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The research results described in the following summaries were 
submitted by the investigators on October 31, 1990 and cover the 
period from April 1, 1990 through Octoberl, 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. 90-680 

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. 
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Seismic Monitoring of the Shumagin Seismic Gap, Alaska 

Geoffrey A. Abers 
Lamont-Doherty Geological Observatory of Columbia University 

Palisades, New York 10964 
(914) 359-2900 

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 earth structure, studies of 
regional tectonics, analysis of possible earthquake precursors, and seismic hazard evaluation. 
Yearly bulletins are available starting in 1984 through 1989. 

Results  
Shumagin network dara were used to locate 137 earthquakes from January 1 to June 30, 1990, 

bringing the total number of digitally recorded events in Shumagin network catalog to 5662 since 
1982. The seismicity for the first half of 1990 is shown in map view on Figure 1 and in cross 
section on Figure 2. Events shown by solid symbols are those events that meet the following 
quality criteria: located by 8 or more P or S arrivals, vertical error from H.ypoinverse 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. Also, depths of shallow earthquakes are only 
well-determined beneath the Shumagin Islands (e.g., Figure 3). No events with mb 2 5.0 have 
been recorded within the network since July, 1988. A shallow mb = 4.9 event beneath the Sanak 
Basin (54,3"N, 161.5"W) was felt in Sand Point on June 19. This cluster has persisted throughout 
the 17 years of newtork operation. 

The overall pattern in Figures 1-2 resembles the long term seismicity (e.g., Figure 3). 
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. Seismicity contours below 30 km depth parallel 
the volcanic arc, rather than the trench, and become closer to the trench west of the network 
(Figure 1). Seismicity appears to be sparse where the main thrust zone is shallower than 35 km, 
between the Shumagin Islands and the trench. Deeper seismicity extends to depths of 200 km. 
Some locationsnear 100 km depth on Figure 2 correlate with the lower plane of the double seismic 
zone seen in long-term seismicity. The entire catalog since 1982 was relocated in a joint inversion 
with 2D velocity variations, and stable locations were extracted (Figure 3). These relocations 
show many details of the fine structure of seismicity and place tight (<5 km) bounds on the 
thickness of the seismogenic zone. 

The major activity during the last six months was the summer field season, July 3-28, 1990. 
Because of the termination of DOE support for seismic monitoring, previously 213 of our 
monitoring budget, we were forced to drastically scale back our processing operations and to 
remove -113 of our stations. A total of 5 stations (FPS, SNK, BLH, PN6, and IVF) and 3 
telemetry repeaters were removed this summer; one of the vertical sensors was temporarily re- 
installed at a repeater site on Unga Is. that previously had no seismometer (ZKB). The other major 
network change was completion of the previously-planned installation of a 3-component Guralp 
CMG-4 broad-band sensor (high-pass corner at 0.05 Hz) at our central site in Sand Point. The 
instrument is currently recording velocity continuously at 20 s.p.s. and triggered at 100 s.p.s. 



Figure 1. Map of seismicity located by the Shumagin seismic network from January to June, 1990. Symbol shapes show 
depths, sizes show magnitudes. Filled symbols meet criteria for well-located events, described in text. 

Figure 2. Cross-section of all Shurnagin Network seismicity January-~une 1990, located in Figure 1. 
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Figure 3. Relocated shallow earthquakes in the Shumagin re- 
gion, 1982-1989. Earthquakes are subset of events, relocated 
in a joint inversion with 2D velocity. Events are selected on 
the basis of stability of the hypocenter inversion and the 
number of picked arrivals (minimum of 15). Five shallow 
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Partial Support of Joint USGS-CALTECH 
Southern California Seismographic Network 

Clarence R. Allen 
Robert W. Clayton 

Egill Hauksson 

Seismological Laboratory, 
California Institute of Technology 
Pasadena, CA 9 1 125 (8 18-356-69 12) 

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 eg ion .  

RESULTS 

Seismici ty  
The Southern California Seismographic Network (SCSN) recorded 4426 

earthquakes during the six months from April through September 1990, an 
average of 738 per month, making it a relatively quiet reporting period 
(Figure 1). The prominent areas of microseismicity were the usual ones: the 
Coso and Kern River areas, the San Jacinto fault, the southern Elsinore fault, 
the Imperial Valley and the San Bernardino and Little San Bernardino 
Mountain areas. 

