i f f e r e n t  ground r e s p o n s e s  d u r i n g  a n  
e a r t h q u a k e .  
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INVESTIGATIONS 

1. Submittal of samples from sites in Puget Sound for 14c analyses. 

2. Reconnaissance study of late Holocene coastal deformation in Pakistan. 

RESULTS 

1. A 14c age determination of subrounded fragments of charcoal provide a maximum estimate of the time of 
a 7-m uplift at Restoration Point, Bainbridge Island, Washington. The charcoal, from the upper 10 cm of a 
sandy mud containing brackish-water diatoms, gives a 14c age of 1,580 + 90 yr B.P. and a 13c adjusted age of 
1,560 + 90 yr B.P. (Beta-36045). Using the CALIB program of Stuiver and Reimer (1986), the 13c age 
corresponds to calendar-corrected dates of 1,420; 1,470; and 1,490 yr B.P. Using a laboratory error multiplier of 
1, the one-sigma calibrated age range for the sample is 1,350 to 1,550 yr B.P. 

2. Two recent papers (Byrne and others, 1989; Lame and Chen, 1989) have noted similarities between 
historic seismicity and tectonic processes along the Cascadia subduction zone and those along the Makran 
subduction zone off the coast of southwestern Pakistan. I spent 4 weeks in February and early March 1990 
carrying out reconnaissance studies along the coast of Pakistan to evaluate the suitability of several areas for 
detailed studies of neotectonic deformation. The area offers an excellent opportunity to study the style of 
recent vertical coastal deformation adjacent to a shallow-dipping subduction zone with a thick accretionary 
wedge, features that the Makran shares with Cascadia. Such studies would also contribute to the development 
of a better understanding of the neotectonic setting and paleoseismic record in southern Pakistan in order to 
evaluate earthquake potential and seismic hazards. 

Work in the area of Cape Monze, 35 km west of Karachi, led to the identification of 2 well defined, recently 
uplifted shorelines. The shorelines have small wave-cut platforms and encrustations of oysters and barnacles on 
the Tertiary limestone and sandstone bedrock. The lower shoreline is widely preserved in the area, and thick 
oyster and barnacle encrustations are present as much as 8 m above the estimated level of present mean high 
water. The higher shoreline is not as well preserved, with the upper limit of scarce oyster encrustations at 15 m 
above the estimated level of present mean high water. Samples of oysters were collected from both levels for 
14c analyses. Although widespread uplift in the Quaternary has been recognized in coastal Pakistan, age 
determinations from the oysters should provide some constraints on the timing and rates of Holocene 
deformation in the Karachi area. 
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Investigations 

Recent project investigations include a review of evidence for Pliocene(?), Pleistocene and Holocene tectonic 
activity along the southern frontal fault system of the Transverse Ranges Province in the western Santa Monica 
Mountains. The review has been incorporated into the text that describes the structural geology of the Point 
Dume 7-112 minute quadrangle (GQ-map, in preparation), and is abstracted for this summary. 

Results 

The coastal zone along the southern flank of the western Santa Monica Mountains is dominated by the east-west 
structural grain common to the Transverse Ranges Province. In the adjacent offshore area, east-west trending 
structures dominate in the submarine shelf and slope at the north side of the Santa Monica Basin (Junger and 
Wagner, 1977). At the foot of the slope, a few miles south of the Malibu coastline, an east-west trending fault 
(the Anacapa Fault of Yerkes and Lee, 1979) marks the abrupt change from Transverse Ranges structure to the 
dominant northwesterly structural grain of the Peninsular Ranges Province. 

Among the onshore coastal-zone geologic structures, the Malibu Coast fault (which also trends east-west, 
approximately parallel to the coastline) separates two markedly dissimilar geologic terrains that were first 
juxtaposed by major lateral displacement after late middle Miocene time (Campbell and Yerkes, 1976). 
Although the California fault map of Jennings and others (1975) indicates Quaternary activity for the Malibu 
Coast fault, and workers as early as Davis (1933) suggest that some geomorphic features may be offset left- 
laterally, it may be misleading to ascribe the known localities where fault displacements of late Pleistocene 
marine terrace deposits have been observed (Fig. 1.; see Yerkes and Wentworth, 1965; and Yerkes and Lee, 
1987), to the "Malibu Coast fault." 

From Point Dume on the west to Santa Monica in the east (approximately 20 miles), most of the known 
localities show displacement on short, discontinuous fault segments, each constrained to a relatively small, 
isolated area. At localities where strata older than Pliocene underlie the Pleistocene deposits, none of the young 
fault offsets is exactly coincident with the main trace of the throughgoing structure that separates the disparate 
pre-late middle Miocene stratigraphic sections. 

From Late Cretaceous through early middle Miocene, the strata that now lie on the north side of the Malibu 
Coast fault form an accordant, nearly complete depositional sequence with indications of only minor, local 
folding and faulting. Major tectonic activity, accompanied by basaltic and andesitic volcanism, began in the 
middle of the middle Miocene (the basin-inception phase of the evolution of the Los Angeles basin, as described 
by Yerkes and others, 1965) and continued, probably episodically, into Pliocene time. Upper Pleistocene 
marine and nonmarine terrace deposits lie unconformably over the tilted, folded, and faulted upper Miocene and 
older strata. Although the terrace deposits have been broadly warped and locally faulted, their deformation is 
dramatically less intense than that in the underlying strata. 



Structural and stratigraphic relations indicate that the middle Miocene deformation included significant crustal 
extension, detachment faulting, and tilting of major fault blocks, as well as a minimum of several tens of miles 
of lateral offset on the Malibu Coast fault (Campbell and others, 1966; Yerkes and Campbell, 1971; Campbell, 
1973). If the deep marine depositional environments in which the late Miocene and early Pliocene strata of the 
Los Angeles and Ventura Basins were formed are considered to be manifestations of extensional deformation, 
the same style of deformation may have continued well into the Pliocene in the western Santa Monica 
Mountains. By late Pleistocene time, however, the sense of regional deformation along the Maiibu Coast fault 
had been transformed from one of major lateral and/or extensional faulting to one dominated by north-over- 
south thrusting accompanied by uplift of the Santa Monica Mountains on the north relative to the Santa Monica 
basin offshore to the south. The deformation of the entire zone between the Anacapa and Malibu Coast faults 
shows late Pleistocene and Holocene(?) effects that can be attributed to a north-south compressional stress field, 
probably in association with some left-lateral oblique component. 

Detailed mapping of a wavecut surface overlain by 125,000-year old marine terrace deposits in the Pacific 
Palisades area by McGill (1987) shows evidence of relative uplift, local tilting and warping, and fault 
displacement. McGill (1987) interprets some evidence as indicating that nonmarine deposits as young as 
25,000-30,000 years BP may have been offset by as much of 5 feet. Birkeland (1972) interprets the present 
configuration of elevated marine terraces to represent eustatic sea-level changes superimposed on a coastline that, 
near Point Dume, was being elevated at a rate of 1-1.2 feet (32-39 cm) per 1,000 years during the late 
Quaternary. 

At a gravel pit locality about 2 %  miles (3.6 km) north of Point Dume, upper Pleistocene marine terrace deposits 
probably more than 250,000 years old @re-Malibu terrace; see Birkeland, 1972, fig. 9) have been dropped at 
least 12 feet in a small north-northeast-trending graben bounded on both sides by basalts of the Zuma Volcanics 
(locality 1 of Yerkes and Wentworth, 1965, p. 151). Like most of the known offsets of the upper Pleistocene 
marine terrace deposits found in the general vicinity of the Malibu Coast fault, the bedrock units affected by the 
young offset are entirely on one side of the throughgoing bedrock fault, at this locality about 400 feet south of 
the trace of the Malibu Coast fault. Further east, several localities are entirely north of the trace of the Malibu 
Coast fault. 

About 6 miles to the east, in Marie Canyon, the basal contact of 150,000-year-old marine terrace deposits 
(Corral terrace level of Birkeland, 1972) overlying dolomitic shales of the Monterey Shale is repeated by north- 
over-south thrusting approximately parallel to the bedding in the Monterey. As shown in Figure 2, the offset of 
the contact is at least 50 feet (16 m) on a northwest-trending fault that dips 22" to 35" northeast. The locality 
lies about 100 feet (32 m) south of the trace of the Malibu Coast fault. These exposures document that 
significant fault rupture of the surface has occurred on faults of the coastal zone within the past 150,000 years. 

Contemporary vertical crustal movement in the area has been documented by Castle and others (1977) through 
analysis of precise leveling records. Comparison of 1971 and 1973 level surveys suggests that as much as 30 
mrn of uplift in that period may have accompanied the Point Mugu earthquake of February 21, 1973. 
Comparisons among four preearthquake level surveys (1960,1968, 1969, and 1971) indicate that aseisrnic 
vertical movements occurred prior to the earthquake. The aseismic movements appear to have been episodic and 
oscillatory (both up and down), but the 1960 through 1973 cumulative effect of aseisrnic and coseismic vertical 
deformation in the coastal part of the Point Dume quadrangle has been an uplift of between 15 and 30 mrn (see 
Castle and others, 1977, fig. 2). 

Yerkes and Lee (1979; 1986, p. 78-81), and Lee and others (1979) have summarized the regional seismicity 
of the western Transverse Ranges with an emphasis on the several hundred well-located events of M, 2 to 6 that 
occurred between 1970 and 1976. The recorded earthquakes suggest that the seismic activity that is likely to 
have the greatest effect on the southern Santa Monica Mountains has occurred chiefly along the Anacapa fault, 
where focal mechanisms indicate reverse movement on northdipping faults. The strongest earthquake of this 



group to occur in the western Santa Monica Mountains is the magnitude 6.0 Point Mugu earthquake of February 
21, 1973. 

Investigations of recent earthquakes in North Palm Springs, southern Califomia (Morton and others, 1989), and 
in the Loma Prieta area, central Califomia (Plafker and Galloway, 1989), have identified surface cracks and 
offsets that are attributed to distributed strain, rather than to a direct physical co~ec t ion  to the zone of 
seismogenic rupture at depth on the source fault. The distributions of localities of post-late Pleistocene faulting 
suggest that they, too, might have formed as a rmrficial response to seismogenic displacement at depth, possibly 
on the Anacapa fault, rather than being produced as intrinsic parts of seismogenic displacement on the Malibu 
Coast fault. 
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Figure 1. Outline map of part of south coastal Santa Monica Mountains, showing Malibu 
Coast Fault and localities of faulted upper Pleistocene or younger deposits. 
(Modified after Yerkes and Wentworth, 1965) 
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Figure 2. Sketch from a 1973 photograph of east bank of Marie Canyon, showing 
Monterey Formation (Tmd) bedrock thrust southward over Quaternary marine and 
nonmarine terrace deposits (Qtm and Qtn, respectively). ~ocality about 200 feet 
north of the Pacific Coast Highway and about 200 feet south of the trace of the 
Malibu Coast fault (as mapped by Yerkes and Campbell, 1980), which here constitutes 
the bedrock boundary between the Monterey Formation (middle and upper ~iocene) on 
the south and the Sespe Formation (upper Eocene, Oligocene, and lower ~iocene) to 
the north. (Qc/Tmd indicates thin colluvium overlying Monterey bedrock immediately 
above old erosional shoreline angle; af is construction fill in canyon bottom; Qalf 
is small fan deposited on fill) The cutbank was subsequently graded and planted 
with ground cover. 
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INVESTIGATIONS 

1. Cecil continued collection, analysis, and interpretation of potential-field data to clarify structural relations 
across the Wichita Frontal fault system in the area of the Meers fault (data collected in collaboration with L.-A. 
Bradley, BGRA, and S.L. Robbins and C. Williamson, Br. Sedimentary Processes). 

2. Ellis initiated a study to evaluate and analyze the state of the contemporary stress field along the Wichita 
Frontal fault system, south-central and southwestern Oklahoma. With the exception of borehole-breakout data 
(Dart, 1987; Dart and Zoback, 1989), little information is currently available regarding the state of stress in 
parts of southern Oklahoma. Knowledge of the magnitude and orientation of the stress field may provide 
insight into the contemporary tectonics and seismic potential of individual faults in the Wichita Frontal fault 
system. Wellbore logs and drilling records from petroleum exploration and production in the region could 
contain information on the local and regional stress regimes. 

3. Madole continued regional reconnaissance and detailed local studies of Quaternary alluvial stratigraphy in 
the vicinity of the Meers fault, southwestern Oklahoma. 

4. Dart continued compiling and analyzing subsurface data from Oklahoma and the New Madrid seismic zone. 
He updated the existing catalog of borehole-breakout data for wells in Oklahoma and the Texas Panhandle. He 
completed the initial data-entry phase of subsurface stratigraphic information in the New Madrid region and 
completed a preliminary set of structure-contour and subcrop maps of various Paleozoic rock units in the 
region. 

5. McKeown and Hamilton continued their analysis of geophysical, geologic, and seismic data related to 
understanding the structural and physical properties of the source zone that generates most of the earthquakes 
in the New Madrid seismic zone. 

6. Hamilton, in collaboration with W.D. Mooney (USGS, Menlo Park, CA), analyzed selected seismic- 
refraction profiles in the New Madrid seismic zone to examine the attenuation of refracted seismic waves in the 
upper crust that pass through the Blytheville arch and major fault zones associated with Reelfoot rift. 

7. Hamilton, McKeown, and Crone were key players in organizing and conducting the USGS-sponsored 
workshop to assess the need for an intensified program of scientific studies in the New Madrid seismic zone. 
They also assumed major responsibilities in preparing the two reports that resulted from the workshop. 

8. Swolfs and Collins studied calcite-filled vein sets and measured bulk densities in an oriented core from 
selected depths between 7,973-8,002 ft and in unoriented cores from 10,200-10,229 ft and 11,400-11,426 ft in the 
Dow Chemical Co. #1 Garrigan well, Mississippi Co., Arkansas. The core is on loan to the USGS from the 
Arkansas Geological Commission through the efforts of E.E. Glick (USGS, Br. Central Regional Geology, 
Denver). 



9. Diehl prepared a detailed stratigraphic log of the oriented core (7,973-8,002 ft) from the Dow Chemical Co. 
#1 Garrigan well, and continued petrographic and scanning-electron-microscope (SEM) studies of drill cuttings 
and junk-basket samples from the #1 Garrigan and the Dow Chemical Co. #1 Wilson wells, Mississippi Co., 
Arkansas. 

10. Collins processed selected samples of well cuttings from Dow Chemical Co. #1 Garrigan well for analysis 
of insoluble residues. 

RESULTS 

1, (Cecil) Additional gravity and ground magnetic data, as well as exploratory VLF (Very Low Frequency) 
electromagnetic data were collected across the Meers fault at several locations. Samples of the exposed igneous 
rocks were collected for analyses of physical properties to aid in modeling of the gravity data. The data 
collection and compilation of aeromagnetic and gravity data for the 1:100,000 Lawton quadrangle is complete. 
The %-mile-spaced aeromagnetic data (USGS, 1975) is digitized and the density of gravity measurements has 
been filled in to -3-mile-spacing, In addition, eight detailed ground magnetic profiles, five detailed gravity 
profiles, and four VLF profiles have been prepared across the Holocene Meers fault scarp and along the trace 
of the fault northwest and southeast of the scarp. 

The VLF data show that the fault zone has a recognizable induced signal, though the signal-to-noise ratio is too 
low to perform additional quantitative analyses. The magnetic profiles show several notable features. The 
die-like body, first recognized by Purucker (1986), is apparent on several of the profile lines as an anomaly of 
almost 1000 gammas. At the northwest end of the Meers fault scarp, splays of the fault that were previously 
interpreted on aeromagnetic data are visible. A profile line across the Meers fault less than one mile east of 
Ketch Creek shows a splay near the juncture of the Blue Creek Canyon and Meers faults. This splay is also 
shown on the surface rupture map of Ramelli and Slemmons (1986). Further analysis of the magnetic and 
gravity profiles will help determine the fault's attitude at depth and physical properties that characterize the part 
the fault that has Holocene movement. 

2. (Ellis) An obscure study conducted in the early 1970's mapped the maximum and minimum stress gradients 
for a large part of central Oklahoma by u t i l i i g  data from hydraulic fracturing of oil wells. The stress 
gradients, displayed as contour plots, indicate areas of relatively high stress in the Washita Valley fault zone and 
the Arbuckle Mountains. Efforts are now underway to obtain the original data base used in this earlier study to 
evaluate its utility in mapping the magnitude and distributions of stress near the Wichita Frontal fault system. 
Hopefully, this data set will be supplemented by data from more recent wells. Analyses of these data will focus 
on examining the localized stress conditions near specific faults, integrating the stress magnitude estimates with 
existing stress-direction data, studying variations in the stress magnitude with depth, and confirming and (or) 
refining the stress distribution analysis derived from the previous study. The results of this analysis will be 
evaluated in the context of our current understanding of tectonic setting and seismicity in the central interior of 
the United States. 

3. (Madole) A more complete understanding of the distribution and age of Quaternary alluvium in 
southwestern Oklahoma will help clarify the history of movement on the Meers fault. The southeastern end of 
the fault crosses East Cache Creek, a major drainage in the region. A reconnaissance study of Quaternary 
alluvium along East Cache Creek from near Lake Ellsworth southward to the Red River confirms that the basic 
stratigraphic units that were recognized and defrned in previous studies (Madole, 1988) could be correlated on a 
regional basis. The Quaternary units that are exposed in East Cache Creek Valley do not appear to be 
vertically displaced across the projected trace of the Meers fault. The alluvial stratigraphy of East Cache Creek 
can be traced downvalley into the Red River Valley where Quaternary alluvium locally contains the 620-ka Lava 
Creek B volcanic ash. Hence, more detailed local studies in the East Cache Creek drainage and better regional 
correlations with alluvial units in the Red River Valley should refine the age control on early (?) and middle 
Pleistocene alluvium in the vicinity of the Meers fault, which will provide information on long-term slip-rates on 
the fault. Several 14c samples were collected during the field work but have not yet been dated. 



4. (Dart) The analysis of wellbore breakouts in Oklahoma and the Texas Panhandle has been completed and 
the results have been finalized for publication as a USGS BuIIetin. 

The catalog of digitized subsurface stratigraphic information in the New Madrid seismic zone is being updated 
with new information. The current data base consists of more than 400 entries from published and unpublished 
sources. Preliminary maps are being revised and refined. The quality of this data base is being expanded and 
improved by incorporating stratigraphic information derived from seismic-reflection profiles in the area. Plots 
of various stratigraphic units show a good correlation between the drii-hole data and the seismic-reflection 
profiles. Preliminary results of this subsurface mapping effort were presented at the 1989 Geological Society of 
America Annual Meetings in St. Louis, Missouri. 

5. (McKeown and Hamilton) The spatial association of most earthquakes in the New Madrid seismic zone 
with the Blytheville arch (informally named "Charlie's ridge" and with the enigmatic Pascola arch has been 
known for several years (Crone and others, 1985; Hamilton and McKeown, 1988). However, the origin, extent, 
and physical properties of the arches, which are important to establishing the areal limits of the source zone, are 
controversial. Recently, the arches were interpreted to be the result of structural inversion of a very thick 
section of Cambrian rocks that were deposited in a deep trough along the axis of the Reelfoot rift (Hamilton 
and McKeown, 1988). The most recent analysis of seismic-reflection and drill-hole data suggests that the 
inversion is the result of diapirism. Combining stratigraphic information from the regional drill-hole data 
(compiled by R. Dart) with the areal extent of the Blytheville arch, as mapped from the seismic-reflection data, 
show that the Pascola arch is actually a dome-like structure that may be a continuation of the Blytheville arch. 
The epicenters of the three largest earthquakes of the 1811-12 sequence are imprecisely located, but they are 
within the limits of the Blytheville arch (whose exact boundaries are also imprecise) and its extension, the 
Pascola arch. The spatial correlation between the largest earthquakes in 1811-12 and the largest structural 
feature in Reelfoot rift raises the possibility that defrning the limits of the arches will also delimit the source 
zones for major earthquakes in the New Madrid seismic zone. 

6. (Hamilton) Detailed analysis of the seismic-refraction data from the New Madrid region show that refracted 
seismic waves that pass through the axial zone of seismicity and the fault zone along the southeastern margin of 
Reelfoot rift are highly attenuated. The high attenuation can be attributed to defocusing of seismic energy by a 
low velocity layer in the upper crust and (or) scattering and absorption of the waves. It is likely that the 
multiple episodes of deformation, which have affected Reelfoot rift since Cambrian time, have severely 
fractured and altered the rocks in major fault zones. Areas of greatly attenuated seismic waves may be a useful 
criterion for identifying major fault zones in intraplate settings. These results are being published in Science. 

7. (Hamilton, McKeown, and Crone) The 1990 budget appropriations bill for the USGS requires that the 
USGS submit a report to Congress documenting the need, purpose, and importance of an intensified program 
to evaluate and mitigate the earthquake hazards in the New Madrid seismic zone. As a result of this 
Congressional mandate, a USGS-sponsored workshop was convened by R.M. Hamilton (USGS) and A.C. 
Johnston (Memphis St. Univ.) on November 15-16, 1989, at Memphis State University. The purpose of the 
workshop was to seek input from a wide spectrum of the scientific community on all aspects of the earthquake 
hazards in the New Madrid region. Approximately 60 individuals from various Federal and State agencies, 
Congressional committee members, academic institutions, and private organizations and corporations attended 
the workshop. During the two days of presentations and panel discussions, participants summarized the current 
state of knowledge on the New Madrid seismic zone, identified critical gaps in the existing data, defined topics 
that warranted further study, and prioritized recommendations for future research. Hamilton, McKeown, and 
Crone presented summary papers and led group discussions which detined research needs and priorities. 



Two important products from the workshop are in preparation--the Report to Congress on research needs and 
priorities, and a USGS Circular which provides a general summary and supplemental supporting information 
for Congressional report. Hamilton has primary responsibility for compiling and editing the Circular and the 
Congressional report. McKeown and Crone contributed summary discussions to both publications. 

8. (Swolfs and Collins) Two tectonically significant sets of extensional veins are present in the oriented core 
from the #1 Garrigan well and have been mapped in detail. The respective orientations of the near-vertical 
vein sets are N. 41" E. and N. 35" W. The N. 41" E. set is essentially parallel to the strike of Reelfoot rift. The 
fractures in this set are typically stratabound and are as much as 6 cm high and 3 mm wide. The N. 35' W. set is 
nearly perpendicular to the strike of the rift. This set is present throughout the length of the core, dips 80°SW., 
and contains individual veins that are as much as 1 mm wide. A steeply dipping set of veins, which are probably 
counterparts to the rift-normal set, are the only veins present in unoriented cores from depths of 10,200 ft and 
11,400 ft in the same well. The presence of these rift-normal veins in the deeper parts of the well imply that this 
set of veins formed in response to a regional deformational event. 

The stratification in the core from 7,973-8,002 ft has dips of 5" or less, assuming the drill hole is vertical. In 
contrast, the stratification in the core from 10,201-10,229 ft and 11,402-11,425 ft has dips of approximately 21'. 
These data indicate that either a major depositional or angular unconformity is present in the well between the 
depths of 8,002 and 10,20 ft. Bulk density values for the core are listed in Table 1. 

TABLE 1.--Bulk-density measurements on core from selected intervals of the Dow Chemical Co. #1 
Garrigan well, Mississippi County, Arkansas. 

Density measurements are given in gn/cm3 

Depth (ft) Low High Average 

7,973-8,002 2.67 2.74 2.70 
10,200- 10,229 2.74 2.78 2.76 
11,400-11,426 2.69 2.79 2.77 

9. The detailed stratigraphic log of the oriented core from the #1 Garrigan well is interpreted to record of 
multiple cycles of subsidence in tidal flat and shallow-water marsh depositional setting. Repeated sequences of 
ripple-marked bedding and mud-flat sedimentation are interpreted as evidence of clastic deposition in a deltaic 
setting. 

Petrographic analysis of the carbonate-filled fractures in unoriented cores from the #I Garrigan well show 
several generations of cracking and resealing by authigenic minerals. The succession of minerals lining the 
vertical microfractures is similar to that observed in the fractures in samples from the Dow Chemical Co. #1 
Wilson well, which is located about 27 km south of the Garrigan well. The earliest authigenic mineral is quartz 
followed by deposition of Fe-poor dolomite, Fe-rich dolomite, and finally Fe-rich calcite. 

A section of core (11,420 ft) from the Garrigan well contains slickolites on a subhorizontal thrust fault. 
Authigenic minerals deposited on the slickolite consist of quartz followed by Fe-rich calcite. The dolomite 
phase is missing, which implies that either the dolomite has been replaced by calcite or no movement on this 
surface occurred during the episode of fracture-opening in which the dolomite was deposited. 



The sequence of fracture-filling authigenic minerals in the basal clastic rocks in the #1 Wilson well record at 
least seven episodes of fracture opening, and therefore extension. Parallel sets of aligned fluid inclusions and 
quartz-filled microfractures are interpreted to record episodes of extension in Early Cambrian time. A later 
phase of concurrent clay-filled and carbonate-filled microfractures is inferred to record late Paleozoic 
tectonism. AU of these vertical, mineral-filled fractures are commonly associated with and offset by horizontal 
stylolites. Tectonic and diagenetic stylolites are common. Authigenic monazite is present in the styolites, which 
may indicate a common origin with the authigenic monazite that is found in Hicks Dome in the fluorspar 
mineral district of southern Illinois. 

10. The insoluble residues of 30 samples from the Dow Chemical Co. #1 Garrigan well show no distinctive 
changes in the mineralogy or the proportions of insoluble minerals that might serve as a tool for stratigraphic 
correlation. A special effort has been made to treat selected simples in a manner that would preserve highly 
soluble evaporitic minerals such as gypsum, anhydrite, and halite and fragile fossil fragments. No evaporitic 
mineral have been found. Foraminifera fragments were found in samples of Paleozoic rocks from depths of 
3,810-80 and 8,560-8,620 ft.; they are probably of the genera Nodosan's or Dentalina (identified by M. Lagoe, 
Univ. Texas, Austin) which are mid-Mesozoic or younger. Therefore, these fossil fragments are contaminants 
that have collapsed from shallower parts of the well. 
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Investigations 

1. Several tests are being performed in order to determine the accuracy 
of standard hypocenter estimation methods used in the analysis of 
regional seismic network data. Adaptation of a probabilistic 
approach to estimating hypocenters and examination of the underlying 
statistics in this estimation problem is underway. 

2. Development of a detection threshold model for the Southern Great 
Basin Seismic Network (SGBSN) is in progress. Interpretation of the 
regional seismicity in the context of this threshold model and of a 
regional tectonic framework is being investigated. 

3. Examination of the effects of source radiation on magnitude 
estimates is underway. 

4 .  A simultaneous inversion of strong motion and teleseismic body-wave 
records is used to study the rupture history of the 1978 Tabas, 
Iran, earthquake. A nonlinear least-squares is used where the 
problem is parametrized in terms of both the slip amplitudes and the 
rupture times on a finite fault. This earthquake is one of the 
largest intraplate events, Ms - 7.5, for which there are several 
strong-motion recordings within.one fault length; and has important 
implications for the estimation of strong ground motions in other 
intraplate environments ; [ i. e . , New Madrid seismic zone] . 

5. Three-component strong-motion records from seventeen sites within 
one fault depth are modeled to study the rupture history of the 1987 
Whittier, California, earthquake. 

6 .  Teleseismic broadband body waves are inverted using both L2 and L1 
norms to compare these two numerical approaches and to determine the 
rupture history of the 1989 Lorna Prieta, California, earthquake. 

7. Field investigation of the December 7, 1988, earthquake, Ms - 6.9, 
near Spitak, Armenia is being analyzed. 

8. Field investigation of the June 10, 1987, earthquake, q(Lg) = 5.2, 
near Claremont, Illinois, is being analyzed. 



Focal-mechanism solutions and their distribution in Alaska and the 
Aleutian Islands for 700 earthquakes, which took place from 1927 
through 1987, are being cataloged. A focal-mechanism parameter 
catalog is being prepared for publication. 

A focal-mechanism distribution map for Alaska and the Aleutian 
Islands is being prepared for publication. 

Post-earthquake investigations were undertaken in the San Francisco 
Bay area after the October 17, 1989, Loma Prieta, earthquake. And 
follow-on field investigations have been conducted during the past 
six-months. The damage assessment was funded through the 
University of Colorado under a NSF Quick Response Research Grant. 
Direct field observations were made one day after the earthquake to 
a week later, when the transition to reconstruction occurred. This 
data is being edited and analyzed. 

A continued analysis of the technical and societal aspects of the 
damage assessment process is underway. Several field visits and 
additional technical information has been compiled. A building-by- 
building analysis of damaged structures in the city and county of 
San Francisco was undertaken. Various structural characteristics, 
along with other building parameters, are been analyzed including a 
detailed vulnerability analysis of structures in the Marina 
District. Also, detailed information on actual losses (not 
estimated) is being collected and analyzed. 

Preparation of the geologic map-report for the Anchorage B-8 SW 
quadrangle is in progress and awaits field checking, final geologic 
interpretation, and completion of the text which will include 
extensive surficial geologic information. Detailed interpretation 
of surficial geologic features of the eastern portions of the 
Anchorage A-8 NE and SE quadrangles and parts of adjacent 
quadrangles is in prbgress. 

Results of previous field investigations of emergent tidal sediments 
and intercalated organic materials from which paleoseismicity of the 
region may be interpreted are being reevaluated using numerous 
radiocarbon dates from the region in cooperation with the Branch of 
Central Mineral Resources. 

A surficial geologic map of the Eklutna River drainage basin, 
Municipality of Anchorage is in preparation from existing 
manuscripts and other relevant maps for inclusion in a Water 
Resources Division report. 

Surficial geologic manifestations of the Chilean Tectonic Subduction 
Zone were investigated in middle and southern Chile during part of 
an austral summer as part of a special USGS grant. Samples of 
several types of organic materials have been analyzed and their 
relation to submerged and emerged sediments is under study in 
cooperation with the Branch of Central Mineral Resources. 



17. Reinterpretation of some surficial geologic maps and detailed 
airphoto interpretation of sectors of the Gulkana A-1 and Nabesna B- 
6 quadrangles in Alaska is nearing completion in cooperation with 
the Branch of Alaskan Geology. 

18. Studied relations among seismicity, tectonism, and hydrothermal 
regime in the west moat of the Long Valley caldera, California, is 
underway. 

19. Studied relations among seismicity, tectonism, and hydrothermal 
regime in Chile, is in progress. 

20. Calibration of temperature-sensing probes was undertaken. Corrected 
temperature logs obtained in wells in Long Valley caldera, 
California, during July 1989 for drift in thermistor probe is 
undernay. Reduced and analyzed temperatures obtained in the air- 
filled part (upper 980 ft) of borehole PLV-1.. Determined 
corrections for natural gamma-ray logs obtained in MLGRAP #1 and #2 
due to variations in hole diameter, casing, cement, and fluid 
content. 

21. Determined capillary corrections for acid-etch inclinometry in glass 
tubes of various diameters to temperatures of 80" C so that the 
inclinations of hot, small-diameter boreholes can be measured. 

Results 

1. Standard methods generally produce reliable epicenter estimates and 
associated uncertainties. Focal depth estimates can easily be 
biased by more than several kilometers due to large (several tenths 
of seconds) random data errors and (or.) systematic velocity model 
errors (average velocity errors of,several.percent). The use of S- 
wave data can reduce this 'potential bias and estimates derived using 
the probabilistic approach are more robust with respect to random 
and systematic error. All methods invoke some model of the 
underlying statistics and all methods may produce poor results if 
the underlying statistics are incorrectly characterized. 

There is a significant over-printing of a spatially variable 
detection threshold on the seismicity patterns observed in the SGBSN 
catalog data. This is accounted for when examining the distribution 
of epicenters. A strong correlation between concentrations of 
epicenters and zones of strike-slip faulting is apparent. There is 
also a high concentration of seismicity in the same area where 
nuclear testing is done. The seismicity is interpreted in terms of 
a semi-rigid block model such that the seismicity outlines the edges 
of a southern Great Basin block. 



3. Theoretical calculations show that uncertainties in magnitude 
estimates of more than half a magnitude unit can easily be 
attributed to source effects and poor spatial sampling in magnitude 
calculations. These calculations also show that in some cases there 
can be an almost perfect trade-off between amplitude variations 
arising from source radiation effects and from attenuation. 

4. The acceleration recordings for the Tabas earthquake were bandpass 
filtered, uniformly sampled, velocity records. Three, 3-component 
stations situated over or near the fault plane, and ten WWSSN long- 
period P-waves were selected for inversion. The fault plane is 
fixed, striking at 330"; with a dip of 25" NE, and is consistent 
with the long-period teleseismic solution. Our preferred slip model 
has three or four distinct subevents with maximum displacements 
between 1 and 2 rn. Most of the faulting occurs above a depth of 15 
km. The preferred model has a hypocenter depth between 5- and 10- 
km, a source duration time of 0.7 sec, and a rupture velocity of 2.5 
km/sec. M, is 5.5 x 10**26 dyne-cm, which is consistent with M,, 
values obtained using body waves, but is a factor of two less than 
M, obtained from long-period surface waves. 

5. A constant-rupture and a variable-rupture velocity models are 
considered in this investigation. The results show a complex 
rupture process within a relatively small source volume, with at 
least four separate concentrations of slip. Two sources are 
associated with the hypocenter, the larger have a slip of 55 or 90 
cm, depending on the rupture model. These sources have a radius of 
approximately 2 to 3 km and are ringed by a region of reduced slip. 
The aftershocks fall within this low-slip annulus. Other sources 
with slips from 40 to 70 cm, each ring the central source region and 
the aftershock pattern. The overall dimensions of the Whittier 
earthquake from the strong-motion inversions is 10 km long (along 
the strike), and 6 km wide (down the dip). The preferred dip is 30" 
and the preferred rupture velocity is 2.5 km/sec. M, estimates 
range from 7.4 to 10.0 x 10**24 dyne-cm, depending on the rupture 
model. 

6. Broadband teleseismic P and SH waveforms from the GDSN and GEOSCOPE 
networks for the Lorna Prieta earthquake have been collected. These 
data will be inverted to obtain the history of slip on a fault plane 
embedded in a layered half space. 

7 .  A subset of 298 best-located aftershocks in Armenia define a pattern 
of seismicity about 60 km in length, and it has a broad bend near 
its mid-point (at the town of Spitak), changing from a near E-W 
alignment west of the bend to a S. 45-50" E. trend. The 
distribution of aftershocks west of Spitak is generally consistent 
with the predominant E-W to E-NE strike of the region's major 
topographic features. SE of Spitak, the aftershock alignment is 
subparallel with a NE trend of the mapped co-seismic surface 
ruptures. Sixteen composite focal-mechanism solutions were 
determined for events in the aftershock zone. For aftershocks west 



of the "Spitak bend", three out of five solutions are in agreement 
with an easterly striking reverse fault with a small component of 
right-lateral strike-slip movement. The other two mechanisms 
indicate almost pure strike-slip displacement along an easterly 
striking nodal planes. Six composite solutions from the aftershocks 
in the "Spitak bendn show a mixture of easterly to southeasterly 
reverse as well as right-lateral strike-slip faulting. Five 
composite solutions for aftershocks within the southeast segment 
show a predominant right-lateral strike-slip solution with a 
southeasterly striking plane. Group composite solutions emphasize 
that the aftershock zone is in a very complex tectonic setting. 

8. The Illinois earthquake occurred in the Wabash Valley seismic zone 
of southeastern Illinois and southeastern Indiana, and about 200 km 
of St. Louis, MO. It was felt over an area og about 433,000 km2 
with an I, - VI : The USGS and Memphis State University, in a joint 
effort, deployed .15 aftershock-monitoring-station network (later 
expanded to 21) and recorded more than 100 aftershocks in a four-day 
period. Results from 56 located events indicate a compact, tabular- 
shaped aftershock volume about 1.7 km long, 0.8 km wide, with some 
3 1/2 km of vertical extent between about 6 1/2 and 12 km in depth. 
Six composite focal-mechanism solutions show the predominant mode of 
faulting as being reverse, including some strike-slip solutions 
similar to the mechanism of the main shock. The maximum principal 
stress direction (P-axes) is oriented easterly to east-southeasterly 
and is subhorizontal in plunge. 

9. Results from the post-impact damage-assessment study included the 
identification of critically important technical and societal 
factors that affected the damage assessment process. Significant 
environmental factors included aftershocks and asbestos in 
earthquake-damaged buildings. Significant social, economic, and 
legal concerns,also influenced the building evaluation process (for 
example, liability, housing disputes, etc.). 

10. Results from the building-by-building assessment of damaged 
structures show that while building type and design factors were 
important, that mitigation and maintenance-related issues were 
significant. 

11. The collection of actual-loss data (not post-earthquake estimates) 
is still in process. Since few final decisions and little repair 
has been completed on severely damaged structures, the actual-loss 
figures are still being collected and analyzed. 

12. For the Anchorage B-8 SW quadrangle, Alaska, map units have been 
initially described, interpreted, and designated on overlays and 
base-map materials and the regional geologic framework part of the 
text completed. 



13. Stratigraphic interpretation of emerged and submergedtidaldeposits 
southeast of downtown Anchorage has resulted in the near completion 
of the pre-review level of a USGS Bulletin presently entitled, "The 
Girdwood Member of the Twenty Mile River Formation-late Holocene 
silt and peat stratigraphy, Turnagain Arm and vicinity, south 
central Alaska". 

14. Scientific products resulting from geologic work in the Eklutna 
River drainage area, Alaska, were submitted to Water Resources 
Division, Alaska District. 

15. Initial preparation of a paper describing partial results of 
research concerning emerged and submerged tidal sediments in 
southern Chile has been accomplished and a paper has been accepted 
for presentation at the 13th International Sedimentological 
Congress, Nottingham, U.K., entitled, "Stratigraphy of late Holocene 
intertidal deposits, Islagrande, De .Chiloe region, southern Chile- 
evidence of relative sea-level changes". 

16. The initial surficial geologic maps of the Gulkana A-1 quadrangle, 
Alaska and of the Nabesna B-6 quadrangle, Alaska were completed and 
submitted to colleagues in the Branch of Alaska Geology for their 
input. 

The wells, MLGRAP #1 and # 2 ,  in the Town of Mammoth Lakes have been 
partly analyzed. The core was logged by Douglas Goodwin for The 
Town of Mammoth Lakes (California Division of Oil and Gas, Well 
Summary Report-Geothermal, 1988, A.P.I. Nos. 051-90120 and 051- 
90121). Temperatures were measured with a thermistor probe (time 
constant of 2 s in water) lowered at a rate of 3 m/min and recorded 
and plotted at 0.3-m intervals. Temperatures recorded in the air 
column are meaningless without further corrections, because the time 
constant of the probe is much longer in air than in water. 
Laboratory calibrations were made one month before logging and were 
repeated on October 21, 1989. Drift corrections have been applied 
to all of the temperatures obtained in Long Valley during July 1989. 

18. The temperatures obtained in the air-filled part of borehole PLV-1 
have been reduced and preliminary analysis indicates that the 
temperatures came into thermal equilibrium quite rapidly (C 1 hour) . 
The temperature increase with depth is exponential. Since the 
tubing was not cemented in place, the possibility of flow along the 
hole can not be precluded. 

19. The natural gama-ray logs obtained in MLGRAP #1 and #2 require 
corrections for hole diameter, casing, cement, and fluid content. 
These corrections were time-consuming, especially in MLGRAP #1, 
because of the complicated drilling history. A satisfactory 
correction scheme has been derived and applied to the logs so that 
they more accurately reflect the lithology. 



20. The temperatures and thermal conductivity data for several drill 
holes in central Chile have been assembled and analyzed. The 
geologic background material has been obtained. Most of the 
information necessary to complete a report on the thermal regime of 
the area is in hand. However, detailed topographic maps necessary 
for terrain corrections have not been obtained yet. 
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Investigations 

This program is focused on the specification of representative time histories for future large New 
Madrid earthquakes at target sites of Memphis, Tennessee and St. Louis, Missouri. This will be accom- 
plished by a combination of deterministic and probabilistic techniques for the generation of time his- 
tories. Because of the unique environment of sites within the Mississippi River flood plain, e.g., 1000 
meter thicknesses of very low velocity materials, effort is first directed toward constraining the wave 
propagation properties of the surface material. 

Results 

1. A three-component continuously recording accelerometer was installed south of New Madrid, 
Missouri in January. The accelerometer connects into the analog telemetry of the USGS/NRC Central 
Mississippi Valley Seismic Network and is recorded digitally along with the data from the regional net- 
work. Initial sensitivity was set at 1OGW V/g. which caused clipping of magnitude 2.8 events within 10 
km. In early April the gain was reduced to roughly 1000 Vlg, so that larger events could be recorded on 
scale. Data from the vertical component agree with an adjacent 1 Hz velocity sensor upon integration. 
One major problem has to do with verifying the orientation of the horizontal components. The usual 
test of looking at P-wave particle motion is difficult to apply since ray paths are near vertical at the sur- 
face due to the low velocities of the sediments. These data will be used together with the 
CERImemphis State Panda Data to constrain the shear velocity and Q profile in the sediments. 

2. Enhancements have been made to the random process theory technique to more correctly take 
into account crustal shear velocity and Q structure in the estimation of peak ground motion. The 
modification uses simple ray theory and the constraints of full wavenumber integration in a simple 
computational technique. Two papers have been submitted for publication. The peak acceleration of 
the 1988 Saguenay earthquake was correctly predicted as a function of distance. 

3. Modifications to the random process theory model will be made to incorporate more realistic 
ray tracing techniques which take into account the transmission and free surface reflection coefficients 
that are not in the current model. 
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INVESTIGATIONS 
The objectives of this project are: (1) to maintain an operation- 
instrumentation readiness for opportunities to support research 
in the earth science and engineering fields, (2) to develop 
integrated techniques and methodologies for efficiently and 
effectively documenting and processing high quality digital 
seismic data, seismic reflection and refraction data, seismic and 
geological borehole data, and surface/structure response data,(3) 
to develop improved methods to investigate subsurface geologic 
structures and geologic/engineering parameters (4) To improve 
the understanding of how shallow underlying geology affects 
ground motion. 

Specific goals for this reporting period were (a) to 
document seismic data from the Loma Prieta earthquake, (b) to 
consolidate the seismic data documented from the Lorna Prieta 
earthquake into a form appropriate for distribution (sites, 
geology, ground motions, time-histories, etc.), (c) to confirm 
all field calibrations and site locations used during the Loma 
Prieta operations, (d) to make a preliminary analysis of the 
Santa Cruz seismic data, (e) to finalize the Puget Sound site 
response analysis, and (f) to complete the seismic field 
operations for the Phoenix, National Park Service/USGS project. 

F i e l d  Laboratory Efforts 

(a-d) The Loma Prieta seismic field operations was a fully 
cooperative effort with USGS Menlo, EPRI, UC Santa Cruz, and 
State, County and City personnel. The operations equipment/crew 
responded to the earthquake within 24 hours. Twelve seismic 
experiments utilizing a total of 107 sites were completed. A new 
PC field-data-consolidation system was developed and utilized on 
all experiments. An open file report was published on the Santa 
Cruz field effort. 

The field calibrations, site locations, seismometer 
orientations and world time are being corrected on all data 
headers. The data set is approximately 2 gigi-bytes in size and 
will be distributed on a CD in the near future. 

Preliminary analysis of the seismic data indicates that 
relative spectral ratios of ground response generally compare 
well with observed damage distribution resulting from the Loma 
Prieta earthquake and are correlatable with the subsurface 
geology. The topographic-high experiment indicates that the ridge 
areas may be tuned to a narrow frequency band. 



(e) Thus far, microearthquakes near Seattle seem to provide the 
best spectral ratio data to date. Because of funding limitations 
and project re-direction, data were recovered from only five 
sites. The data from the five sites have been analyzed and will 
be the subject of a formal report in 1990. 

A cooperative building-testing project/report was completed 
with NBS. An eight-story building in Portland, Ore., and a seven- 
story building in Long Beach, Calif. were tested for engineering 
parameters. 

(f) The seismic field effort at the Pueblo Grande ruins for the 
USGS/NPS preservation team project was completed. The data are 
now being analyzed. 
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Investigations 

The overall objective of this study is to characterize and determine the timing of deformational 
events in the subducting Juan de Fuca plate (abyssal plain) and deformation front (accretionary 
wedge) of the Cascadia convergence zone off Oregon and Washington. We will try to identify and 
date discrete events and relate them to the distribution of earthquakes on the subducting oceanic 
plate and in the subduction zone. 

When we learned in June, 1989, that the first year's NEHRP would be funded, we immediately 
placed special emphasis on selected neotectonic features in a region that was to be surveyed later in 
the year. An extensive and comprehensive sidescan survey and multichannel seismic reflection 
survey were completed off central and northern Oregon during August, September and 
October,1989, by the principal investigator under a separate, funded grant from the National 
Science Foundation. We obtained approximately 2,700 sq krn of continuous SeaMARC-IA 
sidescan sonar coverage and 2000 km of 144-channel seismic reflection lines with the M/V 
GEOTIDE, operated by Digicon Geophysical Corporation, to study the deformational features and 
events on the continental slope and adjacent abyssal plain off Oregon (44' 30' to 45' 20' N 
latitude). A photographic mosaic of the navigated sidescan images and individual high-resolution 
sidescan swaths have been completed for the survey area. Several seismic lines have been 
processed, which clearly image the faults of the abyssal plain and the accretionary prism. 

Non-classified SeaBeam bathymetry in this region was acquired earlier in 1987 and 1988 with the 
ATLANTIS-I1 by Oregon State University in a study sponsored by the National Science 
Foundation. All NOAA SeaBeam bathymetry is now declassified off Oregon, but it still remains 
classified off Washington, with the exception of pre-1984 data collected along the initial 
deformation front and the adjacent abyssal plain which remains unclassified. 

Copies of all available seismic reflection records, both single channel and multichannel, covering 
the Oregon and Washington continental shelf, slope and abyssal plain have been obtained from 
various archives for the 1990 study of the neotectonics of this portion of the Cascadia subduction 
zone. All local and regional biostratigraphic and sedimentologic data have been compiled for the 
fault dating studies. 

Results 

1. Active Fault Zones Ma~ped on the Abvssal Plain 
Faulting and associated fluid venting are presently occurring west of the main deformation front on 



the subducting Juan de Fuca plate (Kulm et al., 1989; Appelgate et al., 1989; Goldfinger et al., 
1989). The SeaMARC-IA sidescan sonar survey conducted over the lower continental slope and 
abyssal plain between 44'30'N and 45'12'N latitude mapped in detail the surficial structures 
related to the subduction of the Juan de Fuca plate. Preliminary results (44' 30' to 44' 50'N) 
indicate that subduction-related NW-SE trending faults extend onto the abyssal plain 13-15 krn 
seaward of the main deformation front (marginal ridge). In the northern part of the area, N-S 
trending faults occur on the abyssal plain seaward of the deformation front. Some of the NW- 
trending faults either crosscut, or are overlain by, mud volcanoes. Several faults are downthrown 
to the southwest and west, respectively. A high-resolution 3.5 lcHz seismic record across one of 
these surficial NW-trending faults, located 13 km seaward of the main deformation front 
(44'511N, 125'31.5'W), displays about 5 m of vertical separation and is downthrown to the 
southwest. A core was taken in the vicinity of the fault in an attempt to date it. Alternatively, some 
of these faults may be left-lateral strike-slip faults, which would show an apparent down to the 
south vertical separation due to offsetting the west-sloping abyssal plain. 