There were only two events of M ~ 4 . 0  or larger. One was a M ~ 4 . 6  Upland 
aftershock at 2232 GMT on April 17. The Upland earthquake occurred on 
February 28, 1990 just south of the San Gabriel mountain front, and had an 
M L  of 5.2. The second largest earthquake this reporting period was an M ~ 4 . 2  
that took place in the Salton City area, near the Clark fault on the western 
edge of Imperial Valley, at 0338 GMT on August 31. This event was followed 
by numerous aftershocks. 

Aftershocks continued at a rate clearly higher than background in the 
Oceanside sequence ( M ~ 5 . 3  on July 13, 1986) and the Coalinga sequence 
( M ~ 6 . 3  on May 3, 1983). 

Focal Mechanisms 
The focal mechanism for earthquakes of M23.5 are shown in Figure 2. 

A total of 18 events of M23.5 were recorded from 1 January to 30 September 
and reliable focal mechanisms could be determined for 13 events. The six 
events for which focal mechanisms were not determined were either 
aftershocks or located near the edge or outside of the network. Two events 
showing strike-slip faulting occurred near the Garlock fault in January. Six 
events occurred along the San Jacinto fault zone. Two of these occurred 
near the southern end of the Clark fault and showed right-lateral strike-slip 



faulting on a northwest trending plane. The 1990 Upland (ML= 5 . 2 )  
mainshock was followed by a M ~ = 4 . 6  aftershock on April 17, which showed 
similar left-lateral strike-slip motion. Three events showing strike-slip and 
normal faulting were recorded adjacent to the San Andreas fault. 

Weekly Seismicity Report 
In January 1990, the Seismographic Network initiated a weekly 

seismicity report, patterned after a similar report issued by the U.S. 
GeologicaI 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 i t .  

TABLE . Locations and Focal Mechanisms of M23.5 Earthquakes that 
Occurred During January - September 1990 

Origin 

Day 

9001 11 
9001 19 
900205 
9002 18 
900228 
900404 
900407 
90041 7 
9004 1 8 
9006 17 
900805 
90083 1 
90083 1 

Time Latitude 

N 

35-13.34 
35-13.42 
33-29.83 
33-30.26 
34-08.27 
34- 19.28 
33-5 1.63 
34-06.26 
33-5 1.62 
34-02.65 
33-19.35 
33-14.02 
33-14.11 

Longitude 

W 

118-13.22 
118-13.48 
11 6-27.29 
116-27.22 
1 17-42.16 
117-05.64 
1 16-09.29 
117-43.20 
11 6-09.52 
117-15.28 
116-24.59 
116-01.97 
1 16-02.47 

Focal Mechanisms 

Ddir Dip Rake 

Publications Using Network Data (Abstracts excepted).  

Jones, Lucile, Kerry E. Sieh, Egill 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. 

Magistrale, Harold, Part I: Superstition Hills California earthquakes of 24 
November 1989.Part 11: Three-dimensional velocity structure of southern 
California, Ph.D, thesis, California Institute of Technology, 1990. 

Hauksson, E. Earthquakes, faulting and stress in the Los Angeles Basin, J .  
Geophys. Res.,  95, 15365-15394, 1990. 
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Figure 1. Map of epicenters of earthquakes in the southern California region. 
1 April to 30 September 1990. 
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Regional Seismic Monitoring Along The Wasatch Front Urban 
Corridor And Adjacent Intermountain Seismic Belt 

14-08-0001-A0621 

W. J. Arabasz, R. B. Smith, J. C. Pechmann, and S. J. Nava 
Department of Geology and Geophysics 

University of Utah 
Salt Lake City, Utah 841 12 

(801) 581-6274 

Investigations 

This cooperative agreement supports "network operations" associated with the University 
of Utah's 83-station regional seismic telemetry network. USGS support focuses on the seismi- 
cally hazardous Wasatch Front urban corridor of north-central Utah, but also encompasses 
neighboring areas of the Intermountain seismic belt. Primary products for this USGS support 
are quarterly bulletins and biennial earthquake catalogs. 