A prominent linear fault scarp, striking 295' extends 17 krn across the abyssal plain from the 
deformation front at 45'10'N latitude (Fault A; Appelgate, et al., 1989; Goldfinger et al., 1989). 
The fault displays along-stnke reversals in vertical separation and a very straight trace, 
characteristic of strike-slip faults. On the eastern end of the fault a submarine channel that crosses 
the fault, 6 km seaward of the base of the marginal ridge, is offset about 100 rn in a left-lateral 
sense. On the western end of the fault a prominent escarpment is also offset left-laterally, but the 
amount has not been determined. At the base of the marginal ridge, which forms the initial 
deformation front, this fault splays into a series of separate faults which can be traced eastward 
onto the ridge. A N-S oriented multichannel seismic record (single trace ship's monitor record) 
made across the fault shows stratigraphic displacement throughout the sedimentary section and 
possibly into the basaltic basement. A semi-conical mud volcano 250 m high and 4 krn in diameter 
overlies the main fault 10 km west of the marginal ridge. A previous ALVIN submersible survey 
in 1988 established that methane-rich fluids are venting from the mud volcano and that live 
chemosynthetic clams occur over much of the volcano's southern flank. The fault is actively 
venting fluids as documented by the abundant chemosynthetic animals. Fluids from the mud 
volcano contain a high 3 ~ e  content (23%) which tentatively suggests the fluids are derived from 
the basaltic slab of the subducting plate. These combined characteristics suggest that the fault is 
presently active. Gravity cores were collected in the vicinity of the fault in our first attempt to date 
it. 

A second NW-SE trending fault (Fault B) was imaged in sidescan on the abyssal plain to the south 
at 44' 52' N latitude. This fault crosscuts the base of a smaller mud volcano (1 krn diameter, 125 
m high) and is characterized by an escarpment that extends at least 5 km seaward from the base of 
the initial deformation front. A multichannel seismic record (single trace ship's monitor record) 
across the fault suggests that it is a major fault zone with apparent basement offset. This feature 
could be another strike-slip fault similar to the one found to the north, but it may be less well 
developed or less visible to sidescan due to the lack of offset topographic features. 

A third fault (Fault C) was clearly identified in a N-S multichannel seismic record at 44' 32'N 
latitude on the abyssal plain, 5 krn seaward of the initial deformation front. Its orientation is not 
yet confirmed; however, a reentrant in the deformation front suggests that this fault also has a NW- 
SE orientation, and one seafloor fault on the sidescan images, just landward of the seismic record, 
has the same orientation. Displacement of the thick stratigraphic section appears to extend to the 
seafloor. The strata have the appearance of an evolving fold with probable seaward vergence. The 
fault appears to offset the basement, which is downthrown to the south or southwest. 

Three additional NW-trending faults occur on the abyssal plain off Washington. The thrust faults 
in Nitinat Fan are oriented perpendicular to the convergence direction. At some point faults 



penetrate the cap on the overpressured sedimentary section below the fan and the subsequent 
pressure release causes the now fluidized sediments to flow to the surface in narrow conduits 
without substantially disturbing the surrounding sediment. These materials then dewater and form 
a chaotic sediment pile (mud volcano). A NW-trending fault has been mapped immediately to the 
northwest of the mud volcano and projected into the mound. A prominent mound with 75 m of 
relief and about 2 krn in diameter occurs about 3 km seaward of the base of the continental slope at 
47O13'N. Bottom photographs show abundant jagged rock outcrops and fracture patterns but no 
bedding planes or evidence of coherent strata. These mound-like features (mud volcanoes) occur 
just seaward of the deformation front of other convergent margins. 

2, relations hi^ of Abvssal Plain Faults to 1973 Earthquake 
One of two major faults in the abyssal plain (i.e., faults A or B described above), mapped with 
sidescan sonar and multichannel seismics, may be related to a 1973 earthquake (M,=5.7) along the 
eastern edge of the subducting oceanic plate (Spence, 1989, his Figure 7, event number 10). We 
will compare the motion of the mapped faults with that determined ffom first motions and tie the 
fault movements into the local and regional tectonic framework to evaluate the earthquake hazard. 
The recent study of stress distribution in the Juan de Fuca plate (Spence, 1989) of the 1973 event 
indicates a right-lateral strike-slip separation with one nodal plain at 300°, which is the same strike 
as faults A and B. The epicenter of the earthquake is located about 15 km north of the seaward 
projection of fault B, the most likely candidate for the 1973 earthquake. 

3. Active Fault Zones Ma~ped on the Accretionary W e d s  
Faulting and associated fluid venting are documented along the deformation front in the 
SeaMARC-IA sidescan sonar survey completed August, 1989 across the outer margin (4.4' 32'N- 
44" 50'N latitude) (Kulm et al., 1989). An 800 m-high ramp anticline characterizes the N-S 
trending seaward verging deformation front (marginal ridge) with an intervening basin and second 
ridge to the east. The frontal thrust is clearly imaged in the new multichannel seismic records along 
the initial deformation front, and several blind thrust faults occur up to 5 km seaward of the front 
within the abyssal plain sediments. Several N-S oriented scarps occur just to the east of the crest 
of the anticline and represent seafloor offsets of one or more faults associated with a backthrust 
also imaged in the new seismic data. Fluid migration along the backthrust is a probable source of 
methane- and C02-charged fluids, which were sampled with ALVIN at several active vent sites 
(Kulm, et al., 1989). The pore fluids and gases are derived from the tectonic-induced dewatering 
of the accreted and subducted abyssal sediments caused by the compressive stresses. 

Numerous small and one large scale submarine sediment slumps were identified and mapped along 
the initial deformation front of the accretionary wedge using the SeaMARC-IA side scan sonar 
images and SeaBeam bathymetry. One gravity core was collected at the toe of the largest slump in 
an attempt to date the slump. 
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Introduction 
This investigation primarily addresses large-scale landslides 

submerged in Lake Washington in Seattle. Slide blocks moved to 0 to 240 m 
depths by deep-seated translational gliding from adjacent steep slopes. 
Historical block translations of this type are not recorded in the Puget 
Sound lowland area in the roughly 200 years since European settlers came 
into the Pacific Northwest (Manson and Thorson,l983). There have been some 
slope failures associated with moderate earthquakes in the Pacific 
Northwest. Atwater and his co-workers (Atwater, 1987 a & b, Yamaguchi et 
al. 1989)have identified stratigraphic evidence that several abrupt coastal 
subsidence events occurred along the Washington and Oregon coast during the 
past 3000 years. Testing for the coincidence of submergence ages with 
paleolandsliding and paleoliquifaction ages will critically test the great 
subduction-earthquake hypothesis and improve characterization of seismic 
risk in washington State's urbanized areas. Regardless of whether the Lake 
washington landslides were triggered by earthquakes of local or regional 
extent, or were produced nontectonically, they represent a significant 
geohazard in the Puget Sound region. 

Lake Washington fills a 29-km-long basin adjacent to Seattle. Its 
surface area is approximately 80 km2 (Figure 1). Lake-depth exceeds 60 m 
in several places. The basin was glacially-cut and is walled primarily by 
deposits of glacial outwash, glacial till and glacio-lacustrine silts and 
clay. Ice-contact (lodgement) till caps many of the upland surfaces 
(Waldron et al., 1962; Yount, 1983). The lake's boundaries are dominated by 
the characteristic oversteepened walls of glacial troughs. Steep slopes 
bound the lake except where the valley is partly filled by deltaic 
deposits, intersected by other ancient glacial valleys, or intersected by 
modern drainages. The late Pleistocene glacio-lacustrine Lawton Clay is 
widely present in the Seattle area. It is up to a few 10's of meters 
thick, is a ground-water barrier, and is overlain by the (commonly wet) 
silts and sands of the Esperance Sand. The contact of these units is 
associated with slope instability (e.g. Yount, 1983). The contact appears 
to be present between 0 and 70 m above the surface of Lake Washington at 
the three sites of proven late Holocene block sliding (Waldron et al., 
1962), strongly suggesting the existence of an underappreciated regional 
slope-failure hazard. 

Paleolandslides and Wood Preservation 
A study of lake Washington stratigraphy, bathymetry, and Holocene 

history was completed by Gould et al. (manuscript, 1957) but never 
published. Gould et al. (1957) reported that three subareas having 
landslide topography are the sites of submerged forests (Figure 1). Because 
the deeply submerged stems are smooth and show no subaerial weathering 
effects, Gould et al. (1957) concluded that the trees were living at the 
time of submergence and their age "corresponds to the time of the landslide 
that placed them in their present position." Outer wood from a tree 
collected at the Kirkland site by Gould et al. had a radiocarbon age of 
1160f80 radiocarbon years before present (RYBP) (Broecker and Kulp, 1957). 
We have found excellent preservation of sub-fossil trees at three sites in 





t h e  l a k e .  P r i o r  t o  human m o d i f i c a t i o n  i n  1916 ( l a k e  l e v e l  was lowered by  
about  3 m i n  t h a t  y e a r ) ,  t h e  dep th  e x t e n t  of major  wood decay on s t a n d i n g  
trees on s l i d e s  was no more t h a n  7 t o  1 0  m below l a k e  l e v e l .  The d e p t h  
l i m i t  of wood decay  i n  Lake Washington i s  l i k e l y  e x p l a i n e d  by l a k e  
s t r a t i f i c a t i o n  and  reduced oxygen c o n t e n t  of t h e  deeper  water .  

Our R e s u l t s  to Date 
W e  conducted  r econna i s sance  su rveys  of t h e  s o u t h e a s t e r n  Mercer I s l a n d  

( S M I )  and wes t e rn  Mercer I s l a n d  ( W M I )  a r e a s  u s i n g  s i n g l e  channel  s o n a r  
(Wil l iams and Jacoby,  1 9 8 9 ) .  Geomorphic f e a t u r e s  i n t e r p r e t e d  t o  b e  
l a n d s l i d e  head-scarps  and t e r r a c e d  and hummocky topography a r e  p r e s e n t  i n  
t h e  up land  a r e a  a d j a c e n t  t o  t h e s e  a r e a s .  Sonar  conf i rms  t h e  p re sence  of  
t i l t e d  b l o c k s  and c h a o t i c  ba thyme t r i c  f e a t u r e s  i n  t h e  near -shore  of  b o t h  
a r e a s .  I n  t h e  f i r s t  su rvey  Williams c o l l e c t e d  wood from an uprooted  tree 
on a  prominent  t e r r a c e  of s l i d e  SMC (F igu re  1) u s i n g  SCUBA equipment.  Th i s  
wood was r ad ioca rbon  d a t e d  a t  2840k60 RYBP (Wil l iams and Jacoby, 1 9 8 9 ) .  
Youthfu lness  of  t h i s  s i t e  i s  f u r t h e r  i n d i c a t e d  by t h e  sma l l  accumula t ion  (5 
5  c m )  of a l g a l  d e t r i t u s  on t h e  submerged s l i d e .  A t  o t h e r  near -shore  sites 
i n  Lake Washington t y p i c a l l y  s e v e r a l  d e c i m e t e r s  o f  t h i s  m a t e r i a l  i s  
p r e s e n t .  Angular  c l a s t s  of  varved  l a c u s t r i n e  c l a y  w e r e  c o l l e c t e d  on t h e  
s l i d e  t e r r a c e .  The p r e s e n c e  of t h e s e  c l a s t s  i n d i c a t e s  b lock  s h a t t e r i n g  and 
i s  t h u s  s u g g e s t i v e  of h igh  energy  c o n d i t i o n s  d u r i n g  s l i d i n g  and a  p o s s i b l e  
c a t a s t r o p h i c  f a i l u r e  mode. 

A l l  t h e  carbon-14 d a t e s  a r e  based  on s i n g l e  a n a l y s e s  and t h e  d a t e s  
have n o t  y e t  been dendroch rono log ica l ly  c o r r e c t e d .  For t h e  purposes  of 
t h i s  d i s c u s s i o n  it i s  assumed t h a t  t h e  d a t e s  a r e  approximate ly  c o r r e c t .  I n  
t h e  n e x t  phase  of t h e  p r o j e c t  w e  must have d u p l i c a t e  o r  h i g h e r  p r e c i s i o n  
r ad ioca rbon  d a t e s  t o  con f i rm  t h e  ages .  Radiocarbon d a t e s  from Kirkland,  
W e s t  Mercer I s l a n d  and  South Mercer I s l a n d  i n d i c a t e  l a n d s l i d e s  a t  a l l  t h r e e  
a r e a s  a t  a round  1155 t o  1170 RYBP (F igu re  1). Even wi th  t h e  u n c e r t a i n t i e s  
of r ad ioca rbon  d a t i n g  t h i s  i s  a  r e l a t i v e l y  narrow t ime  window and t h e  
hypo thes i s  can be  set f o r t h  t h a t  s l i d e s  o c c u r r e d  s imu l t aneous ly  a t  a l l  
t h r e e  l o c a l e s .  I n  t h e  l o c a l e  of South Mercer I s l a n d  t h e r e  a r e  a t  l e a s t  
t h r e e  s l i d e s .  F i g u r e  1 i n d i c a t e s  t h e  t h r e e  s l i d e  s i tes  which a r e  named A, 
B,  and  C, from n o r t h  t o  s o u t h .  The specimen used  f o r  rad iocarbon  d a t i n g  
from s i t e  A i s  a  wedge from a  western r edceda r  w i th  on ly  4 0  r i n g s  t h a t  show 
l i t t l e  v a r i a t i o n  f o r  c r o s s d a t i n g .  Th i s  r edceda r  tree from s i te  A was r o o t e d  
i n  t h e  s l i d e  a s  was t h e  sample from t h e  K i rk l and  s i t e .  The sample from t h e  
West Mercer I s l a n d  s i t e  was n o t  r o o t e d .  Radiocarbon d a t e s  a l s o  i n d i c a t e  
s l i d e s  a t  bo th  W e s t  and South Mercer I s l a n d  a round 1725 t o  1870 RYBP. 
T h e s e  a r e  c l o s e  enough t o  be  t h e  same even t  b u t  may a l s o  r e p r e s e n t  two 
s e p a r a t e  e v e n t s .  T ree - r ing  d a t i n g  of samples  w i l l  r e s o l v e  t h i s  i s s u e .  

W e  have a l r e a d y  been a b l e  t o  c r o s s - d a t e  s e v e r a l  trees from d i f f e r e n t  
l o c a t i o n s  i n  Lake Washington. Two of t h e  trees a r e  t h e  same ones sampled 
f o r  r ad ioca rbon  a n a l y s i s .  The r e s u l t s  of t h e s e  a n a l y s e s  and t h e  c r o s s -  
d a t i n g  is one chronology  of ove r  170 y e a r s  i n  l e n g t h  and ano the r  chronology 
of 285 y e a r s  i n  l e n g t h .  T h e  rad iocarbon  a n a l y s i s  p l a c e s  t h e  l a s t  y e a r s  of 
t h e  f i r s t  chronology  a t  ca.1870 RYBP and t h e  second chronology ends i n  c a .  
1160 RYBP. Both ch rono log ie s  can now be  used t o  c r o s s d a t e  o t h e r  samples 
from t h e  l a k e .  Cros s -da t ing  was ach ieved  by r ing-wid th  comparisons and 
a l s o  confirmed by  c r o s s - d a t i n g  of latewood d e n s i t y  v a r i a t i o n s  by 
mic roscop ic  examina t ion .  A t  t h e  South Mercer I s l a n d  s i t e  B t h e  same t r e e  
used f o r  r ad ioca rbon  d a t i n g  a l s o  y i e l d e d  a  c o r e  sample wi th  almost  150 
r i n g s .  Th i s  sample c r o s s - d a t e s  wi th  t h e  r ad ioca rbon  s e c t i o n  from t h e  same 
t ree  ( a s  expec t ed )  and a l s o  c r o s s - d a t e s  wi th  a  c o r e  from s i te  A which has  
over  1 7 0  r i n g s .  The c o r e  sample from s i t e  A i s  from an unrooted  t ree .  
The re fo re  t h e r e  a r e  two i n t e r p r e t a t i o n s .  There w e r e  l a n d s l i d e s  a t  bo th  
si tes around 1870 RYBP, meaning p o s s i b l y  two e v e n t s  a t  s i t e  A (1170 BP and 
1870 B P ) .  O r ,  t h e  "1870 BP" sample from s i t e  A i s  from a  t ree dragged 



t h e r e  from s i te  B by US Corps of Engineers  d redg ing  a c t i v i t i e s  t o  remove 
t h e  trees a s  n a v i g a t i o n  haza rds .  Cores from SMB-6 and SMB-7 c r o s s d a t e  w i t h  
samples from WMI-2 which i s  rad iocarbon  d a t e d  t o  1155 RYBP. Th i s  r e s u l t  
i n d i c a t e s  a  l a n d s l i d e  a t  s i t e  SMB a t  1155 RYBP i n  a d d i t i o n  t o  t h e  1870 RYBP 
d a t e  from a  r o o t e d  tree.  Again u n f o r t u n a t e l y  b o t h  SMB-6 and SMB-7 a r e  n o t  
r o o t e d  s o  t h e  same p o s s i b i l i t y  f o r  contamina t ion  by d ragg ing  e x i s t s .  S i t e  B  
i s  l e s s  t h a n  a  h a l f  k i l o m e t e r  from s i t e  A .  An uprooted  sample from South 
Mercer I s l a n d  s i t e  C was p r e v i o u s l y  r ad ioca rbon  d a t e d  a t  2840 RYBP. Our 
nex t  sampling w i l l  c o n c e n t r a t e  on r o o t e d  t r e e s  t o  r e s o l v e  t h e  problem of 
m u l t i p l e  d a t e s .  I f  o u t e r  r i n g s  a r e  found i n t a c t ,  age d i f f e r e n c e s  and t i m i n g  
of a  s i n g l e  season  a r e  r e s o l v a b l e .  I f  submergence o c c u r r e d  d u r i n g  t h e  
r a d i a l  growth season ,  r i n g  development would be  s i m i l a r  and incomple te .  If 
submergence occu r r ed  a f t e r  t h e  r a d i a l  growth season ,  completed r i n g s  w i th  
latewood bands shou ld  be  p r e s e n t .  If o u t e r  r i n g s  i n d i c a t e  a n  even t  d u r i n g  
t h e  growing season,  t h e  d r i e r  t ime  of y e a r ,  it would l e s s e n  t h e  chance t h a t  
t h e  even t  was due t o  ground s a t u r a t i o n  and  c o l l a p s e .  

Summary 
Our s t u d i e s  s o  f a r  have produced approximate d a t e s  f o r  a t  l e a s t  t h r e e  

l a n d s l i d e  e v e n t s  i n  Lake Washington ove r  t h e  p a s t  t h r e e  thousand  y e a r s .  Two 
sets of  d a t e s  a r e  c l o s e  enough t o  r a i s e  t h e  p o s s i b i l i t y  of  s imul taneous  
l a n d s l i d e s  a t  d i f f e r e n t  p l a c e s  i n  t h e  l a k e ,  a  p a r t  of  t h e  o r i g i n a l  
hypo thes i s  of t h e  r e s e a r c h .  The rad iocarbon  age  r anges  must be  v e r i f i e d  
wi th  more sample p r o c e s s i n g  and many more c o r e s  a r e  needed f o r  
dendrochronologic  c r o s s - d a t i n g .  There h a s  been l o s s  of o u t e r  y e a r s  from 
some of t h e  trees and more e f f o r t  w i l l  b e  needed t o  f i n d  and sample where 
t h e  f u l l  t r e e s  a r e  i n t a c t  o u t  t o  t h e  b a r k .  Such samples  w i l l  c l o s e l y  
e s t a b l i s h  t h e  tempora l  c o r r e l a t i o n  of  d i f f e r e n t  e v e n t s  a t  d i f f e r e n t  s i tes .  
I f  ages  of  t h e  Lake Washington s l i d e s  c l o s e l y  match t h e  ages  of o t h e r  
cand ida t e  p a l e o s e i s m i c  f e a t u r e s  i n  Washington and Oregon, t h e  occu r r ence  of  
l a r g e  o r  g r e a t  pa l eoea r thquakes  would b e  suppor t ed .  However, i f  common ages  
of c a n d i d a t e  pa l eose i smic  f e a t u r e s  a r e  found o n l y  l o c a l l y ,  o t h e r  mechanisms 
f o r  l a n d s l i d e  i n i t i a t i o n  must be  be  c o n s i d e r e d .  

Regional  t e c t o n i c  e v e n t s  a t  about  300, 1100, 1700-1850, 2500, 2900 
and 3100 y e a r s  b e f o r e  p r e s e n t  a r e  sugges t ed  by a  d a t a  rev iew.  Most 
prominent i n  t h e s e  d a t a  i s  t h e  c a n d i d a t e  r e g i o n a l  e v e n t  a t  ca.1100 RYBP. 
E s p e c i a l l y  n o t a b l e  i s  t h e  s t r o n g  c l u s t e r i n g  of  t h r e e  r ad ioca rbon  t r e e  ages  
from t h r e e  remote Lake Washington sites (1155, 1 1 6 0 ,  and 1170 RYBP) and t h e  
c r o s s d a t i n g  of  tree c o r e s  between t h e  W e s t  Mercer and South Mercer s i t e s .  
D e s p i t e  t h e  v e r y  mixed s o u r c e s  of d a t e s ,  t h e  p r e l i m i n a r y  c o r r e l a t i o n s  t e n d  
t o  suppor t  t h e  occu r r ence  o f  s e v e r a l  r e g i o n a l  ea r thquakes  i n  l a t e  Holocene 
t i m e s .  
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1. Develop new techniques for playback, processing, management, 
and export of seismic waveform data, with emphasis on large 
aftershock datasets collected with portable digital event- 
recording seismographs (e.g., GEOS). 

2. Design and implement relational databases for strong-motion and 
aftershock data. 

Results 

1. New datsets played back, processed, and archived: 
Aftershocks of the 17 October 1989 Loma Prieta earthquake. 
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INVESTIGATIONS 

There are three components to this project: (1) Nelson's study of coseismic changes in late 
Holocene sea level as revealed by salt marsh stratigraphy, (2) Personius' study of fluvial terrace 
remnants along major Coast Range rivers to determine style and rates of late Quaternary 
deformation, and (3) Rhea's study of river and drainage basin morphology in the Coast Range to 
determine relative rates of tectonic uplift. 

RESULTS 

Recurrence of coeismic changes in sea level in central Oregon 

Nelson continued analysis of foraminifera and diatom data from modern transects in Oregon 
marshes and core WC-12 to estimate the magnitude of sudden sea level changes. Arrangements 
have been made for a geochemist specializing in experimental pretreatments of small radiocarbon 
samples to prepare high-quality samples to be collected by Nelson from one or two sites in 
August, 1990. Only the collegen fraction of the samples will be dated, eliminating the possibilty 
of younger carbon contaminating the samples. Special large-diameter coring techniques will be 
needed to recover suitable samples. If samples of sufficient quality can be found, statistical 
averaging of the ages on the samples will be valid and 90% confidence intervals on the time of 
marsh burial events may be reduced to 50-80 years. The results of our AMS radiocarbon samples 
submitted in April 1989 are still pending (U.S. AMS facility at Univ. of Arizona). 

Nelson and Personius submitted a manuscript reviewing the status of paleoseismology studies 
along the Oregon coast for the USGS Profesional Paper on earthquake hazards in the Pacific 
Northwest in January (1990). Based on a comparison of the type of marsh stratigraphic records 
found along the coast, several models of rupture extent during Holocene great plate-interface 
earthquakes are suggested (Figs. 1-3). This type of synthesis suggests that the Cascadia zone is 
segmented and that most plate-interface events may have been closer to magnitude 8 than to 9. 



Late Quaternary deformation rates indicated by fluvial terraces in central Oregon 

Personius is continuing to examine fluvial terraces for evidence of late Quaternary 
deformation in the Oregon Coast Range. Radiocarbon analyses of Holocene terraces on the 
Umpqua, Smith, Siuslaw, and Siletz Rivers indicate relatively slow (0.2-0.6 mm/yr) rates of uplift 
(incision) of the central Oregon Coast Range. Incision rates appear to be higher in the upper 
parts of the drainages near the crest of the Coast Range. While not without some inconsistencies, 
thermoluminescence (TL) ages on fluvial sediment along the Umpqua River appear to yield 
similar rates for higher terraces. No evidence of active Holocene structures has been observed in 
the drainages examined in central Oregon, but an anticline in the underlying Eocene bedrock has 
warped older terraces (100-200 ka?) at one location along the Siuslaw River. 

In south-central Oregon, radiocarbon ages on charcoal from the base of an abandoned channel 
of the Coquille River near Coquille, Oregon indicate no appreciable change in relative sea level in 
the past 2,500 yr in this area. 

Differential uplift of  the Oregon Coast Range 

A manuscript summarizing Rhea's study of river valley and drainage basin morphology is 
almost ready for review. Rivers in the central Coast Range show patterns different from patterns 
for rivers in the southern Coast Range, the Klamath Mountains, or the Cascade Range. In the 
central region near the Yaquina River, river sinuosity values are higher than elsewhere, river 
gradients are variable, and river valleys seem to have developed differently than in the other 
areas. For example, on the central west slope of the Coast Range, the Yaquina River longitudinal 
profile is strongly convex, but the nearby Marys River, on the east slope of the Coast Range, has 
a more gradual profile. These types of patterns suggest the central Oregon Coast Range is 
experiencing more recent uplift or higher rates of uplift relative to areas to the north and south. 
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FIGURE 1.--Major features of the Cascadia subduction zone in the northwestern United 
States and southwestern Canada; modified from Rogers (1988). Spence (1989). and Wilson 
(1989). The large m o w s  mark generalized areas along the coast that coincide with 
boundaries between tectonic subplates, projections of boundaries between volcanic segments 
in the Cascade Range (Hughes and others, 1980). or other areas where seismicity and 
subducting plate parameters may change, and so could correspond with the boundaries 
between segments of the subducting-plate. No query is shown at the Mendocino fracture 
zone boundary because the location of this feature is accurately known. Distances between 
boundaries are shown only to suggest a range of possible segment lengths. The range of 
distances shown for segments north and south of 44.5' N reflects several locations for a 
possible boundary along this part of the coast. We do not know whether most Holocene 
ruptures dong the CSZ have been influenced by these postulated boundaries. Small black 
triangles mark volcanoes in the Cascade Range. 



FIGURE 2.--Four possible models of the location of zones of coseismic subsidence during 
plate-interface ruptures in the central Cascadia subduction zone. A. A rupture of more than 
700 km of the plate boundary from an earthquake of at least Mw 9 could produce a zone of 
coseismic uplift extending eastward (arcward) from the trench and a zone of coseismic 
subsidence east of the zone of uplift. Estuaries north of the Siuslaw River estuary contain 
stratigraphic sequences with evidence of coseisimic subsidence while the Siuslaw estuary 
contains evidence of a slow. uniform rise in relative sea level. Thus, if the edge of the zone 
of coseismic subsidence during M,, 9+ events trends between the Siuslaw and Alsea Bay 
estuaries, as shown, events of this magnitude may have occurred. The eastward extent of the 
zone of coseismic subsidence for such an event is unknown. B. Ruptures of 300-600 km of 
the plate boundary during Mw 8lI2-9 events would also produce extensive zones of coseismic 
subsidence. If these zones were located farther west than in (A) they could not include the 
Siuslaw estuary and the ruptures could not extend north or south of the Siuslaw River. C. If 
only single plate-boundary segments or portions of segments ruptured in eveno of less than 
Mw 8'''. then zones of coseisrnic subsidence less than 250 km long could be produced. 
These smaller events might not produce any significant (>0.3 m) permanent subsidence and 
so could include the area of the Siuslaw estuary. Slip along some parts of the plate boundary , 
could also be aseismic. D. A variation of models A and C is that events of Mw 7'/'-8'/' 
could be most common, with rare events of M1 8'/' that rupture two segments of the plate 
boundary. However, the zone of coseismic subsidence for the rare, largest events would have 
to be east of the Siuslaw estuary in this model. 
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FIGURE 3.:.-Models of regional sea level rise, land level movements, the resulting relative 
sea level changes, and sediment depostion rates in tidal inlets during the late Holocene in the 
Pacific Northwest. The curves illustrate how different but plausible histories of sea level 
rise, coastal uplift, and sedimentation rates could produce different types of stratigraphic 
sequences in these inlets. The degree of darkness of lithologic units indicates amount of peat 
(dark) or mud (white) in unit. Serrated lines show gradational contacts; straight lines are 
abrupt contacts. Sequence A could only be produced in an inlet that had not experienced 
major (>O.3 m) sudden changes in relative sea level. The abrupt upper contacts on the peat 
units in sequence B suggest sudden (coseismic) subsidence. Gradational contacts characterize 
sequence C, which is produced by fluctuating regional sea level and rapidly changing 
sedimentation rates. Sequence B c ~ u l d  easily be confused with sequence C, which was 
produced without any sudden changes in relative sea level. 
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Investigations 

The purpose of this project is to provide the day-to-day management and systems 
maintenance and development for the Golden Data Processing Center. The Center 
supports Branch of Geologic Risk Assessment with a variety of computer services. The 
systems include a PDP 11/70, a VAX/750, a VAX/780, two MicroVAX's, two SUN 
servers, 5 SUN workstations, and a PDP 11/34. Total memory is 40 mbytes and disk 
space is approximately 7 G bytes. Peripherals include four plotters, ten mag-tape units, 
an analog tape unit, two line printers, 5 CRT terminals with graphics, and a 
Summagraphic digitizing table. Dial-up is available on all the major systems and 
hardwire lines are available for user terminals on the upper floors of the building. Users 
may access any of the systems through a Gandalf terminal switch. Operating systems 
used are RSXll (11/34's), Unix (11/70), R T l l  (LSI's) and VMS (VAX's). 

Results 

Computation performed is primarily related to the Hazards program; however, work is 
also done for the Induced Seismicity and Prediction programs as well as for DARPA, 
ACDA, and U.S. Bureau of Reclamation, among others. 

The data center supports research in assessing seismic risk and the construction of 
national risk maps. It also provides capability for digitizing analog chart recordings and 
maps as well as analog tape. Also, most, if not all, of the research computing related to 
the hazards program are supported by the data center. 

The data center also supports equipment for online digital monitoring of Nevada and 
Colorado Western Slope seismicity. Also, it provides capability for processing seismic 
data recorded on field analog and digital cassette tape in various formats. 
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INVESTIGATIONS: 
Development of analytic and numerical methods to determine the natural frequencies 

of oscillation of three-dimensional models of sedimentary basins. The effort is focussed 
on both analytic and numerical methods. The analytic methods are derived from similar 
problems in classical dynamics and quantum chemistry. The numerical approach uses a 
modification of the Rayleigh-Ritz variational method to determine the resonant 
frequencies in basins of arbitrary geometry. 

RESULTS: 
Analytic solutions 
Preliminary results of the mathematical approach originally proposed are reported in 

Rial (1989a, b). The analytic solutions obtained in Rial(1989a) are valid for separable 
geometries ( those in which the scalar wave equation is separable ). We have now 
incorporated in our study the semiclassical method for calculating eigenvalues of 
nonseparable oscillating systems, a technique introduced in molecular and quantum 
chemistry by Marcus (1973). The method is based upon the EBK (Einstein-Broullin- 
Keller) quantization rules for nonlinearly coupled oscillators, a particular case of which 
is the approach used in Rial(1989a). To compute the eigenvalues of a given resonant 
domain the resonance or "quantum" conditions along selected irreducible trajectories of 
normal ray congruences ( a normal ray congruence is a family of rays orthogonal to any 
surface ) are applied. These quantum conditions must be understood as constructive 
interference conditions to be satisfied by the wavelength of a particular eigenmode. For 
an N-dimensional nondegenerate system the conditions have the form (Keller,1985): 

K I grad [dl ds = ZR ( nj + aj/2 ) 
cj 

where K is the wavenumber, nj and a, are integers ( a. is named Maslov index). The Cj's 
J 

are topologically independent closed paths (need not be along actual ray trajectories), and 
the generally multivalued phase function S= S(x) satisfies the eiconal equation (grad[~])2 
= 1/ v2 , where v is the wavespeed. The left-hand-side of (1) is just the accumulated 
phase of the wave along the closed contour Cj. The vector ds is the vector element of arc- 



length along Cj. Condition (1) guarantees that the asymptotic solutions to the wave 

equation ( A + K~ ) Y = 0 , given by Y - A exp(iw $1, are single-valued. Phase shifts 
due to reflections from boundaries are included when needed as additive factors to the 
RHS of (1). The Maslov index is typically equal to m/2, where m is the number of times 
the path crosses a given caustic. The domain of applicability of (1) may or may not be 
separable for the wave equation. 

The importance of (1) has recently been demonstrated by a number of 
workers, such as Noid et. al. (1980), Knudsen et.al. (1986), Noid and Marcus (1986), and 
many others who have used it in the determination of eigenvalues and corresponding 
eigenfunctions of nonlinearly coupled oscillators. Such results are of great relevance to 
our problem because of the close analogy there is between the ray trajectories of multiply 
bouncing rays inside an arbitrarily shaped resonant sedimentary basin and the orbits 
described by the oscillators. The method of Marcus uses these orbits to compute the 
eigenfrequencies, we use the ray trajectories. 

Our work also indicates that it is possible to find a system of differential 
equations that reproduces very accurately the ray trajectories in an arbitrary basin. 
Specifically, we have developed an approximate method that provides such a system of 
four nonlinear, coupled ordinary differential equations. Integration by a conventional 
Runge-Kutta method gives the trajectories of the bouncing points of the rays in an smooth 
basin of arbitrary shape. The constraints are that the inclines of the basin's bottom are 
small, and so the method is called SIBA (Small Incline Bottom Approximation). As a first 
approximation SIBA works remarkably well in reproducing both the ray trajectories and 
the corresponding Poincare sections for smooth basins, as shown below in Figure 1. 

The SIBA equations are as follows: 
Using cartesian coordinates we describe the sedimentjrock interface of the 

basin as an arbitrary function z = B(x,y) 10, such that z=0 is the earth's surface. The 
plane given by the equation a lx  + a2y + a3z = ag, and such that 

a1 = -  &/ax ; a2 = - dB&; a3 = 1 ; and ag = B(x,y) 

is the plane tangent to the the basin's bottom at point (x,y). If we assume lall << 1 and 
la21 << 1, it can be shown that the coordinates x(t), y(t) of the free-surface bouncing 
points of a multiply reflected ray inside a resonant basin whose lower boundary is given 
by a function B(x,y), satisfy the following system of ordinary, nonlinearly coupled 
differential equations: 

d r / d t  = px ; dyld t  = py 

dpy/dt = ( 1 - U  a2 I IB(x,y)I 
2 with u2 = P, + Py 2 

It is easy to show that equations (2) can be derived using Newton's equations of modon 



md2~/d t2  = - grad [ V ] 

with V = V (x, y, px , py) = - ( 1 - u2 ) In [ - B(x,y) ] ; X = (xy ) ,  and m=I 

Figure 1 shows a comparison between ray trajectories obtained with ray 
tracing in a resonant basin of gaussian shape and those obtained by integration of the 
SIBA equations . A gaussian function is used for B(x,y) in (2). The figure also shows the 
Poincare sections of the phase space ( position of bounce point vs. angle of the ray at 
reflection) along x and along y constructed following the method of Marcus (1973). The 
areas inside the closed curves generated by the Poincare sections in each coordinate 
direction are equal to the corresponding integrals in (I), and thus their numerical values 
can be used to determine the eigenvalues K. The actual eigenvalues are those which 
make the corresponding values of the n, of equation (1) become integers ( Noid and 

Marcus, 1986). 
The importance of SIBA bears on the fact that for any given basin of irregular 

geometry, integration of (2) is a much more stable process than ray tracing, in which 
round-off errors tend to accumulate at a very fast rate. Additionally, an analytic form such 
as SIBA allows us to study the entire phenomenon of multiple reflection, its dependence 
on basin geometry, the relative influences of separability and nonlinearities on the 
eigenvalues, and even the chaoticity (long term predictability) of the ray system. 

When the ray trajectories are stable, as for instance, in the basin of Figure 1, 
the eigenfunctions are limited laterally by the modal caustics that are traced out by the ray 
paths, and the corresponding modes can be approximated by products of Hermite 
polynomials on x and y ( these are solutions to Schroedinger-type equations ), whose 
orders correspond to mode orders (Weinstein, 1969). An example of estimated 
eigenfunctions for the basin of Figure 1 is shown in Figure 2, where we show one of the 
non-degenerate modes. An example involving a basin of more complex geometry is 
shown in Figure 3. The modal shapes in this case are disjoint products of Airy functions 
which we are presently investigating. 

Numerical solutions 

The method of solution here is that of a-priorila-posteriori inequalities as described 
by Kutler and Sigilito (1985). The eigenfunctions are approximated by sums of basis 
functions. Basis functions for a given basin geometry are guessed at by first determining 
the ray paths, as discussed above. Bounds on the error for an estimated eigenvalue are 
determined from previously derived inequalities using the basis function approximation to 
the associated eigenfunction. Currently, successful tests of a code for a two dimensional 
problem have been completed. The code for general three dimensional problems is under 
development. 

As an example of the use of this method we show below ( Table I) results for a two 
dimensional region or 'membrane' R, with square boundary and rigid boundaries. In our 
implementation we included IMSL subroutines to solve the generalized matrix eigenvalue 
problem. We used basis functions from the simple polynomials xn ym, n,m=O,l, ... over 



a square situated with its diagonals along the x and y axes, for which the method's 
required iteration matrices may be easily derived analytically. To simplify the 
calculations we included only basis functions with appropriate symmetries. Table I gives 
results of our calculations of the first six such eigenvalues of the Helmholtz equation on a 
square with sides of length 42. It can be seen that results deteriorate rapidly for higher 
eigenvalues unless a correspondingly large number of basis functions is used. Few basis 
functions cannot approximate the eigenfunctions very well, so that the error bounds for 
the eigenvalues become large. Determining the optimal number of basis functions is 
however an uncomplicated matter, performed on a trial-and-error basis. 

Table I 

Calculated Bounding Interval Exact Eigenvalue 
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Figure 1. The orbits of bouncing points of seismic rays in a sedimentary basin of 
gaussian shape computed by SIBA and by conventional ray tracing. Panel (i) shows the 
trajectories of the rays on the x-y plane. The contour line at a depth 113 of the maximum 
basin depth is shown for reference. The maximum depth of the basin is 1/10 its longest 
horizontal dimension. Panels (ii) and (iii) are the two-dimensional Poincare sections of 
the six-dimensional phase space of the trajectories. Cross sections of the basin along the x 
and y directions are also shown (no vertical exageration). In panels (ii) and (iii) the 
vertical axes are x' = dx/dt, y' = dyldt for. SIBA and a , b the direction cosines of the 
ray at the reflection point for the ray tracing plots. Since the wavespeed is taken as 
unity, the "velocities" x' and y' should be equivalent to a and b respectively. The 
eigenfrequencies of the basin are determined from the numerical values of the areas inside 
the closed curves of the Poincare sections that make the nj in equation (1) become 

integers. The details of the eigenvalue estimation using the Poincare sections are 
described in Marcus (1973) and in Noid and Marcus (1986). 



Figure 2. The m=3, n=6 eigenfunction for the basin in Fig. 1. The rays in Fig. 1 confine 
the mode, given here by products of Hemite polynomials in x and y. Scales are arbitrary. 



( i )  ( ii ) ( iii ) 

Figure 3. As in Figure 1 but for a more complex, nonsymmetrical resonant basin. The 
Poincare sections are again taken along the x=O y=O lines of (i), which here accounts for 
the complicated appearence of the closed curves in (ii) and (iii). Even in this case 
however, the accuracy of the SIBA approximation is very high. In contrast to the basin in 
Figure 1, it is not simple to find the analytic form of the eigenfunctions, which must 
consist of disjoint products of Airy functions or Hermite polynomials with coefficients 
that vary with the coordinates. 
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Investigations 

Work during this period centered on several topics unrelated to this specific project. 
1.) Considerable effort continues to be expended on the editorship of USGS Professional 
Paper 1560 "Evaluating Geologic Hazards in the Pacific Northwest". Over 40 papers are in 
preparation for this volume, submitted or to be submitted by both USGS and external 
scientists. 
2.) Work on the NTS seismic network also continues. During this period two invited talks 
were given on the "Seismicity and Tectonics of the southern Great Basin" at a 
GSAIAmerican Nuclear Society meeting in Las Vegas, and at the USGS sponsored 
CASEY meeting in Death Valley. Two papers on this topic have also been finalized during 
this period. In addition, work continues (in revision) on two site characterization plans as 
part of the QA requirements for this project. 
3. I also led and finalized the writing for a consensus document for the Utah Geoloeical 
and Mineralogical Survey entitled "statement on the Ground Shaking Hazard ic the 
Wasatch Basin" with S.T. Algermissen, K. Campbell, J. Pechmann, D. Perkins, M. 
Power, J.C. Tinsley, and L. Youd. This document will be included in a future publication 
regarding hazards in this region that is authored by W. Arabasz and D. Mabey. 
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Investigations: The major objective of this project is to determine the effect of the lateral 

heterogeneity and local site conditions on strong ground motions in the Los Angeles basin. To 

achieve these goals we carried out waverorm modeling of small to moderate sized earthquakes 

recorded in different parts of Los Angeles basin. The results of these studies were discussed in 

the previous summary (Sen, 1989) and will not be repeated. Here we will discuss the site 

characteristics of stations in  the Los Angeles basin from regional events (NTS). 

Results: From previous studies (Saikia and Burdick, 1990), we know which portions of seismograms 

from hard-rock site (Pasadena site, C1T) are due to regional phases, namely Pn, Pg, Lg, and shallow 

locally trapped surface waves. The appropriate ray parameter is a useful criterion in detecting 

which portion of the crustal structure is causing the variability in motions. That is, Pn is coming-up 

steeply and less affected by the edges of the basins and ridges relative to Lg, etc. 

We analyzed the same data that were investigated by Rogers et al .  (1979, 1980). The 

charac~te r~ i s t i c~ .a .mpl~ i f i~a~t - i~n~~f~t -C~e- iv - idua tphases  a t sites of Los Angeles area relative to the 

corresponding phases recorded at Pasadena site (CIT) underlain by crystalline rock have been 

investigated. We have studied five explosions so far. Event Billet was one of the few events with 

recordings available at many sites. This e\jent was recorded at Palos Verdes Estate (PVR) rock 

site (station underlain by a thin veneer of alluvium over sedinlentary rock) and at a thick alluvium 

site at California State University (CSU) i n  Long Beach. It was also recorded at CIT, Tishman 

Airport Center (TAC), 800 W. Sixth Street (SOOWS) at Downtown Los Angeles. Figure 1 shows 

the locations of these sites marked by stars. Data are available for all components. Here we present 

the results obtained from the vertical component data aaalysis. Analysis of the other components 

will be discussed in a later report. 



Each individual phase is windowed and tapered at both ends before transforming to the 

frequency domain. Possible noise contamination was removed by subtracting the spectrum of a 

noise window. This noise window was about 5 sec long and was taken from the seismograms before 

the onset of Pn signaIs. To obtain stable spectral ratio estimates, the spectral values are further 

smoothed by a triangular operator. Tlle start time of the seismograms were not available, so we 

identified the earliest arriving signal as the Pn wave arrival and assumed it to have propagated to 

the sites with a phase velocity of 7.9 km/sec. A 5.0 sec window length was chosen for this phase. 

For the Pg and Lg waves, the windows were of 10 and 50 seconds durations with 6.5 and 3.6 

km/sec phase velocities, respectively. 

Figures 2-5 show the spectral ratios of i~~div idua l  phases relative to CIT. The seismograms 

of individual stations are shown on top of each spectral ratio panel. The signal within each 

rectangular window was used for the spectral analysis. The Pn signatures are distinct in each of 

these seismograms except for station 800\YS. The spectral plots do suggest pronounced spectral 

amplification of Lg signals above 2.5 liz at the sedimentary site CSU at Long Beach. Signals above 

5 hz are within the noise level and should not be trusted. Figure 3 shows the spectral ratios at 

four sites relative to CIT for the entire surface wave trend for a duration of 200 second starting 

at the onset of Lg waves (3.6 km/sec). The spectral ratios of the entire surface wave train appear 

to have more scalloping but behave si~nilnl.ly to the Lg waves. These results indicate that the 

surface waves are more affected b y  the sllnllou basin structures than are the body-wave phases. 

Quantitative modeling of tliese effects are currently being carried out. 
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Figure 1 .  Locations of stations deployed by U.S.G.S. in the greater Los Angeles region. Star 
indicates the locations of the stations investigated in this study (Map taken from Rogers el a/ . .  
1980). 
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Figure 2. Spectral ratios of Pn (7.9 km/sec) waves recorded at CSU, PSR, TAC and 800WS from 
BILLET. A 5 sec time window was used. C1T was used as a reference station. Spectra were 
corrected for the noise contamination and smoothed by a traingular operator. (Vertical Component 
Data). 

Figure 3. Spectral ratios of Pg (6.5 km/sec) waves recorded at CSU, PSR, TAC and 800WS from 
BILLET. A 15 sec time window was used. CIT was used as reference station. Spectra were 
corrected for the  noise contamination and mmoothed by a traingular operator. (Vertical Component 
Data). 
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Figure 4. Spectral ratios of Lg (3.6 km/sec) waves recorded at CSU, PSR, TAC and 800WS from 
BILLET. A 5 sec time window was used. CIT was used as reference station. Spectra were corrected 
for the noise contamination and smoothed b y  a traingular operator. (Vertical Component Data). 

Figure 5. Spectral ratios of surface waves starting at 3.6 km/sec recorded at CSU, PSR, TAC and 
800WS from BILLET. A 50 sec time window was used. CIT was used as reference station. Spectra 
were corrected for the noise contamination and smoothed by a traingular operator. (Vertical 
Component Data). 



Simulation and Empirical Studies of Ground Motion Attenuation 
in the Seattle-Portland Region 

Paul Somerville and Brian Cohee 
Woodward-Clyde Consultants 

566 El Dorado Street, Suite 100 
Pasadena, CA 91 10 1 

PHASE I: SUBDUCTION EARTHQUAKES 

OBJECTIVE 

The objective of the first phase of this project is to estimate strong ground motions for hypothetical 
Mw=8.0 subduction zone thrust earthquakes in the Puget Sound - Portland region using a simulation 
method. The use of strong motion simulation procedures is motivated by the complete absence of 
subduction earthquakes on the Cascadia subduction zone during historical time (and the consequent 
absence of strong motion recordings of such events), and the paucity of applicable strong motion 
recordings from other subduction zones. 
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PHASE 11: WADATI-BENIOFF ZONE EARTHQUAKES 

OBJECTIVE 

The objective of the second phase of this project is to estimate ground motions in the Puget Sound 
- Portland region resulting from earthquakes in the Wadati-Benioff zone that lies within the 
subducted oceanic plate downdip of the subduction zone plate interface (depths greater than 40 
km). Both the 1949 Olympia and the 1965 Seattle earthquakes were events of this type. 

Accelerograms from the 1949 and 1965 earthquakes, together with recent, calibrated velocity 
recordings of smaller earthquakes provide an empirical data base that is used to define attenuation 
relations specific to this source zone. These are being compared with attenuation models derived 
from synthetic seismograms computed using crustal structure models appropriate for the 
Seattle-Portland region. The effects of laterally varying seismic velocity and Q structure on ground 
motion attenuation are being examined. 
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PROGRESS 

Analysis of the five strong motion recordings from the 1949 and 1965 earthquakes using the complex 
polarization method of Vidale (1986, BSSA, pp.1393-1405), suggests wave propagation for the paths 
considered is fairly simple. Particle motion on the Olympia records is more regular and exhibits 
higher linear polarization compared to Seattle and Tacoma, suggesting the site is less influenced 
by local scattering. The large peak horizontal accelerations at Olympia appear to be caused by SH 
waves. 

Attenuation structure appears to be highly variable under the three sites. During the 1965 earthquake, 
Olympia, at a hypocentral distance of 100 km, recorded significant energy above 12 Hz, while 
Seattle at a distance of 65 km, had very little energy above 6 Hz. Higher relative attenuation 
beneath Seattle is also seen in the record of the 1949 earthquake, even though this accelerogram 
was recorded at a different site some 5 km away from the location of the 1965 recording. In 
summary, the two records from Seattle show greater evidence of scattering and are more attenuated 
than the Olympia records, indicating strong variation in scattering Q structure in the study region. 