Results (April 1-September 30, 1990) 

General accomplishments. During the report period, significant efforts related to: (1) 
adding redundancy to our capabilities for earthquake surveillance and response-including 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; (2) 
siting and installing two new three-component telemetry stations in the Salt Lake Valley (one 
located on deep alluvium and the other on bedrock) to examine site-amplification effects from 
diverse seismic sources; (3) promoting, for the second time, a major initiative to the Utah state 
legislature for modernizing seismic-network instrumentation in Utah; and (4) developing a 
detailed proposal to the USGS for funding a first stage of our network modernization (PC- 
based network recording, workstations for data analysis, and four digital seismographs) with 
matching funds from the University of Utah. 

Network Seismicity. Figure 1 shows the epicenters of 696 earthquakes (ML<3.9) located 
in part of the University of Utah study area designated the "Utah region" (lat. 36.75"-42.5ON, 
long. 108.75'- 1 14.25'W) during the six-month period April 1, 1990 to September 30, 1990. 
The seismicity sample includes twelve shocks of magnitude 3.0 or greater (labeled in Fig. 1) 
and five felt earthquakes (ML = 3.9, 3.4, 2.8, 2.7, 2.6). 

The largest earthquake during the six-month report period was a felt shock of ML3.9 on 
June 28, 1990 (00:05 UTC), located 27 km southeast of Snowville. The earthquake was pre- 
ceded by shocks of ML3. 1 on June 24 (01:27 UTC) and ML3.4 (felt) on June 25 (22:06 UTC). 
Other significant seismicity during the report period included: (i) continuing earthquakes 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; and (ii) a cluster of 57 earthquakes (20 
events of magnitude 2.0-2.8) 38 km southeast of Salina (see clustered epicenters east of 
Richfield). The latter cluster is about 14 km southeast of the location of an ML5.4 earthquake 
on January 30, 1989. 
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1. Regional Seismic Monitoring in Western Washington 
and 

2. Seismic Monitoring of Volcanic and Subduction Processes in Washington and Oregon 

R.S. Crosson, S.D. Malone, A.I. Qamar and R.S. Ludwin 
Geophysics Program 

University of Washington 
Seattle, WA 98195 

(206) 543-8020 
April 1, 1990 - Sept. 30, 1990 

Investigations 

Operation of 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 second quarter of 1990. Final catalogs are available from 1970, when the net- 
work began operation, though 1986. The  University 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. 

During this reporting period we installed four new stations in central Oregon. These 
stations had been planned for several years, but problems relating to telemetry routes 
made installation impossible until this year, when the Oregon Department of Transporta- 
tion (DOT) gave us access to their microwave network. The new stations are telemetered 
via the DOT network t o  Portland, via the  BPA (Bonneville Power Administration) 
microwave net to Seattle, and then by phone line to the UW. 

Excluding blasts, probable blasts, and earthquakes outside the U. W. network, 1083 
earthquakes west of 120.5'W were located between April 1, 1990 and September 30, 1990. 
Of these, 534 were located near Mount St. Helens, which has not erupted since October 
of 1986. Fifteen earthquakes were reported felt in western Washington during the period 
covered by this report. East of 120S0W, 83 earthquakes were located, and none felt. 

The  largest earthquake during this reporting period was a M L  5.2 earthquake (PDE 
M ,  4.4) on  April 14 at the edge of the North Cascades near the town of Deming. This 
was part of a sequence of shallow earthquakes (less than 3 km deep) which began with a 
M c  4.3 earthquake on  April 2, and included 91 events of magnitude 1.5 or  greater. Thir- 
teen of these earthquakes were large enough to be reported felt to the UW. Investigators 
deploying portable equipment in the  area reported that many additional earthquakes were 
felt. Activity decreased through the summer,  and ceased about the end of August. 
Anthony Qamar of the University of Washington and James Zollweg of Boise State 
University are preparing a paper on  this sequence. 

An unusual earthquake of magnitude 3.2 occurred near Tillamook, Oregon at - 45 
km depth on  April 6, and was felt in northwestern Oregon. Earthquakes at this depth as 
far south as Oregon are quite rare, although not unknown. 
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Seismological Data Processing Project 

John Evans, Greg Allen, Moses Smith 
U.S. Geological Survey 
Branch of Seismology 

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

(415) 329-4753 

This Project provides UNIX computer support to the Branch of 
Seismology. lfInvestigations, results and reports1' are not part 
of our duties. We supply network management, systems management, 
installation, backups, maintenance, and trouble shooting to 
Branch UNIX computers. There are currently 18 UNIX computers in 
the Branch of Seismology: an Integrated Solutions Inc., multi- 
user system; a SUN 4/280 file server; 6 SUN SPARCstation Is; 6 
SUN 3/60 workstations; 2 SUN 3/50 workstations; 1 SUN 3/80 
workstation; 1 SUN SPARCstation SLC. 

During the last 6 months of FY90 we provided the following 
services for the Branch: 

1. Maintained RTP data system buffer service to Branch UNIX and 
VAX computers. 

2. Supported the Branch Administrative Office's PC network, by 
installing hardware and software. 

3. Started the upgrades of the SUN computers to the latest 
version of the SUN operating system. 

4. Upgraded the Alaska project's SUN 3/60 computers to 
SPARCstation 1s. 

5. Installed 2, Branch of Seismology, Apple Macintosh 
computers, on the Branch of Tectonophysics Appletalk 
computer network. 

6. Purchased a SUN SPARCstation SLC in order to provide a 
I1public Branch workstation. 

7. Continued supplying backups for the UNIX computers. 

8. Arranged for various hardware repairs for the UNIX 
computers. 

9. Started planning for the retirement of the IS1 UNIX 
computer, and subsequent move of users to the SUN 4/280 
computer. 



Central California Network Operations 

Wes Hall 
Branch of Seismology 

U.S Geological Survey 
345 Middlefield Road-Mail Stop 977 

Menlo Park, California 94025 
(415)329-4730 

Investigations 

Maintenance and recording of 342 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 169 
B. summing amplifiers 24 
C. Seismic test units 4 
D. V02H / V02L VCO units 45 
E. DC-DC converters 10 

2. Production/Fabrication 
A. J512A VCO units 10 
B. J512B VCO units 12 
C. dc-dc converter/regulators 8 
D. summing amplifiers 17 
E. V02H / V02L VCO units 8 

3. Completed Open File report: "53 12, J412H, J5 12a Field Note Summary" 

4. Connected additional 128 channel input to Willie Lee's portable IBM based monitor. 

5. Shortened and rerouted cables from telemetry frame to PI tape recorders. 

6. Completed W P  and technical evaluation for two additional field technicians. 

7. Order parts for the fabrication of lOOea 5.512 VCO's 

8. Updated documentation of wiring list from discriminator out to CUSP and RTP 

9. New seismic stations: 
CSV (Stone Valley), MPRV, MPRZ (Pilot Ridge), PRP (Reason Peak), LSR (Sweetbrier). 

10. New seismic components 
MHDZ (Hidden Dam), CBRN (Bollinger Canyon Road), KCPZ (Cahto Peak), LSFZ 
(South Fork), LRDZ (Redding Peak). 

1 1. Stations deleted: 
LRSZ, LRSV, LHH, LMDN, LMDE, LSS, LGH (Medicine Lake); CDUN (Duarte Ranch), 
LCA, (Castella), JLPI, JLPJ, JLPK, JLPF, JLPZ (Loma Prieta) 



Central Aleutians Islands Seismic Network 

Agreement No. 14-08-0001 -A0259 

Carl Kisslinger, Sharon Kubichek, Bruce Kindel, and Julie Hill 
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. Sta- 
tion 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-telemeterd to receiving sites near the Naval Base, and 
are then 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 ClRES 
once a week. 

At CIRES, the analog tapes are played back through an analog-to-digital (a-to-d) con- 
verter into a computer at four-times the speed at which they were recorded. This computer 
then digitizes the data, automatically detects events, demultiplexes each event, and writes 
them to disk. These events are 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. Eng- 
dahl, which has been modified several times since. 

Data Annotations 

The scheduled maintenance trip for summer 1990 has not been conducted yet, due to 
medical problems of contract personnel. Currently, the only major unit not working on Adak 
is the satellite link with the GOES time clock. This does not present a problem as the network 
has a second functioning clock. 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 Culler Digital Design a-to-d converter. In January 1990, this workstation 
was upgraded to a SUN 3/60 level CPU with 8 megabytes of internal memory (RAM). This 
has helped somewhat with our system hang problems; however, we still have a system hang 
an average of two times a 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 converter, we have 
4 peripherals on the SCSI bus. SUN personnel expressed some surprise that we were func- 
tioning at all with this load. This situation cannot be improved without purchase of a second 
workstation for which we do not have funding. Despite this problem, we are now up-to-date 
on digitizing 1990 data and have begun to digitize older data (early 1989 and 1988). We are, 
however, about three months behind in locating current data and still have a backlog of 1988 



and 1989 data to locate. In May, 1990, version 4.1 of the UNIX operating system was 
installed. No major problems resulting from the system upgrade have been encountered and 
version 4.1 seems to better handle the digitizing process. 