Surface waves are not evident in the recordings, which is somewhat surprising considering the 
deep sedimentary basins and complex geologic structure of the area. The basin structures may 
cause focusing of energy, producing a different amplification pattern for each source location, but 
it is difficult to isolate these focusing effects given the scant regional distribution of the data. As 
a continuation of this work, we propose to explore the focusing potential of basins in the Puget 
Sound and Portland areas using the 3-D wave simulation method of Graves and Clayton (1990, 
Geophysics, pp.306-319). 

SH finite difference wave simulation in a detailed 2-D velocity structure normal to the strike of 
the subduction zone indicates that amplitudes and waveforms at receiver locations in Puget Sound 
from deep (40-70 km) events in the slab are not strongly affected by the slab structure. For 
receiver locations further to the west, corresponding to updip propagation through the slab to the 
coastal areas of Washington, the direct S waveform develops some complexity from rays critically 
reflected within the slab, but the peak amplitudes are not strongly effected. Although the actual 
3-D structure is certainly more complex than modeled, it appears that for receiver locations in 
Puget Sound, gross characteristics of wave propagation are fairly well approximated by a 1-D 
velocity model. 

As mentioned above, the duration and peak amplitude of S waves appears to be strongly dependent 
on lateral variations in Q structure. In order to image the regional effect of Q structure on duration 
and amplitude, we have analyzed vertical short-period shear-wave velocity seismograms from 45 
intraslab earthquakes (1.2<M<3.8) recorded on a calibrated 34 station subnet of the UW/USGS 
western Washington regional network. The station and earthquake locations are shown in Figure 
la. The data are bandpass filtered and scaled to a common gain. A 20 sec window is defined 
beginning 2 sec prior to the predicted S arrival. For each of the roughly 1000 seismograms, the 
peak velocity and acceleration, and the power in the 20 sec window is measured. A least-squares 
regression yields the relationship: 

where PGA is the peak vertical acceleration of the S wave, r is hypocentral distance, and di is the 
coefficient for the Ei earthquake. We explicitly solve for di because the magnitudes of these events 
are poorly determined, but we may compare di with the original magnitudes to estimate the 
magnitude dependence. If the 34 stations are divided into three groups based on local site geology, 
the resulting regression formula is: 



where sl is the soil-over-rock site dummy variable, and s2 is the soil site dummy variable (1 for 
soil site, 0 otherwise). The default relationship (no site term) is appropriate for the rock sites. 

Analysis of the residuals using the above regression formulas does not indicate the need for further 
terms in the regression. There is no trend in the residuals as a function of hypocentral distance, 
which confirms the observation that wave propagation for the ray paths producing the peak S 
arnpIitudes are fairly direct. There is, however, a pattern of positive residl~als for azimuths (event 
to station) to the east and southeast. 

To further explore this trend, we plot the mean residual for each station in Figure lb-d. There 
is a clear grouping of the station residuals: positive residuals (larger than average amplitudes) in 
the east, and negative residuals in the west. The boundary between the positive and negative 
groups of station residuals is approximated by the 55 km depth contour of the subducted slab as 
identified by Crosson and Owens (1 987, GRL, pp.824-827). If we treat the two groups independently, 
and make the hypothesis that the two groups have the same mean value, a maximum likelihood 
estimate indicates the probability of this hypothesis being true is less than 2 percent. On average, 
the stations to the east have peak vertical acceleration values 1.5 times larger than the stations to 
the west. We also regress on the power parameter measured for each seismogram, and plot the 
mean station residuals from the power regression formula in Figure Id. This pattern is generally 
similar to the PGA station residuals shown in Figure lc. The correlation between peak acceleration 
and power is consistent with the hypothesis that lateral variation in scattering Q is partly responsible 
for the observed variation in ground motion amplitudes from Wadati-Benioff earthquakes. 
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Figure la-d. a) map view of western Washington, calibrated stations are shown by triangles, 
epicenters are shown by open circles. b) mean station residuals for vertical S-wave peak 
acceleration (PGA) regression formula without site terms. c) mean station residuals for PGA 
regression formula using three site terms, dashed line is 55 km depth contour of the oceanic 
Moho, see text. d) mean station residuals for power regression formula using three site terms. 
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Investigation 
Liquefaction of gravelly materials has been generated in several different 

earthquakes, including the 1891 Mino-Owari, Japan earthquake; 1929 Murchison, 
New Zealand earthquake; 1948 Fukui, Japan earthquake; 1964 Alaskan earthquake; 
1974 Tangshan and 1975 Haicheng earthquakes, both in China; 1978 Miyayiken-Oki, 
Japan earthquakes; and the 1983 Borah Peak, Idaho earthquake. At present, there 
are no generally accepted guidelines for evaluating the susceptibility of soils which 
contain significant amounts of gravel. Recent studies by Andrus and Youd (1987), 
Stokoe et al (1988) and Harder (1900) at two sites (Pence Ranch and Whiskey 
Springs) which liquefied during the 1983 Borah Peak, ldaho earthquake, provide the 
most well-documented case histories of the field performance of loose gravelly 
sediments. The results from these studies are reasonably consistent with the 
susceptibility boundaries developed for sands and silts. However, the data are limited 
and incomplete. 

This summer we plan to return to Pence Ranch and two additional gravelly sites 
which liquefied during the Borah Peak earthquake. The field work will involve test pit 
excavations, drilling, sampling and seismic testing. The test pits will be used to 
conduct large ring density tests as well as provide information concerning the 
sediment structure, grain size, depositional environment and age. SPT, CPT, and BPT 
tests will be performed at each site. Samples will be collected during test pit 
excavation and drilling. Data from sampling and penetration tests will be used to 
accurately define the relationship of qc/N60 with D50 (Fig. 1) and the susceptibility 
boundaries of the empirical correlations for gravelly soils (Figs. 2-4). BPT data will be 
used to estimate equivalent SPT N-values in the gravelly soils. Seismic testing will 
include both SASW (Spectral-Analysis-of-Surface-Waves) and downhole techniques. 
Modified SASW procedures will permit deeper measurements of Gmax which are 
required in the analytical studies. Dynamic tests will be performed in the laboratory on 
6-in. (1 5-cm) reconstituted gravel specimens. A dynamic model will be developed 
from the results of the field and laboratory investigations combined with the limited 
amount of published data. Liquefaction susceptibility will be evaluated analytically at 
each site using both the cyclic stress and cyclic strain approaches. 

Results 
This project has just begun and our efforts thus far have gone into field and 

laboratory preparations as well as continued evaluation of the data collected in 1985. 



Our efforts to apply existing empirical liquefaction assessment procedures to data 
collected at Pence Ranch will be briefly discussed in this summary. 

Based on the penetration logs and sample borings, the generalized cross 
section of the lateral spread at Pence nanch shown in Fig. 5 was constructed. The two 
units of most concern are C and D. SPT and CPT resistances in unit C ranged from 5 
to 10 blowslft and 4 to 202 tsf (4 to 197 kgflcmz), respectively. Unit D is characterized 
by N-values of 18 to 23 and tip reslstnnces of 73 to 297 tsf (71 to 290 kgflcmz). 
Sediments within these units range from clean gravelly sand (SP-GP) to sandy gravel 
(GP). The most widely used simplified empirical approach for evaluating liquefaction 
potential of sands is a procedure by Seed and his colleagues based upon SPT and 
CPT test results. Without established guidelines to correct for gravel, the influence of 
gravel on the penetration resistance was ignored. Cyclic stress ratios are plotted 
versus average modified SPT and CPT penetration resistances in Figs. 2 and 3, 
respectively. Also shown in these figures are the liquefaction potential curves for 
materials with less than 5 percent fines. By applying the criteria of Seed and his 
colleagues directly to units C and D at Pence Ranch, unit C is predicted to liquefy and 
has significant shear deformation potential. This assessment is in agreement with field 
observations. Unit D is, however, also shown to be rather close to possible 
liquefaction in Fig. 2. It is difficult to clearly assess the liquefaction potential of units C 
and D using qc and Fig. 3 because the average qc/NG0 value for these units is well 
beyond the limit of 5.3 presented in this plot. Seed and de Alba (1986) use the curve 
shown in Fig. 2 to generate the set of potential curves for qc/N60 values of 4.4, 4.8 and 
5.3. This would appear to suggest that additional curves could be drawn, using Fig. 2, 
for ratios of qc/N60 greater than 5.3. However, by so doing would imply qc to be 
sensitive to grain size and not ( N I ) ~ ~ .  

Another method of evaluating \he liquefaction potential of sediments is based 
upon measured shear wave velocities and maximum ground acceleration 
(Bierschwale and Stokoe, 1984; and Stokoe et al, 1988b). The liquefaction potential 
is estimated by plotting the shear wave velocity versus the maximum ground 
acceleration estimated for a stiff site at the candidate-site location. (This method has 
evolved from the strain approach to liquefaction proposed by Dobry and his 
colleagues [1982].) Shear wave velocities determined using the SASW procedure 
ranged from 300 to 407 ftlsec (90 to 105 mlsec) in unit C and 369 to 750 Wsec (1 15 to 
215 mlsec) in unit D. The lowest value of shear wave velocity determined for units C 
and D at each test site are shown in Fig. 4. Unit C ties within the zone where 
liquefaction is predicted to occur which agrees with the field performance. Unit D has 
a lower potential than unit C. However, unit D is shown to lie in the region of likely 
liquefaction. It is difficult to properly assess the liquefaction potential of unit D because 
Fig. 4 was generated assuming no drainage and drainage may have occurred in 
unit D. 
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Q u a r t e r n a r y  Framework f o r  Earthquake S t u d i e s  
Los Angeles,  C a l i f o r n i a  

John C. T i n s l e y  
Branch o f  Western Regional  Geology 

U.S. Geo log ica l  Survey 
345 Midd le f i e ld  Road M/S 975 

Menlo Park ,  C a l i f o r n i a  94025 
(415)  329-4928 

I n v e s t i g a t i o n s  

1 .  Geology and r e l a t i v e  ground motion,  Wasatch r e g i o n ,  Utah: 

Ana lys i s  of  g e o l o g i c  and geophys i ca l  d a t a  from 43 sites i n  t h e  S a l t  Lake 
Val ley  c o n t i n u e s ,  and w r i t i n g  o f  i n t e r p r e t a t i v e  r e p o r t s  is  i n  p rog re s s .  The 
s t u d i e s  i nvo lve  comparisons among parameters  i n c l u d i n g  t h i c k n e s s  of key 
s t r a t i g r a p h i c  i n t e r v a l s ,  degree  o f  cementa t ion  o f  m a t e r i a l s ,  shear-wave 
v e l o c i t y ,  and s o i l  index parameters  i n  r e l a t i o n  t o  a l luvium-to-rock s p e c t r a l  
r a t i o s  i n  two pe r iod  bands (0.2-0.7 s e c  and 0.7-1.0 sec). ( J .  T i n s l e y ,  
K. King, R. W i l l i a m s ,  and D. Trumm). 

2. Regional  L i q u e f a c t i o n  Eva lua t ion  and S i t e  Response s t u d i e s ,  Los Angeles ,  
CA;  p l a n s  f o r  FY 1990: 

A .  USGS s c i e n t i s t s  and program managers a r e  n e g o t i a t i n g  a  Memorandum o f  
Understanding wi th  t h e  P lanning  Department o f  t h e  C i t y  of  Los Angeles 
t o  encompass Open-File p u b l i c a t i o n  o f  USGS r e g i o n a l  l i q u e f a c t i o n  
hazard  mapping ( s u r f i c i a l  geo logy ,  sha l low groundwaLer d a t a b a s e ,  and 
d e r i v a t i v e  hazard  maps, s c a l e  1  :24,000) .  The mapping is expected t o  
be a  p o i n t  o f  d e p a r t u r e  f o r  r e v i s i o n s  t o  t h e  ea r thquake  haza rds  
e lement  o f  t h e  C i t y ' s  g e n e r a l  p lan .  Th i s  w i l l  complete t he  r e l e a s e  o f  
USGS d a t a  and USGS-compiled d a t a  mustered i n  connec t ion  wi th  t h e  
r e g i o n a l  e v a l u a t i o n  of l i q u e f a c t i o n  haza rds  by T i n s l e y  and o t h e r s  
(19851, pub l i shed  i n  USGS P r o f e s s i o n a l  Paper  1360. ( J .  T i n s l e y ,  D.M. 
P e r k i n s ,  USGS, Golden, CO). 

0 .  A ground shak ing  haza rds  map ( s c a l e  1:24,000) o f  t h e  Los Angeles 7.5'  
quadrangle  i s  a l s o  p a r t  of  t h e  f o r e g o i n g  MOU. The maps and s u p p o r t i n g  
d a t a  o v e r l a y s  w i l l  be drawn acco rd ing  t o  t h e  methodology o f  Rogers and 
o t h e r s  ( 1985 1. 

R e s u l t s  

1 .  An Open-File r e p o r t  p r e s e n t i n g  t h e  b a s i c  d a t a  and summarizing t h e  r e s u l t s  
o f  t h e  s t u d y  o f  t h e  S a l t  Lake Va l l ey  is  be ing  p repa red ,  re-scheduled f o r  
complet ion by t h e  end o f  June ,  1990. 

2. A Memorandum o f  Understanding h a s  been n e g o t i a t e d ,  Work p r o g r e s s e s  on a l l  
f r o n t s .  
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Seismic Reflection Investigations of 
Mesozoic Basins, Eastern U. S. 

John D. Unger 
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U. S. Geological Survey 
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Reston, VA 22092 

(703)  648-6790 

Onaoina Investiaations 

1. To consolidate and synthesize the available seismic 
reflection data that pertain to the internal and external 
structure of Mesozoic basins, with special emphasis on the 
hypocentral areas of the present seismicity observed in 
South Carolina, New Jersey, New York, and Pennsylvania. 

2. To use synthetic seismic reflection models of the basement 
structure along selected seismic reflection profiles as an 
aid to processing and interpreting these data and to develop 
better basement structural and velocity models for more 
accurate location of earthquake hypocenters. 

3. To develop 2- and 3-dimensional Geographical Information 
System computer techniques to display, analyze, and 
interpret geological and geophysical data collected in and 
around Mesozoic basins and other seismogenic structures in 
the Eastern U. S., in order to better understand the 
tectonic history of the Appalachian orogen. 

Results 

This project continues data interpretation and analysis, 
which rely principally on the use of proprietary software from 
Dynamic Graphics Corp. (Interactive Surface Modeling and 
Interactive Volume Modeling) and ESRI (ARC/INFO) . Research to 
date has resulted in promising possibilities for displaying 
interpreted seismic reflection data along with gravity, magnetic, 
and refraction information as three-dimensional models of the 
crust in and around Mesozoic basins. A key component of this 
process is the ability to integrate in-house software written on 
high resolution, color graphics workstations with the proprietary 
programs. This approach is expedited by being able to transfer 
data between the workstations and mini-computers, where these 
software packages reside, via high-speed networks. 
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A Search for Active Faults in the Willamette Valley, Oregon 

Robert S. Yeats 
Department of Geosciences 
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Investigations 

The surface and subsurface geology as constrainedby oil-exploratory wells, 
water wells, and industry multichannel seismic lines has been plotted on green- 
line mylars of 1:100,000 metric-series maps of the Willamette Valley. This map 
includes structure contours on the top of the Columbia River Basalt Group (CRB) 
in the northern Willamette Valley and Tualatin basin and the base of the upper 
Eocene-lower Oligocene Eugene Formation in the southern Willamette Valley, where 
the CRB is not present. The structure contour map of the CRB may be used to 
construct isopach maps of relatively unconsolidated sediment in the northern 
Willamette Valley and Tualatin basin. 

Several cross sections are being constructed across the Willamette Valley, 
constrained by well data and seismic lines. In addition, structural cross 
sections constrained by detailed gravity surveys are being constructed for the 
Tualatin basin. A structure contour map is being constructed showing the base 
of relatively unconsolidated sediment in the southern Willamette Valley. This 
map may be used to construct isopachs of relatively unconsolidated sediment in 
the southern Willamette Valley. 

Bob Yeats testified before the Emergency Board of the Oregon legislature 
in favor of emergency funding of S.B. 955, which assigned responsibilities to 
DOGAMI to evaluate earthquake hazards. In December, 1989, the emergency board 
granted $230,000 to DOGAMI for this purpose. 

Results 

Faults and broad folds in the Willamette Valley have been mapped and are 
shown on Figure 1. Mapping responsibilities are as follows: southernwillamette 
Valley, Erik Graven; Corvallis fault, Chris Goldfinger; northern Willamette 
Valley, Ken Werner; hills between northern Willamette Valley and Tualatin Valley, 
Marvin Beeson and Terry Tolan on contract to Department of Geology and Mineral 
Industries (DOGAMI); Tualatin Valley, Ian Madin and Tom Popowski. 

The largest fault in the Valley is the Corvallis fault, previously believed 
to be a high-angle fault. Detailed gravity traverses across the fault by Chris 
Goldf inger and Kelly Basquez show that the Corvallis fault is a low-angle thrust 
dipping 10°-150 to the NW. However, there is no geological evidence of late 
Cenozoic activity. To the northeast, a fault with the same strike as the 
Corvallis fault cuts CRB in the Salem Hills; like the Corvallis fault, the 
southeast side is downthrown. However, there is no evidence that the fault in 
the Salem Hills connects across the Willamette Valley to the Corvallis fault. 



Still further northeast, the northwest-facing range front of the Waldo Hills 
appears to be controlled by a fault with the northwest side downthrown. 
Investigations of this structure are still underway. 

Ken Werner has shown that the Mt. Angel fault extends NW from Waldo Hills 
into the northern Willamette Valley, where the top of the CRB has a vertical 
separation of 250m (Figure 2). Nonmarine late Cenozoic sediments unconformably 
above the CRB appear to have a vertical separation of 70m, based on a 
multichannel seismic line (Figure 3). There is no evidence that the Mt. Angel 
fault is continuous with the Gales Creek fault southwest of the Tualatin basin, 
as previously believed. 

Erik Graven has shown that the Owl Creek fault east of Corvallis brings 
the upper Eocene-lower Oligocene Eugene Formation close to the surface on the 
eastern upthrown side, apparently eroding away the late Cenozoic Calapooia Clay 
and the late Pleistocene Linn outwash gravels that overlie the Calapooia Clay 
unconformably (Figure 4). The Willamette Formation, part of the latest 
Pleistocene catastrophic flood deposits, shows no evidence of vertical separation 
across this fault. 

To determine Quaternary slip rates on Willamette Valley structures, it will 
be necessary to (1) date the post-CRB sediments using magnetic stratigraphy, 
pollen sequences, and tephrochronology, and (2) run high-frequency, shallow- 
penetration seismic profiles across mapped faults to identify those faults 
cutting young sediments close enough to the surface to trench. 

A second core hole through the Calapooia Clay was drilled and logged in 
March, funded by the Oregon Department of Transportation. This hole, located 
near Sublimity in the sub-basin east of the Salem Hills and south of the Waldo 
Hills contains predominantly fine-grained sediments, like those in the Corvallis 
corehole, but there is more evidence of contemporaneous Cascade volcanism. 
Assistance in logging the hole was provided by Erik Graven, Tom Popowski, Ken 
Werner, In-Chang Ryu and Alan Niem of OSU and Dave Weatherbee and Dave Morgan 
of USGS. 

Yeats, R.S., Goldfinger, C., Graven, E.P., Madin, I.P., Popowski, T.A., and 
Werner, K.S., 1990, Tectonics of the Willamette Valley, Oregon: To be submitted 
to U.S. Geological Survey professional paper on earthquake hazards in the Pacific 
Northwest. 
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FIGURE 2 NORTHERN PORTION OF STRUCTURE MAP 
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Int raplate Stress and Defornlat ion 

Mary Lou Zoback 
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(415) 329-4760 

Investigations 

1. Continued compilation and interpretation of a quality-ranked global database of 
stress orientations and relative magnitudes. These data are stored in a dBase IV 
database management system in Menlo Park. 

2. Continued analysis of dipmeter logs from the Puget Sound and surrounding region. 
In addition, several earthquake data sets were obtained from Steve Malone and from 
two of Bob Crosson's student's theses. The earthquake data and dipmeter data are 
currently being interpreted together. 

3. Analysis of the subset of well-constra,ined intra.plate events in North America using 
independently-derived stress data is nearly complete. 

Results 

1. Regional patterns of present-day tectonic stress can be used to evaluate the forces 
acting on the lithosphere and to investigate intraplate seismicity. Preliminary analysis 
of a global stress database indicates that most intraplate regions are characterized by a 
compressional stress regime; extension is limited almost entirely to  thermally uplifted 
regions. In several plates the masimum horixontal stress is subparallel to the direction 
of absolute plate motion suggesting that the forces driving the plates also dominate the 
stress distribution in the plate interior. 

The establishment of broad intraplate regions characterized by a relatively uniform 
stress field provides a critical framework for evaluating intraplate events which occur in 
these regions. Furthermore, once these first-order patterns have been established, we 
can begin to identify second-order patterns which have local origins (eg, weak faults, 
glacial rebound stresses, etc.). 

2. Stress orientations inferred from analysis of wellbore brea.liouts, hydraulic fractures, 
and volcanic vent alignments are compa.red with earthquake focal mechanisms in the 
Pacific Northwest (Figure 1). Focal mechanisms considered are for crustal events of 
M 2 3.0 and are generally well-constrained by first motions. -4vailable dipmeter logs 
from petroleum wells drilled in Washington state a.fter 1970 were analyzed for break- 
outs. These data are supplemented with breakout data from Oregon (Werner e t  al., 



1988, EOS) and hydrofrac data from Hanford (Paillet and Kim, 1987, JGR). Volcanic 
alignments for vents younger than 1 m.y. were also determined. 

A general pattern of NE to N N E  compression extends from the coast to about 160 
km inland north of about latitude 46"N. Breakouts from wells in the Coast Ranges of 
Washington and N W Oregon indicate a N30°E SH,,, , consistent with a N3I0E SH,,, 
inferred from focal mechanisms along the St. Helen's seismic zone and a N27"E SH,,, 
inferred from focal mechanisms in south Vancouver Island. An iterative inversion of 
focal mechanisms for events beneath the central Puget Sound Basin yields a well- 
constrained SH,,, of N20°E. This is consistent with a N15"E SH,,, inferred from 
breakouts in one well in the basin. These data confirm the influence of NE directed 
Juan de Fuca-North American plate convergence along this section of the Cascadia 
subduction zone and suggest a strongly coupled plate boundary. 

Although focal mechanisms just east of Puget Sound show highly variable P axes 
orientations, data from the region east of the central axis of the Cascades north of 46ON 
consistently indicate a N-S SHmaz, probably related to Pacific-North American plate 
interaction. Sparse focal mechanism, breakout, and geologic data south of 46ON to just 
north of the Mendocino triple junction suggests this NS compression extends to the 
coastal region and indicates weak coupling with the subducted slab along this segment 
of the subduction zone. 

3. To date, a set of well-constrained (f 10") focal mechanisms (32 events with r n b  > 4.0) 
in the central and eastern United States and Canada have been analyzed in a prelimi- 
nary fashion using using the independently determined stress orientation data Of these 
32 earthquakes, 2 events a,re normal faulting events which are clearly anomalous with 
the regional compressional stress regime and another 3 events have slip vectors incom- 
patible with the inferrred regional stress orientations. Both of these groups of events 
fall under hypothesis 3 above and require a local anomaly in the regional stress field 
to explain the seismicity. Five events require slip on extremely weak faults (apparent 
friction, "p" < 0.4, compared to laboratory-determined frictional coefficients of p = 
0.6-0.85; Byerlee, 1979) or alternately, require pore pressures close to or exceeding the 
least principal stress (hypothesis 2 above). However, these 5 events may also repre- 
sent local stress rotations not detected with current density of stress data sampling 
(hypothesis 3). 

The remaining 22 events (70% of the dataset) are best categorized as being due to 
slip on "favorably" oriented pre-existing zones of weakness (hypothesis 1). For these 
events the angle between S1 and the fault ranged between 30 - 45" and apparent 
frictional values were about 30% lower than a.ssumed regi0na.l frictionad strength va.lue. 
Alternately, slip on these events could be explained by relatively modest increases in 
pore pressure (up to 70% of lithostatic compared to an assumed regional hydrostatic 
pore pressure which is about 37% of lithostatic). 

The analysis also indicates that: 1) independent knowledge of SHmaz: orientation 
can be used to uniquely determine which of two nodal planes is the likely fault plane 
(for 27 of 28 events investigated, only one of the two nodal planes was consistent with a 
regional SHmar direction, even allowing for a f 15" uncertainty in the stress direction); 



2) the central and eastern U. S. intraplate events are primarily strike-slip with nodal 
plane dips of 60 - 70") and 3) the southeastern Canadian events are dominantly thrust 
faulting events. 

The results to date have highlighted a number of important topics to be investi- 
gated further and indicate that the analysis is doable and will yield interesting results. 
Identification of the actual fault plane for these events through this analysis is a power- 
ful piece of information which permits further analysis of the actual in-situ conditions 
accompanying faulting as well as relationship of the fault planes to pre-existing struc- 
tures. We will also compare focal depths of these events with the newest depth to 
basement map (currently in prep. by Muehlberger). Surprisingly, this simple piece of 
information has not been determined for the complete dataset. 

The contrast in stress regime between southeastern Canada (primarily thrust 
events) and central and eastern U. S. (dominately strike-slip events) may result from 
the superposition of stresses related to to glacial rebound. F~lrt~hermore, the high level 
of seismicity in southeastern Canada and along the northeastern U.S.-Canadian border 
occurs in an area where glacial rebound is greatest a.nd the dominant, circumferential 
rebound-related stresses (James, T.; EOS, 1988) are subparallel to the regional ENE 
SHmaz orientation. Further to the west in the Great Lakes-southern Ontario region the 
circumferential rebound stresses are nearly perpendicular to  the regional SHmaI ori- 
entation and modern and historical seismicity is quite low. These observations of the 
contrasts in stress regime and in level of seismicity can be used a powerful constraints 
on absolute magnitudes and the depth dependent character of the regional stress field. 

Reports and Publicatio~ls 

Zoback, M. L., e t  a1.(23 coauthors), 1989, Global patterns of tectonic stress, Nature, v. 
341, p. 291-298. 

Magee, M. E., and Zoback, M. L., 1989, Present state of stress in the Pacific Northwest: 
EOS, Transactions of the American Geophysical Union, v. 70, p. 1332- 1333. 



Figure 1: SHmoc orientations inferred from earthquake focal mechanisms, weU-bore break- 
outs, hydraulic fractures, and volcanic vent alignments. A general pattern of N 32O E to N 12O 
E compression extends from the coast to about 160 km inland north of about latitude 46' N. 
East of the central axis of the Cascades the data consistently indicate a N 5' E SHmac . Sparse 
data south of 46O N to just north of the Mendicino triple junction suggests this N-S compression 
&ends to the coaat in this region. 
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INTRODUCTION 

The loss of function of individual lifeline systems in the City of Everett 
will be estimated in this project. The losses for each system will then be 
combined for all lifelines to assess the impact, particularly business 
interruption, on the City as a whole. 

The cost of economic impact from business interruption is thought to be 
significantly greater than the cost to repair damage caused directly by the 
earthquake, particularly because of the major manufacturing plants being 
served by the City. While a catastrophic earthquake would have a devastating 
economic impact on a community, including significant business interruption 
losses, the probability of such an event is quite small. The impact of a 
moderate earthquake may be less severe in terms of repair costs. However, as 
a result of much shorter recurrence intervals, the average annual economic 
impact, taking into account business interruption, may be significantly 
greater for moderate earthquakes than for large earthquakes. 

The City of Everett, located about 20 miles north o f  Seattle, has a population 
of almost 60,000. It is the largest city in Snohomish County. Even with its 
proximity to the Seattle metropolitan area, the City is quite self reliant in 
employment opportunities with the Boeing 747/767 manufacturing facility, Scott 
Paper Company, and the Navy developing a home port facil i ty. Both Boeing and 
Scott Paper are participating in this study. 

Individual lifeline systems have been modeled by each of the lifeline 
specialists on the project team. This project combines those results and 
establish the interrelationship of the impacts of all lifeline facilities. 

System owner/operators and their respective lifeline systems participating in 
this project are as follows: 

Water and Sewer 
Power 
Communications 
Transportation 
Natural Gas 

City of Everett 
Snohomish County PUD 
GTE and US West 
Washington State DOT 
Washington Natural Gas 



APPROACH 

1) Vul nerabil i ty assessment methodologies from each 1 ifel ine wi 1 1  be reviewed 
and standardized. 2) Lifeline groups will be established coupling lifeline 
speci a1 i sts and the respective system owner/operators and proceed with data 
acquisition. 

3) An earthquake hazards assessment will be conducted considering ground 
motion, liquefaction, and landslides. 

4) Each group will then assess the system vulnerability, and 5) develop 
mitigation recommendations. 

6) A cross section of the community's economics will be established, and 7) 
based on scenarios for events similar to the 1949 and 1965 Puget Sound 
earthquake events, 8) losses to business estimated. 
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I n v e s t  i~ a t  i o n s  

During t h e  l a s t  1 0  y e a r s ,  c o n s i d e r a b l e  a t t e n t i o n  has  been  devo ted  t o  
t h e  g e n e r a l  a r e a  of e a r t h q u a k e  l o s s  e s t i m a t i o n ;  however, l i t t l e  a t t e n t i o n  
h a s  b e e n  devo ted  t o  more s p e c i f i c  e s t i m a t i o n s  of e a r t h q u a k e  c a s u a l t i e s .  
Yet c a s u a l t i e s  a r e  of pr ime concern  t o  t h o s e  who commission l o s s  
e s t i m a t i o n s  and make u s e  of t h e i r  r e s u l t s  - p u b l i c  and p r i v a t e  s e c t o r  
o r g a n i z a t i o n s  whose r e s p o n s i b i l i t y  i s  l i f e  s a f e t y .  

I n  o u r  c u r r e n t  USGS g r a n t  e n t i t l e d  "INTEGRATING EARTHQUAKE CASUALTIES 
INTO LOSS ESTIMATION," we a r e  drawing on f i n d i n g s  f rom our  e i g h t  y e a r  
r e s e a r c h  program i n  e a r t h q u a k e  i n j u r i e s  and h e a l t h  s e r v i c e  r e s p o n s e ,  
i n c l u d i n g  o u r  USGS s t u d y  of i n j u r i e s  i n  t h e  Loma P r i e t a  e a r t h q u a k e ,  t o  make 
i n j u r y  e s t i m a t i o n s  l e s s  s p e c u l a t i v e .  We a r e  examining the f i n d i n g s  of 
o t h e r  US and f o r e i g n  r e s e a r c h e r s .  We a r e  a l s o  e v a l u a t i n g  promising 
c a s u a l t y  e s t i m a t i o n  t e c h n i q u e s ,  r e c e n t l y  deve loped  i n  Japan and Europe. 
T h i s  p r o j e c t  a ims t o  p r o v i d e  a  sound b a s i s  f o r  development  of a  
comprehensive  e a r t h q u a k e  c a s u a l t y  l o s s  e s t i m a t i o n  methodology t h a t  combines 
t h e  most e f f i c i e n t  and e f f e c t i v e  c a s u a l t y  e s t i m a t i o n  t e c h n i q u e s  and t h e  
most c u r r e n t  t h e o r i e s  and d a t a .  

T h i s  r e s e a r c h  e n t a i l s  two major  phases :  r e s o u r c e  c h a r a c t e r i z a t i o n ,  and 
s u i t a b i l i t y  e v a l u a t i o n .  During t h e  r e s o u r c e  c h a r a c t e r i z a t i o n  phase  w e  a r e  
i d e n t i f y i n g  a l l  U.S. and f o r e i g n  developments  i n  e a r t h q u a k e  c a s u a l t y  d a t a  
and l o s s  e s t i m a t i o n  t e c h n i q u e s ;  we a r e  c h a r a c t e r i z i n g  t h e s e  s p e c i f i c  
developments  t o  p e r m i t  p o s s i b l e  a p p l i c a t i o n  t o  e x i s t i n g  broad-based l o s s  
e s t i m a t i o n  methodolog ies .  I n  o u r  s u i t a b i l i t y  e v a l u a t i o n  phase ,  we a r e  
s y s t e m a t i c a l l y  e v a l u a t i n g  c u r r e n t  l o s s  e s t i m a t i o n  methods f o r  t h e i r  
u n d e r l y i n g  assumpt ions ,  and mechanisms f o r  c a l c u l a t i n g  c a s u a l t i e s ;  t h i s  
e v a l u a t i o n  i s  t e s t i n g  t h e  a b i l i t y  of e x i s t i n g  broad-based l o s s  e s t i m a t i o n  
methodolog ies  t o  i n c o r p o r a t e  s p e c i f i c  new c a s u a l t y  e s t i m a t i o n  t e c h n i q u e s .  

R e s u l t s  

I n  F e b r u a r y  and March we reviewed e x i s t i n g  r e s e a r c h  f o r  a p p l i c a b i l i t y  
t o  e a r t h q u a k e  c a s u a l t y  e s t i m a t i o n  and began d e v e l o p i n g  a comprehensive  
c o n c e p t u a l  model f o r  a  U.S. e a r t h q u a k e  c a s u a l t y  e s t i m a t i o n  p r o c e s s .  



Our c o n t i n u i n g  a n a l y s i s  i n c l u d e s  t h e  f o l l o w i n g  t h r e e  major  r e s e a r c h  
c l a s s e s :  1 )  s t u d i e s  aimed a t  p roduc ing  a c t u a l  c a s u a l t y  e x t i m a t i o n s  o r  
d e v e l o p i n g  c a s u a l t y  e s t i m a t i o n  t e c h n i q u e s ,  2 )  e m p i r i c a l  s t u d i e s  o f  
e a r t h q u a k e  c a s u a l t i e s ,  and c a s u a l t y  s t u d i e s  f o r  a n a l o g o u s  d i s a s t e r s  s u c h  as 
s l o p e  f a i l u r e .  

A f t e r  c r e a t i n g  a  p r e l i m i n a r y  typo logy  of c a s u a l t y  e s t i m a t i o n  
approaches  and p r o c e d u r e s ,  we a r e  now s y s t e m a t i c a l l y  c h a r a c t e r i z i n g  t h i s  
r e s e a r c h  body a l o n g  r e l e v e n t  d imensions .  To e n a b l e  o u r  l a t e r  s u i t a b i l i t y  
assessment  of c a n d i d a t e  c a s u a l t y  e s t i m a t i o n  t e c h n i q u e s ,  we a r e  
s i m u l t a n e o u s l y  c o n s t r u c t i n g  a comprehensive  c o n c e p t u a l  model w i t h  t h r e e  
major  components: 1 )  an  e a r t h q u a k e  c a s u a l t y  demand framework f o r  
p r e d i c t i n g  c a s u a l t y  number and t y p e  a s  a  f u n c t i o n  o f  g e o t e c h n i c a l  and 
s t r u c t u r a l  v a r i a b l e s ,  2 )  a  s u p p l y  framework f o r  e s t i m a t i n g  pre-  and p o s t -  
e a r t h q u a k e  h e a l t h  s e r v i c e  r e s o u r c e  a v a i l a b i l i t y  f o r  mee t ing  t h e  c a s u a l t y ,  
demand i n  a  g i v e n  t a r g e t  a r e a ,  and 3 )  a  m i t i g a t i o n  framework f o r  
e s t i m a t i n g  t h e  r e l a t i v e  c o n t r i b u t i o n  of s p e c i f i c  e a r t h q u a k e  hazard  
r e d u c t i o n  approaches  t o  r e d u c i n g  t h e  number and s e v e r i t y  of e a r t h q u a k e  
c a s u a l t i e s  o r  i n c r e a s i n g  t h e  p o s t - e a r t h q u a k e  h e a l t h  s e r v i c e  r e s o u r c e  
s u p p l y .  We a r e  a s s e s s i n g  a v a i l a b l e  d a t a  and methods w i t h  framework needs  
t o  d e t e r m i n e  p o t e n t i a l  immediate a p p l i c a t i o n s ,  f u t u r e  a p p l i c a t i o n s  w i t h  
m o d i f i c a t i o n ,  and major  gaps .  Where p o s s i b l e ,  we a r e  r e v i s i n g  o u r  U.S.G.S. 
Loma P r i e t a  c a s u a l t y  s t u d y  d e s i g n  t o  a d d r e s s  m o d i f i c a t i o n s  and gaps .  

The October  1 7 t h  Lorna P r i e t a  e a r t h q u a k e  h a s  prompted new s e i s m i c  
l e g i s l a t i o n  - many w i t h  l i f e  s a f e t y  and h e a l t h  p r o v i s i o n s  t h a t  our  U.S.G.S. 
r e s e a r c h  c a n  h e l p  shape.  The e a r t h q u a k e  and t h e s e  s u b s e q u e n t  b i l l s  have 
g e n e r a t e d  new s t a t e  agency o p e r a t i o n a l  e f f o r t s  which o u r  r e s u l t s  c a n  
a s s i s t .  We a r e  c u r r e n t l y  c o n t r i b u t i n g  r e s e a r c h  r e s u l t s  t o  t h e  f o l l o w i n g  
t h r e e  p o l i c y  a c t i v i t i e s :  

1. AB 3827 O c c u p a t i o n a l  Hazards:  Ear thquake  S a f e t y  

T h i s  b i l l  would r e q u i r e  t h e  O c c u p a t i o n a l  S a f e t y  and H e a l t h  S t a n d a r d s  
Board,  w i t h i n  t h e  Department of I n d u s t r i a l  R e l a t i o n s ,  t o  a d o p t  o c c u p a t i o n a l  
s a f e t y  s t a n d a r d s  and o r d e r s  c o n c e r n i n g  n o n s t r u c t u r a l  e a r t h q u a k e  h a z a r d s .  
I n  t h e  e v e n t  o f  an e a r t h q u a k e ,  normal workplace  s a f e t y  s t a n d a r d s  a r e  n o t  
s u f f i c i e n t  t o  a s s u r e  t h e  p r o t e c t i o n  of workers .  S p e c i f i c a l l y ,  a d d i t i o n a l  
s a f e t y  s t a n d a r d s  a r e  needed t o  e l i m i n a t e  i n  workp laces  t h e  d a n g e r s  posed by 
n o n s t r u c t u r a l  components i n  t h e  e v e n t  of a n  e a r t h q u a k e .  

We a r e  rev iewing  o u r  e x i s t i n g  d a t a  b a s e  t o  s e e  what workplace  i n j u r i e s  
are c a u s e d  b y  n o n s t r u c t u r a l  e l e m e n t s ,  t h e i r  d i s t r i b u t i o n ,  and t h e i r  impact.  
We a r e  a l s o  d e v e l o p i n g  a  p r o c e s s  f o r  e s t i m a t i n g  t h e  r e l a t i v e  i n j u r y  
p o t e n t i a l  of d i f f e r e n t  n o n s t r u c t u r a l  e l e m e n t s  t o  h e l p  p r i o r i t i z e  p o l i c y .  

2 .  SB 2554: J o i n t  Underwr i t ing  A s s o c i a t i o n  f o r  Commercial Ear thquake  
I n s u r a n c e  ( E a r t h q u a k e  I n s u r a n c e  f o r  Smal l  Bus iness )  

S i n c e  J a n u a r y ,  we h a v e  a n a l y z e d ,  a s  p a r t  o f  o u r  development of 
i n t e g r a t e d  e a r t h q u a k e  c a s u a l t y  and l o s s  e s t i m a t i o n  p r o c e s s e s ,  d e t a i l e d  
e a r t h q u a k e  l o s s  d a t a  f o r  831 small b u s i n e s s e s  i n  h e a v i l y  damaged 



communit ies  of W a t s o n v i l l e ,  S a n t a  Cruz,  and San F r a n c i s c o ' s  Marina 
D i s t r i c t .  Our summary r e p o r t  (2 )  shows t h e  a v e r a g e  d o l l a r  l o s s e s  f o r  
commercia l  and r e n t a l  b r o k e n  down i n t o  non- rea l  e s t a t e  p r o p e r t y ,  real 
e s t a t e ,  and b u s i n e s s  d i s r u p t i o n .  I n  o u r  c o n t i n u i n g  r e s e a r c h ,  we p l a n  t o  
f o c u s  on i d e n t i f y i n g  damage and economic l o s s  p a t t e r n s  f o r  s p e c i f i c  t y p e s  
of s m a l l  b u s i n e s s e s  i n  s p e c i f i c  c o n s t r u c t i o n .  

3 .  Life S a f e t y  Criteria: Governor's I n q u i r y  on t h e  Lorna P r i e t a  
Ear thquake  

D r .  C h a r l e s  Th ie l ' s  r o l e  i n  p roduc ing  t h e  f i n a l  commit tee  r e p o r t  i s  
e n a b l i n g  u s  t o  make o u r  i n t e r i m  c a s u a l t y  r e s e a r c h  r e s u l t s  a v a i l a b l e  t o  t h e  
i n q u i r y  p r o c e s s .  Study r e s u l t s  a r e  c o n t r i b u t i n g  t o  p o t e n t i a l  d e s i g n  
c r i t e r i a  changes  r e g u l a t i n g  a l l  S t a t e  s t r u c t u r e s  s o  t h a t  impor tan t  o n e s  
remain f u n c t i o n a l  and t h e  remainder  p r o t e c t  l i f e .  R e s u l t s  a r e  a l s o  
s u p p o r t i n g  t h e  p o s i t i o n ,  of C a l T t a n s  s t r u c t u r a l  e n g i n e e r s ,  t h a t  
t r a n s p o r t a t i o n  s y s t e m  d e s i g n  s h o u l d  l i m i t  e a r t h q u a k e  i n j u r i e s  and 
f a c i l i t a t e  t h e  p r o v i s i o n  o f  p o s t - e a r t h q u a k e  m e d i c a l  a i d  and o t h e r  emergency 
s e r v i c e s .  D r .  T h i e l  i s  c u r r e n t l y  P r o j e c t  D i r e c t o r  o f  t h e  Appl ied 
Technology C o u n c i l  s u b c o n t r a c t  f o r  o u r  U.S.G.S. r e s e a r c h .  

The p r e v i o u s  r e s e a r c h  c o n t r i b u t i o n s  can a s s i s t  s i m i l a r  p o l i c y  and 
o p e r a t i o n a l  i s s u e s  e l s e w h e r e  i n  t h e  U.S. 

Durk in ,  Michael  E . ,  Anne H. Coulson,  Martha Hi jar ,  Jess Kraus ,  and Hi tomi  
Ohashi Murakami, The S u r v i v a l  of Peop le  i n  C o l l a p s e d  ~ u i l d i n g s ,  EARTHQUAKE 
I N  MMICO: DISASTER CHRONICLES NO. 3 (Washington,  D.C.: The Pan American 
H e a l t h  O r g a n i z a t i o n )  pp. 55-70) J u l y  1990. 

Durkin ,  Michael ,  E . ,  EARTHQUAKE IMPACT ON SMALL BUSINESS: SELECTED 
RESEARCH RESULTS, Repor t  p r e p a r e d  f o r  t h e  C a l i f o r n i a  S t a t e  I n s u r a n c e  
Claims and C o r p o r a t i o n s  Committee - Committee Hear ing on S e n a t e  B i l l  2554: 
J o i n t  Underwr i t ing  A s s o c i a t i o n  fo r  Commercial Ear thquake  I n s u r a n c e ,  A p r i l  
18, 1990. Copies  a v a i l a b l e  f rom a u t h o r .  
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0b.iectives and Status 

The objectives of t h i s  project were to  inventory a l l  bridges along 1-5, 
1-205, and 1-405 in western Washington Sta te  and northwestern Oregon and t o  
incorporate the information gathered into a comprehensive 1-5 Bridge Database. 
The total  number of bridges t h a t  have been inventoried in Washington State  are 
554 along 1-5, 98 along 1-405 ( i n  S e a t t l e ) ,  and 30 along 1-205 ( i n  Vancouver). 
In Oregon, the to ta l  number inventoried i s  278 along 1-5, 1-205, and 1-405. 
The information for  455 Washington S ta t e  bridges out of a to ta l  of 682 or 67% 
has been incorporated into the 1-5 Bridge Database, while the data for  145 
Oregon bridges out of a to ta l  of 278 or 52% has been recorded in the database. 

Structure of the 1-5 Bridge Database 

The 1-5 Bridge Database i s  being constructed using the dBASE IV software 
package. The names, s i zes ,  and descriptions of the 98 f i e l d s  t h a t  currently 
comprise the database a r e  contained i n  Table 1. The data fo r  each bridge i s  
contained in two or more records. The to ta l  number of records used fo r  a 
given bridge i s  based on the la rger  o f  the number of spans, supports, box- 
girder segments, j o in t s ,  or so i l ,  borings, or the number of datapoints required 
to  define the horizontal curves, ver t ica l  curves, deck t i l t s ,  o r  bent skews. 

Each record in the database i s  assigned a 5-digi t  code which i s  stored i n  
f i e ld  #1 ( C O D E )  with the format NNN.NN. The d i g i t s  t o  the l e f t  of the decimal 
represent a unique number associated with each bridge (1 t o  960) and the 
d i g i t s  t o  the r igh t  of the decimal represent a unique number associated w i t h  
the record number fo r  tha t  bridge (1 to  99) .  Thus 123.21 would represent the 
21st record of bridge f123. The portion of f i e l d  #1 ( C O D E )  t o  the r ight  o f  
the decimal i s  generally the same as f i e l d  #27 ( N U M B E R  X X )  which indexes the 
number of spans, supports, and jo in t s .  

The f i r s t  record f o r  each bridge contains general information such as 
the bridge number, compass bearing, to ta l  length, milepost, e t c . ,  which 
encompasses f i e l d s  #2 t o  #12. Much of t h i s  general data i s  a1 so included in 
the bridge l i s t s  of the Washington Sta te  Department of Transportation and the 
Oregon Department of Transportation. The f i r s t  record also includes data on 
the deck and box-girder thicknesses i n  f ie lds  #13 to  #18, the bridge materials 
in f i e l d s  #30 t o  #33, and the main member s izes  i n  f i e l d s  #36 and #37. Each 
record (including the f i r s t )  contains data on the following items where appro- 
pr iate:  one bridge span, one segment of box-girder, one bridge support and 
foundation, one bridge j o i n t ,  one soil  boring log, one horizontal curve, the 
deck t i l t  a t  one point,  the bent skew a t  one point,  and one vert ical  curve. 



A S S U ~ D ~ ~ O ~ S  and Notes 

Data was recorded i n  t h e  database u t i l i z i n g  the  f o l l o w i n g  assumptions: 

1. The l e f t  abutment i s  t h e  abutment w i t h  t h e  lowest  m i l epos t  number 
(wh ich  i s  genera l l y  t h e  southernmost abutment). 

2. The l e f t  and r i g h t  segments o r  s ides  o f  t h e  b r i dge  deck a re  designa- 
t i o n s  based on t h e  assumption t h a t  t h e  use r  i s  s tand ing  on t h e  b r i d g e  
cen te r1  i n e  and f a c i n g  i n  t h e  d i r e c t i o n  o f  i nc reas ing  m i l e p o s t  numbers 
(which i s  genera l l y  a  nor thward d i r e c t i o n  f o r  1-5, 1-205, and 1-405). 

3. A p o s i t i v e  r a d i u s  f o r  a  h o r i z o n t a l  curve  i s  one i n  which t h e  deck 
curves  t o  the  r i g h t  when f a c i n g  i n  t h e  d i r e c t i o n  o f  i n c r e a s i n g  
m i l e p o s t  numbers (which i s  general l y  a  nor thward d i r e c t i o n ) .  

4. A  p o s i t i v e  deck tilt i s  one where t h e  roadway deck t i l t s  upward t o  
t h e  r i g h t  and downward t o  t h e  l e f t  assuming t h e  user  i s  s tand ing  on 
t h e  b r i d g e  c e n t e r l i n e  and f a c i n g  i n  t h e  d i r e c t i o n  o f  i n c r e a s i n g  
m i l e p o s t  numbers (which i s  g e n e r a l l y  a  nor thward d i r e c t i o n ) .  