The location work for this report includes: (1) 75 earthquakes located for September, 
1989; (2) 260 earthquakes located for March, April, and May, 1990; and, (3) 51 earthquakes 
located for a special study of events that occurred during January 8 - 10, 1989. Included in 
the March, 1990 results is a subset of data, consisting of the M, 6.3 earthquake that occurred 
on March 12 and forty-nine of its aftershocks. This subset, as well as the January 8 - 10, 1989 
data, are part of a continuing study of seismicity patterns in the Andreanof Islands region. 

The total of events located for all time periods is 386. Twenty-five of the 1989 events 
and twenty-two of the 1990 events, which were located with data from the Adak network, 
were also large enough to be located teleseismically (U.S.G.S. PDEs). The epicenters of the 
March, April, and May, 1990 events are shown in Figure 1 and a vertical cross-section of the 
data is given in Figure 2. It should be briefly noted that the level of seismic activity for May, 
1990 (Figure 1) is similar to the pre-1982 level. This suggests that the interpreted period of 
quiescence, from 1982 until the M, 7.7 earthquake in May 1986, has ended (Kisslinger, 
1988). 

More detailed information about the network status, maps and cross-sections for the 
1989 data, and a catalog of all hypocenters 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. 
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Figure 1: Map of seismicity located for March, April, and May, 1990. 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 determined 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. 
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Figure 2: Vertical cross section of seismicity located for March. April, and May. 1990. 
Events are projected according to their depth (comesponding roughly to vertical on the plot) 
and distance from the pole of the Aleutian volcanic line. 'Ihe 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 indicate the duration magnitude determined from Adak 
network data. The iiregular curve near the top of the section is bathymetry. 
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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 ten- 
station arrays of seismographs near Mt. Spurr and Mt. Redoubt, 
respectively. 

3) Cooperated with the Branch of Engineering Seismology and 
Geology and the UAGI in operating 15 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 January-June 1990 are shown in 
Figures 1 and 2. Shallow seismicity (Figure 1) tends to be 
concentrated in many of the same areas that have been active for 
at least the last few years. Apparent decreases in the rate of 
shallow seismicity in an around the Yakataga seismic gap and 
Prince William Sound are most likely a systematic effect caused 
by station outages and by the less reliable nature of current 
event detection and recording procedures in these areas. For the 
area extending from west of Prince William Sound to the volcanic 
arc, a sharp increase in the magnitude level for completeness of 
both crustal and subcrustal shocks that occurred after April 1990 
also appears to be a systematic effect caused by a change in 
event detection procedures. 

Notable earthquakes that occurred within this time period 



include: 1) a magnitude 4.5 Ma (4.2 m,) shock on May 21, located 
42 km deep near latitude 61.3" N, longitude 145.0" W. This 
event, at the northwest corner of the Yakataga seismic gap, is 
one of the largest shocks known to occur within the 
northeastward-dipping Wrangell Wadati-Benioff seismic zone (WBZ). 
A prelimiary focal mechanism determined using initial P-wave 
polarities indicates that the least-compressive stress axis dips 
westward at a shallow angle, normal to the dip direction of the 
subducted plate. In contrast, events within the northwestward- 
dipping Aleutian WBZ to the west have least-compressive stress 
axes that are oriented predominantly downdip. 2) a crustal shock 
of magnitude 5.2 (4.9 m,) on January 7 located near latitude 
65.1" N, longitude 149.3" W. This event had at least one 
foreshock, a magnitude 2.4 event that occurred 15 s before the 
mainshock, and 17 aftershocks with magnitudes ranging from 1.1 to 
2.2 that occurred within 24 h; the largest aftershock was a 
magnitude 3.1 event that occurred on January 14. 3) An unusual 
earthquake doublet within the Aleutian WBZ about 30 km southeast 
of Redoubt volcano on March 9-10. These shocks both had 
magnitudes of about 5 (the second one being slightly smaller), 
were located about 2 km apart, and were separated in time by 
about 13.5 h. On June 7, another shock of about magnitude 5 
occurred within about 15 km of the earlier pair, and 4) A tight 
cluster of crustal shocks related to the recent eruptive sequence 
at Redoubt volcano. 