5. A p o s i t i v e  bent  skew i s  one t h a t  i s  counterc lockwise when l o o k i n g  a t  a 
p l a n  view o f  t h e  br idge.  

6. A  p o s i t i v e  roadway s lope i s  one f o r  which the  roadway e l e v a t i o n s  
increase i n  t h e  d i r e c t i o n  o f  i n c r e a s i n g  m i l e p o s t  numbers (which i s  
g e n e r a l l y  a  nor thward d i r e c t i o n ) .  

The l o c a t i o n s  recorded i n  f i e l d s  #25, #26, #34, #35, #80, #84, #89, #91, 
and #95 a r e  a l l  measured i n  f e e t  w i t h  t h e  l e f t  abutment as 0.00 and i n c r e a s i n g  
i n  t he  d i r e c t i o n  of  i n c r e a s i n g  m i l e p o s t  numbers which i s  genera l l y  a  nor thward 
d i r e c t i o n .  If a l o n g i t u d i n a l  expansion j o i n t  d i v i d e s  t h e  roadway deck i n t o  
two sec t ions ,  then the  l o c a t i o n  recorded i n  f i e l d  #25 (DATALOCAl ) corresponds 
t o  t h e  data f o r  t h e  l e f t  s e c t i o n  o f  t h e  deck which i s  s t o r e d  i n  f i e l d s  #19, 
#21, and #23, w h i l e  t he  l o c a t i o n  recorded i n  f i e l d  #26 (DATALOCA2) corresponds 
t o  t h e  da ta  f o r  t h e  r i g h t  s e c t i o n  o f  t h e  deck which i s  s to red  i n  f i e l d s  #20, 
#22, and #24. If the  deck i s  m o n o l i t h i c ,  then f i e l d s  #19, #21, #23, and #25 
a re  used t o  descr ibe  t h e  deck and f i e l d s  #20, #22, #24, and #26 a r e  b lank.  

F i e l d s  #34 and #35 (DATA FROM and DATA TO) a r e  used t o  s p e c i f y  t h e  begin-  
n i n g  and end ing  l o c a t i o n s  o f  t h e  box -g i rde r  segment whose data i s  recorded i n  
f i e l d s  #38 t o  #45. I f  f i e l d  #35 i s  b lank  f o r  a  g iven segment o f  box-g i rder ,  
then t h e  data i n  f i e l d s  638 t o  #45 p e r t a i n s  o n l y  t o  t h e  l o c a t i o n  designated i n  
f i e l d  #34 (DATA FROM). The data  p e r t a i n i n g  t o  h o r i z o n t a l  curva ture ,  deck 
tilt, ben t  skew, and v e r t i c a l  cu rva tu re ,  which a re  conta ined i n  f i e l d s  #88 t o  
#97, does n o t  necessa r i l y  correspond t o  a  p a r t i c u l a r  span, support,  o r  j o i n t .  
Instead,  t h e  i n f o r m a t i o n  i n  these f i e l d s  i s  e s s e n t i a l l y  raw data t h a t  c o u l d  be 
used t o  generate the  h o r i z o n t a l  cu rva tu re ,  deck tilt, bent  skew, v e r t i c a l  
curva ture ,  and deck e l e v a t i o n s  a t  any p o i n t  a long t h e  l e n g t h  o f  t h e  br idge.  

Because most b r idges  a long t h e  1-5 c o r r i d o r  have some unique fea tu res  
t h a t  can n o t  be i nco rpo ra ted  d i r e c t l y  i n t o  the  records o f  t h e  1-5 Br idge 
Database, a  f o o t n o t e  f i l e  i s  be ing  c rea ted  f o r  most br idges.  The MS-DOS 
f i lenames f o r  these foo tno te  f i l e s  a r e  conta ined i n  f i e l d  #98 (NOTES). 



1 FIELD STRUCTURE USED I N  THE 1-5 BRIDGE DATABASE TABLE 

F ie1  d  F i e l d  Name Width D e f i n i t i o n  

CODE 

BRIDGE NO 

BR BEARING 

BRNG LOCA 

TOTAL LENG 

MILE POST 

CROSS NAME 

CONTR SECT 

LOCATION 

IDENT NUMB 

YEAR 

BRID APPR 
MAX DECKTH 
MIN DECKTH 

MAX WALLTH 
MIN WALLTH 

MAX BOT TH 
MIN BOT TH 

6  - A  unique number w i t h  fo rmat  NNN.NN used t o  i d e n t i f y  
t h e  database reco rds  assoc ia ted  w i t h  a  g iven br idge.  
The d i g i t s  t o  t h e  l e f t  o f  t h e  decimal rep resen t  a  
un ique number assoc ia ted  w i t h  a  g iven b r i d g e  (1 t o  
960) and t h e  d i g i t s  t o  t h e  r i g h t  o f  t h e  decimal 
rep resen t  a  unique number assoc ia ted  w i t h  a  g iven 
r e c o r d  f o r  t h a t  b r i d g e  ( 1  t o  9 9 ) .  

12 - A  unique combinat ion o f  d i g i t s  ass igned t o  each 
b r i d g e  by  the  s t a t e  departments o f  t r a n s p o r a t i o n  f o r  
Washington S t a t e  o r  Oregon. 

12 - Compass b e a r i n g  ( i n  degrees & minutes)  o f  t h e  b r i d g e  
c e n t e r l i n e  f o r  b r i dges  w i t h  s t r a i g h t  segments; o r ,  
f o r  con t i nuous l y  curved br idges ,  t h e  compass bea r ing  
o f  t h e  nea res t  s t r a i g h t  segment o f  highway. 

7 - L o c a t i o n  (sin f e e t )  a t  which t h e  compass bea r ing  i s  
taken,  measured a long t h e  c e n t e r l i n e  o f  t h e  b r i d g e  
f rom t h e  l e f t  abutment. 

6 - T o t a l  o v e r a l l  l e n g t h  o f  t h e  b r i d g e  ( i n  f e e t )  
measured between t h e  edges o f  t h e  pavement a t  t h e  
l e f t  and r i g h t  b r i d g e  abutments. 

7 - The s t a t e  r o u t e  m i l e p ~ s t  o f  t h e  b r i d g e :  as measured 
f rom 240.00 a t  t h e  Linn-Marion County L i n e  and i n -  
c r e a s i n g  nor thward t o  307.00 a t  t h e  Washington S ta te  
L i n e  (Columbia R i v e r )  f o r  Oregon; and as measured 
f rom 0.00 a t  t h e  Oregon S t a t e  L i n e  (Columbia R i v e r )  
and i n c r e a s i n g  nor thward t o  217.66 a t  t h e  Snohomish- 
S k a g i t  County L i n e  f o r  Washington State.  

30 - D e s c r i p t i v e  name o f  t h e  b r i d g e  us ing  road, r i v e r ,  o r  
o t h e r  names, and us ing  p rede f i ned  abb rev ia t i ons .  

6 - A  f o u r - d i g i t  number f o r  t h e  Con t ro l  Sec t ion  i n  which 
t h e  b r i d g e  i s  l oca ted .  

20 - D is tance  ( i n  m i l e s )  measured i n  t h e  d i r e c t i o n  o f  
i n c r e a s i n g  m i l e p o s t s  f rom a  g i ven  f e a t u r e  such as a  
s t a t e  l i n e ,  county  l i n e ,  o r  s t a t e  r o u t e  j u n c t i o n .  

8 - S t a t e  c o n s t r u c t i o n  c o n t r a c t  number o r  another  unique 
combinat ion o f  numbers. 

10 - Year t h e  b r i d g e  was cons t ruc ted  f o r  Oregon o r  yea r  
t h e  b r i d g e  p lans  were approved f o r  Washington State.  

6 - Type o f  roadway approach t o  t h e  b r i d g e  abutments. 
6 - Maximum and minimum th icknesses ( i n  inches)  o f  t h e  
6 roadway deck o r  t h e  top  s lab  o f  conc re te  box -g i rde r  

s e c t i o n s  exc lud ing  any haunches, tapers ,  o r  o t h e r  
l o c a l  changes i n  th ickness .  

6 - Maximum and minimum th icknesses ( i n  i nches )  o f  t h e  
6  i n t e r i o r  and e x t e r i o r  v e r t i c a l  webs o f  box -g i rde r  

s e c t i o n s  exc lud ing  any l o c a l  changes i n  th ickness .  
6 - Maximum and minimum th icknesses ( i n  inches)  o f  t h e  
6  bo t tom s lab  f o r  concre te  box -g i rde r  sec t i ons  o r  t h e  

bo t tom p l a t e  f o r  s t e e l  box -g i rde r  sec t i ons  exc lud ing  
any l o c a l  changes i n  th ickness .  



TABLE 1 (cont inued)  

F i e l d  F i e l d  Name Width D e f i n i t i o n  

19 DECK W I D 1  7 - W i d t h  ( i n f e e t ) o f  t h e r o a d w a y d e c k a t D A T A L O C A 1  i f  
t h e  deck i s  mono l i t h i c ;  o r  w i d t h  o f  t h e  l e f t  sec t i on  
o f  t h e  deck a t  DATALOCA 1 i f  t h e  deck i s  d i v i d e d  
i n t o  two sec t ions  by a  l o n g i t u d i n a l  expansion j o i n t .  

20 DECK WID 2  7 - Width ( i n  f e e t )  o f  t h e  r i gh thand  s e c t i o n  o f  t h e  
roadway deck a t  DATALOCA 2  i f  t h e  deck i s  d i v i d e d  
i n t o  two sec t ions  by a  l o n g i t u d i n a l  expansion j o i n t .  

21 NO MNMEM 1 4  - Number o f  main members ( a t  DATALOCA 1 )  o r  box-g i rder  
c e l l  s  ( a t  DATA FROM o r  be tween DATA FROM & DATA TO ) 
i n  t h e  c ross-sec t ion  i f  t h e  deck i s  m o n o l i t h i c ;  o r  
number o f  main members i n  the  l e f t  s e c t i o n  o f  the  
c ross -sec t i on  a t  DATALOCA 1 i f  t h e  deck i s  d i v i d e d  
i n t o  two sec t ions  by a  l o n g i t u d i n a l  expansion j o i n t .  

22 NO MNMEM 2 4  - Number o f  main members a t  DATALOCA 2  i n  t h e  r i g h t  
s e c t i o n  o f  t h e  c ross-sec t ion  i f  t h e  deck i s  d i v i d e d  
i n t o  two segments by a  l o n g i t u d i n a l  expansion j o i n t .  

23 MEM SPAC 1 7 - Spacing ( i n  f e e t )  o f  t he  main members a t  DATALOCA 1 
i f  t h e  c ross-sec t ion  o f  t h e  roadway deck i s  monol i -  
t h i c ;  o r  spacing o f  t h e  main members i n  t h e  l e f t  
s e c t i o n  o f  t h e  c ross-sec t ion  i f  t h e  deck i s  d i v i d e d  
i n t o  two sec t ions  by a  l o n g i t u d i n a l  expansion j o i n t .  

24 MEMSPAC2 7 - S p a c i n g  ( i n f e e t ) o f t h e m a i n m e m b e r s a t D A T A L O C A 2  
i n  t h e  r i g h t  sec t i on  o f  t h e  c ross -sec t i on  i f  t h e  
deck i s  d i v i d e d  i n t o  two sec t ions  by a  l o n g i t u d i n a l  
expansion j o i n t .  

25 DATALOCA 1 9 - Loca t ion  ( i n  f e e t )  a t  which t h e  values DECK WID 1, 
NO MNMEM 1, and MEM SPAC 1 are  v a l i d ,  measured along 
t h e  c e n t e r l i n e  o f  t h e  b r idge  from t h e  l e f t  abutment. 

26 DATALOCA 2 9 - L o c a t i o n  ( i n  f e e t )  a t  which t h e  values DECK WID 2, 
NO MNMEM 2, and MEM SPAC 2 are  v a l i d ,  measured along 
t h e  c e n t e r l i n e  o f  the b r i d g e  f rom the l e f t  abutment. 

27 NUMBER X X  3 - Span number, support number, foundat ion  number, and 
j o i n t  number associated w i t h  r e c o r d  CODE. 

28 SPAN LENG 7 - Length ( i n  f e e t )  o f  span NUMBER XX.  
29 SPAN TYPE 8 - Abbrev ia t i on  i n d i c a t i n g  the  type o f  b r i d g e  span f o r  

span NUMBER XX based on t h e  b r i d g e  m a t e r i a l s  and t h e  
type o f  const ruc t ion .  

30 MAT DECK 4 - The 28-day compressive s t reng th  o f  t h e  concre te  
roadway deck ( i n  pounds p e r  square i nch ) .  

31 MAT MNMEM 6 - St rength  o f  t h e  main members o r  t h e  box-g i rder  
sec t i ons  ( i n  pounds per square i n c h  f o r  t he  28-day 
compressive s t reng th  o f  concre te  o r  i n  k i p s  per  
square i n c h  f o r  t he  y i e l d  s t r e n g t h  o f  s t e e l ) .  

32 MAT SUP 4 - St rength  o f  t h e  b r idge  supports ( i n  pounds pe r  
square i n c h  f o r  the  28-day compressive s t r e n g t h  of 
concre te  supports o r  i n  k i p s  pe r  square i n c h  f o r  t h e  
y i e l  d  s t r e n g t h  o f  s t e e l  supports) .  

33 MATFNDTN 4 - 28-day compressive s t r e n g t h  o f  t h e  concre te  
foundat ion  ( i n  pounds per  square i nch ) .  



TABLE 1 (cont inued)  

F i e l d  Name Width D e f i n i t i o n  

DATA FROM 9 - L o c a t i o n  ( i n  f e e t )  a t  which the  box -g i rde r  c ross-  
s e c t i o n  da ta  i n  f i e l d s  #21, and #38 t o  #45 i s  v a l i d ,  
measured a long  the  b r i d g e  c e n t e r l i n e  from t h e  l e f t  
abutment; o r  l o c a t i o n  which i n  c o n j u n c t i o n  w i t h  
DATA TO represents  t h e  beg inn ing  and ending p o i n t s ,  
r e s p e c t i v e l y ,  f o r  a  segment o f  box -g i rde r  over  which 
t h e  da ta  i n  f i e l d s  #21, and #38 t o  #45 i s  v a l i d .  

DATA TO 9 - L o c a t i o n  ( i n  f e e t )  which i n  c o n j u n c t i o n  w i t h  
DATA FROM represents  the  end and beg inn ing  p o i n t s ,  
r e s p e c t i v e l y ,  f o r  a  box-g i rder  segment over  which 
t h e  da ta  i n  f i e l d s  #21, and 838 t o  #45 i s  v a l i d .  

INT MN MEM 4 - Numbers denot ing  t h e  i n t e r i o r  and e x t e r i o r  main 
EXT MN MEM 4 member s i z e s  a t  DATALOCA 1 ( c o n s i s t i n g  o f  t h e  WSDOT 

des igna t i ons  f o r  most p res t ressed concre te  g i r d e r s ,  
t h e  A I S C  des ignat ions  f o r  s t e e l  beams, o r  o t h e r  
des igna t i ons  f o r  o the r  types o f  b r i d g e  members). 

MAX CEL HT 6 - Maximum and minimum c e l l  he igh ts  ( i n  f e e t )  o f  t h e  
MIN CEL HT 6 box -g i rde r  s e c t i o n ( s )  measured f rom t h e  cen te r  o f  

t h e  top  s lab  t o  the  c e n t e r  o f  t he  bottom s lab  a t  
DATA FROM o r  between DATA FROM and DATA TO. 

MAX CEL WD 6 - Maximum and minimum c e l l  w id ths  ( i n  f e e t )  o f  t h e  
MIN CEL WD 6 box -g i rde r  s e c t i o n ( s )  measured between t h e  cen te rs  

o f  ad jacen t  webs a t  t he  m idhe igh t  of t h e  c e l l s  a t  
DATA FROM o r  between DATA FROM and DATA TO. 

MAX TOP WD 12 - Maximum and minimum top  w id ths  ( i n  f e e t )  o f  t h e  
MIN TOP WD 12 box -g i rde r  s e c t i o n ( s )  measured between t h e  cen te rs  

o f  t h e  e x t e r i o r  webs a long t h e  c e n t e r l i n e  o f  t h e  top  
s lab  a t  DATA FROM o r  between DATA FROM and DATA TO. 

MAX BOT WD 12 - Maximum and minimum bottom w id ths  ( i n  f e e t )  o f  t h e  
MIN BOT WD 12 box -g i rde r  s e c t i o n ( s )  measured between t h e  e x t e r i o r  

web cen te rs  a long the  c e n t e r l i n e  o f  t he  bottom s lab  
a t  DATA FROM o r  between DATA FROM and DATA TO. 

MAXTOPFLWD 6 - Maximum and minimum w id ths  ( i n  inches)  f o r  t he  top  
MINTOPFLWD 6 f l a n g e  p l a t e s  of t h e  s t e e l  p l  a t e - g i r d e r  s e c t i o n ( s )  

f o r  span NUMBER XX.  
MAXTOPFLTH 6 - Maximum and minimum t o t a l  th icknesses ( i n  i nches )  
MINTOPFLTH 6 f o r  t h e  t o p  f l ange  p l a t e s  o f  t he  s t e e l  p l a t e - g i r d e r  

s e c t i o n ( s )  f o r  span NUMBER XX.  
MAXBOTFLWD 6 - Maximum and minimum w id ths  ( i n  inches)  f o r  t h e  
MINBOTFLWD 6 bot tom f l a n g e  p l a t e s  o f  t h e  s t e e l  p l  a t e - g i  r d e r  

s e c t i o n ( s )  f o r  span NUMBER XX. 
MAXBOTFLTH 6 - Maximum and minimum t o t a l  th icknesses ( i n  inches)  
MINBOTFLTH 6 f o r  t h e  bot tom f l ange  p l a t e s  o f  t h e  s t e e l  p l a t e -  

g i r d e r  s e c t i o n ( s )  f o r  span NUMBER XX.  
MAX WEB DP 6 - Maximum and minimum depths ( i n  inches)  f o r  t h e  web 
MIN WEB DP 6 p l a t e s  of t h e  s t e e l  p l a t e - g i r d e r  s e c t i o n ( s )  f o r  

span NUMBER XX.  
MAX WEB TH 6 - Maximum and minimum th icknesses ( i n  inches)  f o r  t h e  
MINWEB TH 6 web p l a t e s  o f  t he  s t e e l  p l a t e - g i r d e r  s e c t i o n ( s )  f o r  

span NUMBER X X .  



TABLE 1 (con t i nued)  

F i e l d  F ie1  d  Name Width D e f i n i t i o n  

58 MAX TOPCHD 6  - Maximum and minimum c ross -sec t i ona l  areas ( i n  
59 M I N  TOPCHD 6  square inches)  f o r  t h e  t o p  chord members o f  t h e  

s ide - t russes  f o r  span NUMBER XX. 
60 MAX BOTCHD 6 - Maximum and minimum c ross -sec t i ona l  areas ( i n  square 
61 MIN BOTCHD 6 i nches )  f o r  t he  bottom chord members o f  t h e  s ide-  

t russes  f o r  span NUMBER XX. 
63 MAX PAN WD 6 - Maximum and minimum panel w id ths  ( i n  f e e t )  o f  t h e  
63 )!IN PAN WD 6  s ide - t russes  f o r  span NUMBER XX. 
64 MAX PAN HT 6 - Maximum and minimum panel h e i g h t s  ( i n  f e e t )  o f  t h e  
65 MIN PAN HT 6 s ide - t russes  f o r  span NUMBER XX.  
66 MAX DIAG 6  - Maximum and minimum c ross -sec t i ona l  areas ( i n  square 
67  MIN D I A G  6 i nches )  f o r  t h e  diagonal members o f  t h e  s ide- t russes  

f o r  span NUMBER XX. 
68 FNDTN TYPE 8  - Abbrev ia t i on  denot ing t h e  type o f  b r i dge  foundat ion  

f o r  foundat ion  NUMBER XX. 
69 FNDTN CAP 8  - Load capac i t y  of  foundat ion  NUMBER X X  ( i n  k i p s  per  

square f o o t  f o r  spread f o o t i n g s  o r  k i p s  per  p i l e  f o r  
p i l e  foundat ions) .  

70 FNDTN LENG 12 - Typ ica l  l e n g t h  ( i n  f e e t )  measured perpend icu la r  t o  
t h e  ben t  c e n t e r l i n e  f o r  t h e  f o o t i n g s  o r  p i l e  caps o f  
f ounda t ion  NUMBER XX. 

71 FNDTN W I D  9 - Typ ica l  w id th  ( i n  f e e t )  measured para1 l e l  t o  t h e  
ben t  c e n t e r l i n e  f o r  t h e  f o o t i n g s  o r  p i l e  caps o f  
foundat ion  NUMBER XX.  

72 FNDTN THCK 8 - Typ ica l  th ickness  ( i n  f e e t )  f o r  t h e  f o o t i n g s  o r  p i l e  
caps o f  foundat ion  NUMBER XX. 

73 SUP TYPE 6  - Abbrev ia t i on  denot ing t h e  t ype  o f  b r i dge  support  f o r  
ben t  NUMBER XX. 

74 SUP NUMBER 4 - Number o f  columns o r  w a l l  segments i n  bent  
NUMBER XX.  

75 SUP WIDTH 12 - Number denot ing  e i t h e r  t he  d i s tance  cen te r - to -cen te r  
( i n  f e e t )  between t h e  e x t e r i o r  columns measured 
a long the  c e n t e r l i n e  o f  bent  NUMBER XX, o r  t he  w a l l  
w i d t h  ( i n  f e e t )  measured a long t h e  c e n t e r l i n e  o f  
ben t  NUMBER XX. 

76 SUP SIZE 15 - Number(s) denot ing t h e  t y p i c a l  l e n g t h  and w i d t h  ( i n  
f e e t )  f o r  rec tangu l  a r  columns, t h e  t y p i c a l  drameter 
( i n  f e e t )  f o r  round columns, o r  t h e  t y p i c a l  
t h i ckness  o f  t h e  w a l l  ( i n  f e e t )  f o r  bent  NUMBER XX. 

77 SUP HEIGHT 9 - Height  o f  ben t  NUMBER X X  ( i n  f e e t )  measured f rom t h e  
e l e v a t i o n  o f  t h e  deck c e n t e r l i n e  downward t o  e i t h e r  
t h e  e l e v a t i o n  a t  t h e  bot tom o f  t h e  c e n t e r  column 
f o o t i n g  o r  p i l e  cap, t h e  average e l e v a t i o n  a t  t h e  
bot tom o f  t h e  two center-most column f o o t i n g s  o r  
p i l e  caps, o r  t he  e l e v a t i o n  d i r e c t l y  below t h e  
cen te r1  i n e  o f  t he  deck f o r  w a l l  f o o t i n g s .  

78 JOINT TYPE 9 - Abbrev ia t i on  denot ing the  type o f  b r i d g e  connect ion  
f o r  j o i n t  NUMBER XX.  

79 JOINT SEAT 9 - Width o f  t h e  seat  ( i n  f e e t )  upon which the  members 
be ing  connected r e s t  f o r  j o i n t  NUMBER X X ,  



TABLE 1 (con t i nued)  

F i  e l  d  F i  e l  d  Name Width D e f i n i t i o n  - 
80 JOINT LOCA 9 - Loca t i on  ( i n  f e e t )  o f  j o i n t  NUMBER X X  measured a long  

t h e  c e n t e r l i n e  o f  t h e  b r i dge  from t h e  l e f t  abutment. 
8 1  JNT CLEAR 9 - L o n g i t u d i n a l  c learance ( i n  inches)  o f  j o i n t  

NUMBER XX, i .e. t h e  amount o f  t r a v e l  ( i n  inches)  
t h a t  i s  p e r m i t t e d  b e f o r e  the  j o i n t  i s  f u l  l y  c losed.  

82 JNT DETAIL 9 - Number denot ing  t h e  corresponding d e t a i l e d  drawing 
f o r  j o i n t  NUMBER XX as cata logued i n  a  book o f  j o i n t  
d e t a i l s  f o r  t h e  1-5 br idges.  

83 SLBG NUMB 6 - Number denot ing  t h e  s o i l  b o r i n g  number as cata logued 
i n  a  book o f  s o i l  b o r i n g  l o g s  f o r  t h e  1-5 br idges .  

84 SLBG LOCA 7 - Loca t i on  ( i n  f e e t )  o f  SLBG NUMB as measured a long  
t h e  c e n t e r l i n e  o f  t h e  b r i dge  f rom t h e  l e f t  abutment. 

85 SLBG ELEV 7 - E l e v a t i o n  ( i n  f e e t )  above sea l e v e l  o f  t h e  o r i g i n a l  
grade f o r  SLBG NUMB. 

86 LT ABUT EL 7 - E l e v a t i o n  ( i n  f e e t )  above sea l e v e l  o f  t h e  deck 
c e n t e r l  i n e  a t  t h e  l e f t  abutment. 

87 RT ABUT EL 7  - E l e v a t i o n  ( i n  f e e t )  above sea l e v e l  o f  t h e  deck 
c e n t e r l i n e  a t  t h e  r i g h t  abutment. 

88 RAD BTWN 10 - Radius ( i n  f e e t )  o f  t h e  h o r i z o n t a l  curve ending a t  
l o c a t i o n  RAD LOCA. Fo r  t h e  f i r s t  b r i dge  record ,  t h e  
curve begins a t  o r  be fo re  t h e  l e f t  abutment. F o r  
subsequent b r i d g e  records,  t h e  curve begins a t  t h e  
l o c a t i o n  RAD LOCA o f  t h e  prev ious  b r i d g e  record .  

89 RAD LOCA 9 - Loca t i on  ( i n  f e e t )  a t  t h e  end o f  t h e  h o r i z o n t a l  
curve corresponding t o  r a d i u s  RAD BTWN measured 
a long t h e  b r i d g e  c e n t e r l i n e  from t h e  l e f t  abutment. 

90 DECK TILT 9 - L a t e r a l  s lope o r  t i l t  ( i n  percen t )  o f  t he  roadway 
deck a t  l o c a t i o n  TILT LOCA. 

91 TILT LOCA 9 - Loca t i on  ( i n  f e e t )  a t  which t h e  l a t e r a l  s lope 
DECK TILT i s  v a l i d  measured along. t h e  c e n t e r l  i n e  of 
t h e  b r i d g e  f rom t h e  l e f t  abutment. 

92 BENT SKEW 8 - Skew ( i n  degrees) o f  t h e  bent  a t  l o c a t i o n  SKEW LOCA. 
93 SKEW LOCA 9 - Loca t i on  ( i n  f e e t )  a t  which t h e  BENT SKEW i s  v a l i d  

measured a long t h e  c e n t e r l i n e  o f  t h e  b r i dge  f rom t h e  
l e f t  abutment. 

94 RDWYSLOPEl 7  - V e r t i c a l  s lope ( i n  pe rcen t )  o f  t h e  roadway f o r  t h e  
e n t i r e  b r i d g e  deck; o r  v e r t i c a l  s lope f o r  a  p o r t i o n  
o f  t h e  b r i d g e  deck t o  t h e  l e f t  o f  t h e  v e r t i c a l  cu rve  
corresponding t o  l o c a t i o n  PT VRT INT. 

95 PT VRT INT 9  - Loca t i on  ( i n  f e e t )  o f  t h e  i n t e r s e c t i o n  p o i n t  f o r  t h e  
v e r t i c a l  curve  w i t h  tangent  slopes RDWYSLOPEl on t h e  
l e f t  and RDWYSLOPEZ on t h e  r i g h t  as measured a long 
t h e  c e n t e r l i n e  o f  t h e  b r i d g e  f rom t h e  l e f t  abutment. 

96 RDWYSLOPE2 7  - V e r t i c a l  s lope ( i n  pe rcen t )  o f  t h e  roadway f o r  a  
p o r t i o n  o f  t h e  b r i d g e  deck t o  t h e  r i g h t  o f  t h e  
v e r t i c a l  cu rve  corresponding t o  l o c a t i o n  PT VRT INT. 

97 CURVE LENG 6 - Hor i zon ta l  l e n g t h  ( i n  f e e t )  o f  t he  v e r t i c a l  curve  
w i t h  i n t e r s e c t i o n  p o i n t  a t  l o c a t i o n  PT VRT INT. 

98 NOTES 10 - MS-DOS f i lename f o r  t h e  b r i d g e  foo tno te .  



Earthquake-Resistant Design and Structure Vulnerability 
9950-04181 

Edgar V. Leyendecker 
Branch of Geologic Risk Assessment 

U. S. Geological Survey 
Denver Federal Center, M.S. 966 

Denver, CO 80225 
(303) 236-1601 

1. Work is continuing on improving measures of vulnerability of 
structures to damage, including the refinement of our 
understanding of earthquake damage and the applicability of 
the existing data base on earthquake damage. 

2. ~nvestigations continue for development/identification of 
cost-effective techniques for determining inventory at risk 
and on damage survey procedures. Revised procedures are 
planned for field testing. 

3. Work was initiated to investigate structural damages 
occurring as a result of the Loma Prieta earthquake. 

4. studies continue on ground motion parameters used in 
structural design that might be most useful in national 
maps. 

Results 

1. ~xamination of current vulnerability relationships is 
continuing with a review of existing earthquake damage data 
bases and the new data obtained following the Loma Prieta 
earthquake. 

2. Development of inventory at risk is costly and is a major 
impediment to accurate loss estimates. A study of the 
critical elements of inventory needed for loss assessment in 
urban areas, including field inventory techniques is in 
progress. Plans for preparation of inventory training 
procedures are continuing for trial use. Important strides 
have been made under the U.S.G.S. grant program and these 
results will be used where possible. 

3. Field investigation of damages occurring as a result of the 
Loma Prieta earthquake were begun the day after the 
earthquake shook the Bay area. The data collected ranged 
from chimney damage to collapse of transportation networks. 
Both federal and private facilities were included. These 
data were used in the preparation of intensity maps. Data 
are continuing to be collected with the aim of improving 
correlations of damage with structural type, ground motion, 
and intensity. 



4. Work is continuing on providing structural input to the 
ground motion parameters that should be included in national 
maps. USGS has participated in three recent workshops on 
the subject. One sponsored by USGS/SEAOC and two by the 
National Center for Earthquake Engineering Research. 
proceedings of two of these workshops have been published 
and the third will be published in the near future. Studies 
are being conducted on attenuation relationships and the 
resulting spectral shapes with magnitude and distance. A 
number of cities have been selected for hazard analysis and 
the spectra that results from the analysis will be prepared 
for different exposure periods. 

Hopper, M . G : ,  Leyendecker, E.V., Thenhaus, P.C., Stover, C.W., 
Algermissen, S.T., Reagor, B.G., Perkins, D.M., Hanson, 
S.L., Brewer, L.R., and Baldwin, F.W., 1989, Damage and 
intensity survey of the October 17, 1989 Lorna Prieta 
earthquake: American Geophysical Union Fall Meeting, 
December 4-8, 1989, San Francisco, California, Special 
session on the Loma Prieta earthquake. 

Contributor to: Plafker, G., and Galloway, J.P., eds., 1989, 
Lessons learned from the Lorna Prieta, California, earthquake 
of October 17, 1989: U.S. Geological Survey Circular 1045. 
Contribution was a discussion of Modified Mercalli 
Intensities and an MMI map of the earthquake (p. 17-20). 

Leyendecker, E.V., Thenhaus, P.C., Campbell, K.W., Hopper, M.G., 
Hanssn, S.L.,Algermissen, S.T., and Perkins, D.M., 1990, 
Preliminary assessment of the distribution of intensity and 
strong ground motion for the Lorna Prieta Earthquake: 
Earthquake Spectra--The October 17, 1989, Loma Prieta 
Earthquake, Special Issue, in review. 

Leyendecker, E.V., Thenhaus, P.C., Campbell, K.W., Hopper, M.G., 
Hanson, S.L., Algermissen, S.T., and Perkins, D.M., 1990, 
Preliminary assessment of the distribution of strong ground 
motion and intensity for the Lorna Prieta Earthquake: 
Interagency Committee on Seismic Safety and Construction, 
Special Report on the October 17, 1989, Loma Prieta 
Earthquake, in review. 



LATE QUATERNARY FAULTING, SOUTHERN SAN ANDREAS FAULT 

Michael J. Rymer 

Branch of Engineering Seismology and Geology 
U.S. Geological Survey 

345 Middlefield Road, MS/977 
Menlo Park, CA 94025 

(415) 329-5649 

Investigations 

1. Post-earthquake investigation of the 1989 Loma Prieta earthquake. 

2. Trench investigations of the San Andreas fault in the Durmid Hill-Bombay Beach area. 

3. Continued investigation of the Quaternary history of the San Andreas fault in the 
Coachella Valley, with special emphasis on structure and stratigraphy. 

Results 

Post-earthquake studies of the Loma Prieta earthquake were concentrated initially in the 
San Juan Bautista to Correlitos area to look for coseismic surface rupture. Starting the day 
after the earthquake, and for 4 months afterwards, measurements were made of line lengths 
in small-aperture nail quadrilaterals emplaced in paved roadways in the epicentral area 
and aftershock zone of the earthquake. The nail quadrilaterals show that only small 
amounts of postseismic slip occurred since the earthquake, thus not compensating for minor 
(<3 cm) surface faulting along the San Andreas fault in spite of the approximately 1.6 m of 
slip at depth. Two nail quadrilaterals were installed across the San Andreas fault and 
three across dominantly extensional cracks in the Summit Road area. The two sites on the 
San Andreas show about 3 to 5+2 mm of postseismic slip, whereas the three sites across 
extensional cracks show equivocal contractional motion, possibly due to the quick, crude 
measuring techniques used. Regardless, measurements at all sites show that large 
postseismic slip did not follow the earthquake. 

Trenching, with R.V. Sharp, across faults in the Durmid Hill-Bombay Beach area showed 
that the "dog leg" section between Durmid Hill and Bombay Beach is a wide, extremely 
complex zone of right-lateral faulting. Also, the faults in this zone have trends parallel to 
that of the San Andreas. We, therefore, infer that this section of faults is in fact taking up 
most if not all the motion on the San Andreas fault and is part of the San Andreas fault. 
The age of deposits exposed in the trenches is not yet known. Samples for 14c dating were 
collected, but have not yet been submitted. Likewise, samples for 14c dating were collected 
from trenches studied by Scott Lindvall (Lindvall-Richter Associates) at Bombay Beach in 
June, 1989. Dating of deposits at both sites will help resolve the age of strata involved in 
the wide zones of faulting. 

3. Mapping of Quaternary deposits in the Indio and Mecca Hills has revealed, among many 
other things, a more widespread presence of the Bishop ash (0.73 Ma) than previously 
known. New exposures of the Bishop ash were found in the central Indio Hills and the 



western Mecca Hills, thus providing age control for the stratigraphic sequence and for 
development of tectonic features. Features in the western Mecca Hills are the most 
interesting, because they suggest that fault-normal compression with commensurate fault- 
parallel folds developed since deposition of the Bishop ash. Such fault-normal 
compression is in contrast to the more common right-lateral transpressive fold development 
exposed elsewhere in the Indio and Mecca Hills. 

Reports 

Rymer, M.J., 1989, Surface rupture in a fault stepover on the Superstition Hills fault, 
California, in Schwartz, D.P., and Sibson, R.H., eds., Fault segmentation and controls of 
rupture initiation and termination: U.S. Geological Survey Open-File Report 89-315, p. 
309-323. 

U.S. Geological Survey staff, 1989, Lessons learned from the Loma Prieta, California, 
earthquake of October 17,1989: U.S. Geological Survey Circular 1045,48 p. 

U.S. GeoIogical Survey staff, 1990, The Lorna Prieta , California, earthquake: an anticipated 
event: Science, v. 247, p. 286-293. 



Earthquake Hazards S t u d i e s ,  Me t ropo l i t an  Los Angeles- 
Western T ransve r se  Ranges Region 

R.F. Yerkes 
Branch of Western Regional Geology 

345 Midd le f i e ld  Road M/S 975 
Menlo Pa rk ,  C a l i f o r n i a  94025 

(415)  329-4946 

I n v e s t i g a t i o n s  and r e s u l t s  

1. H i s t o r i c  ea r thquakes  (W.H.K. Lee and Yerkes) .  R e i n t e r p r e t i n g  a l l  
a v a i l a b l e  seismograms f o r  50 1984+ ear thquakes  i n  t h e  Los Angeles b a s i n -  
n o r t h e r n  P e n i n s u l a r  Ranges r eg ion  t o  a s s i s t  i n  i d e n t i f y i n g  t h e  bu r i ed  s o u t h e r n  
t e c t o n i c  boundary of t h e  T ransve r se  Ranges and a s s o c i a t e d  s t r u c t u r a l  
e lements .  Th i s  s tudy  was i n t e r r u p t e d  by equipment (VAX 750) demands o f  t h e  
Loma P r i e t a  ear thquake .  A method f o r  c i rcumventing t h i s  b o t t l e n e c k  is be ing  
dev i sed ,  b u t  is n o t  i n  p l ace .  

2. Geologic  s t u d i e s  (Yerkes,  C.M. Wentworth, and P.K. Showa l t e r ) .  A s  a  
neces sa ry  i n i t i a l  s t e p  i n  o r g a n i z i n g  a v a s t  f i l e  of  subsu r f ace  d a t a  we 
assembled,  c o l l a t e d ,  and mapped, u s i n g  GIs-Arc I n f o ,  d a t a  on 1385 e x p l o r a t o r y  
w e l l s  of  r e c o r d  i n  t h e  Los Angeles 1:100,000 quadrangle .  The d i g i t i z e d  map 
shows bottom-hole geology f o r  each  well and o i l f i e l d  boundar ies  wi th  names; a  
s e p a r a t e  register, keyed t o  t h e  map, i n c l u d e s  l o c a t i o n ,  dep th ,  and d e t a i l e d  
g e o l o g i c  d a t a  on t h e  wells. 

Repor t s  

Davis ,  T.L., Narnson, J. ,  and Yerkes,  R.F., 1989, A c r o s s  s e c t i o n  o f  t h e  Los 
Angeles a r e a :  s e i s m i c a l l y  a c t i v e  f o l d  and t h r u s t  b e l t ,  t h e  1987 W h i t t i e r  
Narrows ear thquake ,  and ea r thquake  hazard : J o u r  . Geophys. Res. , v o l  . 94, 
no. B7, p .  9644-9664, p l a t e .  

Yerkes,  R.F., Oppenheimer, D.H. ,  and Lee, W.H.K.,  1989, E l s i n o r e  f a u l t  zone-- 
s e i s m i c i t y  vs. age o f  s u r f a c e  f a u l t s  ( a b s . ) :  EOS, vo l .  70,  no. 43 ,  
p .  1363. 



Expert Synthesis and  Translation of Earthquake Hazard Results 
-A Book for Non-Scientists in the Wasatch Front Region 

14-08-0001-GI 671 

W.J. Arabasz and D.R. Mabey 
Department of Geology and Geophysics 

University of Utah 
Salt Lake City, Utah 841 12-1 183 

(801) 58 1-6274 

Investigations: 

This "implementation" project is part of the culmination of recent NEHRP focus on Utah's 
Wasatch Front region. The goals of the project are: (1) to coordinate with the scientific investiga- 
tors who have worked in the Wasatch Front earthquake-hazards program-in order to develop a 
synthesis of important technical information, (2) to produce intermediate-level summaries from 
those discussions, and finally, (3) to "translate" the technical information into a book on the earth- 
quake threat in Utah for non-earth scientists. The book is being designed to appeal to (i) the gen- 
eral public (who must encourage and support elected and appointed officials to make decisions on 
implementing earthquake-hazard-reduction measures), (ii) teachers and students, and (iii) decision- 
makers themselves. (During the report period, a no-cost extension was r e q u e s t e h n d  granted-- 
for this award. The project completion date is now September 30, 1990.) 

Results: October 1, 1989-March 31, 1990 

Negotiations are under way for co-publication of the book by the University of Utah Press 
and by the Utah Geological & Mineral Survey. Targeting of the book as a so-callcd "trade titlc" 
for general readership in Utah is influencing some reshaping of the book for public appeal. Book- 
sellers, for example, emphasize the need for "something people can grab and use" (hence, a rcquest 
for chapters on "How to Prepare" and "What to do When it Hits"). In a similar vein, booksellers 
also emphasize the need for having a book that represents "the only book that people need in order 
to be educated about [earthquakes] in Utah." 

For the upcoming "Sixth Annual Wasatch Front Earthquake Conference" (June 1 1-12, 1990), 
efforts are being made to produce another intermediate-stage summary (task 2). Direct experience 
with various user-groups during the past year emphasizes that technically-worded summaries pro- 
duced by scientists and engineers are simply too complicated for them to understand. The informal 
document being prepared is modular and contains sections on: (1) a general introduction to Utah's 
earthquake threat; (2) a "translation" of technical conclusions produced in 1989 by working groups 
of scientists and engineers; (3) a motivational section, "Is Utah Ready to Take Action to Reduce its 
Earthquake Risk?" by G. Atwood and W. Hays; and (4) an instructional section on "Basic Stra- 
tegies for Loss Reduction," by M. Lowe, G.E. Christenson, C.V. Nelson, R.M. Robison, and J. 
Tingey. The precisely-worded technical conclusions prepared by the working groups will be 
appended. This particular document is slill, in effect, a working document for "those in thc know." 
There remains an evidcnt need to produce one or more simplified, graphic brochures for different 
types of decision-makers; the document at hand is intended to provide a starling point for such bro- 
chures. 



Near-Surface Lithologic and Seismic Properties 

J.F. Gibbs and W.B. Joyner 
Branch o f  Eng inee r i ng  Seismology and Geology 

345 M i d d l e f i e l d  Road, MS 977 
Menlo Park,  C a l i f o r n i a  94025 

(415)  329-5631 o r  (415) 329-5640 

I n v e s t i g a t i o n s  

Measurements o f  se ismic  v e l o c i t y  and a t t e n u a t i o n  t o  de te rmine  t h e  e f f e c t  
o f  l o c a l  geo logy  on s t r o n g  ground mo t i on  and t o  a i d  i n  t h e  i n t e r p r e t a -  
t i o n  o f  se i sm ic  source parameters .  

R e s u l t s  

1. J. F. Gibbs p a r t i c i p a t e d  i n  t h e  Loma P r i e t a  a f t e r s h o c k  program f rom 
Oct. 18, 1989 t o  m i d  Jan. 1990 d e p l o y i n g  and s e r v i c i n g  General  
Ear thquake Obse rva t i on  Systems (GEOS) r e c o r d e r s  i n  t h e  Mar ina  
d i s t r i c t  o f  San F ranc i sco ,  on t h e  Peninsu la ,  Eas t  Bay, and i n  
n o r t h e r n  Santa C l a r a  V a l l e y .  Numerous a f t e r s h o c k s  were recorded  a t  
t h e  above l o c a t i o n s .  

2. P r e l i m i n a r y  r e s u l t s  f rom bo reho le  obse rva t i ons  a t  t h e  G i l r o y  s t r o n g  
m o t i o n  s t a t i o n  No. 2  i n d i c a t e  an average shear-wave Q o f  10.2 k 3.2 
f o r  t h e  upper 115 m  o f  a l l u v i u m ,  wh ich  i s  c h a r a c t e r i s t i c  o f  much of 
t h e  v a l  l e y - f  ill u n d e r l y i n g  t h e  h e a v i l y  popu la ted  a reas  o f  Santa 
C l a r a  V a l l e y .  

Repor ts  

Gibbs, J.F., 1989, Near -su r face  P- and S-wave v e l o c i t i e s  from bo reho le  
measurements near  Lake Hemet, C a l i f o r n i a :  U.S. Geo log i ca l  Survey 
Open-Fi le  Repor t  89-630, 10 p. 

Gibbs, J.F., Roth, E.F., Fumal, T.E., Jasek, N.A., and Emsl ie ,  M.A., 
1990, Seismic  v e l o c i t i e s  f rom bo reho le  measurements a t  f o u r  
l o c a t i o n s  a l ong  a  f i f t y - k i l o m e t e r  s e c t i o n  o f  t h e  San Andreas F a u l t  
near  Park f  i e l d ,  Cal i f o r n i a :  U. S. Geol og i c a l  Survey Open-Fi l e  
Repor t  90-248, 35 p. 
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1. Establishment and maintenance of an instrumented site in 
Parkfield, ~alifornia, to monitor pore-pressure build-up in a 
sand undergoing liquefaction and strong ground motion during 
the predicted Parkfield earthquake. 

2. Documentation of liquefaction effects in the Monterey Bay 
region from the October 17,1989, Loma Prieta, California, 
earthquake. 

3. Documentation of liquefaction and causes of damage in the 
Marina District of San Francisco from the October 17, 1989, 
Loma Prieta, California, earthquake. 

Results 

1. The Parkfield liquefaction array with 14 pore pressure trans- 
ducers and 5 three-component force-balanced accelerometers was 
maintained. Recording systems consist of two CRA-1 film 
recorders and a GEOS digital recording system connected to 
five transducers to improve the dynamic range. Geotechnical 
laboratory testing of undisturbed soil samples taken in Novem- 
ber 1987 was complete and the liquefaction potential from the 
laboratory tests is presently being compared to the field 
results. Analysis of seismic refraction tests conducted 
during initial site exploration revealed evidence for unsatu- 
ration beneath the water table. Since unsaturation reduces 
liquefaction potential, the refine of the technique offers the 
potential for improving liquefaction assessments. 

A map showing the distribution and nature of liquefaction- 
related ground failures at a scale of 1:24,000 is being pre- 
pared for the Monterey ~ay-Hollister region, California. A 
comprehensive program of regional field studies and site 
specific investigations is in progress at 11 sites; the field 
phase is scheduled for completion in June, 1990. These stud- 
ies include stratigraphic and geomorphic analyses of the 
facies associations of the ground failures; an evaluation of 
published USGS liquefaction potential map (Dupre and Tinsley, 
1980) for the Monterey Bay region (scale 1:62,500), in light 



of the Lorna Prieta earthquake effects; comparisons of 1989 
liquefaction effects with published reports of permanent 
ground failures arising from the 1906 San Francisco 
earthquake; cone penetrometer, standard penetrometer, and 
piezocone penetrometer studies of selected lateral spread 
ground failures to determine in-situ properties of failed and 
adjacent non-failed materials in relation to ground motion 
generated by the Loma Prieta earthquake; and comparisons among 
geotechnical properties of sediments involved in the failures 
of the natural deposits in relation to published curves for 
evaluating liquefaction susceptibility as used in standard 
engineering practice in the United States. Several sites have 
been located which may afford good potential to evaluate 1906 
and earlier earthquakes using paleoliquefaction studies. 

The initial compilation of ground failure effects using aerial 
photographic analysis coupled with field mapping and sampling 
of ejected sand is complete; particle size analysis of ejected 
sand samples is in progress in the soil laboratory at Menlo 
Park. From a stratigraphic perspective, there is a strong 
association between fluvial channel, levee, and point bar 
deposits and liquefaction effects observed following the 
October 17, 1989, earthquake, especially among deposits which 
are less than a few hundred years old. 

Liquefaction was widespread within late Holocene fluvial 
deposits of the Pajaro and ~alinas rivers, especially in 
tidewater reaches where ground water is within 1 to 2 meters 
of the ground surface year-round and the effects of prolonged 
drought on ground-water levels is minimal. In contrast to 
1906, when wet soil moisture conditions contributed to wide- 
spread hillslope flow failures, in 1989, few if any slope 
failures related to liquefaction were reported. Intensity of 
liquefaction effects decreases upstream, as the fluvial depos- 
its become more coarse, despite increasing proximity to the 
Loma Prieta earthquake seismic source zone. The proximity of 
a free-face within 50 to 150 m was commonly observed in later- 
al spread ground failures. 

Components of displacements associated with ground failures 
measured in the field following the Loma Prieta earthquake 
range from a few millimeters to about 1 meter horizontally; 
settlements range from a few millimeters to less than 2 meters 
vertically. 