2) The eruption sequence at Redoubt volcano, which began on 
December 14, 1989 (Alaska Volcano Observatory Staff, 1990), 
continued until April 21, 1990. Of eight major eruptions that 
occurred between March 5 and April 21, five were preceded by 
detectable swarms of long-period (0.3-0.5 s) events. Although 
weak compared to the dramatic swarms that presaged the largest 
eruptions, which occurred on December 14 and January 2, these 
swarms were the basis for warnings issued before the eruptions on 
March 23 and April 6. Near the end of the sequence, eruptions 
occurred at remarkably uniform intervals, averaging 4.5 2 0.9 
days for February 15-March 14 and 8.0 + 1.2 days for March 14- 
April 15 (Page and others, 1990). Times of eruptions were 
predicted by linear extrapolation of previous eruptions. On this 
basis, advance warning was provided for the April 15 eruptions, 
which occurred within the 3;-day, 70-percent prediction window on 
April 12. No detectable swarm preceded this eruption, hence is 
could not have been forecast on the basis of seismicity. 

Two new vertical-component seismographs were installed on 
Redoubt volcano in close proximity (within about 340 m) to the 
existing site RSO, located 2 km south of the summit, in order to 
investigate in more detail the slowness and coherence of seismic 
waves generated by volcano-related earthquakes. The site RED, 
located 7 km south-southwest of the summit of Mt. Redoubt, was 
upgraded to a three-component station. 

3. Upgrades to the regional network of high-gain seismographs 
during routine maintenance included convertion of the station CRQ 



to.,sblar power. Operation of many of the remote sites using 
solar power has proved to be reliable and cost effective. For 
example, the station SKN operated for 5 years on solar power 
without interruption or field visits. 

No strong-motion recorders were triggered by earthquakes in 
southern Alaska during the last year. The strong-motion recorder 
at Whittier was moved to Portage. 

4. Throughout the eruption sequence at Redoubt volcano, AVO has 
relied on a PC-based data acquisition program (MDETECT; 
Tottingham and others, 1989) that was modified to also generate 
spectral data using a digial-signal-processing board (Rogers, 
1989). Recently this software was further modified to write the 
spectral data to disk files in SUDS format (Ward, 1989) and to 
send the data to the parallel port for communication with another 
PC. 

Modifications to correct a timing problem on the 128-channel 
multiplexer board designed by Ellis (1989) were completed. Two 
modified boards have been operating successfully on PC-based data 
acquisition systems in Menlo Park for several months. The 
installation of one or more boards in Fairbanks is awaiting the 
porting of software that includes spectral analysis of seismic 
signals. 

A menu-driven dBase (Aston-Tate Corp., Torrence, CA) 
application program was written to manage three data bases that 
cover purchases, field operations and inventory. 
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Figure 1. Epicenters of 959 shallow earthquakes that occurred between January and June 1990 (processing 
for this time period is not yet completed). Magnitudes are determined from amplitudes of seismic signals 
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 (George Plafke 
personal communication, 1988) are shown as solid lines. 
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Figure 2. Epicenters of 1066 intermediate and deep shocks that occurred between January and June 1990. 
See Figure 1 for details about magnitudes and identification of map features. 
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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 com- 
municating the research being done here t o  a wide audience that  includes other geoscien- 
tists as well as untrained but  interested laymen who are able to  understand the material 
when i t  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 11345 earthquakes located in northern and central California and 
vicinity during the time period April through September 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 aftershocks of the Loma 
Prieta Earthquake of October 1989. That earthquake occurred on October 17, 1989 in the 
Santa Cruz Mountains, approximately 16 kilometers northeast of Santa Cruz. To  date 
we have located more than 7000 aftershocks and they are continuing at a rate of about 3 
to 4 per day of all magnitudes. The largest aftershocks recorded include a magnitude 5.2 
aftershock 37 minutes after the mainshock, a magnitude 5.0 aftershock on October 19, 
1989, a magnitude 5.4 aftershock on April 27, 1990, and a magnitude 5.0 on April 27. 
The aftershocks are occurring in a 55 kilometer long zone from south of Los Gatos a t  the 
north end to east of Watsonville a t  the south end (Figure I).  