Following the Loma Prieta mainshock, sand boils and ground 
cracks in the Marina District were mapped and portable seismo- 
graphs were deployed to monitor aftershocks. Compilations of 
the geology of the district and a geotechnical drilling pro- 
gram also were conducted. Two earthquake effects were recog- 
nized - liquefaction and site amplification. Liquefaction was 
associated with a hydraulic fill that was placed in 1912 for 
the 1915 Panama-Pacific International Exposition. Fill mate- 
rial consists of a loose, clean, well-sorted sand. Site 



amplification occurred over a broad area in the district. The 
area is one underlain by over 250 feet of unconsolidated 
natural deposits. Aftershock recordings revealed maximum 
amplification of six- to ten-fold. Our preliminary 
investigation reveals that both liquefaction and shaking 
caused damage to structures in the district. Structures were 
damaged on both natural deposits and artificial fills. 
Further investigation is required to define the relative 
significance of each of these hazards. Damage from earthquake 
shaking was abetted by inadequate stiffness of bottom stories 
and, in some cases, by the deterioration of timber or lack of 
proper anchoring of timber frames to their concrete strip 
foundations. Underground pipelines appear to have been 
damaged most severely by permanent differential ground 
displacements caused by liquefaction and consolidation of 
loose fills. 
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The Implementat ion o f  an Earthquake Hazard M i t i g a t i o n  
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I n v e s t i g a t o r s :  Gary Madsen, Loren Anderson, 
and Gerold Barnes 

Utah S t a t e  U n i v e r s i t y ,  Logan, Utah 84322-0730 

I n v e s t i g a t o r s :  

Th i s  i s  t h e  second phase o f  a p r o j e c t  t o  f u r t h e r  develop an earthquake 
hazard preparedness program f o r  S a l t  Lake County i n v o l v i n g  pub1 i c  o f f i c i a l  s, 
community groups, and t h e  general p u b l i c .  The program i s  being designed t o  
c r e a t e  heightened awareness o f  earthquake problems, generate p u b l i c  acceptance 
o f  earthquake hazard r e d u c t i o n  programs, and e s t a b l i s h  an earthquake hazard 
m i t i g a t i o n  p l a n  f o r  t h e  county.  We have a1 ready accompl i shed t h r e e  p r imary  
tasks :  1) assessing earthquake hazard r e d u c t i o n  p r i o r i t i e s  o f  p u b l i c  o f f i c i a l s  
i n  t h e  county, 2 )  assessing p u b l i c  awareness and understanding o f  earthquake 
hazards, and 3)  developing an educat ional  program f o r  S a l t  Lake community groups. 
The second phase o f  t h e  p r o j e c t  began January 1, 1990. The f i n a l  tasks  are :  
4 )  implement ing t h e  educat ion  program w i t h  mater i  a1 s designed f o r  t h r e e  d i s t i n c t  
audiences ( v o l u n t e e r  o rgan iza t i ons ,  t he  business community, and l o c a l  government 
o f f i c i a l s ) ,  and 5) e v a l u a t i n g  the  program's e f fec t i veness .  

Resu l ts :  

The i n i t i a l  t h r e e  months o f  Phase I 1  have been d i r e c t e d  toward implementing 
t h e  educat ion program i n  S a l t  Lake County. O r i g i n a l l y  t h e  educat ional  program 
was developed i n t o  a s l i d e - t a p e  format .  Through severa l  p r e - t e s t s  i t  was decided 
t h a t  t h i s  medium would be t o o  cumbersome and complex t o  use w i t h  t h e  l a r g e  number 
o f  audiences f o r  which t h e  program was ta rge ted.  I n  a d d i t i o n ,  we wanted t o  
i n c l u d e  some r e c e n t l y  ob ta ined m a t e r i a l s  about t h e  Lorna P r i e t a  earthquake. 
Therefore,  we decided t o  add new i n f o r m a t i o n  and t o  change t h e  format  t o  a 
v ideotape.  Th i s  new v e r s i o n  o f  t h e  educat ional  package i s  twenty - th ree  minutes 
l ong  and emphasizes t h r e e  t h i n g s :  what a re  the  major  types o f  earthquake hazards 
e f f e c t i n g  t h e  S a l t  Lake Va l l ey ,  what a re  m i t i g a t i o n  s t r a t e g i e s  which can be 
d i r e c t e d  toward new c o n s t r u c t i o n  as w e l l  as e x i s t i n g  b u i l d i n g s ,  and what can be 
done by i n d i v i d u a l  households t o  reduce t h e  r i s k s  assoc ia ted  w i t h  t h e i r  
res idences as w e l l  as develop seventy-two hour emergency s u r v i v a l  supp l ies .  

The v ideotape has been reviewed e x t e n s i v e l y  by numerous s t a t e  and l o c a l  
government personnel and p r i v a t e  c i t i z e n s .  It i s  now be ing  presented t o  S a l t  
Lake V a l l e y  p u b l i c  o f f i c i a l s ,  community groups and t h e  general p u b l i c .  
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Objective: This research has the broad objective of providing an understanding of the opportunities 
and problems associated with local earthquake risk reduction within the Puget Sound and Portland 
areas. The specific focus is upon local land use and building practices among the larger jurisdictions 
within the region. 

Summarv of Research Accomplishments: Information was collected for the major jurisdictions in the 
region comprising 6 Oregon counties, 16 Oregon cities, 13 Washington counties, 27 Washington cities, 
and 6 port districts. The data about risk perceptions and existing practices led to the identification of 
several different categories of risk reduction opportunities. This variation in situations also led to the 
development and consideration of four different state or regional-level implementation strategies that 
might be undertaken as new information about earthquake risks is developed. These findings are 
detailed in the final project report, Anticipating Earthquakes: Risk Reduction Policies and Practices in 
the Puget Sound and PortlandAreas. 

Re~orts  Produced from this research: 

Anticipating Earthquakes: Risk Reducliou Policies and Practices in tlre Puget Sound and 
Portland Areas, November 1989, Seattle, WA: Institute for Public Policy and Management, 
University of Washington. (Final Project Report) 

Eurthquake Risk Reduction Profiles: Local Policies and Practices in the Puget Sound and 
Portland Areas, November 1989, Seattle, WA: Institute for Public Policy and Management, 
University of Washington. (Background Profiles to the Final Project Report) 

Presentations based on this research: 

"Anticipating Earthquakes: Local Policies and Practices in the Puget Sound and Portland 
Areas," presentation made to the annual meeting of the Western States Seismic Policy 
Council, Boise, Idaho, November 6-9, 1989. 

"Washington Earthquake Policy Review," Presentation made to the House Committee on 
Energy and Utilities, Washington State Legislature, October 24, 1989. 

"Federal Earthquake Risk Reduction Strategies," Invited seminar speaker at the National 
Center for Earthquake Engineering, State University of New York at Buffalo, June 22, 1989. 



"Earthquake Risk Reduction Policies and Practices within the Puget Sound and Portland 
Areas," Presentation at the USGS-FEMA Workshop, Portland, Oregon, March 28-30,1989. 

"Earthquake Risk Reduction Prospects," Presentation at the USGS-FEMA Workshop, 
Olympia, WA, April 12-15,1988. 

Forthcomine uaoers: 

"Earthquake Risk Reduction: Implementation Prospects for the Puget Sound and Portland 
Areas," Fourth US National Conference on Earthquake Engineering, May 20-24,1990, Palm 
Springs, CA. 

"Earthquake Risk Reduction Prospects for the Puget Sound and Portland Areas," submitted 
for the USGS Professional Paper. 

Other uroiect activities: 

Assistance for dissertation work by Sarah Michaels, University of Colorado PhD candidate, on 
"Earthquake Issue Networks in Washington State and British Columbia". 

Support for two graduate student assistants at the University of Washington. 
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Ob-iective: This research has the broad objective of providing an understanding of the opportunities 
and problems associated with local earthquake risk reduction within the Puget Sound and Portland 
areas. The current research addresses professional practices and their relationship to local policies. It 
is aimed at providing a better understanding of the role of the professional standards of architects, 
geotechnical and structural engineers, and other design professionals in influencing local earthquake 
risk reduction. This is particularly unique and important in that it turns attention to the prospective 
role of the design professions in enhancing local earthquake risk reduction, rather than assuming risk 
reduction is necessarily accomplished through governmental actions. 

Summary of Research To Date: Information is being collected about: (a) the role of different 
professional associations for design professionals in influencing risk reduction practices, (b) state 
licensing and registration requirements as they relate to professional practices, and (c) design 
professionals' perceptions of changes in practice over time. 

Pa~ers/Presentations based on this research: 

"Loss Estimates as Unknown Numbers," Presentation at the USGS-FEMA NEHRP Workshop, 
Seattle, Washington, April 17-19, 1990. 
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Investigations 

The Global Digital Network Operations presently consists of 14 SRO/ASRO, 13 
DWWSSN stations, and 80 WWSSN-type recording stations located in 58 
countries and islands throughout the world. The primary objective of the 
project is to provide high-quality digital and analog seismic data for 
fundamental earthquake investigations and research, enhancing the United 
States capabilities to detect, locate, and identify earthquakes and 
underground nuclear explosions in support of test ban issues. Technical and 
operational support is provided as funds permit to keep the GSN operating at 
the highest percentage of recording time possible. This support includes 
operational supplies, replacement parts, repair service, modifications of 
existing equipment, installation os systems and on-site maintenance, 
training, and calibration. A service contract provides technicians to 
perform the support requirements as well as special projects such as on-site 
noise surveys, site preparations, and evaluation and testing of 
seismological and related instrumentation. 

On-site Station Maintenance 

1. Maintenance was performed at La Paz (ZOBO), Bolivfa, during November. 

2. Due to reduced project funding considerations, maintenance visits have 
been curtailed during this period. The systems at Bogota (BOCO), Colombia, 
and Lembang (LEM), Indonesia, have had catastrophic failures and will remain 
inoperative until funding is available for maintenance or replacement of the 
current system at those locations. 

Results 

The Global Digital Network continues with a combined total of 107 wWSSN/ 
SRO/ASKO/DWWSSN/IRIS stations. The main effort of this project, as funding 
permits, is to furnish the types of support at a level needed to keep the 
GSN at the highest percentage of operational time in order to provide the 
improved geographical coverage with analog and digital data from highly 
sensitive short-period and broadband seismic sensor seismograph systems. 
Seventy-four WWSSN stations have been converted from photographic recording 
to thermal recording. Thirty-eight stations operate with six components. 
Six stations (BKS, DUG, FVM, GSC, HON, and LUB) continue with photographic 
recording. 



U. S. Seismic Network 
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I n v e s t i g a t i o n s  -- 

U.S. Se i smic i ty .  Data from the  U.S. Seismic Network (USSN) a r e  used t o  
o b t a i n  p re l imina ry  l o c a t i o n s  and magnitudes of s i g n i f i c a n t  ea r thquakes  
throughout  t he  United S t a t e s  and t h e  world. 

R e s u l t s  

As an o p e r a t i o n a l  program, t h e  USSN opera ted  normally throughout  t h e  r e p o r t  
per iod.  Data were recorded  con t inuous ly  i n  r e a l  t ime a t  t h e  Nat iona l  Earth-  
quake Informat ion  C e n t e r ' s  ( N E I C )  main o f f i c e  i n  Golden, Colorado. A t  t he  
p re sen t  t ime,  80 channels  of SPZ d a t a  a r e  being recorded  a t  Golden on 
develocorder  f i l m .  This  i n c l u d e s  d a t a  te lemetered  t o  Golden v i a  s a t e l l i t e  
from both the  Alaska Tsunami Warning Center ,  Palmer, Alaska,  and t h e  P a c i f i c  
Tsunami Warning Center ,  Ewa Beach, Hawaii. A r e p r e s e n t a t i v e  number of SPZ 
channels  a r e  a l s o  recorded on H e l i c o r d e r s  t o  g ive  NEIC rea l - t ime  moni tor ing  
c a p a b i l i t y  of t he  more a c t i v e  seismic a r e a s  of t h e  United S t a t e s .  In  addi- 
t i o n ,  18 channels  of LPZ d a t a  a r e  recorded i n  r e a l  t i m e  on m u l t i p l e  pen 
He l i co rde r s  . 
Data from the  USSN a r e  i n t e r p r e t e d  by record a n a l y s t s  and the  se i smic  read- 
i n g s  a r e  en t e red  i n t o  t h e  NEIS d a t a  base. The d a t a  a r e  a l s o  used by NEIS 
s tandby personnel  t o  monitor  s e i smic  a c t i v i t y  i n  the United S t a t e s  and world 
wide on a  r e a l  t ime b a s i s .  A d d i t i o n a l l y ,  t h e  d a t a  a r e  used t o  suppor t  t h e  
Alaska Tsunami Warning Center  and the  P a c i f i c  Tsunami Warning Se rv i ce .  A t  
t h e  p r e s e n t  t ime ,  a l l  e a r thquakes  l a r g e  enough t o  be recorded  on s e v e r a l  
s t a t i o n s  a r e  worked up us ing  the "Quick Quake" program t o  o b t a i n  a  provi-  
s i o n a l  s o l u t i o n  a s  r a p i d l y  a s  p o s s i b l e .  F i n a l l y ,  t h e  d a t a  a r e  used i n  such  
NEIS p u b l i c a t i o n s  a s  t he  "P re l imina ry  Determinat ion of Ep icen te r s "  and t h e  
"Earthquake Data Report." 

Development i s  con t inu ing  on an Event Detec t  and Earthquake Locat ion  System 
t o  p roces s  d a t a  gene ra t ed  by t h e  USSN. We expec t  t h e  new system t o  be ready  
f o r  r o u t i n e  o p e r a t i o n a l  u se  du r ing  1990. A t  t h a t  t ime,  t h e  use of develo-  
c o r d e r s  f o r  d a t a  s t o r a g e  w i l l  be d i scon t inued .  Ray Buland and David Ketchum 
have been doing the  developmental  programming f o r  t he  new system. A VAX 
3800 w i l l  be used a s  t h e  primary computer of t h e  Event Detec t  and Earthquake 
Loca t ion  System. 



Six s t a t i o n s  of a p i l o t  VSAT Network have been i n s t a l l e d .  Four of t h e  s t a -  
t i o n s  a r e  t h e  former RSTN sites a t  McMinnville, Tennessee, S t .  Regis F a l l s ,  
New York, Black Hills, South Dakota,  and Red Lake, On ta r io ,  which a r e  now 
ope ra t ed  by the  Branch of Global  Seismology and Geomagnetism. The f i f t h  
s i te  i s  t h e  former AFTAC Array n e a r  Boulder,  Wyoming, and the sixth s i t e  is 
a t  what w a s  fo rmer ly  the  Newport Observatory,  Newport, Washington, which i s  
no longe r  a manned s i t e .  The d a t a  i s  t r a n s m i t t e d  v i a  s a t e l l i t e  t o  a shared 
Master Ear th  S t a t i o n  and on t o  t h e  NEIC a t  Golden, Colorado, v i a  AT&T l ong  
l i n e s .  
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I n v e s t i g a t i o n s  

1. E f f e c t s  of Ea r th  s t r u c t u r e  on source  parameters .  The NEIS now u s e s  
broadband d a t a  t o  r o u t i n e l y  compute parameters  such a s  d e p t h  from d i f f e r -  
e n t i a l  a r r i v a l  t imes ,  r a d i a t e d  energy and a r r i v a l  t imes  of l a t e - a r r i v i n g  
phases.  To a s s u r e  t h e  accuracy  of source  parameters  de r ived  from waveforms 
we a r e  deve loping  c o r r e c t i o n s  f o r  t h e  e f f e c t s  of wave propagat ion  i n  the  
Earth.  

2. Use of d i f f e r e n t i a l  t rave l - t ime anomalies  t o  i n f e r  l a t e r a l  he te ro-  
g e n e i t y .  We a r e  i n v e s t i g a t i n g  l a t e r a l  h e t e r o g e n e i t y  i n  t he  E a r t h  by analyz-  
i ng  d i f f e r e n t i a l  t r a v e l  t imes  of phases t h a t  d i f f e r  i n  r a y  p a t h  o n l y  i n  v e r y  
narrow reg ions  of t h e  Ear th .  Because such phases o f t e n  a r e  a s s o c i a t e d  wi th  
compl ica t ions  n e a r  a cusp  o r  c a u s t i c ,  t h e i r  a r r i v a l  times can not  be accur-  
a t e l y  read  wi thout  s p e c i a l  c o n s i d e r a t i o n  of t h e  e f f e c t s  of propagat ion  i n  
t h e  E a r t h  as we l l  a s  a d d i t i o n a l  p roces s ing  t o  enhance a r r i v a l s .  

3. Use of body wave pulse  shapes t o  i n f e r  a t t e n u a t i o n  i n  t he  Ear th .  I n  
prev ious  work we developed t echn iques  t o  de te rmine  t h e  depth-  and frequency-  
dependence of a t t e n u a t i o n  i n  t h e  Earth. Resolu t ion  of t h i s  f requency  
dependence r e q u i r e s  a n a l y s i s  of a cont inuous  f requency  band from s e v e r a l  Hz 
t o  t e n s  of seconds as we l l  a s  c o n s i d e r a t i o n  of t h e  c o n t r i b u t i o n s  of s c a t t e r -  
i ng  and s l a b  d i f f r a c t i o n  t o  appa ren t  broadening of a  pu l se .  We a r e  now i n  
the  p roces s  of documenting Q f o r  s u r f a c e  even t s  and f o r  even t s  a t  d i f f e r e n t  
dep ths .  

R e s u l t s  

1. E f f e c t s  of Ea r th  s t r u c t u r e  on sou rce  parameters .  Body waves t h a t  touch 
i n t e r n a l  c a u s t i c s  i n  t h e  Ea r th  a r e  d i s t o r t e d  i n  a  way t h a t  can  be mathemati- 
c a l l y  c o r r e c t e d  by H i l b e r t  t r ans fo rma t ion .  The c o r r e c t i o n  f o r  t h i s  pu lse  
d i s t o r t i o n  has  g e n e r a l l y  not  been recognized i n  t he  p r a c t i c e  of r eco rd  
i n t e r p r e t a t i o n .  We a r e  e v a l u a t i n g  the  e f f e c t  on phases t h a t  a r e  commonly 
read by a n a l y s t s  and t h e  p o s s i b l e  e f f e c t  on tomographic i n v e r s i o n s  which 
t ake  r epo r t ed  a r r i v a l  t imes  of body waves on f a c e  va lue .  

2. U s e  of d i f f e r e n t i a l  t r ave l - t ime  anomalies  t o  i n f e r  l a t e r a l  h e t e r o  
g e n e i t y .  We have developed a  source-deconvolut ion technique t h a t  r e s o l v e s  



d i f f e r e n t i a l  t r a v e l  t imes of body waves near  cusps and c a u s t i c s .  Applica- 
t i o n  of t h i s  a lgo r i thm t o  PKP waves sampling the  i n n e r  co re  sugges t s  t h a t  
r e g i o n a l  v e l o c i t y  v a r i a t i o n s  e x i s t  w i th in  the  upper 200 km of the  i n n e r  
core.  The r e g i o n a l  v a r i a t i o n s  a r e  c o n s i s t e n t  w i t h  t h o s e  obta ined  from 
g l o b a l  i n v e r s i o n s  of a b s o l u t e  PKP times. We are reading  h igh  q u a l i t y  
a r r i v a l  t imes  of PCP and branches of PKP, c o r r e c t e d  f o r  propagat ion  e f f e c t s .  
This  accumulat ion of d a t a  can be used t o  de te rmine  i f  p ropagat ion  phenomena 
have b iased  t h e  c a t a l o g  d a t a  which have been used t o  d e r i v e  models of 
l a t e r a l  he t e rogene i ty .  

3. Use of body wave pulse  shapes t o  i n f e r  a t t e n u a t i o n  i n  t h e  Ear th .  The 
frequency-dependent Q model of Choy and Cornier  (1987) has  been c r u c i a l  t o  
t h e  p r a c t i c a l  implementation of some a lgor i thms t h a t  a r e  used t o  compute 
source  parameters .  It was inco rpora t ed  i n t o  a  semi-automated v e r s i o n  of t h e  
a lgo r i thm of Boatwright and Choy (1986) f o r  use by the  NEIC in computing 
r a d i a t e d  e n e r g i e s  of ear thquakes  wi th  mb > 5.8. This  Q model a l s o  provided 
the  c r u c i a l  a t t e n u a t i o n  c o r r e c t i o n  i n  t he  technique  desc r ibed  by Choy and 
Boatwright (1988) and Boatwright and Choy (1989) which d e r i v e s  a c c e l e r a t i o n  
spectrum from f  ar-f i e l d  broadband da ta .  We a r e  now a t  tempting t o  s e p a r a t e  
i n t r i n s i c  a t t e n u a t i o n  from s c a t t e r i n g  i n  waveforms. We syn thes i ze  waveforms 
us ing  a  method t h a t  s imu l t aneous ly  models c a u s a l  a t t e n u a t i o n  and source  
f i n i t e n e s s .  Under t he  assumption t h a t  i n t r i n s i c  a t t e n u a t i o n  can be 
desc r ibed  by minimum phase o p e r a t o r s ,  we can a t t r i b u t e  d i s c r e p a n c i e s  i n  the 
waveforms t o  s c a t t e r i n g .  
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I n v e s t i g a t i o n s  

1. Reloca te  i n s t r u m e n t a l l y  recorded U. S. ea r thquakes  using the  method of 
j o i n t  hypocenter  de t e rmina t ion  (JHD) o r  t h e  mas ter  event  method, u s ing  s u b  
s i d i a r y  phases  (Pg, S, Lg) i n  a d d i t i o n  t o  f i r s t  a r r i v i n g  P-waves, u s ing  
r e g i o n a l  t r ave l - t ime  t a b l e s ,  and express ing  t h e  u n c e r t a i n t y  of the  computed 
hypocenters  i n  terms of conf idence  e l l i p s o i d s  on t h e  hypocent ra l  coordin- 
a t e s .  

2. Evalua te  t he  i m p l i c a t i o n s  of t he  r ev i sed  hypocenters  on r eg iona l  
t e c t o n i c s  and seismic r i s k .  

Resu l t s  

J i m  Dewey has  been s tudy ing  the  s e i s m i c i t y  of a smal l  reg ion  of n o r t h e r n  
Alge r i a  n e a r  Ech Che l i f f  (named O r l e a n s v i l l e  i n  1954 and El Asnam i n  1980) 
which has produced two of t h e  t h r e e  l a r g e s t  ear thquakes  of t h i s  cen tu ry  i n  
t he  1800 km-long c o n t i n e n t a l  North African segment of t h e  A£rican/European 
p l a t e  boundary ex tending  from Morocco through Tunis ia .  The MS=6.5 e a r t h -  
quake of September 9 ,  1954 k i l l e d  over  1200 people ,  and t h e  MS-7.3 e a r t h -  
quake of October 10, 1980 k i l l e d  s e v e r a l  thousand. 

The Alger ian  ea r thquakes  a r e  impor tan t  i n  a n a l y s i s  of U.S. se i smic  r i s k  
because they  were caused by a type  of f a u l t i n g ,  predominant ly r e v e r s e  s l i p  
on f a u l t s  i n  c o n t i n e n t a l  c r u s t ,  t h a t  produces damaging ear thquakes  i n  some 
p a r t s  of t he  United S t a t e s ,  such a s  t h e  western Transverse Ranges and the  
f l a n k s  of the Coast Ranges of C a l i f o r n i a  and a t  v a r i o u s  l o c a t i o n s  of t h e  
c e n t r a l  and e a s t e r n  U.S. An a d d i t i o n a l  importance,  which motivated Dewey's 
r e a n a l y s i s  of t h e  ea r thquakes ,  concerns t h e  c h a r a c t e r i s t i c - d i s p l a c e m e n t  
model of ear thquake  occurrence.  Th i s  model, wide ly  used i n  ear thquake  
hazards  assessments ,  p o s t u l a t e s  t h a t  a g iven  f a u l t  segment produces s i m i l a r  
cose ismic  d isp lacements  through many c y c l e s  of s t r a i n  accumulation and 
r e l e a s e ,  w i th  each  d isp lacement  r e l e a s i n g  t h e  s t r a i n  t h a t  has  accumulated 
a c r o s s  t he  f a u l t  s i n c e  the  previous ear thquake.  Based on e a r l i e r  s t u d i e s ,  
i t  had appeared t h a t  many f e a t u r e s  of the  1980 (El Asnam) ear thquake and i t s  
c a u s a t i v e  f a u l t  f i t  t he  cha rac t e r i s t i c -d i sp l acemen t  model, but t h a t  the  
occurrence  of t h e  1954 ( O r l e a n s v i l l e )  ear thquake  was i n c o n s i s t e n t  w i t h  t h e  
model. The 1954 ear thquake  seemed t o  have occurred very  n e a r ,  perhaps on, a 
segment of t h e  1980 f a u l t  system t h a t  exper ienced  h i g h  d isp lacements  i n  
1980, but  t h e  t i m e  per iod  fo l lowing  the  1954 ear thquake  was too  s h o r t  t o  



have allowed such l a r g e  d isp lacements  t o  have accumulated a c r o s s  t h e  1980 
f a u l t  plane. Dewey's r e sea rch  was begun on the  hunch t h a t  t h e  p rev ious ly  
accepted  p o s i t i o n  of t h e  1954 ear thquake was i n c o r r e c t ,  t h a t  t he  1954 sou rce  
was no t  c l o s e  enough t o  t he  1980 source  t o  pose a  cha l l enge  t o  t h e  c h a r a c t -  
e r i s t i c  ear thquake  model, and t h a t  t h i s  could be revea led  by a  r e l o c a t i o n  of 
t he  1954 ear thquake  sequence wi th  r e s p e c t  t o  the 1980 ear thquake  sequence 
us ing  t h e  method of j o i n t  e p i c e n t e r  de t e rmina t ion .  

The hunch turned  o u t  t o  be wrong. Relocated e p i c e n t e r s  of the  1954 main- 
shock and a f t e r s h o c k s  occu r r ing  wi th in  24 hours  a r e  s i t u a t e d  i n  t h e  midst  of 
t h e  reg ion  i n  which a f t e r s h o c k s  were t o  occur  i n  t he  24 hours  fo l lowing  t h e  
1980 mainshock, on the  boundaries  of t h e  segment of t he  1980 f a u l t  system 
t h a t  was t o  exper ience  maximum disp lacement  i n  1980. 

The c l o s e n e s s  of t h e  1954 mainshock and e a r l i e s t  a f t e r s h o c k s  t o  a  p r i n c i p a l  
segment of t he  1980 f a u l t  system impl i e s  t h a t  t h e  1954 ear thquake  involved  
e i t h e r  ( 1 )  r u p t u r e  of t he  1980 segment, o r  ( 2 )  r u p t u r e  of a  f a u l t  i n  t he  
hanging-wall  o r  f o o t w a l l  block of the  1980 segment. The f i r s t  i n t e r p r e t a -  
t i o n  cannot  be accommodated i n  t he  c h a r a c t e r i s t i c - d i s p l a c e m e n t  model of 
f a u l t  behavior  bu t  i n s t e a d  r e q u i r e s  a  model,  such a s  t he  t ime-predic tab le  
model, t h a t  would permit  s l i p  i n  1954 t o  have r e l e a s e d  only  a smal l  f r a c t i o n  
of t he  e l a s t i c  s t r a i n  t h a t  was s t o r e d  on the  1980 f a u l t  segment and t h a t  
would l a t e r  be r e l e a s e d  i n  1980. However, t he  second i n t e r p r e t a t i o n ,  
s p e c i f i c a l l y  w i t h  r u p t u r e  i n  the  hanging-wall block of t h e  nearby 1980 f a u l t  
segment,  accounts  more d i r e c t l y  than  t h e  f i r s t  i n t e r p r e t a t i o n  f o r  d i f f e r -  
ences  i n  t he  f o c a l  mechanisms and ground deformat ions  a s s o c i a t e d  wi th  t h e  
two mainshocks. The second i n t e r p r e t a t i o n  i s  t h e r e f o r e  p r e f e r r e d .  The 
second i n t e r p r e t a t i o n  i s  c o n s i s t e n t  w i t h  a  c h a r a c t e r i s t i c - d i s p l a c e m e n t  model 
of t h e  1980 f a u l t  system. 

The 1954 and 1980 ear thquakes  provide  grounds f o r  both pessimism and 
optimism on the  u l t i m a t e  p r a c t i c a l i t y  of t h e  c h a r a c t e r i s t i c - d i s p l a c e m e n t  
model. Following the  1980 ear thquake ,  pa leose ismic  s t u d i e s  were done by 
t r ench ing  the  c e n t r a l  segment of t he  1980 f a u l t  system, t he  same segment on 
the  boundaries  of which the  1954 mainshock and e a r l i e s t  a f t e r s h o c k s  occur .  
These s t u d i e s  showed t h a t  d i sp lacements  s i m i l a r  t o  t hose  of 1980 had 
occurred  s e v e r a l  t imes p rev ious ly  on t h e  same f a u l t  segment i n  the  l a t e  
Holocene, but  t h e  t r e n c h e s  d i d n ' t  show evidence  f o r  s u r f a c e  f a u l t  s l i p  i n  
1954. Under t h e  cha rac t e r i s t i c -d i sp l acemen t  model, t he  p a l e o s e i s m i c a l l y  
determined o f f s e t s  and the  1980 o f f s e t  would be viewed as  t h e  c h a r a c t e r i s t i c  
d i sp l acemen t s  of t h e i r  f a u l t  segment. A p e s s i m i s t i c  assessment  of t he  
c h a r a c t e r i s t i c - d i s p l a c e m e n t  model a r i s e s  from t h e  f a c t  t h a t  t he  1954 
ear thquake  was a  ve ry  d e s t r u c t i v e  ea r thquake ,  o c c u r r i n g  very  c l o s e  t o  a  
prominent Holocene f a u l t ,  t h a t  i s  n o t  accounted f o r  by t h e  model a s  a p p l i e d  
t o  t he  f a u l t .  Moreover, had the  pa leose ismic  d a t a  and t h e  c h a r a c t e r i s t i c -  
d i sp lacement  model been a v a i l a b l e  p r i o r  t o  t he  1980 ea r thquake ,  i t  i s  e a s y  
t o  imagine t h a t  the  1954 ear thquake ,  because of i t s  r e l a t i v e l y  high 
magnitude, could have been viewed a s  p o s s i b l y  t h e  cu lmina t ing  event  of a  
s e i smic  cyc l e  on the  f a u l t  zone, l ead ing  t o  an i n a p p r o p r i a t e  downweighting 
of t h e  in te rmedia te - te rm se i smic  hazard thought  t o  be a s s o c i a t e d  w i t h  t h e  
f a u l t .  A p o s i t i v e  assessment  of t h e  c h a r a c t e r i s t i c - d i s p l a c e m e n t  model would 
emphasize t h a t ,  had model and pa l eose i smic  d a t a  been a v a i l a b l e  p r i o r  t o  



1980, a s t r i c t  a p p l i c a t i o n  of t h e  model could have l e d  t o  a warning t h a t  t he  
1954 ea r thquake  might n o t  be t h e  cu lmina t ing  event  of i t s  s e i smic  c y c l e ,  
because i t  d id  no t  produce s u r f a c e  o f f s e t s  such as those  implied by t h e  
pa leose ismic  d a t a .  
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I n v e s t i g a t i o n s  

1. Travel-Time Tables.  Develop new s t anda rd  g l o b a l  t r ave l - t ime  t a b l e s  t o  
l o c a t e  ear thquakes .  

2 .  Arrival-Time Data. Develop a  plan t o  e s t a b l i s h  an I n t e r n a t i o n a l  Seismo- 
l o g i c a l  Observing Period (IS0P)--a t ime i n t e r v a l  du r ing  which t h e r e  would be 
enhanced r e p o r t i n g  of a r r i v a l - t i m e  d a t a .  

3. Earthquake Locat ion i n  I s l and  Arcs. Develop p r a c t i c a l  methods t o  accur-  
a t e l y  l o c a t e  ear thquakes  i n  i s l a n d  a r c s .  

4. Subduction Zone S t r u c t u r e .  Develop techniques  t o  i n v e r t  s e i smic  t r a v e l  
t imes  s imul taneous ly  f o r  ear thquake  l o c a t i o n s  and subduct ion zone s t r u c t u r e .  

5. Global Synthes is .  Synthes ize  r e c e n t  o b s e r v a t i o n a l  r e s u l t s  on t h e  s e i s -  
m i c i t y  of t h e  e a r t h  and ana lyze  t h i s  s e i s m i c i t y  i n  l i g h t  of c u r r e n t  models 
of g l o b a l  t e c t o n i c  processes .  

R e s u l t s  

1. Travel-Time Tables .  New g l o b a l  t r ave l - t ime  t a b l e s  t o  l o c a t e  ear thquakes  
a r e  being developed by a  working group of t h e  IASPEI Sub-Commission on 
Earthquake Algorithms. The t rave l - t ime t a b l e s  w i l l  be r ep re sen ted  by a 
r a d i a l l y  s t r a t i f i e d  Ea r th  model wi th  i s o t r o p i c  p r o p e r t i e s  and with as  good a  
f i t  a s  p o s s i b l e  t o  the t e l e s e i s m i c  o b s e r v a t i o n s  of P,  S, and core  phases 
from t h e  I n t e r n a t i o n a l  Se ismologica l  Centre  (ISC) c a t a l o g .  

It has  been agreed t h a t  a  l i m i t e d  number of t e s t  e v e n t s ,  f o r  which t h e  
o r i g i n  t imes and hypocenters  a r e  we l l  c o n s t r a i n e d ,  w i l l  be used t o  check t h e  
performance of t h e  v e l o c i t y  model as a r e p r e s e n t a t i o n  of t h e  new g l o b a l  
t r a v e l  t imes. This  s e t  of t e s t  even t s  w i l l  i n c l u d e  a broad geographic  d i s -  
t r i b u t i o n  of e x p l o s i o n s  (bo th  n u c l e a r  and chemical)  and ear thquakes  f o r  
which t h e r e  a r e  v e r y  s t r o n g  c o n s t r a i n t s  from l o c a l  networks. 

Tes t  event  d a t a  c o l l e c t e d  t o  d a t e  a r e  used t o  i n v e s t i g a t e  g l o b a l  d i f f e r e n c e s  
i n  upper mantle  s t r u c t u r e  w i t h  r e s p e c t  t o  a  working v e l o c i t y  model developed 
by t h e  IASPEI group. From h igh -qua l i t y  a r r i v a l - t i m e  d a t a  a s s o c i a t e d  wi th  



t h e  test e v e n t s ,  s i g n i f i c a n t  g l o b a l  d i f f e r e n c e s  i n  both average upper mant le  
s t r u c t u r e  and i n  l a t e r a l  h e t e r o g e n e i t y  a r e  observed. These d i f f e r e n c e s  a r e  
s y s t e m a t i c  and r e g i o n a l l y  dependent.  

2. Arrival-Time Data. A Science P lan  f o r  t he  ISOP p r o j e c t  has  been 
developed. A summary of t h e  h i g h l i g h t s  of t h i s  plan fol lows:  

D e f i n i t i o n :  The I n t e r n a t i o n a l  Se ismologica l  Observing Period (ISOP) i s  
a s p e c i f i c  time i n t e r v a l  des igna ted  f o r  enhanced i n t e r n a t i o n a l  cooper- 
a t i o n  i n  t h e  c o l l e c t i o n  and d i s semina t ion  of observa tory  measurements 
from t h e  g l o b a l  seismographic network. The proposed ISOP p r o j e c t  i s  
sponsored j o i n t l y  by t h e  I n t e r n a t i o n a l  Assoc ia t ion  of Seismology and 
Phys ics  of t h e  E a r t h ' s  I n t e r i o r  (IASPEI), t h e  IUGG In t e r -Assoc ia t ion  
Commission of t h e  Study of t h e  E a r t h ' s  Deep I n t e r i o r  ( S E D I ) ,  and by t h e  
Inter-Union Commission on t h e  Li thosphere  (ICL). 

Goals: Seismology, t h e  s t u d y  of ear thquakes  and Ea r th  s t r u c t u r e  u s ing  
se i smic  waves, i s  an i n t e r n a t i o n a l  s c i ence  which r e q u i r e s  d a t a  from 
g l o b a l  networks of observ ing  s t a t i o n s .  Current se i smolog ica l  p r a c t i c e  
r e l i e s  h e a v i l y  on a  complex, worldwide i n f r a s t r u c t u r e  f o r  the  c o l l e c -  
t i o n ,  p roces s ing ,  and d i s semina t ion  of s e i smic  d a t a ,  i nvo lv ing  t h e  
e f f o r t s  of thousands of people i n  over 100 coun t r i e s .  The pr imary g o a l  
of ISOP i s  t o  s t r e n g t h e n  t h i s  i n t e r n a t i o n a l  i n f r a s t r u c t u r e  and i n c r e a s e  
t h e  coope ra t ion  among n a t i o n s  t h a t  o p e r a t e  se i smologica l  o b s e r v a t o r i e s .  

Measurements r epo r t ed  by t h e  e x i s t i n g  g l o b a l  network of s e i smic  obser -  
v a t o r i e s  and compiled by agenc ie s  such a s  t h e  ISC a r e  provid ing  new 
informat ion  about  ear thquakes  and Ea r th  s t r u c t u r e  of fundamental import- 
ance t o  t h e  E a r t h  s c i ences .  A goa l  of ISOP i s  t o  c o l l e c t  improved s e t s  
of obse rva to ry  d a t a  f o r  de te rmining  ear thquake  source parameters  and 
E a r t h  s t r u c t u r e ;  i n  p a r t i c u l a r ,  t h e  ISOP w i l l  encourage the  measurement 
and r e p o r t i n g  of l a t e r - a r r i v i n g  phases.  

Other goa l s  are t o  engage and educa te  young s c i e n t i s t s ,  e s p e c i a l l y  t hose  
from l e s s  developed c o u n t r i e s ,  i n  modern se i smolog ica l  p r a c t i c e ,  i nc lud -  
i n g  t h e  use  of d i g i t a l  seismic d a t a  f o r  r e g i o n a l  and g l o b a l  s t u d i e s  of 
s e i smic  h a z a r d s ,  source p roces ses ,  and Ea r th  s t r u c t u r e ;  t o  upgrade 
obse rva to ry  p r a c t i c e  so t h a t  a  c o n s i s t e n t  s e t  of waveform parameters  can 
be de r ived  from d i g i t a l l y  recorded  seismograms by l o c a l  s e i smic  a n a l y s t s  
and t r a n s m i t t e d  t o  agencies  such a s  t h e  ISC f o r  i nco rpora t ion  i n t o  
i n t e r n a t i o n a l l y  a v a i l a b l e  c a t a l o g s ;  and t o  encourage and f a c i l i t a t e  
i n d i v i d u a l  i n i t i a t i v e s  towards improving se i smic  measurements and d a t a  
coverage. 

A c t i v i t i e s  : Most improvements t o  obse rva to ry  p r a c t i c e  can be accom- 
p l i s h e d  a t  very  l i t t l e  c o s t  and w i t h  on ly  minor m o d i f i c a t i o n s  t o  t h e  
o r g a n i z a t i o n a l  i n f r a s t r u c t u r e  of i n t e r n a t i o n a l  seismology. 

An important  ISOP a c t i v i t y  w i l l  be t h e  enhanced r e p o r t i n g  of t h e  t imes  
of f i r s t -  and l a t e r - a r r i v i n g  , high-f requency se ismic  phases. Under t he  
p r o j e c t ,  t h e r e  would be a concer ted  e f f o r t  t o  improve t h e  g e n e r a l  d i s -  
t r i b u t i o n  and r epor t ing  l e v e l  of s t a t i o n s  worldwide. 



One approach t o  the  problem of improved l a t e r -phase  r e p o r t i n g  i s  t o  
s e l e c t  s p e c i f i c  ea r thquakes  f o r  d e t a i l e d  obse rva t ion  by coope ra t ing  
s t a t i o n s  dur ing  a f i x e d  ISOP pe r iod .  From s i m u l a t i o n s  of ISOP exper i -  
ments of va ry ing  d u r a t i o n s ,  i t  appea r s  t h a t  a th ree-year  ISOP experiment  
w i l l  provide a r ea sonab ly  complete sample of s e i s m i c i t y  from t h e  major 
s e i smic  zones of t h e  E a r t h  and t h a t  a s imply parameter ized  s e l e c t i o n  
a lgo r i thm based on se i smolog ica l  p r i o r i t i e s  can lead t o  a s t a b l e ,  man- 
ageable  workload of about  one event  pe r  day on average  d u r i n g  t h e  l i f e  
of such an experiment . 
The deployment of advanced d i g i t a l l y  r eco rd ing  i n s t r u m e n t a t i o n  provides  
an unprecedented o p p o r t u n i t y  t o  enhance t h e  methods of seismogram 
i n t e r p r e t a t i o n  and se i smic  parameter  e x t r a c t i o n  through implementat ion 
of d i g i t a l  p roces s ing  methods a t  s e i smic  o b s e r v a t o r i e s  worldwide. It 
must be ensured t h a t  t h i s  new in fo rma t ion  of s c i e n t i f i c  p o t e n t i a l  w L l l  
be a v a i l a b l e  t o  t he  s e i s m o l o g i c a l  community a t  l a r g e .  It i s  be l i eved  
t h a t  t h i s  purpose is bes t  served wi th  an ISOP t h a t  promotes t h e  
development toward inc reased  o n - s i t e  a n a l y s i s  a t  d i g i t a l  s t a t i o n s .  

Improvements i n  seismology r e q u i r e  t r u l y  i n t e r n a t i o n a l  coope ra t ion ,  and 
t h e  educa t iona l  a s p e c t s  of s e i s m o l o g i c a l  p r a c t i c e  form one of t h e  g o a l s  
of t h e  ISOP. Thus, workshops w i l l  be needed t o  e x p l a i n  t h e  ISOP objec- 
t i v e s  t o  network r e p r e s e n t a t i v e s ,  t o  t r a i n  a n a l y s t s  i n  ISOP procedures ,  
and t o  i n t roduce  them t o  modern techniques  and a p p l i c a t i o n s  of t h e  
d a t a .  P a r t i c i p a n t s  w i l l  t hus  b e n e f i t  from t h e o r e t i c a l  r e s u l t s  and 
p r a c t i c a l  expe r i ence  t h a t  a r e  t o  d i r e c t  r e l evance  t o  t h e i r  own work. 
ISOP p a r t i c i p a t i o n  from developing  c o u n t r i e s  w i l l  r e c e i v e  s p e c i a l  
a t t e n t i o n .  

3.  Earthquake Location i n  I s l a n d  Arcs. We compare r e l o c a t e d ,  t e l e s e i s m i -  
c a l l y  recorded s e i s m i c i t y  before  and a f t e r  t he  May 7,  1986, Andreanof 
I s l a n d s  ear thquake  (Mw=8) t o  t he  s p a t i a l  and temporal  d i s t r i b u t i o n  of 
s e i s m i c  moment r e l e a s e  du r ing  t h e  mainshock. Relocated s e i s m i c i t y  from 1964 
th rough  Apr i l  1987 c l u s t e r s  s t r o n g l y  along the  main t h r u s t  zone, i n  s i m i l a r  
l o c a t i o n s  f o r  t h e  pre- and post-malnshock per iods .  

We performed s imul taneous  i t e r a t i v e  i n v e r s i o n s  of broadband t e l e s e i s m i c  GDSN 
and NARS P-waveforms us ing  t h e  method of Kikuchi and Fukao (1987). Fau l t  
p lane  parameters  (e .g . ,  s t r i k e  d i p ,  dep th ,  and e x t e n t  of f a u l t  plane)  con- 
s i s t e n t  wi th  r e g i o n a l  t e c t o n i c s  and a f t e r s h o c k  l o c a t i o n s  were s p e c i f i e d .  
The r e s u l t s  of t h e  i n v e r s i o n s  a r e  s p a t i a l  and temporal maps of moment 
r e l e a s e  on t h e  f a u l t  p lane .  & s t  of t h e  moment found by t h e  i n v e r s i o n  i s  
l o c a l i z e d  i n  s e v e r a l  r e g i o n s  of t h e  f a u l t  plane.  Reso lu t ion  of t he  l o c a t i o n  
and t iming  of t h e  major subeven t s  i s  good. The r u p t u r e  was b i l a t e r a l ,  w i th  
a h i g h l y  v a r i a b l e  r u p t u r e  v e l o c i t y .  A sha l low,  updip  r eg ion  of the  f a u l t  
p lane  rup tu red  toward t h e  end of t h e  mainshock process .  

The mainshock moment r e l e a s e  tended t o  occur  i n  r e g i o n s  of t h e  f a u l t  p lane  
i n  which no o r  few a f t e r s h o c k s  o r  preshocks a r e  l o c a t e d .  This  tendency 
s u g g e s t s  t h a t  r eg ions  of h i g h  moment r e l e a s e  i n  t h e  1986 Andreanof I s l a n d s  
ear thquake  r e s u l t e d  from r u p t u r e  of mechanica l ly  s t r o n g  r e g i o n s  ( i . e . ,  
a s p e r i t i e s )  on the  f a u l t  p l ane ,  which e x h i b i t e d  l i t t l e  s e i s m i c i t y  before  o r  



a f t e r  t h e  mainshock t h a t  rup tured  them. We i n f e r  t h a t  t h e  a s p e r i t y  r e g i o n s  
were locked and qu ie scen t  be fo re  t h e  mainshock, whi le  sur rounding  seismi- 
c a l l y  a c t i v e  a r e a s  d id  no t  s t o r e  a s  much s t r a i n  and s l i pped  most ly  ase ismi-  
c a l l y  . 
4. Subduction Zone S t r u c t u r e .  The u s e  of publ ished PP and pP phase d a t a  i n  
tomographic delay-t ime i n v e r s i o n s  was i n v e s t i g a t e d .  Inco rpora t ion  of PP and 
pP phases  i n  tomographic s t u d i e s  p o t e n t i a l l y  can improve the q u a l i t y  of t h e  
images because: (1) t h e s e  phases sample Ea r th  s t r u c t u r e  not  o r d i n a r i l y  
sampled by d i r e c t  P phases ;  ( 2 )  t hese  phases add rays  t h a t  a r e  o b l i q u e  t o  
r a y s  of d i r e c t  phases ,  which i s  e s p e c i a l l y  important  where t h e  l a t t e r  sample 
man t l e  s t r u c t u r e  i n  s e l e c t e d  d i r e c t i o n s ;  and ( 3 )  pP d a t a  b e t t e r  c o n s t r a i n  
t h e  ear thquake  f o c a l  dep ths .  We demonstrated,  from the  d i s t r i b u t i o n  of 
r e f l e c t i o n  p o i n t s  and t h e  c e l l  h i t c o u n t ,  t h a t  PP and pP waves c o n t r i b u t e d  
p o s i t i v e l y  t o  r a y  geometry i n  t h e  c e l l  model employed i n  t h e  tomographic 
i n v e s t i g a t i o n  and thus  t o  the  sampling by se i smic  waves of mantle  s t r u c t u r e  
below the  Caribbean r eg ion .  We n o t e ,  however, t h a t  because of t h e  rela- 
t i v e l y  sha l low s e i s m i c i t y  i n  t h e  a r e a ,  t h e  d i f f e r e n c e  between r a y  p a t h s  of 
pP waves and t h e  d i r e c t  P wave i s  smal l .  