Some of the increase in seismicity during this time was also due to a sequence of earth- 
quakes in the Alamo area of central California, mostly during the month of April. The 
sequence included three magnitude 4 or larger quakes and a few hundred smaller ones. 
The largest, magnitude 4.6, occurred on April 27. 

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 makes 
CUSP more universally acceptable to  groups that  are using or plan t o  use it  in the future 
because the commands are relatively non-specific t o  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 esta- 
blished but i t  will probably be some type of listing of events accompanied by a text 
explaining the processing and what is in the catalog, and a map showing the epicenters. 
The catalog will be approximately complete a t  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 July 1990. The data from 
August and September are incomplete and some errors still remain t o  be identified and 
corrected. Some additional data need to be added to all months from outside sources and 
quarry blasts need to be identified for July through September. 

3. New hardware was purchased for the new Geologic Division video editing room by Steve 
Walter. He is currently aiding in setting up the new facility which will greatly enhance 
our ability t o  produce high quality videos. 

4. Steve Walter continues to  investigate the seismicity in the Medicine Lake region following 
a magnitude 4.0 earthquake occurred in tha.t area on September 30, 1988 followed by 
many aftershocks. The seismicity has subsided to a very low level a t  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 Medi- 
cine Lake region. 

Nan Macgregor and Dave Oppenheimer are currently analyzing data from the April 1990 
Alamo earthquake sequence. Plans are to  underway to relocate historical earthquakes in 
the region and compare those with the April activity. Focal mechanisms will be deter- 
mined for some of the more important earthquakes and used to define the regional stress 
pattern in this area that lies between the southern end of the Concord fault and the 
northern end of the Calaveras fault. Results of this investigation will be published later 
this Fall or Winter. 

Reports 

None 
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Western Great Basin - Eastern Sierra Nevada --- 
Seismic Network 

Cooperative Agree1 2nt 14-08-0001-A00 
1 April 1990 - 1 September 1990 

W.A. Peppin 
Seismological Laboratory, MS 168 

University of Nevada 
Reno, NV 89557 
(702) 784-4315 

Investisation 

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 April 1990 to 31 September 1990 2,080 
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 (Figure - 1). 
Of these, 17 were magnitude 3 and greater, but none in the 
Nevada region reached 4.0 in magnitude. Most of the 
earthquakes are located near Long Valley caldera or Chalfant 
Valley, showing a reduction in activity from the previous six 
months. The swarm in the south moat of the caldera continues, 
but with reduced levels of activity. 

Seismicity in the vicinity of the caldera is shown in Figure 
2. The south moat activity is the concentration just east of - 
the town of Mammoth Lakes. The activity north of Bishop is 
the continuing aftershocks of the 1986 Chalfant Valley 
sequence. Activity in the mountain block south of the caldera 
continues to occur in a diffuse region of NNE lineations, as 
it has for many years. Earthquakes continue to show under 
Mammoth Mountain, just west of Mammoth Lakes, but at a far 
reduced rate. 

Catalogs covering the seismicity are in review, and will 
shortly to be published for the time period through 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 
through the transition period to CUSP. 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 ten wideband (0.05 
to 20 Hz) three-component digital stations located around this 
region (Fi ure 3, showing UNR network stations as triangles 
with the ??- igitals-named). Therefore, the MEM/GRM file pairs 
after 7 November 1989 also 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 ROC)T$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. 
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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 tce network is to monitor seismic activity in the Central 

Mississippi Valley Seismic zone, in which the large 1811-1812 New Madrid 
earthquakes occurred. The following section gives a summary of network 
observations during the first six months of the year 1990, as reported in Net- 
work Quarterly Bulletins No. 63 and 64. 
Results 

In the first six months of 1990, 102 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 98 earthquakes located within a 4" x 5" region 
centered on 36.5"N and 89.5" W. The magnitudes are indicated by the size of 
the open symbols. Figure 2 shows the locations and magnitudes of 90 earth- 
quakes located within a 1.5" x 1.5" region centered at 36.25"N and 89.75"W. 

In the first six months of 1990, 53 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 to determine 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 first six months of 1990 
include the following: 
1. January 24 (1820 UTC). Southern Indiana. mbLg 3.9 (FVM), 3.8 (NEIS), 

4.0 (BLA). Felt (V) at Leavenworth, Ind. and Rhodelia, Ky. Felt (IV) at 
Indiana cities of Branchville, Corydon, Derby, Grantsburg, Mauckport, 
Magnet, Rome and Saint Croix. Also felt (IV) at Kentucky cities of Battle- 
town, Brandenburg, Ekron, Guston, Hawesville, Lewisport, Payneville, 
Sample, Stephensport, Union Star, Webster and West Point. 