We i n v e s t i g a t e d  the  p o s s i b i l i t y  t h a t  l a r g e  e r r o r s  ( a s  compared t o  P) i n  
r e p o r t e d  PP and pP t r ave l - t ime  r e s i d u a l s  may dec rease  the  q u a l i t y  of t h e  
tomographic images. We d i d  n o t  a t t empt  t o  improve t h e  q u a l i t y  of t h e  d a t a  
s e t  by t h e  a d d i t i o n  of h igh -qua l i t y  d i g i t a l  d a t a .  Rather ,  we summarized t h e  
d i f f e r e n t  sou rces  of e r r o r s  i n  ISC phase da ta  nd assessed  the c o n t r i b u t i o n s  
of t h e s e  e r r o r s  to  the  PP and pP d e l a y  t imes.  W e  d i d  not  d i s c e r n  s y s t e m a t i c  
b i a s e s  i n  t he  r epo r t ed  PP d a t a ,  which may be due to  the random c h a r a c t e r  of 
t he  e r r o r s  o r  due t o  t he  p r o p e r t i e s  of t h e  ISC i d e n t i f i c a t i o n  program. No 
evidence  i s  found f o r  the predominance of pwP phases,  m i s i d e n t i f i e d  as pP, 
i n  the  pP d a t a  s e t  f o r  t he  Caribbean reg ion .  The ISC repor ted  f o c a l  d e p t h s  
a r e  determined from d i r e c t  P a r r i v a l  t imes.  We conclude t h a t  the pP delay 
t imes  r epo r t ed  by the  ISC a r e  i n c o n s i s t e n t  wi th  t h e s e  depths .  In  t h e  
i n v e r s i o n ,  t h e  l a r g e  nega t ive  mean va lue  of t h e  pP delay-time d i s t r i b u t i o n  
was accommodated by sha l lower  f o c i i  and h igh -ve loc i ty  images i n  t h e  t o p  
l a y e r  of t h e  c e l l  model. The l a r g e r  e r r o r s  i n  PP and pP d a t a  r e l a t i v e  t o  P 
d a t a  a r e  recognized i n  the  weight ing scheme used i n  t he  inve r s ion .  

We showed t h a t ,  d e s p i t e  the  many sou rces  of ( l a r g e )  e r r o r s  i n  PP and pP d a t a  
and t h e  d i f f i c u l t y  t o  a s s e s s  t h e i r  i n d i v i d u a l  c o n t r i b u t i o n s ,  s imul taneous  
i n v e r s i o n  of ISC PP and pP d a t a  provide tomographic images c o n s i s t e n t  w i t h  P  
images. From t h i s  obse rva t ion ,  we conclude t h a t  t he  ISC d e l a y  t imes  of 
l a t e r  a r r i v i n g  phases such a s  PP and pP do con ta in  va luab le  informat ion  
about v e l o c i t y  s t r u c t u r e s  i n  E a r t h ' s  mantle .  

In c o n t r a s t ,  l a c k  of c o r r e l a t i o n  between the  r e s u l t s  of the  tomographic 
i n v e r s i o n  of P ,  PP, and pP d a t a  and the  image r e s u l t i n g  from d i f f e r e n t i a l  
t r ave l - t ime  o r  r e f l e c t i o n  p o i n t  r e s i d u a l s  i s  not  s i g n i f i c a n t .  We argued 
t h a t  one of t h e  major drawbacks of t h e  convent iona l  approach t o  d i f f e r e n t i a l  
t r ave l - t ime  s t u d i e s  (e.g. ,  S t ewar t ,  1976)  i s  t h a t  the  r e s i d u a l  i s  assumed t o  
be caused p r i m a r i l y  by v e l o c i t y  s t r u c t u r e s  i n  t h e  v i c i n i t y  of t he  r e f l e c t i o n  
poin t .  The dep th  e x t e n t  of t h e  v e l o c i t y  anomalies c o n t r i b u t i n g  t o  t he  



t rave l - t ime r e s i d u a l s  i s ,  however, n o t  known and may comprise t he  whole 
upper mantle i n  t h e  case  where o n l y  t e l e s e i s m i c  d a t a  a r e  cons idered .  

We demonstrated the  improved s p a t i a l  r e s o l u t i o n  when PP and pP phases  a r e  
included i n  t h i s  tomographic s tudy .  Below l a r g e  a r e a s ,  we s t i l l  have t o  
cope wi th  l a c k  of s p a t i a l  r e s o l u t i o n ,  e i t h e r  due t o  s e r i o u s  underexposure by 
the  p a r t i c u l a r  se i smic  waves inco rpora t ed  i n  the  s tudy  o r  t h e  low q u a l i t y  
and h igh  n o i s e  l e v e l  of t h e  d a t a .  These provide arguments f o r  a  f u r t h e r  
expansion and improvement of g l o b a l  networks of d i g i t a l  r e c o r d e r s ,  both on 
land and sea  (bottom). We r e a l i z e  t h a t ,  f o r  the  mantle  below the  Caribbean 
r eg ion ,  improvements due t o  t h e  i n c l u s i o n  of PP and pP d a t a  on image r e so lu -  
t i o n  and changes i n  v e l o c i t y  s t r u c t u r e  a r e  small .  Th i s  i s  n o t  s u r p r i s i n g  
because (1) t h e  number of pP and p a r t i c u l a r l y  PP d a t a  i s  v e r y  low w i t h  
r e s p e c t  t o  the  number of P  d a t a ;  ( 2 )  we had t o  dec rease  the  i n f l u e n c e  o f  PP 
and pP d a t a  even f u r t h e r  because of t h e  h ighe r  l e v e l  of d a t a  e r r o r s ;  and 
( 3 )  the  d i f f e r e n c e  i n  r a y  geometry between pP waves and the  d i r e c t  P  waves 
i s  small  due t o  l a c k  of s e i s m i c i t y  a t  g r e a t e r  depths .  

With t h e s e  arguments i n  mind, we conclude t h a t  the i n c o r p o r a t i o n  of PP and 
pP phases i n  t he  P d e l a y  time tomographic s tudy  of t h e  v e l o c i t y  s t r u c t u r e s  
i n  t he  Caribbean mantle  has been succes s fu l .  t h e  mod i f i ca t ion  and ex tens ion  
of so f tware ,  necessary  t o  i n c o r p o r a t e  t he  s u r f a c e  r e f l e c t e d  PP and d e p t h  
phase pP ( t o g e t h e r  with PP-P and pP-P d i f f e r e n t i a l  t imes)  i n  tomographic 
i n v e s t i g a t i o n s ,  i s  s t r a i g h t f o r w a r d .  Much c a r e  should be taken i n  c o r r e c t i n g  
f o r  bathymetry and topography and i n  t he  proper choice  of a  r e f e r e n c e  
model. We argue t h a t  w i t h  r e l a t i v e l y  small  e f f o r t s  tomographic images can  
be obta ined  with h ighe r  s p a t i a l  r e s o l u t i o n .  

In  some r e s p e c t s ,  t h i s  s t u d y  can be cons idered  p re l imina ry .  With regard  t o  
t h e  d a t a  e r r o r s ,  much work remains t o  be done. I n  p a r t i c u l a r ,  t h e  e f f e c t  of 
waveform d i s t o r t i o n s  due t o  phase s h i f t s  ( H i l b e r t  t r ans fo rms)  i n  each f r e -  
quency component of t h e  PP phase (Choy and Richards ,  1975) and the  contamin- 
a t i o n  of t h e  pP de l ay  t imes  w i t h  r e f l e c t i o n s  a t  s u r f a c e s  o t h e r  t han  those  
assumed (Engdahl and B i l l i n g t o n ,  1986; Schenk e t  a l . ,  1989) need f u r t h e r  
a t t e n t i o n .  The examinat ion of h igh -qua l i t y  d i g i t a l  d a t a ,  p r e f e r a b l y  broad- 
band (Engdahl and Kind, 1986) may be e s s e n t i a l  f o r  t h i s  purpose. F i n a l l y ,  
t he  i ncons i s t ency  between ISC f o c a l  dep ths  and t h e  r e p o r t e d  pP d e l a y  t imes  
needs t o  be examined by those  r e s p o n s i b l e  f o r  the  r o u t i n e  process ing  of d a t a  
a t  t h e  ISC (Van d e r  H i l s t  e t  a l . ,  1990).  

By v i r t u e  of t h e  improvements r e a l i z e d  i n  t he  Caribbean r e g i o n ,  a p p l i c a t i o n  
of t h e  method t o  a r e a s  w i t h  a g r e a t e r  d e p t h  d i s t r i b u t i o n  of ear thquake  f o c i i  
i s  promising. We a r e  p r e s e n t l y  working on a  s imultaneous tomographic inver -  
s i o n  of P ,  PP,  and pP d e l a y  tfme d a t a  ( t o g e t h e r  wi th  the  d i f f e r e n t i a l  r e s i d -  
u a l  t imes )  t o  f u r t h e r  i n v e s t i g a t e  nor thwes tern  P a c i f i c  subduct ion  zones. 
Because of t h e  deep s e i s m i c i t y  i n  t h a t  a r e a ,  d i f f e r e n c e s  between pP and P  
r a y  pa ths  a r e  l a r g e  and,  consequen t ly ,  sha l low mantle  s t r u c t u r e s  below back- 
a r c  (Sea of Japan)  and i n t r a p l a t e  a r e a s  ( P h i l i p p i n e  P l a t e )  w i t h i n  t h i s  
r e g i o n  w i l l  be b e t t e r  i l l u m i n a t e d  by pP waves. B e t t e r  c o n s t r a i n t s  on t h e  
shallow s t r u c t u r e s  and on t h e  f o c a l  d e p t h s  a l s o  improve r e s o l u t i o n  of t h e  
subducted P a c i f i c  P l a t e  i n  t h e  down-dip d i r e c t i o n .  Th i s  improvement i s  



impor t an t  t o  t h e  i n v e s t i g a t i o n  of t h e  morphology of t he  subducted s l a b  nea r  
t h e  670 km d i s c o n t i n u i t y .  

5. Global  Syn thes i s .  Nothing new t o  r e p o r t .  

Repor t s  

EkstrGm, G. , and Engdahl , E. R., 1989, Earthquake sou rce  parameters  and 
s t r e s s  d i s t r i b u t i o n  i n  t h e  Adak I s l a n d  r eg ion  of  t h e  c e n t r a l  A leu t i an  
I s l a n d s ,  Alaska: J o u r n a l  of Geophysical Research, v. 94,  p. 15,499- 
15,519. 

Engdahl,  E. R., B i l l i n g t o n ,  S.,  and K i s s l i n g e r ,  C., 1989, T e l e s e i s m i c a l l y  
recorded s e i s m i c i t y  be fo re  and a f t e r  t h e  May 7 ,  1986, Andreanof I s l a n d s ,  
Alaska,  ear thquake  : J o u r n a l  of Geophysical Research,  v. 94, p. 15,481- 
15,498. 

Houston, H.,  and Engdahl,  E. R.,  1989, A comparison of t h e  spa t io- tempora l  
d i s t r i b u t i o n  of moment r e l e a s e  f o r  the 1986 Andreanof I s l a n d s  ear thquake  
wi th  r e l o c a t e d  s e i s m i c i t y :  Geophysical Research L e t t e r s ,  v. 16, 
p. 1421-1424. 

Schwartz ,  S. Y., Dewey, J. W . ,  and Lay, T., 1989, In f luence  of f a u l t  plane 
h e t e r o g e n e i t y  on t h e  s e i s m i c  behavior  i n  t h e  sou the rn  K u r i l e  I s l a n d s  
a r c :  J o u r n a l  of Geophysical  Research,  V. 94, P. 5637-5645. 

Van d e r  H i l s t ,  R. D . ,  and Engdahl,  E. R., 1990, On t h e  use  of PP and pP d a t a  
i n  d e l a y  t ime tomography: Geophysical  J o u r n a l  I n t e r n a t i o n a l  
( submi t ted) .  



Systems E n g i n e e r i n g  

Gary Holcomb 
Branch of G l o b a l  Seismology and Geomagnetism 

U.S. G e o l o g i c a l  Survey 
Albuquerque S e i s m o l o g i c a l  L a b o r a t o r y  

B u i l d i n g  10002, K i r t l a n d  AFB-East 
Albuquerque,  New Mexico 87115-5000 

( 5 0 5 )  844-4637 

I n v e s t i g a t i o n s  

E n g i n e e r i n g  development t o  improve t h e  q u a l i t y  of s e i s m i c  i n s t r u m e n t a t i o n .  

R e s u l t s  

The program t o  e v a l u a t e  c a n d i d a t e  N a t i o n a l  S e i s m i c  Network s e i s m i c  s e n s o r  
sys tems  c o n t i n u e d  w i t h  c o n s i d e r a b l e  e f f o r t  be ing  ex tended  t o  d e t e r m i n e  the 
p r e c i s e  s o u r c e  of n o i s e  s o u r c e s  w i t h i n  t h e  s e n s o r s .  A r e p o r t  summarizing 
t h e  r e s u l t s  of t h i s  s e r i e s  of t e s t s  was p r e p a r e d  and s u b m i t t e d  t o  t h e  
c o n t r a c t i n g  o f f i c e r .  

A s  p a r t  of a  c o n t r a c t  w i t h  S a n d i a  N a t i o n a l  L a b o r a t o r i e s ,  a s e r i e s  of eva lu -  
a t i o n  t e s t s  was conducted on t h e  Gura lp  CMG-3s b o r e h o l e  s e n s o r  sys tem.  Th is  
s t u d y  i s  aimed a t  i d e n t i f y i n g  n o i s e  l e v e l s  and t h e  s o u r c e s  of n o i s e  w i t h i n  
t h i s  i n s t r u m e n t  sys tem.  The d a t a  h a s  been p a r t i a l l y  a n a l y z e d ,  and a  r e p o r t  
of t h e  r e s u l t s  w i l l  f o l l o w .  

A s t u d y  of p o t e n t i a l  e r r o r  s o u r c e s  i n  a n a l y z i n g  d a t a  o b t a i n e d  from side-by- 
s i d e  se ismometer  e v a l u a t i o n s  is underway. These e r r o r  s o u r c e s  i n c l u d e  
s e n s o r  m i s a l i g n m e n t ,  n u m e r i c a l  p r e c i s i o n  i n  t h e  d a t a  p r o c e s s i n g ,  and model 
a p p l i c a b i l i t y .  



P r o b a b i l i s t i c  Earthquake Assessment 

S t u a r t  P. Nishenko 
Branch of Global Seismology and Geomagnetism 

U. S. Geological  Survey 
Denver Federa l  Center 

Box 25046, Mail Stop 967 
Denver, Colorado 80225 

(303) 236-1500 

I n v e s t i g a t i o n s  

1. Improve c u r r e n t  p r o b a b i l i s t i c  e s t i m a t e s  f o r  ear thquakes  wi th in  t h e  
United S t a t e s  and t h e  c i rcum-Paci f ic  region.  

2. Development of an o p e r a t i o n a l  methodology t o  provide r ap id  and r e l i a b l e  
e s t i m a t e s  of damage caused by moderate and l a r g e  United S t a t e s  ear thquakes .  

Re sul t s 

l a .  P r o b a b i l i s t i c  e s t i m a t e s  f o r  t he  occurrence of damaging ( i . e . ,  mb > 6.0) 
ear thquakes  i n  t h e  e a s t e r n  and c e n t r a l  United S t a t e s  have been submit ted f o r  
p u b l i c a t i o n  (Nishenko and Bo l l inge r ,  1990). These e s t i m a t e s  a r e  based on 
r e g i o n a l  r e t u r n  t imes i n f e r r e d  from l o c a l  network d a t a ,  c a t a l o g s  of e a s t e r n  
and c e n t r a l  U.S. s e i s m i c i t y  s i n c e  1727, and pa leose ismic  d a t a .  The condi- 
t i o n a l  p r o b a b i l i t y  f o r  an event  of m,, 6 o r  l a r g e r  i n  t h i s  r eg ion  i s  a t  t h e  
0.4 t o  0.6 l e v e l  f o r  the  next  30 yea r s  ( i . e .  1990-2020). P r o b a b i l i t i e s  f o r  
t h e  r ecu r rence  of an even t  of mb > 7 du r ing  this same t ime interval a r e  a t  
t he  0.1 l e v e l .  Both C a l i f o r n i a  and the c e n t r a l  and e a s t e r n  United S t a t e s  
have equ iva l en t  chances of producing ear thquakes  wi th  comparable damage 
a r e a s  when the  d i f f e r e n c e s  i n  s e i smic  wave a t t e n u a t i o n  f o r  both r e g i o n s  a r e  
accounted f o r .  

l b .  A s  a consequence of t h e  magnitude 7.1 Loma P r i e t a  ear thquake  of 17 
October 1989, the  Working Group on P r o b a b i l i t i e s  of Earthquakes i n  t h e  San 
Franc isco  Bay Area was organized  under t he  ausp ices  of NEPEC. A c t i v i t i e s  of 
t h i s  Working Group a r e  t o  rev iew,  and as neces sa ry  r e v i s e ,  t h e  f i n d i n g s  of 
t he  1988 Working Group r e p o r t  (WGCEP, 1988) f o r  t he  San Franc isco  Bay 
Region. The f i n a l  r e p o r t  f o r  t h e  Bay Area working group w i l l  be presented  
t o  NEPEC t h i s  spr ing .  

lc .  S tud ie s  of h i s t o r i c  g r e a t  ear thquakes  along the  c e n t r a l  Peru subduct ion  
zone i n d i c a t e s  s i g n i f i c a n t  v a r i a t i o n s  i n  the  s i z e  of even t s  from c y c l e  t o  
cyc l e .  Comparison of Modified M e r c a l l i  i n t e n s i t y  p a t t e r n s  and tsunami wave 
h e i g h t s  by Beck and Nishenko (1990) i n d i c a t e s  t h a t  even t s  i n  1940, 1966, and 
1974 were sma l l e r  than even t s  i n  1687 and 1746. The magnitudes of t h e s e  
e a r l i e r  even t s  (MW 8.7-8.8) appear  t o  be i n  agreement wi th  r e g i o n a l  pred ic-  
t i o n s  of maximum magnitude based on the  r a t e  of p l a t e  convergence and s e a  
f l o o r  age. In  c o n t r a s t  t o  t he  s imp le ,  s i n g l e  a s p e r i t y  n a t u r e  of t h e  2 0 t h  



c e n t u r y  e v e n t s ,  i t  is  suggested t h a t  the  o l d e r ,  l a r g e r  even t s  may r e p r e s e n t  
m u l t i p l e  a s p e r i t y  r u p t u r e s .  

2. The program t o  develop r a p i d  e s t i m a t e s  of ear thquake  damage is c u r r e n t l y  
i n  t h e  d a t a  g a t h e r i n g  and a n a l y s i s  s t a g e .  D i g i t a l  d a t a  bases  ( g e o l o g i c ,  
phys iographic ,  and demographic) a r e  being eva lua ted  f o r  use wi th  o t h e r  
ear thquake  hazard and r i s k  informat ion .  Comparisons of e s t ima ted  and 
observed damage from previous ear thquakes  w i l l  be undertaken. Also,  
communications networks a r e  being i n v e s t i g a t e d  t o  d i s t r i b u t e  damage 
in fo rma t ion  t o  vu lne rab le  communities,  l o c a l ,  s t a t e ,  and f e d e r a l  agenc ie s ,  
and t h e  p r i v a t e  s e c t o r .  

Beck, S. ,  and Nishenko, S. P., 1990, V a r i a t i o n s  i n  t h e  mode of g r e a t  
ear thquake  r u p t u r e  a long  the  c e n t r a l  Peru subduct ion zone: Geophysical 
Research L e t t e r s  ( i n  p r e s s ) .  

Nishenko, S. P., and B o l l i n g e r ,  G. A . ,  1990, Fo recas t ing  damaging e a r t h -  
quakes i n  t he  c e n t r a l  and eastern United S t a t e s :  Science ( submi t t ed ) .  

Working Group on C a l i f o r n i a  Earthquake P r o b a b i l i t i e s ,  1988, P r o b a b i l i t i e s  of 
l a r g e  ear thquakes  occu r r ing  i n  C a l i f o r n i a  on t h e  San Andreas f a u l t :  
U.S. Geological  Survey Open-f i le  Repor t ,  88-398, 62 p. 



Global  Seismograph Network Eva lua t ion  and Development 

Jon Pe te rson  
Branch of Globa l  Seismology and Geomagnetism 
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Bu i ld ing  10002, K i r t l a n d  AFB-East 
Albuquerque, New Mexico 87115-5000 

(505)  844-4637 

I n v e s t i g a t i o n s  

Continued a c t i v i t i e s  i n  suppor t  of t h e  U.S.-USSR d a t a  exchange program and 
i n i t i a t e d  development of s o f t w a r e  f o r  PC-based u t i l i z a t i o n  of network d a t a  
and assessment  of d a t a  q u a l i t y .  

R e s u l t s  

P l ans  have been developed t o  suppor t  t h e  i n s t a l l a t i o n  of a  Sov ie t  borehole  
seismograph system a t  t h e  Albuquerque Se ismologica l  Laboratory.  F a c i l i t i e s  
r e q u i r e d ,  which i n c l u d e  a  r eco rd ing  b u i l d i n g  and a la rge-d iameter  borehole ,  
a r e  expected t o  be ready by mid 1990. Seve ra l  s p e c i a l  s e t s  of GDSN and CDSN 
network d a t a  have been made a v a i l a b l e  t o  t h e  S o v i e t s  on f l oppy  d i s k s  and 
cop ie s  of network volumes a r e  now s e n t  t o  t h e  Sov ie t  Union on a  r e g u l a r  
b a s i s .  

I n t e r a c t i v e  g raph ic s  programs f o r  d i s p l a y i n g  and p roces s ing  GSN network d a t a  
a r e  being developed f o r  use  on a  PC o r  a  Data C o l l e c t i o n  Center  work 
s t a t i o n .  The programs a r e  in tended  t o  provide GSN s t a t i o n s  wi th  VBB 
seismographs,  an i nexpens ive  p roces s ing  c a p a b i l i t y ,  and f o r  use  a t  t h e  DCC 
f o r  review of network d a t a .  



D i g i t a l  Data Analys is  

S t u a r t  A. S ipkin  
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U.S. Geologica l  Survey 
Denver Fede ra l  Center 

Box 25046, Mail Stop 967 
Denver, Colorado 80225 

(303)  236-1506 

I n v e s t i g a t i o n s  

1. Moment Tensor Invers ion .  Apply methods f o r  i n v e r t i n g  body phase wave- 
forms f o r  t h e  bes t  point-source d e s c r i p t i o n  t o  r e s e a r c h  problems. 

2. Other Source Parameter S tud ie s .  Apply methods f o r  i n v e r t i n g  body phase 
waveforms f o r  d i s t r i b u t e d  k inemat ic  and dynamic source  p r o p e r t i e s .  

3 .  Aftershock Source P r o p e r t i e s .  Examine mainshock and a f t e r s h o c k  sou rce  
p r o p e r t i e s  t o  s tudy  t h e  mechanics of a f t e r s h o c k  occurrence .  

4. Broadband Body-Wave S tud ie s .  Use broadband body phases t o  s tudy  l a t e r a l  
h e t e r o g e n e i t y ,  a t t e n u a t i o n ,  and s c a t t e r i n g  i n  t h e  c r u s t  and mantle .  

5. Earthquake Recurrence S t a t i s t i c s .  Use ear thquake  r ecu r rence  s t a t i s t i c s  
and r e l a t e d  parameters  t o  b e t t e r  unders tand  t h e  ear thquake c y c l e  and s t u d y  
how they  can be used f o r  p r e d i c t i o n  and f o r e c a s t i n g  purposes.  

6 .  Earthquake Locat ion S tudies .  Study t echn iques  f o r  improving t h e  robus t -  
n e s s ,  hones ty ,  and p o r t a b i l i t y  of ear thquake  l o c a t i o n  a lgo r i thms ,  and 
p a r t i c i p a t e  i n  t h e  c o n s t r u c t i o n  and irnplemen tat  ion of new s t anda rd  t r a v e l -  
t imes  f o r  r o u t i n e  ear thquake  l o c a t i o n .  

7. NEIC Monthly L i s t i n g .  Con t r ibu te  both  f a u l t - p l a n e  s o l u t i o n s  ( u s i n g  
f  i r s t -mo t ion  p o l a r i t y )  and moment t e n s o r s  ( u s i n g  long-period body-phase 
waveforms) f o r  a l l  even t s  of magnitude 5.8 o r  g r e a t e r  when s u f f i c i e n t  d a t a  
e x i s t s .  Con t r ibu te  waveform/focal-sphere f i g u r e s  of s e l e c t e d  events .  

R e s u l t s  - 

1. Moment Tensor Inve r s ion .  A paper  l i s t i n g  t h e  moment-tensor s o l u t i o n s  
f o r  426 moderate-to-large s i z e  ea r thquakes  occu r r ing  from 1984 through 1987 
h a s  been publ ished.  A s tudy  of t h e  7  December 1988 Armenian ear thquake  was 
presented  a t  t h e  F a l l  1989 AGU Meeting. The r e s u l t s  i n d i c a t e  t h a t  t h e  
r u p t u r e  c o n s i s t e d  of two, and p o s s i b l y  t h r e e ,  subevents  occu r r ing  a t  a cen- 
t r o i d a l  d e p t h  of 5 km. The o r i e n t a t i o n  of t h e  mechanism changed du r ing  t h e  
r u p t u r e  p roces s ,  beginning a s  a  t h r u s t ,  but ending wi th  s t r i k e - s l i p  motion. 



2. Other Source Parameter S tud ie s .  Linear  and n o n l i n e a r  methods of 
waveform i n v e r s i o n  a r e  being implemented t o  de te rmine  the  f a u l t - r u p t u r e  
h i s t o r y  of l a r g e  ear thquakes .  Pre l iminary  r e s u l t s  from a r e c e n t  non l inea r  
i n v e r s i o n  of t e l e s e i s m i c  P-waveforms and strong-motion d a t a  recorded f o r  t h e  
1978 Tabas, I r a n ,  ear thquake  suggest  t h a t  t h i s  event  rup tu red  most ly w i t h i n  
the  upper 15 km of t h e  c r u s t  and occurred a s  a s e r i e s  of up t o  t h r e e  
d i s t i n c t  subevents .  In  a d d i t i o n ,  a l i n e a r  method t h a t  i n v e r t s  f o r  t he  t o t a l  
s l i p  a s  a f u n c t i o n  of p o s i t i o n  on the  f a u l t  i s  being a p p l i e d  t o  t e l e s e i s m i c  
body-wave d a t a  recorded f o r  r e c e n t  l a r g e  subduct ion  ear thquakes  along t h e  
Mexico c o a s t  and f o r  t h e  October 1989 Loma P r i e t a  ear thquake .  

3. Aftershock Source P r o p e r t i e s .  Work i s  con t inu ing  on the  comparison of 
a f t e r s h o c k  l o c a t i o n s  w i t h  d i s t r i b u t i o n  of f a u l t  s l i p  de r ived  from observed 
waveform d a t a ,  e s p e c i a l l y  f o r  i n t e r p l a t e  t h r u s t  even t s .  

4. Broadband Body-Wave Studies .  A d a t a  set of r e l a t i v e l y  broadband shea r -  
wave d a t a  has  been assembled f o r  t he  purpose of s tudying  deep d i s c o n t i n u i t -  
i e s  i n  the  Earth.  Another d a t a  s e t  i s  being assembled f o r  t he  purpose of  
i d e n t i f y i n g  nea r - r ece ive r  s c a t t e r i n g  of s e i smic  waves. Software f o r  both 
s t u d i e s  i s  being developed. Pre l iminary  r e s u l t s  i n d i c a t e  t h a t ,  when decon- 
volv ing  an ins t rument  response ,  u n l e s s  one i s  e x p l i c i t l y  t akes  i n t o  account  
t he  p r o p e r t i e s  of t he  f i l t e r s  being used,  e i t h e r  b i a s  o r  increased  uncer- 
t a i n t y  i n  t he  r e s u l t s  can be in t roduced ,  e s p e c i a l l y  when t ak ing  i n t e g r a l  
measures of t h e  d isp lacement  pulse .  A new op t ima l  method f o r  deconvolving 
t h e  ins t rument  response i s  being developed. 

5 .  Earthquake Recurrence S t a t i s t i c s .  A paper has  been submit ted f o r  
p u b l i c a t i o n  i n  which the  "gene r i c , "  c h a r a c t e r i s t i c  ear thquake ,  r ecu r rence  
i n t e r v a l ,  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  model has  been extended t o  provide a 
margina l  d i s t r i b u t i o n  f o r  recur rence  i n t e r v a l s  which i s  independent of t he  
u n c e r t a i n t y  i n  t h e  median r ecu r rence  i n t e r v a l .  This pe rmi t s  the  e s t i m a t i o n  
of a s i n g l e  p r e f e r r e d  va lue  f o r  the c o n d i t i o n a l  ear thquake f o r e c a s t  prob- 
a b i l i t y .  

6. Earthquake Locat ion S tud ie s .  A s  a r e s u l t  of p a r t i c i p a t i o n  i n  an IASPEI 
working group,  tau-p t r a v e l  t ime programs were provided on a U N I X  p la t form.  
Subsequent ly,  t h e  tau-p package was modified t o  suppor t  the  gene ra t ion  of a 
r e f e r e n c e  Ear th  model and r e s u l t s  were presented  t o  t h e  I A S P E I  Commission on 
P r a c t i c e .  An a r t i c l e  reviewing s t a t e -o f - the -a r t  ear thquake  l o c a t i o n  tech- 
nology has been publ i shed  a s  a chap te r  i n  t he  Encyclopedia of Sol id Ea r th  
Geophysics. A j ou rna l  a r t i c l e  on the  s t a t i s t i c s  of t e l e s e i s m i c  body-wave 
t r ave l - t ime  r e s i d u a l s  h a s  been submit ted f o r  p u b l i c a t i o n .  

7. NEIC Monthly L i s t i n g .  Since January 1981, f i r s t - m o t i o n  f au l t -p l ane  
s o l u t i o n s  f o r  a l l  e v e n t s  of magnitude 5.8 o r  g r e a t e r  have been con t r ibu ted  
t o  t h e  Monthly L i s t i n g s .  Since J u l y  1982, moment-tensor s o l u t i o n s  and 
waveform/focal-sphere p l o t s  have a l s o  been c o n t r i b u t e d .  In t h e  l a s t  s i x  
months, s o l u t i o n s  f o r  approximately 85 events  have been publ ished.  An a t l a s  
of European s e i s m i c i t y  i s  i n  p repa ra t ion .  Spec ia l  maps showing the  se i smic-  
i t y  of Bangladesh and Pak i s t an  have been made f o r  t he  Of f i ce  of Earthquakes,  



Volcanos, and Engineering.  A s e i s m i c i t y  map of the  Mediterranean Sea was 
made f o r  UNDRO. A complete compi la t ion  of Mediterranean Sea s e i s m i c i t y  i s  
being prepared.  
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( i n  p r e s s ) .  
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I n v e s t i g a t i o n s  

S t u d i e s  c a r r i e d  out  under t h i s  p r o j e c t  focus  on d e t a i l e d  i n v e s t i g a t i o n s  of 
l a r g e  ea r thquakes ,  a f t e r s h o c k  s e r i e s ,  t e c t o n i c  problems, and Ea r th  s t r u c -  
t u re .  S t u d i e s  i n  p rog res s  have the  fo l lowing  o b j e c t i v e s :  

1. Determine t h e  maximum depth and degree of v e l o c i t y  anomaly beneath t h e  
Rio  Grande R i f t  and Jemez Lineament by use of a three-dimensional ,  s e i s m i c  
r ay - t r ac ing  methodology (W. Spence and R. S. Gross) .  

2. Explore t h e  consequences of t he  s l a b  p u l l  f o r c e  a c t i n g  a t  t h e  zone of 
p l a t e  bending t h a t  i s  downdip of t h e  lower end of an i n t e r f a c e  t h r u s t  zone 
(W. Spence and W. Z. Savage). 

3. Develop a t e c t o n i c  model f o r  t h e  Carpa th ian  a r c ,  Romania (G. Purcaru and 
W. Spence). 

R e s u l t s  

1. The Jemez l ineament  is  t h e  most a c t i v e  v o l c a n i c  f e a t u r e  i n  t h e  south-  
western United S t a t e s .  It i s  t h e  s o u t h e a s t e r n  t e c t o n i c  boundary of t h e  
Colorado P l a t e a u ,  i t  ex tends  about 800 km from t h e  Raton-Clayton v o l c a n i c  
f i e l d  i n  n o r t h e a s t  New Mexico t o  t h e  San Car los  v o l c a n i c  f i e l d  i n  Arizona,  
and i t  c r o s s e s  t h e  Rio Grande r i f t  a t  t h e  Jemez Mountains. The l a t e r a l  
v a r i a t i o n s  i n  P-wave v e l o c i t y  i n  t h e  upper mantle  beneath the  c e n t r a l  Jemez 
l ineament  and t h e  c e n t r a l  Rio Grande r i f t  were i n v e s t i g a t e d  us ing  t e l e -  
s e i s m i c  P-wave de l ays  measured a t  a 23-s ta t ion  se i smic  network. The 
i n v e r s i o n  used a method of damped, l e a s t - s q u a r e s  and v e l o c i t y  i n t e r p o l a t i o n s  
w i t h i n  a three-dimensional  g r i d  of p o i n t s ,  r a t h e r  than  us ing  blocks of f i x e d  
P-wave v e l o c i t y .  To a depth  of about 160 km, t h e  upper mantle P-wave 
v e l o c i t y  beneath t h e  Rio Grande r i f t  and Jemez l ineament  is  very s i m i l a r  t o  
t h a t  of t he  low v e l o c i t y  zone of t he  Basin and Range, being 4-6 percent  
lower than t h e  P-wave v e l o c i t y  beneath t h e  High P l a i n s  Province. While 
l a t e r a l  v a r i a t i o n s  showing low P-wave v e l o c i t y  i n  t h e  upper mantle beneath 
the  Rio Grande r i f t  were not r e s o l v a b l e ,  t h e  i n v e r s i o n  shows a primary t r e n d  
of 1-2 percent  lower P-wave v e l o c i t y  under ly ing  t h e  Jemez l ineament ,  a t  t h e  
depth i n t e r v a l  of about  50-160 km. This r e s u l t  ex tends  a t  l e a s t  from M t .  
Taylor  through t h e  Jemez vo lcan ic  c e n t e r  and through t h e  Rio Grande r i f t .  
Three independent c a l c u l a t i o n s  of r e s o l u t i o n  i n d i c a t e  t h a t  t hese  r e s u l t s  are 
well-resolved.  The most l i k e l y  i n t e r p r e t a t i o n  i s  t h a t  t h e r e  a r e  a d d i t i o n a l  



c o n c e n t r a t i o n s  of p a r t i a l  mel t  i n  t h e  upper mant le  beneath t h e  Jemez 
l ineament  but  no t  benea th  t h e  Rio Grande r i f t .  This  i n t e r p r e t a t i o n  i s  
c o n s i s t e n t  wi th  t h e  much g r e a t e r  volume of volcanism du r ing  t h e  l a s t  4.5 
m.y. o r i g i n a t i n g  wi th  Jemez l ineament  than  o r i g i n a t i n g  w i t h  t h e  Rio Grande 
r i f t .  This  r e s u l t  i m p l i e s  t h a t  t h e  p re sen t  v o l c a n i c  p o t e n t i a l  of t h e  Jemez 
l ineament  g r e a t l y  exceeds t h a t  of t he  Rio Grande r i f t .  It i s  argued t h a t  
t h e  source  zones f o r  magmas of t h e  Jemez l ineament  move wi th  t he  North 
American p l a t e .  I f  l i t h o s p h e r i c  t h i c k n e s s  is  de f ined  as t h e  t h i c k n e s s  of  
t h e  u n i t  t h a t  p a r t i c i p a t e s  cohe ren t ly  i n  p l a t e  mot ions ,  t hen  t h e  l i t h o s p h e r e  
of t h e  wes te rn  United S t a t e s  con ta in s  t h e  sou rce  of t h e  Jemez vo lcan i c s  (and 
t h e  " low-veloci ty  zone") and has a  t h i c k n e s s  >ZOO km. 

2. I n t e r f a c e  t h r u s t  zones t y p i c a l l y  have d i p s  i n  t h e  range 8-15", whereas 
l i t h o s p h e r e s  t h a t  a r e  subducted i n t o  t h e  mantle  t y p i c a l l y  have d ips  i n  t h e  
range 40-70°, g i v i n g  an  average  d i p  i n c r e a s e  i n  t h e  mantle  of about  45". 
These d i p  i n c r e a s e s  o f t e n  occur  w i t h i n  40-60 km of p l a t e  length .  These 
zones of sha rp  d i p  i n c r e a s e s  ( s l a b  bends) have no t  been g iven  much a t t e n t i o n  
because g e n e r a l l y  t hey  l a c k  l a r g e  ear thquakes .  This  is i n  sha rp  c o n t r a s t  t o  
t h e  wel l - s tud ied  zones of bending beneath ocean ic  t r e n c h e s  where t h e r e  a r e  
f r e q u e n t  normal - fau l t ing  ear thquakes .  It has  been noted by Ruff and 
Kanamori (1983) t h a t  g r e a t ,  i n t e r f a c e  t h r u s t  ea r thquakes  t e rmina t e  t h e i r  
downdip r u p t u r e s  a t  t h e  updip p a r t  of mant le  s l a b  bends. Spence (1987) 
showed t h a t  t h e  s l a b  p u l l  f o r c e  i s  t h e  pr imary f o r c e  t h a t  causes  sha l low,  
subduct ion  ear thquakes .  Spence a l s o  i n t e r p r e t e d  t h e  mantle  s l a b  bends a s  a  
p ivo t  f o r  t h e  summed s l a b  p u l l  f o r c e  of t h e  more deeply  subducted p l a t e .  I n  
t h i s  s t u d y ,  we model t h e  stress d i s t r i b u t i o n  i n  t h e  mantle  s l a b  bend, a c t i n g  
under a  s l a b  p u l l  load.  We f i n d  t h a t  the  observed l a c k  of ear thquakes  i n  
t h e  mantle s l a b  bend i s  due t o  d u c t i l i t y  t h e r e .  However, t h e  s t r e n g t h  of 
t h e  work-hardened d u c t i l e  p o r t i o n  of t h e  s l a b  bend i s  more t han  s u f f i c i e n t  
t o  t r a n s m i t  t h e  s l a b  p u l l  load  i n t o  t h e  sha l low subduct ion  zone. 

3. I n  t he  Vrancea r eg ion  of t h e  s o u t h e a s t e r n  Carpa th ian  a r c ,  ea r thquakes  
ex tend  t o  dep ths  of 200 km, and have magnitudes a s  g r e a t  a s  7.5. Although 
t e c t o n i c  r e c o n s t r u c t i o n s  f o r  t h i s  concave-westward a r c  a r e  no t  d e f i n i t i v e ,  
e s p e c i a l l y  f o r  pre-Miocene t ime,  w e  know t h a t  westward subduct ion  a t  t h e  
Carpa th ian  t r e n c h  has  t e rmina t ed  from nor thwes t  t o  s o u t h e a s t .  Oceanic 
l i t h o s p h e r e  i s  comple te ly  subducted and c o n t i n e n t a l  l i t h o s p h e r e  i s  a t  t h e  
a r c .  S e i s m i c i t y  i s  most pronounced a t  t h e  s o u t h e a s t e r n  co rne r  of t h e  a r c .  
Based on a  v a r i e t y  of ev idence ,  we propose a  new t e c t o n i c  model w i t h  a  
cont inuous subducted l i t h o s p h e r e ,  i n  which: (1) above 40 km depth  t h e  
subducted l i t h o s p h e r e  has  a  sha l low d i p ;  (2 )  between 40 and 70 km depth t h e  
d i p  of subducted p l a t e  s t e e p e n s  t o  nea r  v e r t i c a l ;  (3) t h e  bending of t h e  
subducted p l a t e  i s  most ly  a se i smic ;  (4 )  t h e  mg 7.5 ea r thquakes  a t  dep ths  of 
100-160 km r e s u l t  from downdip p l a t e  e x t e n s i o n ;  (5 )  t h i s  e x t e n s i o n  r e s u l t s  
from t h e  s i n k i n g  of p l a t e  a t  dep ths  of 100-160 and deepe r ;  ( 6 )  s t r e s s e s  due 
t o  t h e  s i n k i n g  of deeply-subducted p l a t e  a r e  communicated updip p a s t  t h e  
zone of p l a t e  bending i n t o  t he  shal low-dipping p a r t  of t h e  p l a t e ;  and ( 7 )  
s t r e s s e s  i n  t h e  shal low-dipping p l a t e  a r e  communicated t o  t h e  o v e r r i d i n g  
p l a t e  and l ead  t o  broad r e g i o n a l  deformation t h e r e .  



IV. 1 

Repor t s  

Spence, Wi l l iam,  and Gross,  R. S . ,  1990, A tomographic gl impse of t h e  upper  
mant le  sou rce  of magmas of t h e  Jemez l ineament ,  New Mexico: J o u r n a l  of 
Geophysical  Research,  v. 95 ( i n  p ress ) .  



United States Earthquakes 

Carl W. Stover 
Branch of Global Seismology and Geomagnetism 

U.S. Geological Survey 
Denver Federal Center 

Box 25046, Mail Stop 967 
Denver, Colorado 80225 

(303) 236-1500 

Investigations 

One hundred and seventy-five earthquakes in the United States and Puerto 
Rico, were canvassed by a mail questionnaire for felt and damage data during 
the period October 1, 1989 to March 31, 1990. Seventy-one of these earth- 
quakes occurred in California, 56 in Alaska, and 43 in eighteen other 
states, and 5 in Puerto Rico. 

A damage survey of the epicentral region and the San Francisco Bay Area was 
made by Carl Stover, Glen Reagor, Frank Baldwin, and Lindie Brewer for the 
October 18, 1989 UTC, Santa Cruz Mountains (Loma ~rieta), California, earth- 
quake. The data is used for evaluating intensities and mapping the felt 
area. 

Write computer programs to create a CD-ROM to be used as an earthquake data 
base, retrieval software for the data base, and a user's manual for the 
earthquake data packages for any IBM-compatible microcomputer equipped with 
a IS0 9660 interface. 

Maintain and update the Earthquake Data Base System. 

Results 

Nine earthquakes caused damage during this period--eight in California and 
one in Missouri. Five of the California earthquakes and the Missouri 
earthquakes had maximum intensities of VI; two other California earthquakes 
had maximum intensities of VII; and the Santa Cruz Mountains (Loma Prieta), 
California, earthquake had a maximum intensity of IX. The Santa Cruz 
Mountains (Lorna Prieta), California, earthquake on October 18, 1989 UTC 
(magnitude 7.1 MS) caused 62 deaths, 3,757 injuries, over $6 billion in 
property damage; and was felt over a land area of 170,000 km2 of California 
and Nevada. The most extensive damage occurred in Oakland, San Francisco, 
Santa Cruz, Watsonville, Hollister, and the rural area of the Santa Cruz 
Mountains near the San Andreas fault zone. 

A Global Hypocenter Data Base CD-ROM has been created along with the 
retrieval software on two floppy disks, and a User's Guide. The CD-ROM 
contains 7 global and 12 regional catalogs covering a time period from 2100 
BC through 1988. One floppy disk contains the retrieval program, the other 
contains a digitized map data base for the mapping portion of the 



software. The User's Guide is a step-by-step explanation of how to retrieve 
and display the data from the CD-ROM. Contact Glen Reagor at (303) 236-1500 
for data or operational details. 

The Earthquake Data Base System (EDBS) has been updated through the current 
PDE and through October 1989 Monthly Listing. Data are available on paper, 
tape, or floppy disk. This data base has been accessed 265 times by 
external users between October 1, 1989 and March 31, 1990. The most common 
users have been engineering companies, insurance companies, universities, 
government agencies, lawyers, and individuals. Contact Glen Reagor at 
(303) 236-1500 for information on the EDBS. 

United States Earthquakes, 1985 (Bulletin) has been completed and submitted 
for printing. 
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Figure 2. Isoseismal map for the San Francisco Bay region for the Santa Cruz (Loma Prieta), Cali- 
fornia, earthquake of October 18,1989 UTC. 
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I n v e s t  i a a t  i o n s  

1. S t a t e  Se i smic i ty  Maps. Produce and d i s t r i b u t e  s e i s m i c i t y  maps on 
shaded,  e l e v a t i o n - t i n t e d  s t a t e  map bases.  

2. World Se i smic i ty  P o s t e r .  Produce and d i s t r i b u t e  a f u l l - c o l o r  p o s t e r  
showing ear thquakes  p l o t t e d  on o r thograph ic -p ro j ec t ion  base maps of t h e  
world. 

Resu l t s  

1. S t a t e  Se i smic i ty  Maps. The aim of t h e  s t a t e  s e i s m i c i t y  maps i s  t o  pro- 
v i d e  the  most complete p i c t u r e  p o s s i b l e  of where ear thquakes  have occurred 
h i s t o r i c a l l y  i n  r e l a t i o n  t o  geographic ,  geomorphic, and c u l t u r a l  f e a t u r e s .  
This  i s  accomplished by s e l e c t i n g  o r  compiling an ear thquake  da tabase  t h a t  
i s  then  p l o t t e d  and p r i n t e d  on a shaded, e l e v a t i o n - t i n t e d  base map. 

Since t h i s  p r o j e c t  began i n  1988, s t a t e  s e i s m i c i t y  maps have been completed 
f o r  C a l i f o r n i a ,  Hawaii, and Alaska. Work i s  c u r r e n t l y  underway t o  produce a 
s i m i l a r  map f o r  t h e  s t a t e  of Utah. This  map w i l l  d i s p l a y  ear thquakes  t h a t  
occurred  between 1884 and 1989. Although the  magnitude th re sho ld  f o r  
ear thquakes  p l o t t e d  on t h e  map v a r i e s  throughout  t h e  h i s t o r i c a l  r e c o r d ,  t h e  
lower magnitude cut-off f o r  ear thquakes  t h a t  occurred a f t e r  1962 i s  2.5. 
Ep icen te r  symbol s i z e s  p l o t t e d  on t h e  map a r e  s ca l ed  i n t o  f o u r  magnitude 
c a t e g o r i e s .  Earthquakes t h a t  occurred s i n c e  1975 a r e  d i s t i n g u i s h e d  on t h i s  
map from e a r l i e r  even t s  by t h e  i n t e n s i t y  of c o l o r  of t h e  e p i c e n t r a l  symbol. 

The r e s u l t i n g  f u l l - c o l o r  maps a r e  d i s t r i b u t e d  t o  t h e  r e sea rch  community 
worldwide, a s  we l l  a s  t o  each  h igh  school  i n  t h e  s t a t e  covered by t h e  map. 

2. World Se i smic i ty  Pos t e r  . Orthographic-proj e c t i o n  views of t h r e e  r o t a -  
t i o n s  of the  Ea r th  a r e  shown on t h e  pos t e r  i n  o r d e r  t o  d e p i c t  p a t t e r n s  of 
s e i s m i c i t y  throughout t he  world. ~ a c h  hemispher ica l  view- shows ear thquakes  
p l o t t e d  on a shaded,  e l e v a t i o n - t i n t e d  base map. Because t h e  or thographic  
p r o j e c t i o n  s imu la t e s  viewing a g lobe  from space ,  t he  viewer is  a b l e  t o  g e t  a 
more accu ra t e  p i c t u r e  of s e i s m i c i t y  p a t t e r n s  of our  s p h e r i c a l  Ea r th  than  can 
be achieved from the  more commonly used Mercator p ro j ec t ion .  



The World Se i smic i ty  p o s t e r  d i s p l a y s  s e l e c t e d  hypocenters  f o r  ear thquakes  
t h a t  occurred  from January  1979 t o  December 1988. Symbols a r e  p l o t t e d  a t  
e p i c e n t r a l  l o c a t i o n s .  Symbol c o l o r s  r e p r e s e n t  t h r e e  depth-of-focus c l a s s e s .  
Symbol s i z e s  a r e  s ca l ed  i n t o  t h r e e  magnitude ranges.  Within each  magnitude 
c a t e g o r y ,  t h e  ear thquake da t abase  w a s  thinned by p l o t t i n g  no more than one 
e p i c e n t e r  i n  any s i n g l e  c e l l  of a 0.25 degree  g r i d .  Over 23,000 s e p a r a t e  
e p i c e n t e r  l o c a t i o n s  shown on t h e  p o s t e r  r e p r e s e n t  over  97,000 e p i c e n t e r s .  

The r e s u l t i n g  p o s t e r s  a r e  d i s t r i b u t e d  t o  t h e  r e s e a r c h  community worldwide 
and are a l s o  a v a i l a b l e  f o r  purchase.  

Reports  

Go te r ,  S. K., 1990, World S e i s m i c i t y  1979-1988: U.S. Geologica l  Survey NEIC 
P o s t e r  1. 

Goter ,  S. K., 1990, S e i s m i c i t y  of Utah, 1884-1989 ( i n  p r e p a r a t i o n ) .  
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Investigations 

1. IRIS/USGS Data Collection Center. The Incorporated Research Institu- 
tions for Seismology (IRIS) have designated the Albuquerque Seismological 
Laboratory (ASL) to be the data collection center (DCC) for a new global 
network of digitally recording seismograph stations. A new data processing 
system has been installed at the ASL, and a new data format has been 
developed which is becoming the international standard for seismic data 
recording and distribution. 

2. Data Processing for the Global Digital Seismograph Network. All of the 
data received from the Global Digital Seismograph Network and other contri- 
buting stations is regularly reviewed, checked for quality, and archived at 
the ASL. 

3. Network Volume Program. Data from the GDSN stations and other contri- 
buting networks are assembled into network volumes which are distributed to 
regional data centers and other government agencies. 

Results 

1. IRIS/USGS Data Collection Center. IRIS has developed the instrumenta- 
tion for a network of 50 or more digital recording seismograph stations 
which will be primarily installed by USGS personnel over the next several 
years. All of the data from this network will be forwarded to the DCC 
located at the ASL. As part of this program, IRIS funded much of the new 
hardware required by the DCC to process this large amount of data. A new 
digital format known as the Standard for the Exchange of Earthquake Data 
(SEED) was developed by the USGS in cooperation with both IRIS and the 
Federation of Digital Broadband Seismograph Networks. The SEED format has 
been well received by the seismic community and is rapidly becoming a 
standard for both recording and distributing seismic data around the world. 
During the past year, most of the digital data archived at the ASL on mag- 
netic tape has been transferred to an optical jukebox memory system which 
can automatically select any of 50 optical platters each of which can store 
up to 3.2 gigabytes of seismic data. In addition, the ASL has received 140 
digital tapes containing seismic data recorded by the IRIS/IDA network of 
efght stations, four of which are located in the Soviet Union. These tapes 
contain approximately 14 gigabytes of seismic data which is presently being 
transferred to optical disk system. About 75 gigabytes of seismic data have 



been recorded  on t h e  o p t i c a l  d i s k  system, and an a d d i t i o n a l  35 g igaby te s  
w i l l  be added du r ing  the  next  6 months. A t  t h a t  t ime,  a l l  of t h e  d i g i t a l  
d a t a  eve r  r ece ived  a t  t he  ASL w i l l  be o n l i n e  and a v a i l a b l e  f o r  i n s t a n t  
r e c a l l .  The o p t i c a l  p l a t t e r s  on which t h i s  s e i smic  d a t a  i s  a rch ived  have a n  
e s t ima ted  s h e l f  l i f e  of 109 years .  

2. Data Process ing  f o r  t h e  Global  D i g i t a l  Seismograph Network. During t h e  
p a s t  s i x  months, 597 d i g i t a l  t a p e s  (134 SRO/ASRO, 238 DWWSSN, 115 CDSN, 110 
IRIS-1) from t h e  ~ l o b a l - N e t w o r k - a n d  o t h e r  c o n t r i b u t i n g  s t a t i o n s  were e d i t e d ,  
checked f o r  q u a l i t y ,  c o r r e c t e d  when f e a s i b l e ,  and arch ived  a t  t h e  ASL. The 
Global  Network, supported by t h e  USGS, is p r e s e n t l y  comprised of 12 SRO/ASRO 
s t a t i o n s ,  14 DWWSSN s t a t i o n s ,  and one IRIS-1 s t a t i o n .  In  a d d i t i o n ,  t h e r e  
a r e  10 c o n t r i b u t i n g  s t a t i o n s  which i n c l u d e  t h e  f i v e  s t a t i o n s  from China 
D i g i t a l  Seismograph Network and f i v e  IRIS-1 s t a t i o n s .  Data from t h e  e i g h t  
IRISIIDA s t a t i o n s ,  i nc lud ing  t h e  f o u r  i n  Russ i a ,  a r e  a l s o  being r ece ived  on 
a  r a t h e r  i r r e g u l a r  b a s i s .  The d a t a  from t h e  f o u r  Russian s t a t i o n s  a r e  
f r e q u e n t l y  l a t e  due t o  de l ays  i n  shipments  between Russia  and t h e  United 
S t a t e s .  

3.  Network Volume Program. The network volume program i s  a  cont inuing  pro- 
gram which assembles  a l l  of t h e  d a t a  recorded  by the  Global D i g i t a l  Seisrno- 
graph  Network p lus  t h e  va r ious  c o n t r i b u t i n g  s t a t i o n s  mentioned i n  t h e  
previous  paragraph,  f o r  a  s p e c i f i c  ca l enda r  days o r  days onto  one magnet ic  
t a p e .  Th i s  t a p e  inc ludes  a l l  t h e  neces sa ry  s t a t i o n  parameters ,  c a l i b r a t i o n  
d a t a ,  t r a n s f e r  f u n c t i o n s ,  and t ime-co r rec t ion  informat ion  f o r  each s t a t i o n  
i n  t h e  network. A l l  of t hese  t apes  a r e  recorded i n  t h e  new SEED format ,  and 
cop ie s  a r e  d i s t r i b u t e d  t o  s e v e r a l  u n i v e r s i t y  and government r e sea rch  groups 
f o r  d e t a i l e d  a n a l y s i s .  These t a p e s  a r e  assembled approximately 60 days 
a f t e r  r e a l  t ime i n  o rde r  t o  provide a  s u f f i c i e n t  t ime frame f o r  r eco rd ing  
t h e  d a t a  a t  t h e  s t a t i o n s ,  forwarding t h i s  d a t a  t o  t h e  ASL, and p roces s ing  
t h e  d a t a  a t  t h e  DCC. The amount of d a t a  produced by t h e  v a r i o u s  networks 
each  day i s  from 80 t o  100 megabytes. 
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I n v e s t i g a t i o n s  and Resu l t s  

The Quick Ep icen te r  Determinat ions (QED) con t inues  t o  be a v a i l a b l e  t o  
i n d i v i d u a l s  and groups  having acces s  t o  a 300- o r  1200-baud te rmina l  w i t h  
d ia l -up  c a p a b i l i t i e s  t o  a t o l l - f r e e  WATS number o r  a commercial te lephone 
number i n  Golden, Colorado. L t  i s  a l s o  a c c e s s i b l e  v i a  GEONET and p u b l i c  
TYMNET. The time period of d a t a  a v a i l a b l e  i n  the  QED i s  approximately 3 
weeks (from about  2 days behind r e a l  time t o  t h e  c u r r e n t  PDE i n  product ion) .  
The QED program is a v a i l a b l e  on a 24-hour b a s i s ,  7 days a week. From 
October 1,  1989, through March 31, 1990, t h e r e  have been 8,179 l o g i n s  t o  t h e  
QED program. A d a i l y  QED message, 7 days behind r e a l  t ime,  i s  t r ansmi t t ed  
t o  22 d i f f e r e n t  agenc ie s  i n  t h e  U.S. and throughout t he  world v i a  e l e c t r o n i c  
m a i l ,  i nc lud ing  a s c i e n t i f i c  b u l l e t i n  board opera ted  by D r .  F ranc i s  Wu a t  
t he  S t a t e  Un ive r s i t y  of New York a t  Binghamton. This  b u l l e t i n  board i s  
a c c e s s i b l e  by anyone who i s  connected t o  BITNET. The d a i l y  QED message is  
a l s o  d i s t r i b u t e d  t o  ano the r  1 3  agenc ie s  v i a  U.S. government communications 
(vADATS/DTS/AUTODIN), i nc lud ing  worldwide d i s t r i b u t i o n  on the communications 
system of t h e  World Meteoro logica l  Organizat ion.  

NEIS i s  making e x t e n s i v e  use of e l e c t r o n i c  mail  f o r  d a t a  a c q u i s i t i o n .  Data 
a r e  now being r ece ived  v i a  GEONET, TYMNET, i n t e r n e t ,  BITnet, DECNET/SPAN and 
uucp on a r e g u l a r  bas i s .  Agencies sending d a t a  t o  NEIS v i a  e l e c t r o n i c  m a i l  
i nc lude  t h e  fo l lowing:  

U.S. Bureau of Reclamation, Denver 
Geological  Survey of Canada, Ottawa 
Geologica l  Survey of Canada, Sidney, BC 
Universidad Autonoma de Mexico, Mexico C i ty  
Universidade de Sao Paulo,  B r a z i l  
Un ive r s i t y  of Bergen, Norway 
I n s t i t u t o  Nazionale d i  G e o f i s i c a ,  Rome, I t a l y  
Centro Cul tura  S c i e n t i f i c a  E t t o r e  Majorana, E r i c e ,  S i c i l y  
Centre  Seismologique Euro-Mediterraneen, S t r a sbourg ,  France 
Un ive r s i t y  of Thessa lon ik i ,  Greece 
K a n d i l l i  Observatory,  I s t a n b u l ,  Turkey 
Harvard Un ive r s i t y ,  Cambridge, MA ( Centroid,  Moment Tensor S o l u t i o n s )  



In a d d i t i o n ,  t h e  fo l lowing  agencies  c o n t r i b u t e  d a t a  t o  t h e  PDE program by 
computer f i l e  t r a n s f e r  o r  remote l o g i n  v i a  t h e  computer networks: 

USGS Alaska Seismic P r o j e c t ,  Menlo Park 
USGS/California I n s t i t u t e  of Technology, Pasadena 
USGS Freder icksburg  Observatory,  Corbin,  V i r g i n i a  
USGS Guam Observatory, Mariana I s l a n d s  
U n i v e r s i t y  of C a l i f o r n i a ,  Berkeley 
U n i v e r s i t y  of Southern C a l i f o r n i a ,  Los Angeles 
U n i v e r s i t y  of Washington, S e a t t l e  
John C a r r o l l  Un ive r s i t y ,  Cleveland,  Ohio 
North I l l i n o i s  Un ive r s i t y ,  DeKalb 
Oklahoma Geophysical Observatory,  Leonard 

Data a c q u i s i t i o n  by e l e c t r o n i c  m a i l  i s  i n  t h e  process  of being e s t a b l i s h e d  
wi th  Graefenberg Observatory i n  Germany and the  Bureau Cen t r a l  Seismologique 
F ranca i se  i n  France. 

Te legraphic  d a t a  a r e  now being exchanged wi th  the  USSR on most l a r g e r  e a r t h -  
quakes. The Sovie t  d a t a  a r e  being r ece ived  from t h e  Cent ra l  Se ismologica l  
Observa tory ,  Obninsk, under the  ausp ices  of t he  World Data Center system. 
Our d e s i g n a t i o n  a s  World Data Center A f o r  Seismology played a key r o l e  i n  
p e r m i t t i n g  t h i s  exchange t o  be e s t a b l i s h e d .  

Data from t h e  P e o p l e l s  Republic of China v i a  t h e  American Embassy con t inue  
t o  be r ece ived  i n  a  very  t ime ly  manner and i n  t ime f o r  t he  PDE pub l i ca t ion .  
We con t inue  t o  r e c e i v e  f o u r  s t a t i o n s  on a  weekly b a s i s  from the  S t a t e  Seis-  
mologica l  Bureau of t he  Peop le ' s  Republic of China. The B u l l e t i n s  w i th  
a d d i t i o n a l  d a t a  a r e  now being r ece ived  i n  t ime f o r  t h e  Monthly. We a r e  
c u r r e n t l y  e s t a b l i s h i n g  an exchange of b u l l e t i n  d a t a  w i t h  them v i a  floppy 
d i s k  through the  Embassy. 

S p e c i a l  e f f o r t s  a r e  being made t o  r e c e i v e  more d a t a  from the  La t in  American 
c o u n t r i e s  on a  more t imely  bas i s .  The inc reased  a v a i l a b i l i t y  of t e l e f a x  i s  
pe rmi t t i ng  much more i n t e r a c t i o n  wi th  La t in  American c o u n t r i e s  than i n  t h e  
p a s t .  

We have r ap id  d a t a  exchange (a la rm quakes) wi th  Centre  Seismologique 
European-Mediterranean (CSEM) , Strasbourg ,  France,  and I n s t i t u t o  Nazionale 
d e  G e o f i s i c a ,  Rome, I t a l y ,  and S i c i l y ,  and d a t a  by te lephone  from Mundaring 
Geophysical Observatory, Mundaring, Western A u s t r a l i a  and P a c i f i c  Tsunami 
Warning Center i n  Honolulu. The geophys ica l  l a b o r a t o r y  i n  Papee te ,  French 
Po lynes i a  c o n t r i b u t e s  a  s i n g l e - s t a t i o n  e s t i m a t e  of s e i s m i c  moment w i t h i n  
about  24 hours  of a  l a r g e  event  i n  t h e  P a c i f i c  region.  

The Monthly L i s t i n g  of Earthquakes i s  up t o  d a t e .  A s  of March 31, 1990, t h e  
Monthly L i s t i n g  and Earthquake Data Report (EDR) have been completed through 
November 1989. The t o t a l  number of even t s  publ i shed  f o r  t he  pe r iod  June 
through November 1989 w a s  7,355. By comparison, f o r  1970 only  4,353 even t s  
were publ i shed  i n  t he  PDE f o r  t h e  e n t i r e  year .  Radiated energy ,  moment 
t e n s o r ,  P-wave f  i r s t -mo t ion  and broad band dep th  s o l u t i o n s  cont inue  t o  be 
determined by t h e  USGS when p o s s i b l e  and publ i shed  i n  t h e  Monthly L i s t i n g  



and EDR f o r  any ear thquake  having an m magnitude > 5.8. Cent ro id  moment 
t e n s o r  s o l u t i o n s  cone r i b u t e d  by Harvar!? LJn ive r s i t f i on t inue  t o  be publ i shed  
i n  t he  Monthly L i s t i n g  and EDR. Waveform p l o t s  a r e  being publ ished f o r  
s e l e c t e d  e v e n t s  having mb magnitudes - > 5.8. 

The Earthquake E a r l y  A l e r t i n g  Serv ice  (EEAS) con t inues  t o  provide informa- 
t i o n  on r e c e n t  ear thquakes  on a 24-hour b a s i s  t o  t he  Of f i ce  of Earthquakes,  
Volcanoes and Engineer ing ,  s c i e n t i s t s ,  news media, o t h e r  government agenc- 
i e s ,  f o r e i g n  c o u n t r i e s ,  and t h e  g e n e r a l  publ ic .  

For ty-s ix  r e l e a s e s  were made from October 1 ,  1989, through March 31, 1989. 
In t h e  United S t a t e s ,  t h e  most s i g n i f i c a n t  ear thquakes  were the  magnitude 
7.1 Loma P r i e t a  ear thquake  of October 17, 1989, which kep t  t h e  NEIS s t a f f  
working c o n t i n u a l l y  f o r  more than  48 hours .  The second important  U. S. 
ea r thquake  w a s  a magnitude 5.5 i n  southern  C a l i f o r n i a  on February 28, 1990. 
The most s i g n i f i c a n t  f o r e i g n  ear thquakes  were: a magnitude 5.4 i n  nor th-  
e a s t e r n  China on October 18 ,  1989; a magnitude 7.1 i n  t he  Solomon I s l a n d s  on 
October 27; a magnitude 5.9 i n  Alger ia  on October 29; a magnitude 5.1 i n  
Sichuan Province ,  China on November 20; a magnitude 5.6 i n  southern  I r a n  on 
November 20; a magnitude 7.4 on Mindanao, P h i l i p p i n e  I s l a n d s  on December 15; 
a magnitude 5.5 ear thquake i n  Newcastle, A u s t r a l i a ,  which k i l l e d  n ine  people 
on December 27 (probably  t h e  f i r s t  ear thquake  d e a t h s  i n  t h e  coun t ry ) ;  a 
magnitude 7.0 i n  t he  Bismarck Sea on December 30; a magnitude 5.1 i n  e a s t e r n  
China on February 9, 1990; a magnitude 6.1 i n  Pak i s t an  on March 4; a magni- 
t u d e  7.1 i n  t h e  Vanuatu I s l a n d s  on March 4; and a magnitude 7.0 i n  Costa 
Rica on March 25. 

Repor ts  

Monthly L i s t i n g  of Earthquakes and Earthquake Data Reports  (EDR); s i x  
p u b l i c a t i o n s  from June 1989 through November 1990. Compilers: 
W. Jacobs ,  L. Kerry,  J. Minsch, R. Needham, W. Person,  B. Presgrave ,  
W. Schmieder. 

Person ,  Waverly J., Se ismologica l  Notes: B u l l e t i n  of t h e  Seismological  
Soc ie ty  of America, v. 79, no. 5 ,  November-December 1988; v. 79, no. 6 ,  
January-February 1989; v. 80, no. 1 ,  March-April 1989; v. 80,  no. 2, 
May-June 1989. 

P re l imina ry  Determinat ion of Ep icen te r s  (PDE); 35 weekly p u b l i c a t i o n s  from 
October 5 ,  1989, numbers 37-89 through March 29, 1990, 10-90. 
Compilers:  W. Jacobs ,  L. Kerry, J. Minsch, R. Needham, W. Person,  
B. Presgrave ,  W. Schmieder. 

Quick Ep icen te r  Determinat ion (QED) ( d a i l y ) :  D i s t r i b u t e d  only  by e l e c t r o n i c  
media. 

Monthly L i s t i n g  of Earthquakes,  v. 60, no. 3 ,  July-September 1989, v. 60,  
no. 4; October-December 1989 (Microf iche) :  Seismological  Research 
L e t t e r s ,  Eas t e rn  Sec t ion ,  SSA. Compilers: W. Jacobs ,  L. Kerry,  
J. Minsch, R. Needham, W. Person,  B. Presgrave ,  W. Schmieder. 

Person ,  Waverly J., "Earthquakes and Volcanoes," v.  20, no. 6 "Earthquakes,"  
July-August 1988; v. 21,  no. 2 "Earthquakes,"  September-October 1988. 
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I n v e s t i g a t i o n s  

T h i s  p r o j e c t  d i s t r i b u t e s  cop ie s  a t  c o s t  of f i lmed seismograms from t h e  
Worldwide Standardized Seismograph Network (WSSN) , the  Canadian Standard 
Network (CSN), and v a r i o u s  s t a t i o n s  w i t h  h i s t o r i c a l  (pre-1963) r eco rds .  In  
a d d i t i o n ,  t h e  p r o j e c t  r e c e i v e s  and p roces ses  t h e  o r i g i n a l  WWSSN analogue 
seismograms f o r  photography, and af te rward  r e t u r n s  them t o  the  s t a t i o n s .  

Resu l t s  -- 
A c o n t r a c t  f o r  t he  photography of o r i g i n a l  WWSSN seismograms and d u p l i c a t i o n  
of f i lmed seismograms, cover ing  f i s c a l  yea r s  1990-1992, was f i n a l l y  s igned  
i n  mid-December. Problems wi th  moving and r e a l i g n i n g  t h e  government-owned 
f l a t b e d  camera f u r t h e r  de layed  t h e  s t a r t  of photography u n t i l  l a t e  February. 
A s  a r e s u l t ,  o n l y  60 s tat ion-months of WWSSN seismograms had been photo- 
graphed by t h e  end of t h i s  r e p o r t i n g  p e r i o d ,  and ano the r  110 s tat ion-months 
were ready  t o  be photographed. Neve r the l e s s ,  t h e  new c o n t r a c t o r ,  American 
Micro Data of Denver, Colorado, i s  meeting q u a l i t y  s p e c i f i c a t i o n s  and should 
be on schedu le  (about  700 s tat ion-months completed) by the  end of t h e  f i s c a l  
year .  

Nine s t and ing  o r d e r s  f o r  WWSSN and two s t and ing  o r d e r s  f o r  CSN f i s c a l  year  
1990 f i lmed seismograms have been r ece ived .  The number of a c t i v e  s t a t i o n s  
i n  both networks con t inues  t o  decrease  s l i g h t l y  each  year .  A s  a r e s u l t ,  t h e  
c o s t  of t h e  s t a n d i n g  o r d e r s  w a s  reduced f o r  t h e  t h i r d  succes s ive  year. CSN 
f i l m s  through September 1989 have been rece ived  from Ottawa. 

F i f t e e n  s p e c i a l  o r d e r s  f o r  f i lmed WWSSN seismograms have been f i l l e d  under 
t h e  new c o n t r a c t  dur ing  t h i s  r e p o r t i n g  period.  About 20 a d d i t i o n a l  r e q u e s t s  
have been r ece ived ,  mainly f o r  f i lmed seismograms of t h e  Loma P r i e t a ,  
C a l i f o r n i a ,  ear thquake .  Only a l i m i t e d  number of t hese  seismograms have 
been r e c e i v e d ,  and very  few have been photographed. 

T h i s  p r o j e c t  i s  t h e  p r i n c i p a l  source of f i lmed analogue seismograms f o r  
d i s t r i b u t i o n  through World Data Center A f o r  Seismology, which was 
des igna ted  a p a r t  of t h e  Branch s t r u c t u r e  i n  October 1986. The World Data 
Centers  commonly exchange d a t a  f o r  l a t e r  d i s t r i b u t i o n  i n  t h e i r  own r eg ions  
of coverage. 
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Madeleine Zi rbes  
Branch of Global Seismology and Geomagnetism 

U. S. Geological  Survey 
Denver Federal  Center 

Box 25046, Mail Stop 967 
Denver, Colorado 80225 

(303)  236-1506 

I n v e s t i g a t i o n s  

1. NEIC Monthly L i s t i n g .  Con t r ibu te  waveform d a t a  f o r  a l l  even t s  of 
magnitude 5.8 o r  g r e a t e r  when s u f f i c i e n t  d a t a  e x i s t s .  

2 .  Network Day Tape Support.  Develop, d i s t r i b u t e  and suppor t  FORTRAN 
programs t o  a c c e s s  network-day t a p e s  and s t a t i o n  tapes .  

3.  SEED Support.  Develop, d i s t r i b u t e  and suppor t  sof tware  f o r  the Standard 
f o r  t h e  Exchange of Earthquake Data (SEED) format .  

4. Event Tape Product ion and D i s t r i b u t i o n .  Produce and d i s t r i b u t e  event  
t apes .  

5. Event CD-ROM Product ion and D i s t r i b u t i o n .  Produce and d i s t r i b u t e  even t  
CD-ROM d a t a .  

R e s u l t s  

1. NEIC Monthly L i s t i n g .  S ince  J u l y  1982, d i g i t a l  waveform p l o t s  have been 
c o n t r i b u t e d  t o  t he  Monthly L i s t i n g s .  USGS f a u l t - p l a n e  and moment t e n s o r  
s o l u t i o n s ,  and broadband d a t a  have a l s o  been incorpora ted  i n t o  the  f o c a l  
sphere  p l o t s .  

2. Network Day Tape Support.  FORTRAN sof tware  t o  read and e x t r a c t  d i g i t a l  
d a t a  from s t a t i o n  t a p e s  (1976-1979) and network day t a p e s  (1980-1987) has  
been developed and d i s t r i b u t e d  t o  t he  r e sea rch  community worldwide. Users  
a r e  supported on a  v a r i e t y  of computers. 

3.  SEED Support.  A new Standard f o r  the  Exchange of Earthquake Data (SEED) 
has  been c r e a t e d  and t a p e s  are now being produced (1988 t o  p r e s e n t )  and 
d i s t r i b u t e d  by the  Albuquerque Seismic Laboratory.  FORTRAN sof tware  has 
been developed t o  read and e x t r a c t  t h e  d i g i t a l  d a t a  from t h e  SEED t a p e s  and 
t h i s  sof tware  i s  being made a v a i l a b l e  t o  the  r e s e a r c h  community. 

4. - Event Tape Product ion and D i s t r i b u t i o n .  Event t a p e s  have been produced 
from network day t a p e s  f o r  d a t a  from 1980 through 1986 f o r  a l l  even t s  w i t h  
magnitude 5.5 o r  g r e a t e r .  These t a p e s  a r e  d i s t r i b u t e d  t o  25 i n s t i t u t i o n s  
worldwide, a long wi th  a waveform c a t a l o g  t h a t  provides  a  v i s u a l  d i s p l a y  of 
t h e  d a t a  a v a i l a b l e  f o r  each event .  



5. Event CD-ROM Product ion  and D i s t r i b u t i o n .  Data from the  even t  t a p e s  a r e  
r e fo rma t t ed  and s e n t  t o  a CD-ROM mas t e r ing  f a c i l i t y  f o r  r e p l i c a t i o n .  F ive  
volumes have been produced, cover ing  Janua ry  1980 through September 1985. 
The CD-ROMs a r e  being d i s t r i b u t e d  t o  over  200 U n i v e r s i t i e s  a c r o s s  t h e  United 
S t a t e s  and geophys ica l  r e s e a r c h  i n s t i t u t e s  worldwide. R e t r i e v a l  s o f t w a r e ,  
SONIC (C) and CDRETRV (FORTRAN), h a s  been developed f o r  t h e  IBM/PC/AT/386 
compat ib les  and d i s t r i b u t e d .  It a l l ows  e a s y  a c c e s s  t o  t h e  d i g i t a l  d a t a .  

Reports  

CD-ROM Products  

NEIC Earthquake D i g i t a l  Data ,  Volume 5 ,  J anua ry  1985 through September 1985. 



General Earthquake Observation System (6EOS) 
General Analysis and Playback Systems (GAPS) 

Roger D. Bo rche rd t  
Branch o f  Eng inee r i ng  Seismology and Geology 

U.S. Geo log i ca l  Survey 
345 M i d d l e f i e l d  Road, MS 977 

Menlo Park ,  Cal i f o r n i a  94025 
(415) 329-5619 

I n v e s t i g a t i o n s  

1. Complete c o n s t r u c t i o n  and development o f  100 p o r t a b l e ,  broad band, 
h i g h - r e s o l u t i o n  d i g i t a l  d a t a  a c q u i s i t i o n  systems f o r  use i n  a  w ide  
v a r i e t y  o f  a c t i v e  and p a s s i v e  se i sm ic  exper iments .  

2. Completed Program P lan  f o r  Large  A r r a y  Seismic  Observa t ions  (LASO) 

3. Develop PC-based c a p a b i l i t i e s  f o r  r e t r i e v a l ,  p rocess ing ,  and 
a r c h i v a l  o f  l a r g e  volumes o f  GEOS data.  

4. Conduct Eu ras i an  Seismic  S t u d i e s  Program. 

5, Conduct A f t e r shock  I n v e s t i g a t i o n s  f o r  Loma P r i e t a  ear thquake.  

Resu 1 t s  

1. The f o l l o w i n g  d e s i g n  m o d i f i c a t i o n s  f o r  55 new GEOS systems a r e  i n  
f i n a l  t e s t i n g  s tages:  

a.) Expanded da ta  b u f f e r  (1 M/sample) des ign  by M. Kennedy. 
b.) Extended g a i n  w i t h  improved n o i s e  f o r  a m p l f i l t e r  board  by J. 

van Schaack and G. Jensen. 
c.) New tape  c o n t r o l l e r  f o r  new 16 Mbyte tape  c a r t r i d g e s  by Phoenix 

Data, I nc .  
d.) So f twa re  d r i v e r s  f o r  mag tape  c o n t r o l l e r  by  G. Maxwell.  
e.) So f tware  f o r  RS 232 f o r  use i n  s a t e l l i t e ,  r a d i o ,  and t e l ephone  

t e l e m e t r y  and d a t a  t r a n s f e r  t o  f i e l d  computer by  G. Maxwel l .  
f .) So f tware  f o r  i n c o r p o r a t i n g  des ign  m o d i f i c a t i o n s ,  t e l e s e i s m i c  

t r i g g e r ,  and f i e l d  p layback  a r e  b e i n g  pursued by G. Maxwel l .  
g.) Complet ion o f  t h e  55 new GEOS u n i t s  i s  expected by September 

1990. T e s t i n g  o f  f i r s t  a r t i c l e  i s  i n  p rog ress  b u t  has been 
slowed by 1 i m i t e d  personne l  resources.  

2. An e x t e n s i v e  s c i e n t i f i c  p l a n  f o r  management o f  a  L a r  e A r r a y  Se ismic  
Observa t ion  program was developed and p resen ted  t o  -+ o f  i c e  management 
by t h e  LASO e x e c u t i v e  commit tee (R.D. Bo rche r t ,  c h a i r ,  M. Ce leb i ,  J. 
F i l s o n ,  H.M. I y e r ,  M. Johnston,  W. Mooney, A. Rogers. 



3. GEOS maintenance l a b o r a t o r y  under d i r e c t i o n  o f  J. Sena t o g e t h e r  w i t h  
f i e l d  s u p p o r t  o f  G. Sembera and C. D i e t e l  has f a c i l i t a t e d  t h e  
e x e c u t i o n  o f  s e v e r a l  exper iments  w i t h i n  t h e  l a s t  yea r ,  i n c l u d i n g  
exper iments  a t  P a r k f i e l d ,  Anza, Armenia, t e l e s e i s m i c  r e c e i v e r  
f u n c t i o n  exper iments  nea r  Pace, Ar i zona ,  and ground response and 
near -source  i n v e s t i g a t i o n s  o f  Loma P r i e t a  ear thquake.  

4. S i g n i f i c a n t  e f f o r t s  have been devoted t o  p l a n n i n g  f o r  t h e  Eu ras i an  
Seismic  S tud ies  Program i n  c o n j u n c t i o n  w i t h  J. F i l s o n  and D. 
Simpson. PC-based d a t a  p layback  and a n a l y s i s  c a p a b i l i t i e s  ( s o f t w a r e  
and hardware) have been developed i n  c o n j u n c t i o n  w i t h  W. Lee, E. 
Cranswick,  and C. M u e l l e r .  S e l e c t a b l e  OmegaIWWV t i m i n g  c a p a b i l  i t i e s  
f o r  GEOS have been developed i n  c o n j u n c t i o n  w i t h  G. Jensen. 
Hardware and sensors  r e q u i r e d  f o r  deployment have been acqu i r ed  f o r  
sh ipment  on June 11, 1990. 
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A.G. Brady 
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Menlo Park,  Cal i f o r n  i a  94025 
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I n v e s t i g a t i o n s  

1. Process ing  da ta  f rom t h e  Loma P r i e t a  ear thquake,  i n c l u d i n g  t h e  
d e t e r m i n a t i o n  o f  l o n g - p e r i o d  1  i m i t s .  

2. So f tware  improvements f o r  PC network i n  v a r i o u s  s t a f f  o f f i c e s  w i t h i n  
t h e  Branch, and f o r  t h e  p rocess ing  program. 

3. Ca ta l og ing  a l l  s t r ong -mo t i on  r e c o r d s  f r om t h e  c o o p e r a t i v e  ne twork  
opera ted  by USGS f o r  1987. 

R e s u l t s  

1. D i g i t i z i n g  and p rocess ing  o f  t h e  r e c o r d s  f rom Loma P r i e t a  has 
commenced. D i g i  t i z a t i o n  i s  complete  on r e c o r d s  f rom 38 s t a t i o n s ,  
and t h e  f i r s t  volume o f  processed da ta ,  w i t h  i t s  accompanying tape,  
i s  a v a i l a b l e  f o r  d i s t r i b u t i o n .  W i t h i n  t h e  USGS, i n v e s t i g a t i o n s  have 
shown t h e  c o n t r i b u t i o n  t o  damage o f  t h e  Bay B r i d g e  f rom ground 
resonances i n  t h e  v i c i n i t y  o f  t h e  Oakland abutment. 

2. Many sub rou t i nes  i n  t h e  acce le rogram p r o c e s s i n g  program have been 
s t r e a m l i n e d  and t hose  p a r t s  dependent on c u r r e n t  USGS hardware have 
been separated and t r e a t e d  f o r  a b i l i t y  t o  t r a n s p o r t .  A l i m i t e d  PC 
v e r s i o n  t o  be a t t a c h e d  t o  a  CDROM o f  s t r o n g  m o t i o n  unco r rec ted  da ta  
i s  i n  p r e p a r a t i o n .  

3. The annual r e p o r t  d e s c r i b i n g  a1 1 s t rong-mot  i o n  r e c o r d s  recovered  i n  
a  s i n g l e  year  i s  c a l l e d  a  "Ca ta logue  o f  U.S. G e o l o g i c a l  Survey 
S t rong-Mot ion  Records, 19- - "  and i t s  T a b l e  1 l i s t s  a l l  i m p o r t a n t  
parameters  o b t a i n a b l e  f r om  t h e  o r i g i n a l  r eco rd :  ea r thquake  
e p i c e n t e r  and magnitude, s t a t i o n  name and l o c a t i o n ,  t r i g g e r  and S-T 
t imes ,  and component d i r e c t i o n s ,  peak a c c e l e r a t i o n  and d u r a t i o n .  

Maley, R., A. Acosta, F. E l l i s ,  E. Etheredge,  L. Foote,  D. Johnson, R. 
P o r c e l l a ,  M. Salsman, and J. Sw i t ze r ,  1989, U.S. Geo log i ca l  Survey 

608 



strong-motion r e c o r d s  from the  no r the rn  Cal i f o r n i a  (Loma P r i e t a )  
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I n v e s t i a a t  i ons  

B u i l d i n g s  and dams w i t h  e x t e n s i v e  i n s t r u m e n t a t i o n  t r i g g e r e d  r e c o r d s  f rom 
t h e  M7.1 Loma P r i e t a  ear thquake  o f  October  17, 1989. Anderson Dam i s  
t h e  c l o s e s t  USGS s t a t i o n  t o  t h e  e p i c e n t e r ,  a t  27 km, and i s  i ns t r umen ted  
w i t h  21 d a t a  channels  o f  a c c e l e r a t i o n .  H o r i z o n t a l  a c c e l e r a t i o n s  a t  t h e  
c r e s t ,  downstream and l e f t  abutment from t h e  r e c o r d e r s  peaked a t  0.39, 
0.26, and 0.08 g, r e s p e c t i v e l y .  These r e c o r d s  were s t u d i e d  f o r  
d e t e r m i n a t i o n  o f  t h e  1  ong-per i o d  c o n t e n t  r ema in i ng  r e l a t i v e l y  no i se -  
f r e e .  

R e s u l t s  

A comparison o f  t h e  F o u r i e r  ampl i t u d e  s p e c t r a  o f  t h e  l e f t  abutment,  243" 
component, w i t h  t h a t  o f  a  r e f e r e n c e  t r a c e  f rom t h e  same f i l m ,  p rocessed 
i n  t h e  same way, shows t h a t  t hese  s p e c t r a  have b a r e l y  merged a t  p e r i o d s  
as  l o n g  as 40 sec, a t i m e  i n t e r v a l  equa l  t o  t h e  d i g i t i z e d  r e c o r d  l e n g t h .  
A t  a p e r i o d  o f  10 sec, equal  app rox ima te l y  t o  t h e  es t ima ted  r u p t u r e  
d u r a t i o n ,  t h e r e  i s  a t  l e a s t  an o r d e r  o f  magn i tude  between t h e s e  s p e c t r a l  
o r d i n a t e s .  

Ten-second waves c r o s s i n g  t h e  a r r a y  o f  i n s t r u m e n t s  a s s o c i a t e d  w i t h  t h i s  
dam rema in  remarkab ly  coherent .  Hav ing d i sp l acemen t  ampl i tudes  o f  12 
cm, t h e  e r r o r s  rema in  l e s s  t h a n  1 cm, i n  accordance w i t h  e s t i m a t e s  o f  
d i sp lacement  accuracy  made f rom d i g i t i z a t i o n  t e s t s .  

Repor ts  

Brady, A.G., and P.N. Mork, 1990, Loma P r i e t a ,  C a l i f o r n i a ,  ear thquake o f  
October 18 (GMT) , 1989, processed s t rong-mot  i o n  r eco rds ,  volume 
1: U.S. Geo log i ca l  Survey Open-Fi le  Repor t  90-247, 274 p. 



Branch of Enginewing Seismology and Geology Computer Project 
991 0-02085 

Howard Bundock 
Branch of Engineering Seismology and Geology 

U. S. Geological Survey 345 Middlefield Road, MS 977 
Menlo Park, California 94025 
(415) 329-5621, FTS 459-5621 

INVESTIGATIONS 

The objectives of the Branch of Engineering Seismology and Geology Computer 
Project are to: 

Maintain a strong capability for the processing, analysis and dissemination of all 
strong motion data collected on the National Strong Motion Network and data 
collected on portable arrays; 

Support research projects in the Branch of Engineering Seismology and Geology by 
providing programming and computer support including digitizing, graphics, 
processing and plotting capabilities as an aid to earthquake investigations; 

Manage and maintain computer hardware and software so that it is ready to process 
data rapidly in the event of an earthquake. 

The Branch facilities include a VAX 8250 running VMS version 5.02 and a VAX 
11/750 computer operating under VMS Version 4.6, a PDP 11/70 running EX-1lM+ 
and a PDP 11/73 computer. The Branch computers are part of a local area network 
with other Branch, OEVE, Geologic Division, and ISD computers, and we have access 
to computers Survey-wide over Geonet. Project personnel join other office branches 
in the support of the OEVE VAX 11/785. 
Investigations during the first six months of ~ ~ 9 0  included upgrade to version 5.2 of 
the VMS operating system software on Branch and Office computers. The project has 
also worked with other Branch representatives to install a new Local Area Network 
including personal computers for Branch scientists, mainly for word processing and 
spreadsheet capabilities. This network is ready to run, but holdups in hardware 
cornpatability have not allowed complete installation. The software has been tested 
on a separate circuit, however, and will be ready to run on same day the circuit 
comes on line. The project has been involved digitizing and preparing 3 dimensional 
graphics for use in the study of the recent Loma Prieta Earthquake. The project has 
also tested an 8mm cassette tape drive on the Office VAX for backup and archiving 
and has been active in testing a Digital Equipment Corporation Reduced Instruction 
Set high speed computer system. The project continues its support of the OEVE VAX 
11/785 project. We have worked with computer specialists in other branches in 
planning a move of all computer hardware into space provided in an enclosed area 
in the same building. As an ongoing policy, we have kept our hardware up to 
current revision levels, and operating system, network, and other software at the most 
recent versions. 

RESULTS 



As a result of these 
Upgraded to VMS 
packages as well; 

and previous investigations, the project has: 
version 5.2 on its VAX 785 and upgraded various software 

With other Branch members, continued installation of a Local Area Network for IBM 
PC clones and Apple IIse microcomputers; 

Tested a new tape drive for use of Branch and Office Scientists; 

Tested and installed software for use on the Branch Personal Computer Network; 

Managed and maintained the OEVE VAX 11/785; 

Managed, maintained, updated Branch and Office computer system hardware and 
software. 

REPORTS 

None 



INSTRUMENTATION OF STRUCTURES 

Mehmet Celebi 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road 

Menlo Park, California 94025 
415/329-5623 

Investiaations 

1. The process of selection of structures to be recommended for 
strong-motion instrumentation has continued in Orange County, 
Hawaii, and Puget Sound (Seattle), Reno (Nevada), and Puerto 
Rico. This effort has also been extended to Salt Lake City. 

2. The process to design instrumentation schemes for selected 
structures has continued. Applicable permits for a structure in 
Orange County, CA have been obtained. Current efforts are being 
made to obtain permits for structures in Hawaii and Seattle. 

3. The process of implementation of instrumentation for those 
structures for which instrumentation schemes have been designed 
has been completed in Anchorage, Alaska. The strong-motion 
recording system in this building is now operational. 

4 .  Non-destructive dynamic testing of Salt Lake City and County 
Building is to be carried out progressively to evaluate the 
dynamic characteristics of the building before and after being 
rehabilitated by base isolation. 

5. The minimal instrumentation in a building in Alhambra, 
Southern California, has been upgraded to contain extensive 
instrumentation to acquire sufficient data to study complete 
response modes of the building. A set of records are obtained 
during the Uplands earthquake. This will be compared with the 
Whittier (October 1, 1987) earthquake data which was code-type. 

6. Agreements have been made with UCLA to convert the wind- 
monitoring system in the Theme Buildings in Los Angeles (previ- 
ously financed by NSF) into a strong-motion monitoring system. 
Plans are being made to implement the conversion. 

7. Studies of records obtained from instrumented structures are 
carried out. In particular, the records obtained during the 
October 1, 1987 Whittier Narrows earthquake from 1100 Wilshire 
Finance Building (Los Angeles), the Bechtel Building (Norwalk), 
and the Santa Ana River Bridge (base-isolated) are being investi- 
gated. Papers and open-file reports are prepared. 



8. Impressive set of records have been obtained during the 
October 17, 1989 Loma Prieta earthquake from Transamerica Build- 
ing (San Francisco), Pacific Park Plaza (Emeryville), and others. 

Results 

1. The Hawaii committee on strong motion instrumentation of 
structures has completed its deliberations and a draft report is 
being prepared. 

2. A final report of the puget Sound (Seattle) advisory commit- 
tee for strong-motion instrumentation has been completed. 

3. Papers resulting from study of records obtained from struc- 
tures are prepared. 

4. An invited talk is to be given on Seismic Monitoring of 
Structures at the NCEER, Buffalo, New York. 

5. Invited talks on records from structures given in Taipei and 
Tokyo. 

6. Invited talk on structural instrumentation and data to be 
given at U.C. Berkeley on April 30, 1990. 

Reports 

Celebi, M., 1989, Seismic monitoring of structures--objectives 
and analyses of records from structures: U.S.-Japan Panel, 
(Wind and Seismic Effects), May 1989. 

Safak, E., and Celebi, M., 1990, A method to estimate center of 
rigidity using vibration recordings: ASCE, Journal of 
Structural Division, January 1990. 

Celebi, M., Safak, E., and Youssef, N., 1989, Analyses of record- 
ed responses of a unique building in Los Angeles to motions 
caused by Whittier Narrows earthquake of October 1, 1987: 
U.S. Geological Survey open-File Report 89-542. 

Celebi, M., and Safak, E., 1990, Study of earthquake records from 
select tall buildings, completed invited paper for Tall 
Buildings Conference, November, 1990. 

Celebi, M., Safak, E., and Youssef, N., 1990, Coupled torsional 
response of a unique building: Proceedings, National 
Conference on Earthquake Engineering, 4th, Palm Springs, CA. 



STRONG-MOTION INSTRUMENTATION NETWORK 
DESIGN8 DEVELOPMENT8 AND OPERATION 

Edwin Etheredge, Ronald Porcella, Richard Maley 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 ~iddlefield Road 
Menlo Park, CA 94025 

415/329-5667 

Investisations 

The Strong-Motion laboratory, in cooperation with federal, 
state, and local agencies and advisory engineering commit- 
tees, designs, develops, and operates an instrument program 
in 41 states and Puerto Rico. Program goals include: (1) 
recording of potentially damaging ground motion in regional 
networks, and in closely spaced sensor arrays; and (2) moni- 
toring the structural response of buildings, bridges and dams 
using sensors placed in critical locations. The present 
coordinated network consists of approximately 1,000 recording 
units installed at 600 ground sites, 28 buildings, 5 bridges, 
56 dams, and 2 pumping plants. 

Results 

A network of four accelerograph stations have been installed 
in the southern Los Angeles basin/Orange County area. Sites 
are located at: 

STATION INSTRUMENTATION 
Irvine, Brinderson Tower Bldg. SMA-1 in basement 
13 story building 

Newport Beach, 800 Marguerite 
one-story wood frame building 

SMA-1 at ground level 

Costa Mesa, John Wayne Airport SMA-1 at ground level 
Fire Station 

Costa Mesa, 2300 Placentia 
Fire Station 

SMA-1 at ground level 



RECENT EARTHQUAKE RECORDS 
October 18, 1989 0004 Gmt M1-7.0g 

(Lorna Prieta Earthquake) 
Strong-motion accelerographs at 38 locations located in the 
general Bay area were triggered by the earthquake. These sta- 
tions consist of 21 ground stations, 13 large buildings including 
5 hospitals, 2 dams, and 2 bridge abutments. 

station 
Name 

Peak Horizontal 
Ground Acceleration 

Anderson Dam 0.26g 
San Jose Interchange 0.18g 
Cherry Flat Reservoir 0.09g 
Sunnyvale 0.22g 
Hollister ~irport 0.29g 
Palo Alto VA Hospital 0.38g 
Hollister City Hall 0.25g . . . . . . . . .  Calaveras Reservoir. .0.13g 
Hollister, SAGO 0.06g 
Stanford, SLAC 0.29g 
Menlo Park VA Hospital 0.27g 
Fremont 0.20g 
Crystal Springs Reservoir 0.12g 
Sunol 0.1Og 
Redwood City 0.28g 
Foster City 0.12g 
Del Valle Dam 0.06~~ . . . . . . . . .  Livermore VA Hospital 0.06g 
Bear Valley No. 12 0.17g 
Hayward City Hall 0.10g 
Dublin 0.09g 
Bear Valley No. 10 0.13g 
Bear Valley No. 7 0.06g 
S. F., 1295 Shafter 0,llg 
S.F., State University 0.14g 
S.F., 595 Market Street 0.13g 
S.F., 600 Montgomery 0.18g 
Emeryville 0.26g . . . . . .  Berkeley, Strawberry Canyon 0.08g 
Berkeley, ~aviland Hall 0.06g 
Berkeley, 2168 Shattuck 0.llg 
San Francisco, VA Hospital 0.16g 
S.F., Golden Gate Bridge 0.24g 
Richmond 0.11g 
Martinez VA ~ospital 0.07g 
Larkspur 0.14g 



September 21, 1989 1741 Gmt ML 4.8 
Eel River Valley Array (Humboldt Co.) 

Five strong-motion stations recorded this event. 
Maximum accelerations were recorded at Centerville Navy 
Facility (0.15g) and at Ferndale Fire Station (0.13g). 

December 2, 1989 2316 Gmt ML 4.3 
Anza Array 

Seven strong-motion stations recorded this event. 
All ground accelerations were less than 0.05g. 

December 24, 1989 0845 Gmt 
Howard Hanson dam, washington 

The crest station recorded 0.08g. No other stations were 
triggered. 

December 28m 1989 0941 Gmt 
San Bernardino Array 

Two strong-motion stations recorded this event. 
Maximum accelerations were less than 0.05g. 

January 16, 1990 2008 Gmt ML 5.3 
Eel River Valley Array (Humboldt Co.) 

Ferndale and Fortuna stations were triggered by this event. 
Accelerations were less than 0.05g. 

February 28, 1990 2343 Gmt ML 5.5 
Upland Earthquake (Los Angeles) 

Strong motion accelerograms were recorded from 47 stations 
located in Los Angeles/San Bernardino area. 
~ccelerations on the order of 0.50g were recorded at San 
Antonio Dam and at Live Oak reservoir. A large water tank 
located at Metropolitan Water District's Weymouth Filter 
Plant recorded high-frequency tank vibrations at accelera- 
tions of about 0.85g. These three locations are within 10 
km of the epicenter. 

Maley, R., and others, 1989, Strong-Motion records from the 
Northern California (Loma Prieta Earthquake of October 17, 
1989: U.S. Geological Survey Open-File Report 89-568. 



Structural Analysis 
9910-02759 

Erdal Safak and Mehmet Celebi 
Branch of Engineering, Seismology, and Geology 

U. S. Geological Survey 

345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415)-329-5648, FTS 459-5648 

Investigations 

1. Development of methodologies and computer software to analyze seismic recordings 
from instrumented structures. 

2. Analyses of seismic recordings obtained from instrumented structures during the Oc- 
tober 17, 1989 Lorna Prieta earthquake. 

1. Two methods, one in the time domain and the other in the frequency domain, have 
been developed to determine the center of rigidity in buildings by using vibration 
recordings. The methods have been used to detect and identify torsional vibrations 

in several buildings, whose seismic records are available. 

2. Full set of records from six extensively instrumented structures (five buildings and one 

dam) have been obtained during the October 17, 1989 Loma Prieta earthquake. The 

analysis of data from one of the buildings, the pyramid-shaped 60-story Transarnerica 
Building has been completed. Another building, the tree-winged (Y shaped) 30-story 

Pacific Park Plaza, is currently being analyzed. 



Reports 

Safak, E. and Celebi, M., 1990, Method to estimate center of rigidity by using vibration 
recordings, Journal of Structural Engineering, ASCE, Vo1.116, No.1, Jan. 1990, 
pp.85-97. 

Safak,  E., m d  Celebi, M. 1990, New techniques in record analyses: Torsional vibrations, 
proceedings, Fourth U. S Conference on Earthquake Engineering, May 20-24,1990, 
Palm Springs, California. 

Celebi, M., and Safak, E., 1990, Coupled torsional response of a tall building, proceed- 
ings, Fourth U.S Conference on Earthquake Engineering, May 20-24, 1990, Palm 
Springs, California. 

Celebi, M., and Safak, E., 1990, Recorded response of Dansamerica Building: Part I- 
Data and preliminary analysis, Journal of Structural Engineering, ASCE, sub- 
mit ted for publicat ion. 

Safak , E., and Celebi, M., 1990, Recorded response of Transamerica Building: Part II- 
System identification, Journal of Sttuctural Engineering, ASCE, submitted for 
publication. 

Celebi, M., Safak, E., 1990, Study of earthquake records from selected tall buildings 
(invited paper), proceedings, Tall Buildings Conference, Hong Kong, November 
1990. 



Plzysical Constraints o n  Source of Ground  Motion 

D. J. Andrews 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415) 329-5606 

INVESTIGATIONS 

Looking for nonplanar features in earthquake sources. What can explain the complex focal 
mechanisms of aftershocks shallower than 10 km and the left-lateral surface breaks in the 
Lorna Prieta earthquake? 

RESULTS 

Forward calculations have been done of simple 2-D models related to the Loma Prieta 
earthquake. Complex (including left-lateral) focal mechanisms of aftershocks shallower 
than 10 km strongly suggest that the upward propagation of the main rupture terminated 
at a weak subhorizontal decoupling layer. Such a layer of near-lithostatic fluid pressure 
has been suggested by Robert Fournier (manuscript in preparation). A calculation shows 
that a main rupture can terminate at such a decoupling layer, but that the layer needs to 
have heterogeneous strength to explain the complex response at shallower depths. 



Ground Motion Prediction for Critical Structures 

D. M. Boore 
W. B. Joyner 

Branch of Engineering Seismology and Geology 
U. S. Geological Survey 

345 Middlefield Road, MS 977 
Menlo Park, California 94025 

Investigations: 

1. Study the ground motions produced by the October Loma Prieta earthquake. 

Results: 

Peak accelerations of the Loma Prieta main shock have been tabulated from 
instruments maintained by a number of organizations. We have analyzed a subset of 
86 records from nominally free-field sites, which have been subdivided into rock, alluvium, 
and bay-mud categories according to data available in various reports. After correction 
for attenuation, the peak accelerations on rock, alluvium, and bay-mud sites are factors 
of 1.6, 1.8, and 4.5 larger, on the average, than Joyner and Boore's (1988) predicted 
values for a M=6.9 earthquake . The mean motions for the rock and alluvium sites are 
somewhat greater than one standard deviation away from the predicted value, but the 
mean acceleration from the bay-mud sites is well outside the range expected from analyses 
of data from previous earthquakes from rock and alluvium sites. Large amplitudes of 
motions on bay-mud sites relative to rock sites (a factor of 2.8 for the average of the 
recordings of the Lorna Prieta main shock) has been found previously from recordings of 
distant earthquakes and explosions, but the Loma Prieta earthquake provided the first 
opportunity to study the relative amplitudes from strong-motion recordings. 

Reports: 

Boore, D. M., L. Seekins, and William B. Joyner (1990). Peak accelerations from the 17 
October 1989 Lorna Priet a earthquake, Seismological Research Letters 60, 151-166. 

Boore, D. M. (1989-1990). Contributions concerning the accelerations from the Lorna 
Prieta earthquake published in Science, U. S. Geological Survey Bulletin 1045, and 
various publications of the Earthquake Engineering Research Institute. 

9 April 1990 



Anelastic Wave Propagation 

Roger D. Borcherdt 
Branch of Engineering Seisnlology and Geology 

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415) 329-5619 

Investigations: 

Interpretation of colocated measurements of scalar volumetric strain and vectorial seismic 
displacement fields to infer additional characteristics of anelastic seismic wave fields, Analysis 
of strong motion and aftershock data collected during Lorna Prieta earthquake of October 17, 
1989. 

Results: 

Volutnetric strain meters (Sacks-Evertson design) are installed at 15 sites along the San Andreas 
fault system, CA, to monitor long-term strain changes for earthquake prediction. Deployment of 
portable broad-band, high-resolution digital recorders (GEOS) at several sites extends the 
detection band for volumetric strain to periods shorter than 5 x 1U2 seconds and permits the 
simultaneous observation of seismic radiation fields using conventional short-period pendulum 
seismometers. Simultaneous observations establish that the strain detection bandwidth extends 
from periods greater than lo7 seconds to periods near 5 x seconds with a dynamic range 
exceeding 140 db. Measurements of earth-strain noise for the period band, lo7 to seconds, 
show that ground noise, not instrument noise, currently limits the measurement of strain over a 
bandwidth of more than eight orders of magnitude in period. Comparison of the short-period 
portion of earth-strain, noise spectra (20 to 5 x 1C2 secs) with average spectra determined from 
pendulum seismometers, suggest that observed noise is predominantly dilatational energy. 
Recordings of local and regional earthquakes indicate that dilatometers respond to P energy but 
not direct shear energy that straingrams can be used to resolve superimposed P and S waves for 
inference of wave characteristics not pennitted by either sensor alone. Sinlultaneous measure- 
ments of incident P- and S-wave amplitudes provided single-station estimates of wave field 
inhomogeneity, free-surface reflection coefficients and local material velocity. Estimates of 
these paratneters derived for the North Pain1 Springs earthquake (1V~5.9) are respectively for the 

incident P wave 29", -85', 1.71, 2.9 km/s and for the incident S wave 17", 79", 0.85, 2.9 kmls. 
The empirical estimates of reflection cuefficiet~p are consistent with model estimates derived 



using an anelastic half-space model with incident inhomogeneous wave fields. 

Preliminary analyses of ground motion data recorded during and after the Lorna Prieta 
earthquake reiterate the importance of ground response earthquake hazard mitigation. 

Reports 

Borcherdt, R.D. and Glassmoyer, G., 1989, An exact anelastic model for the free-surface 
reflection of P and S-I waves: Bull. Seismol. Soc. Am., - 79,842-859. 

Borcherdt, R.D., and Donovan, N.C., 1989, Geosciences, in Preliminary reconnaissance report, 
Loma Prieta earthquake October 17, 1989: ~ a t r t h z a k e  Engineering Res. Inst. Special 
Publication 89-03, p. 5-22. 

Borcherdt, R.D., and Donovan, N.C., 1990, Geosciences overview, in Reconnaissance report, 
Lomil Prieta earthquake October 17, 1989: Earthquake ~ngineerzg Res. Inst., in press. 

Glassmoyer, G., and Borcherdt, R.D., 1990, Source parameters and effects of bandwidth and 
local geology on high-frequency ground motions observed for aftershocks of northeastern 
Ohio earthquake of 31 January, 1986: Seisnlol. Soc. of Am. Bull., accepted for publication. 

Hough, S.E., Simpson, D., Lerner-Lan, A., Friberg, P.A., Busby, R., Shengold, L., TuttIe, M., 
Field, E.H., Jacob, K.H., Pacheco; J., Estabrook, C. ,  Peterson, M., Johnson, D.H., Bor- 
cherdt, R.D., and Frankel, A., 1989, Observations of weak ground motion in the epicentral 
area and in west Oakland following the Lorna Prieta earthquake of October 17, 1989, in 
Reconnaissance report for Lorna Prieta earthquake of October 17, 1989: ~ a r t h ~ u a k e  
Engineering Res. Inst., special suppl., Spectra, in press. 

Hough, S.E., Friberg, P.A., Busby, R., Field, E.F., Jacob, K.H., and Borcherdt, R.D., Sediment 
induced amplification--A possible factor in the collapse of the Nimitz freeway during the 
October 17, 1989 Lorna Prieta (CA) earthquake: accepted, Nature. 



Excitation and Propagation of High-Frequency Seismic Waves 
99 10-04482 

Branch of Engineering Seismology and Geology 
U.S. Geological Survey 

345 Middlefield Rd., M S  977 
Menlo Park, CA 94025 

(703) 648-41 19 

1. Develop methods to separate the shear-wave attenuation of the crust caused by 
anelasticity from that produced by scattering, using the energy-flux model of 
seismic coda. Investigate relationship between coda Q and the Q of direct shear 
waves. 

2. Study the high-frequency seismic response of sedimentary basins using 2-D and 
3-D fini te-difference wave propagation codes. 

3. Document and quantify the effects of near-surface attenuation on high-frequency 
seismic waves. 

4. Use a self-similar model of complex rupture to quantify the relationship between 
the high-frequency spectral fall-off of an earthquake and the scaling of strength 
on a fault. 

Results 

I have compared the coda Q in New York State, South Africa, and southern Cali- 
fornia with the Q estimates of direct shear waves determined previously in 
FrankeI et al. (1990). The frequency dependence of coda Q is found not to be 
equivalent to the frequency dependence of the direct shear wave Q. While coda Q 
values at 3 Hz for lapse times of 10-50 sec are similar to S-wave Q values deter- 
mined with R-' geometrical spreading, coda Q values at 15 and 30 Hz are sub- 
stantially higher than S-wave Q values at these frequencies. The frequency depen- 
dence of coda Q changes with lapse time in New York State. The 3 Hz coda Q in 
South Africa for lapse times of 50-110 sec is about five times that of the Lg wave 
Q estimate. These findings support the idea that the coda decay is insensitive to 
the scattering attenuation, and are consistent with models of coda based on con- 
servation of seismic energy during scattering. 



2. I am continuing development of the 3-D finite difference code for elastic waves 
in a heterogeneous medium. A fourth-order accurate algorithm was incorporated 
into the program. A new way of inserting a seismic source with an arbitrary 
moment tensor was added to the code. I have been evaluating a method for 
including topography on the free surface. The 3-D code has been vectorized for 
use on a Cray supercomputer. This code will be used to model the local seismo- 
grams from the Lorna Prieta earthquake and its aftershocks. 

3. I have used a self-similar model of complex rupture involving nested sub-events 
to quantify the relations between the high-frequency fall-off of the displacement 
spectrum of an earthquake, the fractal dimension of its sub-event distribution, and 
the scaling of strength on a fault plane. This analysis indicates that the typically- 
observed spectral fall-off of a-2 can be the result of scale-invariant strength along 
the fault zone. Such a scale-invariant strength also produces b-values of one for 
aftershock sequences. 

Reports 

Frankel, A., A. McGarr, J. Bicknell, J. Mori, L. Seeber, and E. Cranswick, Attenuation 
of high-frequency shear waves in the crust: measurements fiom New York State, 
South Africa, and southern California, paper submitted to J.  Geophys. Res., 1990. 

Frankel, A., Effects of near-surface attenuation on the short-period waveforms and 
spectra of earthquakes and explosions, EOS Trans. Amer. Geophys. Union, 70, 
1188, 1989. 

Frankel, A., J. Filson, R. Borcherdt, and J. Vidale, Numerical simulations of strong 
ground motions in the Leninakan basin produced by the 1988 Armenian earth- 
quake and its aftershocks, EOS Trans. Amer. Geophys. Union, 70, 1200, 1989. 



Precise Velocity and Attenuation Measurements 
in Engineering Seismology 

Hsi-Ping Liu 
Branch of Engineering Seismology and Geology 

U. S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415) 329-5643 

Iiivestigations 

Investigation of site geologic and seismic amplification conditions in the Marina district 
of San Francisco following the Lorna Prieta earthquake of October 17, 1989. Although at 
a distance of N 100 km from the epicenter, the Marina district of San Francisco suffered 
severe damage during the Loma Prieta earthquake. After the earthquake, a soil boring to a 
total depth of 91 m was taken at the Winfield Scott School at Beach and Divisadero streets 
in order to investigate the effect of soil conditions on strong ground motion and liquefaction. 
The site was chosen because of the locally heavy damage sustained to structures, pavement, 
and public works near the school. Stratigraphic, soil engineering, and physical property 
data have been obtained from the soil samples. In addition, seismic velocities have been 
determined in situ using the downhole method. The hole itself will be used to install a 
downhole seismometer in order to investigate the effect of the soil column on seismic waves 
as they propagate to the earth's surface. 

Results 

1. The soil column consists of 4.3 m of filled sand overlying another 3.5 m of natura,l 
sand deposits. Below is an interbedded sequence of clayey sand and clay to a depth of 
11.6 m interpreted to be the base of the Holocene Bay Mud. Below the Holocene Bay Mud 
is a layer of dense sand lying between 11.6 and 22.9 m depths and is characterized by a 
distinct yellow-brown color and high penetration resistance. The lower 57.9 m of the soil 
column consists of stiff olive-gray Pleistocene Bay Mud which overlies Frailciscall bedrock 
at 79.5 m depth. Tlie bedrock consists of hydrothermally altered serpentine embedded 
in clayey gouge material. Details of the stratigraphic description of the samples as well 
as results of laboratory testing such as water content, bulk density, grain size, Atterberg 
limits, and vane shear strength can be found in the report by Icayen et al.  (1990). 

2. The seismic velocities were deternmined in situ using the downhole method. An 
air-powered, impulsive, and horizontally polarized shear-wave (SH) source placed at the 
surface generated the shear waves, whereas the vertical impact of a sledge hammer on a 
steel plate generated the compressional (P) waves. The source offset was 1.88 m and 2.23 m 
from the center of the hole for the SH- and P-waves, respectively. The P-wave velocity ha.s 



a constant value through the Pleistocene Bay Mud at 1740 m/s and increases to 3000 m/s 
in the Franciscan bedrock. The shear-wave velocities of the artificially filled sand, natural 
sand deposits, and Holocene Bay Mud are 130 m/s, 175 m/s, and 145 m/s, respectively. 
The shear-wave velocity of the dense sand varies between 290 m/s and 455 m/s; the shear- 
wave velocity determined for the Pleistocene Bay Mud is 265 m/s. Shear wave arrivals 
travelling through soil deposits below 28 m depth were masked by the high-amplitude 
arrivals travelling down the borehole casing. We will conduct further experiments using 
the crosshole method in order to determine the shear-wave velocities below this depth. 

Reports 

Kayen, R. E., Liu, H.-P., Fumal, T. E., Westerlund, R. E., Warrick, R. E., Gibbs, J. F., 
and Lee, H. J., 1990, Engineering and seismic properties of the soil column at Winfield 
Scott School, San Francisco, U. S. Geol. Surv. Prof. Pap. , in press. 

Liu, H.-P., 1990, Calculation of zero-offset vertical seismic profiles generated by a horizontal 
point force acting on the surface of an anelastic half-space, Bull. Seismol. Soc. Am. , 
in press. 
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Art McGarr and John Bicknell 
Branch of Engineering Seismology and Geology 

345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415) 329-5645 or (415) 329-5625 

Investigations 

Seismic source parameters measured from surface records are compared to those from underground 
records in deep South Africa's gold mines to determine whether reported scaling transilions are a 
consequence of wave propagation or are due to corresponding scaling changes in the source processes. 

Results 

To estimate the seismic hazard to underground facilities or operations in the environs of a 
mining-induced tremor or a natural earlhquake, it is very useful to be able to relate locally-recorded 
seismic wave forms to peak ground velocity and slip at the causative fault. With a minimum of 
assumpdqns, far-field S wave pulses are analyzed to define the faulting slip D and near-fault peak ground 
velocity D/2 that give rise to the most significant ground motion. This most intense region of faulting, an 
assumed circular asperity, has radius r  with a broader source zone of radius ro , which is traditionally 
calculated from the comer frequency of the S wave spectrum. In developing straightforward 
relationships between peak far-field velocity v and peak acceleration a ,  and the source process of the 
asperity D and D, as well as its radius r, the key model assumption is that r  = kp lo ,  where 2 ~ 1 0  is the 
duration of the sinusoidal velocity pulse of maximum amplitude, P is the shear wave speed and k is a 
constant. Observations in deep-level gold mines of slip and slip velocity as well as laboratory 
observations of slip rate as a function of stress drop for stick-slip failure support a choice of k = 2.34, the 
value commonly used for estimating ro. In particular, observations of fault slip up Lo 500 mm for 
mining-induced tremors in the moment magnitude range of 4 to 5 are consislent with D = 8.1 R V I ~ ,  
where R is the hypocentral distance. Moreover, estimates based on underground damage of near-fault 
ground velocities ranging up to 3.5 m/s are in accord with ~ 1 2  = 1.28 (Plp)pRn, where p is the modulus 
of rigidity and p is the density. Altem_atively, the average slip velocity 6 c&be expressed in terms of 
the stress drop doi of the asperity D = 0.51 PAa,/p, and the agreement of lhis relationhjp with 

measurements made during stick-slip failure in the laboratory is excellent. To the extent that seismic slip 
exterior to the asperity is a consequence 01 pre-event suppression of slip due to the asperity, Lhe broader 
scale (r,) slip can be related to that of the asperity. Just as the asperity radius r  = be estimated from r  = 

2.34 pvla. -- an alternative estimate for r, is given by ro = pRa - Md L75.8 (Rv) - 2j, the results of which are 
generally in good agreement with estimates based on the spectral corner frequency method. 



Reports 

McGarr, A., Bicknell, J., Churcher, J., and Spottiswoode, S., 1990, Comparisons of ground motion from 
tremors and explosions in deep gold mines: submitted to Journal of Geophysical Research. 

McGarr, A., 1990, Report on seismic hazard estimate for the Sudbury Neutrino Observatory: Branch of 
Engineering Seismology and Geology, U.S. Geological Survey, 15 p. 
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Emergency Earthquake Hazards 

Thomas D. Gi lmore 
IJ. S. Geological  Su rv ,~y  

Branch o f  Yes t e r n  Regional Geol ogy 
345 M i  dd1 e f i  e l  d Road M/S 975 

Men1 o Park, Cal i f o r n i  a 94025 
(415) 329-4938 

I n v e s t i g a t i o n s  

This s tudy  focuses on descr ib ing ,  eval u a t i  ng, and i n t e r p r e t i  ng t h e  
p a t t e r n s  o f  h i s t o r i c a l  v e r t i c a l  d i  sp l  acements d isc1  osed by bo th  d i  r e c t  and 
i n d i r e c t  compari sons among t h e  r e s u l  t s  o f  r e p o r t e d  geodet ic  1 evel i ngs 
completed d u r i n g  t h e  20th-century w i t h i n  t h e  Santa Cruz Mountains reg ion .  
Th i s  geo log i ca l  l y  y o u t h f u l  and t e c t o n i c a l  l y  a c t i v e  r e g i o n  i nc ludes  the  
e p i c e n t r a l  areas o f  t h e  1989 Loma P r i e t a  earthquake and o t h e r  large-magnitude 
h i  s t o r i c a l  events, i n c l  ud ing  the  1906 San Franc isco  earthquakc. It has more 
r e c e n t l y  become t h e  focus o f  i nc reas ing  geo log ic  and geophysical 
i n v e s t i g a t i o n s  o f  f u t u r e  earthquake p o t e n t i  a1 and has been i d e n t i f i e d  by 
several  USGS s c i e n t i s t s  as both t h e  s i t e  o f  modern seismic gaps and imminent 
f u t u r e  earthquakes. 

Resul t s  

Funding f o r  t h i s  s tudy o n l y  became a v a i l a b l e  i n  March 1990, near t he  end 
o f  t h i s  r e p o r t i n g  per iod .  Consequently, no r e s u l t s  have y e t  been obta ined.  
E f f o r t s  focused on c o m p i l i n g  and o b t a i n i n g  e x i s t i n g  l e v e l  i n g  data from the  
Nat iona l  Geodetic Survey and t h e  U.S. Geo log ica l  Survey and l o c a t i n g  bench 
marks. Since t h e  October earthquake, numerous i n q u i r i e s  f rom both  w i t h i n  and 
ou ts ide  t h e  Geological  Survey have been answered concerning the  na ture  and 
l o c a t i o n s  o f  e x i s t i n g  l e v e l i n g  i n  t he  Santa Cruz Mountains and p lans f o r  
proposed re1 eve l  i ngs. Resul t s  o f  re1 evel i ngs compl e ted  f o l  1 owi ng t h e  1989 
earthquake a re  n o t  y e t  a v a i l  able. 

No r e p o r t s  were pub l i shed  o r  approved d u r i n g  t h e  r e p o r t i n g  per iod .  
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Emergency Earthquake Hazudm 
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345 Hiddlefield Road 
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415-329-4955 (FTS 459-4955) 

Investiaations undertaken 

In the veeks folloving the Loma Prieta earthquake, Steve Ellen and I, vith 
help from several others, surveyed pavement damage in the region extending 
from southwest San Jose, through Los Gatos, and north tovarde Palo Alto. 
Since then we have been collecting reports of sidewalk damage from 
municipalities, and lists of underground gas and vater pipe breako from local 
utilities. 

Immediately after the earthquake I also spent several days making pace, 
compass, and millimeter-ecale traverses to survey the position, azimuth, and 
separation of cracks (most extensional) in asphalt roads in the epicentral 
region. 

This work is relevant to Element I(Current Tectonic and Earthquake Potential 
Studies) and Element I11 (Regional Earthquake Hazard6 Assessment): It is 
leading to an increase understanding of the tectonic6 of thie segment of the 
San Andreas fault system, as well as delineating a previously unappreciated 
hazard associated with some earthquakes on the San Andreas fault. 

Results obtained 

Along the NE margin of the Santa Cruz Hountains, danage vao concentrated in 
linear zones along the rangefront (Figure 1). Deformation in dovntovn Los 
Gatos was associated vith permanent NNE-SSW shortening of about 20-25 cm 
(measured from overlaps at breaks in concrete lining of Los Gatos Creek) and 
is probably tectonic, though not obviously associated with movement on a 
single fault strand. Pavement damage along the foot of Blossom Hill is of 
less certain origin: it may also be tectonic, but could be due to locally 
severe shaking. Overall, the pattern of pavement danage is suggestive of 
coseismic slip (triggered creep?) on reverse or thrust faults vhich separate 
the Santa Cruz Hountains from the Santa Clara Valley. 

Data on asphalt pavement cracking in the epicentral region remain unexamined, 
largely because I am uncertain as to their significance. 

Haugerud, R. A., and Ellen, 5. D., 1990, Deformation along the northeast foot of 
the Santa Cruz Hountains during the Loma Prieta earthquake: EOS, v. 71, 
p. 288. 
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Ponti, D., Wells, R.E., Haugerud, R.A., Clark, H.H., and Hall, N.T., in premm, 
Surface rupture aspects, Earthquake Engineering Remearch Inmtitute  
special volume on Loma Prieta earthquake. Received Director'. approval 8 
January 1990. 

Haugerud, R .  A , ,  and Ellen, S. D., 1990, Stop 7. Coseiemic ground deformation 
along the northeast margin of the Santa Cruz Hountaine, Schvartz, 
D.P., and Ponti, D, J., editors, Field guide to neotectonics of the San 
Andreas fault system, Santa Cruz Hountains, in light of the 1989 Loma 
Prieta earthquake: U.S. Geological Survey Open-file Report 90-274, p. 32- 
36. 

also, contributions to 

Staff of the U.5.  Geological Survey, 1990, The Loma Prieta, California 
Earthquake: an anticipated event: Science, v. 247, p. 286-293. 

Lessons learned from the Lorna Prieta, California, earthquake of October 17, 
1989: U. S.  Geological Survey Circular 1045, 48 p. 
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EXPLANATION 

Figure - 1. Map showing extent of observed ground deformation at northeast margin of Santa Cruz 
Mountains during Lorna Prieta earthquake. Bedrock and older alluvium shaded; selected faults 
shown only where they cross bedrock or older alluvium. Modified from USGS OFR 90-274. 
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LOMA PRIETA AFTERSHOCKS: JOINT 3-D STRUCTURE AND 
HYPOCENTERS INVERSION FOR SOURCE DYNAMICS, USING UCB 

AND IRIS TEMPORARY NETWORK DATA AND CALNET LOCAL 
STATIONS 

T.V. McEvilly, W.  Foxall and A. Michelini 
Seismographic Station 

University of California 
Berkeley, CA 94720 

4 15/642-3977 

INTRODUCTION 
Following the October 17, 1989, Lorna Prieta earthquake (ML=7.0), the University of 

California, Seismographic Station at Berkeley (UCB) installed a five-station temporary 
network in the Santa Cruz Mountains to monitor the aftershock activity (Fig. 1 .). Each 
station was equipped with three-component high- and low-gain seismometers and the data 
were digitally recorded on Sprengnether DR- 100. The network operated for approximately 
seven weeks starting 36 hours from the main shock. The IRIS-PASSCAL network was 
also deployed in the aftershock zone for approximately the same period of time. 

INVESTIGATION 
The principal aim of the investigation is to study the tectonics of the region by analyzing 

the complex pattern of faulting that was activated in the area during the aftershock 
sequence. To this purpose we are pursuing two lines of research. In the first, we are 
determining the velocity structure of the area and calculating synthetic seismograms for the 
recorded larger aftershocks. The second consists of using the smaller aftershocks as 
empirical Green's functions to model the larger ones. We plan to use the data recorded by 
the UCB and IRIS temporary networks and those provided by the local USGS-CALNET 
stations. 

RESULTS 
We have finished the first part of the project that includes the calculation of a three- 

dimensional P-velocity model for the area by adopting a joint hypocenter/velocity inversion 
technique. We have used 89 earthquakes recorded by the USGS-CALNET stations and the 
temporary UCB network (Fig. 2.) that provided a total of approximately 2700 P arrival 
times (IRIS-PASSCAL data are not available yet). The model is parameterized in terms of 
cubic B-splines (Michelini and McEvilly, submitted for publication) which allows direct 

UC Seismographic Station 634 MAY90 
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calculation of synthetic seismograms using dynamic ray-tracing (e.g. Cerveny, 1987). Plan 
views of the resolved velocity model at shallow depths (z=2,5 km) are shown in Figure 2 
together with the isostatic gravity map for the same region. Cross-sections across the fault 
are shown in Figure 3 together with the corresponding sections of the resolving width 
function, which is calculated from the resolution matrix of the velocity parameters. 
A good correlation is found between the isostatic gravity map and the shallow velocity 
structure at shallow depths and the local surface geology. A distinct low-velocity zone is 
imaged from the surface to about 4 km depth southwest of the San Andreas Fault (SAF) in 
the Santa Cmz Basin, which corresponds to Tertiary sediments outcropping at the surface. 
To the northeast a relatively high velocity body (Vp-5 Km/s) is imaged between the SAF 
and the Sargent Fault, approximately coinciding with gneissic rocks outcropping near 
Loma Prieta. Further to the northeast, lower velocities consistent with the Franciscan 
complex are found. At depths greater than 8 krn, our model has velocities of approximately 
6.8 krn/s southwest of the SAF, which are too high for a granitic Salinian complex at these 
depths but could correspond to a mafic intrusion. At similar depths northeast of the SAF, 
velocities are again consistent with Franciscan rocks. 

FURTHER WORK 
We are currently finishing event association and at the end of the summer 1990 we will 

extend the joint inversion to the S-velocity model for selected areas with good source- 
receiver geometries. We will then move into the study of the rupture histories of the larger 
aftershocks by following the two lines of research mentioned above. 

PRESENTATIONS 
Michelini, A,, Foxall, W. and T.V., McEvilly, 1990; Lorna Prieta sequence: joint inversion 

for 3-D velocity structure and faulting geometry, Seismol. Res. Lett., 61, p. 48. 

REFERENCES 
Cerveny, V., 1987; Ray tracing algorithms in three-dimensional laterally varying layered 

structures, in Seismic Tomography, editor G .  Nolet, D. Reidel Publishing 
Company, 99- 133. 

Michelini, A. and T.V. McEvilly, 1990; Seismological studies at ParHield: I. Simultaneous 
inversion for velocity structure and hypocenters using cubic B-splines 
parameterization, submitted to Bull. Sesim. Soc. Am.. 

UC Seismographic S ration 
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Figure 1. Base map of the Santa Cruz Mountains area. The vertical cross-sections A-A', B-B', C-C' and D-D' are 

shown in Figure 3. 

P-VELOCITY, PLAN VIEW, '2- 

Figure 2. Isostatic gravity map and P-velocity plan view horizon@ sections at depths of 2 and 5 lan. 
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ANALYSIS OF CONVERGENT DEFORMATION KINEMATICS AND RATES OF THE 
SANTA CRUZ MOUNTAINS AND RELATIONSHIP TO T H E ' S A N  ANDREAS FAULT 

AND THE LOMA P R I E T A  EARTHQUAKE 

J a y  Namson and  Thomas L .  Davis  

DAVIS  AND NAMSON 
CONSULTING GEOLOGISTS 

1545  NORTH VERDUGO ROAD, SUITE 105  
GLENDALE, CA 91208 

( 8 1 8 )  507-6650 

I .  O b j e c t i v e s  

A .  D e t e c t i o n  o f  s e i s m i c a l l y  a c t i v e  b l i n d  t h r u s t s  i n  t h e  San ta  
Cruz Mountains.  

B .  Determine t h e  geometry, k i n e m a t i c s  and s l i p  r a t e s  of  b l i n d  
t h r u s t s  i n  t h e  S a n t a  Cruz Mountins.  

C .  Determine r e g i o n a l  convergence  r a t e s  and t h r u s t  f a u l t  s l i p  
r a t e s  i n  t h e  S a n t a  Cruz Mount ians .  

D .  Determine t h e  r e l a t i o n s h i p  between a c t i v e  convergence  and 
s t r i k e - s l i p  de fo rmat ion  of  t h e  S a n t a  Cruz Mountains and  t h e  San 
Andreas F a u l t .  

11. Approach: Compi la t ion  o f  s u r f a c e  and  s u b s u r f a c e  d a t a ,  u s i n g  
d e t a i l e d  g e o l o g i c  maps and w e l l  d a t a ,  i n t o  r e t r o  deformable  c r o s s  
s e c t i o n s .  

111. R e s u l t s :  Most o f  t h e  a v a i l a b l e  g e o l o g i c  maps and w e l l  d a t a  
have  been i d e n t i f i e d  and c o l l e c t e d .  Our l e v e l  of  f u n d i n g  w i l l  
a l l o w  f o r  t h e  c o n s t r u c t i o n  of o n l y  one r e g i o n a l  c r o s s  s e c t i o n .  
The l i n e  of  s e c t i o n  chosen u s i n g  t h e  c o l l e c t e d  d a t a  was b a s e d  on 
q u a l i t y  and t h e  l o c a t i o n  o f  t h e  Lorna P r i e t a  e a r t h q u a k e  ( F i g u r e  
1 ) .  Much of  t h e  g e o l o g i c  d a t a  have  been compiled o n t o  t h e  c r o s s  
s e c t i o n  and a n a l y s i s  o f  t h e  w e l l  d a t a  have begun.  
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GROUND MOTION PREDICTION IN REALISTIC EARTH STRUCTURES 

Paul Spudich 
Branch of Engineering Seismology and Geology 

345 Middlefield Road, MS 977 
Menlo Park, California 94025 

4151329-5654 

Investieations 

1. Recording of aftershocks of the 1989 Lorna Prieta earthquake for use as empirical 
Green's functions. 

2. Recording of aftershocks of the 1989 Lorna Prieta earthquake to study ground 
motion variations caused by topography and near-surface geology. 

Results 

1. Six-channel GEOS digital recorders equipped with 2-Hz triaxial geophones and 
triaxial force-balance accelerometers were co-sited with SMA-1 accelerometers that 
had recorded the main shock, in order to use the recorded aftershocks as empirical 
Green's functions for study of the main shock motions. USGS SMA-1's that were 
occupied were Fremon t Porcella residence(*), Anderson Dam downstream(*), S an 
Andreas Geophysical Laboratory(*), and Bear Valley Fire Station #l. We occupied 
the sites of California Strong Motion Instrumentation Program SMA-1's at halls 
Valley(*), Gilroy Gavilan College(*), Monterey City Hall(*), Capitola Fire Station 
(*), Coralitos(*), and Saratoga Aloha Street(*). Digital Sprengnether DR-200 
recorders equipped with 2-Hz triaxial geophones only were installed at Lexington 
Dam abutment(*), UCSC Lick Observatory Electronics Shop(*), and Salinas. Most 
of the data were recovered from the sites marked by a(*) above. Participating in the 
GEOS deployment were Mary C. Andrews, John Boatwright, Chris Dietel, Gary 
Glassmoyer, Linda Ham, Charles Mueller, Thomas Noce, Joe Sena, and Leif Wen- 
nerberg. The Dr-200's were brought from the Golden office of the USGS by Ken 
King, David L. Carver, Robert A. Williams, Edward Cranswick,. Mark Marrimonte, 
and David M. Worley. 

2. We installed a group of about 10 instruments on each of the two hills where 
topographic amplification of the main shock motions was suspected. The first was 
around Rebecca Lane near Boulder Creek, California, and the second was around 
Robinwood lane off Old San Jose Road in the epicentral region. Preliminary 
examination of the data suggests that on Rebecca Lane, the near surface site geology 
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was a much more important factor in the ground motions of the aftershocks than was 
topography. At Robinwood Lane there was no clear topographic amplification 
observed in the time domain, and frequency domain studies are in progress. To 
study the possible influence of surface geology on damage to buildings, we did 
several deployments in the cities of Santa Cruz and Los Gatos. About 15 sites 
distributed throughout Santa Cruz were occupied, and a 3-km long line of instru- 
ments were deployed across a the channel of the San Lorenzo River, near the area of 
heaviest damage. Preliminary examination of the data suggests that near-surface 
geology is correlated with the strength of shaking in aftershocks. A significa~lt 
amplification of motions in the north-south direction at frequencies below 8 Hz was 
observed in the San Lorenzo River channel. In Los Gatos, about 15 sites were 
occupied in a general site study, and an L-shaped array having arms of about 0.5 km 
in length was deployed in the downtown area to determine whether ground strains 
induced by shaking could have caused the compressions observed in the downtown 
area. We also occupied about 8 sites where liquefaction had occurred, in collabora- 
tion with John Tinsley, but little data were recovered from this deployment owing to 
high ground noise caused by nearby agricultural activity. 

Reports 

Andrews, M., Banfill, R., Carver, D., Celebi, M., Cranswick, E., King, K., Spudich, P., and 
Worley, D., 1990, Digital aftershock recordings of the October 17, 1989 Lorna Prieta, 
California, earthquake Cabs.]: EOS, Transactions of the American Geophysical Union, v. 
- 9  p. 287. 

Cranswick, E., King, K., Spudich, p., Carver, D., Worley, D., and Banfill, R., 1990, Site response 
across the downtown Santa Cruz alluvial basin [abs,j: EOS, Transactions of the American 
Geophysical Union, v. -, p. 287. 

Cranswick, E., King, K., Spudich, P., Carver, D., Worley, D., Williams, R., and Banfill, R., 
1990, Site response across the downtown Santa Cruz alluvial basin: Geophysical Research 
Letters, in press. 

King, K., Carver, D., Williams, R.A., Cranswick, E., Worley, D., Spudich, P., Wennerberg, L., 
and Celebi, M., 1990, Preliminary evaluation of aftershocks recorded in the epicentral 
region of the 1989 Loma Prieta, California, earthquake--Effects of topography and geology 
on ground motion: Geophysicul Researctz Letters, in press. 
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L i q u e f a c t i o n  i n  t h e  Monterey Bay Regioc 
(Emergency Ear thquake  Hazards )  

John C. T i n s l e y  
Branch o f  Western Reg iona l  Geology 

345 M i d d l e f i e l d  Road M/S 975 
Menlo P a r k ,  C A  94025 

(415)  329-4928 

Thomas L. H o l z e r  
Branch o f  E n g i n e e r i n g  Geology and Seismology 

345 M i d d l e f i e l d  Road M/S 977 
Menlo P a r k ,  CA 94025 

(415)  329-5637 

I n v e s t i g a t i o n s  

A map showing t h e  d i s t r i b u t i o n  and n a t u r e  o f  l i q u e f a c t i o n - r e l a t e d  ground 
f a i l u r e s  a t  a s c a l e  o f  1:24,000 is  b e i n g  p r e p a r e d  f o r  t h e  Monterey Bay- 
H o l l i s t e r  r e g i o n ,  C a l i f o r n i a .  A comprehensive  program o f  r e g i o n a l  f i e l d  
s t u d i e s  and s i t e  s p e c i f i c  i n v e s t i g a t i o n s  is  i n  p r o g r e s s  a t  11 s i t e s ;  t h e  f i e l d  
phase  i s  schedu led  f o r  comple t ion  i n  J u n e ,  1990. These s t u d i e s  i n c l u d e  
s t r a t i g r a p h i c  and geomorphic a n a l y s e s  o f  t h e  facies a s s o c i a t i o n s  o f  t h e  g round  
f a i l u r e s ;  an  e v a l u a t i o n  o f  p u b l i s h e d  USGS l i q u e f a c t i o n  p o t e n t i a l  map (Dupre 
and T i n s l e y ,  1980) f o r  t h e  Mocterey Bay r e g i o n  ( s c a l e  1 : 6 2 , 5 0 0 ) ,  i n  l i g h t  o f  
t h e  Loma P r i e t a  e a r t h q u a k e  e f f e c t s ;  compar i sons  o f  1989 l i q u e f a c t i o n  e f f e c t s  
w i t h  p u b l i s h e d  r e p o r t s  o f  permanent ground f a i l u r e s  a r i s i n g  from t h e  1907 San 
F r a n c i s c o  e a r t h q u a k e ;  cone p e n e t r o m e t e r ,  s t a n d a r d  p e n e t r o m e t e r ,  and p i e z o c o n e  
p e n e t r o m e t e r  s t u d i e s  of s e l e c t e d  l a t e r a l  s p r e a d  ground f a i l u r e s  t o  d e t e r m i n e  
i n - s i t u  p r o p e r t i e s  of f a i l e d  and a d j a c e n t  n o n - f a i l e d  m a t e r i a l s  i n  r e l a t i o n  t o  
ground motion g e n e r a t e d  by t h e  Loma P r i e t a  e a r t h q u a k e ;  and compar i sons  among 
g e o t e c h n i c a l  p r o p e r t i e s  of s e d i m e n t s  i n v o l v e d  i n  t h e  f a i l u r e s  o f  t h e  n a t u r a l  
d e p o s i t s  i c  r e l a t i o n  t o  p u b l i s h e d  c u r v e s  f o r  e v a l u a t i n g  l i q u e f a c t i o n  
s u s c e p t i b i l i t y  a s  used i n  s t a c d a r d  e n g i n e e r i n g  p r a c t i c e  i n  t h e  Uni ted  
S t a t e s .  S e v e r a l  sites have been l o c a t e d  which may a f f o r d  good p o t e n t i a l  t o  
e v a l u a t e  1906 and e a r l i e r  e a r t h q u a k e s  u s i n g  p a l e o l i q u e f a c t i o n  s t u d i e s .  

R e s u l t s  

The i n i t i a l  c o m p i l a t i o n  o f  ground f a i l u r e  e f f e c t s  u s i n g  a e r i a l  p h o t o g r a p h i c  
a n a l y s i s  coupled w i t h  f i e l d  mapping and s a m p l i n g  o f  e j e c t e d  sand is  c o m p l e t e ;  
p a r t i c l e  s i z e  a n a l y s i s  o f  e j e c t e d  sand samples  i s  i n  p r o g r e s s  i n  t h e  s o i l  
l a b o r a t o r y  a t  Menlo Park .  From a s t r a t i g r a p h i c  p e r s p e c t i v e ,  t h e r e  i s  a s t r o n g  
a s s o c i a t i o n  betweec f l u v i a l  c h a n c e l ,  l e v e e ,  and p o i n t  bar d e p o s i t s  and 
l i q u e f a c t i o n  e f f e c t s  obse rved  f o l l o w i n g  t h e  10/17/89 e a r t h q u a k e ,  e s p e c i a l l y  
among d e p o s i t s  which a r e  l e s s  t h a n  a  few hundred y e a r s  o l d .  

L i q u e f a c t i o n  was widespread  w i t h i n  l a t e  Holocene f l u v i a l  d e p o s i t s  o f  t h e  
P a j a r o  and S a l i n a s  R i v e r s ,  e s p e c i a l l y  i n  t i d e w a t e r  r e a c h e s  where g roundwate r  
is  w i t h i c  1  t o  2 m e t e r s  o f  t h e  ground s u r f a c e  year- round and t h e  e f f e c t s  o f  
prolonged d rough t  o c  g roucdwate r  l e v e l s  is  minimal .  I n  c o n t r a s t  t o  1906,  when 
wet s o i l  m o i s t u r e  c o n d i t i o n s  c o n t r i b u t e d  t o  widespread  h i l l s l o p e  f low 
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f a i l u r e s ,  i n  1989,  few i f  any s l o p e  f a i l u r e s  r e l a t e d  t o  l i q u e f a c t i o n  where 
r epo r t ed .  I n t e n s i t y  of l i q u e f a c t i o n  e f f e c t s  dec reases  upstream, a s  t h e  
f l u v i a l  d e p o s i t s  become more c o a r s e ,  d e s p i t e  i n c r e a s i n g  proximity t o  t h e  Lorna 
P r i e t a  ear thquake  se i smic  source  zone. The proximity o f  a f r ee - f ace  w i th in  50 
t o  150 m was commonly observed i n  l a t e r a l  spread ground f a i l u r e s .  

Components o f  d i sp lacements  a s s o c i a t e d  wi th  ground f a i l u r e s  measured i n  t h e  
f i e l d  fo l lowing  t h e  Lorna P r i e t a  ear thquake  range from a few m i l l i m e t e r s  t o  
about  1 meter  h o r i z o n t a l l y ;  s e t t l e m e n t s  range from a few m i l l i m e t e r s  t o  less 
than 2 me te r s  v e r t i c a l l y .  

Referecces  c i t e d  

Dupre, W.R. acd T i n s l e y ,  J . C . ,  1980, Geology and l i q u e f a c t i o n  p o t e n t i a l ,  
no r the rn  Monterey acd southern  Santa  Cruz Count ies ,  C a l i f o r n i a :  U.S. 
Geologica l  Survey Misce l laneous  F i e l d  S t u d i e s  Map MF-1199, 2 s h e e t s ,  
scale 1:62,500. 
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Gal ogic Investigations of  Surface Fractures, 
Lana Pri eta, Cal i f  orni a Earthquake 

Ray E. Wel ls  
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INVESTIGATIONS 

We have mapped anomalous b u t  pervasive sur face f r a c t u r e s  t h a t  occurred 
above the  no r the rn  end o f  t h e  subsurface r u p t u r e  zone d u r i n g  t h e  Lorna P r i e t a  
earthquake. We determined displacement vec tors  a t  over 200 s t a t i o n s  and 
compared f r a c t u r e  t rends  and s l  i p d i  rec ti ons t o  underl  y i  ng bedrock geologic  
s t r u c t u r e s  and reg iona l  topographic s l  ope. 

RESULTS 

Ground cracks as much as 100s o f  meters l o n g  w i t h  as much as 90 cm o f  
displacement predominant ly  occur i n  an 8-km-long by 1 1/2-km-wide reg ion  a t  
t h e  nor thwest  end o f  t he  subsurface r u p t u r e  zone. They occur i n  areas 
underl  a i n  by s teep ly  d i p p i n g  T e r t i a r y  s t r a t a  on the  hanging wa l l  (SW) b lock.  
F rac tu re  t rends  rough ly  pa ra l  1 e l  t he  San Andreas f aul t, and d i  sp l  acement a1 ong 
most f r a c t u r e s  i s  NNE-SSW extension,  w i t h  components o f  l e f t - l a t e r a l  and 
v e r t i c a l  s l  i p. F rac tu re  t rends  and d i  sp1 acement d i r e c t i o n s  are  c o n s i s t e n t  
a long t h e  zone, a1 though t h e  amount o f  displacement and c o n t i n u i t y  of t he  
f r a c t u r e s  general 1 y decrease southeastward. F rac tu re  t rends  rough ly  para l  1 e l  
t he  r i d g e  c r e s t  along Summit Road b u t  c u t  o b l i q u e l y  across Laurel  Canyon and 
Skyl and Ridge a1 ong s t r i  ke t o  t he  southeast.  The a s s o c i a t i  on o f  many 
f r a c t u r e s  w i t h  1 i near scarps, troughs, and e l  ongate depressi ons i nd ica tzs  
repeated mo t i on. 

Most cracks i n  t h e  Sumnit Road - Skyl and Ridge area p a r a l l e l  t h e  s t r i k e  
o f  bedding, even where bedding and f r a c t u r e s  dev ia te  from t h e  o v e r a l l  t rend.  
The displacement azimuths o f  some f r a c t u r e s  co inc ide  w i t h  t h e  d i p  d i r e c t i o n  o f  
beds. On Skyl and Ridge cracks a re  most abundant i n  areas under l  a i n  by sha le  
o f  t h e  San Lorenzo Formation and mudstone o f  the Butano Formation, which a re  
exposed i n  the core o f  t h e  Laurel  a n t i c 1  i ne. Areas underl  a i  n by massi ve 
sandstme o f  t he  Vaqueros and Butano Formations c o n t a i n  few cracks. The 
coinc idence o f  ground cracks and shale beds i s  a1 so ev ident  i n  t h e  Highway 17 
roadcut  near Sumnit Road. The sur face breaks r e s u l t i n g  from the  Loma P r i e t a  
earthquake are s i m i l  a r  t o  those repo r ted  i n  t h i s  area a f t e r  t h e  1906 
earthquake. 
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INVESTIGATIONS 

A map showing the distribution of geologic materials in the south San Francisco Bay region is being 
prepared in digital form to support continuing efforts to understand the effects of the 1989 Lorna 
Prieta earthquake and to help predict effects of future earthquakes in the region. Three existing 
sources are being compiled on a digital 1: 125,000 topographic base (vector image of sheet 3 of the 
Bay region topographic map): Ellen and Wentworth, in press (hillside materials, same scaIe and 
base), Helley and Lajoie, 1979 (surficial materials, same scale and base), and Brabb, 1989 (geologic 
map of Santa Cruz County, 1:62,500). The map is being compiled using the commercial GIs 
system ARCDNFO under the control of a menu-driven shell called ALACARTE (separately 
developed by Fitzgibbn and Wentworth under support of the National Geologic Mapping Program, 
USGS). Geology is largely as of the mid-1 970s; physical properties are based on summaries of 
field observations reported in the source reports and extrapolated by geologic unit.. When 
completed, the map will consist of a vector database with x,y coordinates in meters on the ground 
(Lambert Conformal Conic projection) that contains (1) lines identified by geologic type, (2) 
polygons identified by geologic and/or materials unit, and (3) summary unit descriptions in 
searchable form. 

RESULTS 

Linework for surficial materials has been scanned and vectorized and is being edited and for hillside 
materials and Santa Cruz Count-/ has been scanned, vectorized, edited, and tagged; poIygons for 
Santa Cruz County have been tagged; the base has been scanned and vectorized in three layers - 
drainage, culture, and topographic contours. Geologic line symbols for plotting are available from 
ALACARTE. Color electrostatic plots of geologic linework on a three color base are of near 
publication quality. h m a  Prieta aftershocks for the first two weeks have been successfully 
imported into ARC/INFO and plotted at 1: 125,000 on the materials map and base as circles colored 
according to depth with radius proportional to magnitude. 
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