2. January 27 (1405 UTC). Southern Indiana. mbLg 3.6 (FVM), 3.5 (NEIS). 
Felt (IV) at Indiana cities of Derby, Grantsburg, Magnet, Rome and St. 
Croix. Also felt (IV) at Battletown, Ky. 



3. March 2 (0701 UTC). Southern Illinois. mbLg 3.7 (FVM), 3.6 (NEIS). Felt 
(V) at Greenville, Hagarstown, Saint Peter, Smithboro and Vernon. Felt 
(IV) at Alma, Keyesport, Odin and Shobonier. 

4. March 12 (1648 UTC). Missouri-Arkansas Border Region. mbLg 3.0 
(SLU), CL 2.8 (CERI). Felt (IV) at Arkansas cities of Clarkridge, Hender- 
son, Lakeview, and Mountain Home. Also felt (IV) at Howards Ridge, 
Missouri. 

5 .  March 18 (1622 UTC). Missouri-Arkansas Border R e ~ ; o n .  mbLg 3.3 
(FVM), MD 3.0 (CERI). Felt (IV) at Alton, Missouri. 

6. April 24 (0942 UTC). Southern Illinois. mbLg 3.2 (FVM), mbLg 3.0 
(NEIS). Felt (111) at Martinsville, Illinois. 
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Consolidated Digital Recording and Analysis 

Sam Stewart 
€ ranch' of Sei.smology 
U. S. Geological Survey 

345 Middlefield Road m ail Stop 977 
Menlo Park, California 94025 

Investigations. 

The I1Consolidated Recording and Analysis It 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 from earthquakes registering just slightly 
above background noise level to very large ones, (2) 
near-realtime and offline 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, 3100 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 designed for 
systematically processing large numbers of earthquakes recorded 
by large local seismic networks. It was 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 I1Generic1I 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 flTIMIT1l, a new interactive station 
display program known as llSTNMAPII, and extensive online 
documentation in the form of lthelplt files. Generic CUSP retains 
the use of the ~ektronix 4014 graphics terminals with the 
high-speed graphics interface, and adds the ability to use the 
DEC VS2000 and VS3xxx series of workstations for interactive 
graphic analysis of earthquakes, 



Results. 

1. The various modules of Generic C U S P  are essentialy finished, 
in the sense that they can be used for routine network 
processing operatians. Prae.E:'l,ca.%S.yr Generic CUSP will never 
be "finishedqs ; there will always he changes to make. 

2. The CALNET processing project  (see P.W. Lester, project 
9930-01160, this volume) is ready to change to all new 
CUSP processing modules, As reported earlier, that project 
started using the generic CUSP database commands on 
Sept.1,1989. 

During this report period, we added three new DEC 
3100 workstat.ions to %he VAXCXuster environment, to be used 
with the interactive timing program H'I '%MITg~". CALNET 
analysts are using these workstations routinely to time and 
process earthquakes s n  the VAX/750 computer. The new 
realtime earthquake d a t a  acquisition system, referred to as 
the RT system, started serious ope~ration for CALNET on Sept. 
1, 1990. We are running it in parallel with the PDP 11/44 
realtime system, t .o  compare t h e  r e s u l t s  e : ~ f  the two systems. 
Our goal is to have a smooth transition from the 11/44 
system to the Generic CUSP R T  sys te l t~ .  

3. Digitizing of the daily F'K-telemetry tapes has resumed. 
This essential process came tu a stop in February 1990 when 
the old Data General cc~mpi-t i:.ex ES.r'iii:l_ 1.y h.rolce down. We bought 
a used MicroVAX csmyu.ter. 3 r d  inst:..al!led our  standard Generic 
CUSP software on it. 

4. Documentation was w r i t t e n  f sr <-.he T I M I ' I 1  module, 

5. We continue to provide CUSP software support, VMS operating 
system support, and VAX hardware. support to various seismic 
networks in the western U - S ,  D ~ ~ r i n g  %his report period the 
INEL seismic network came on3.ine using V A X / W S ,  CUSP and 
CAMAC technology, and the iiniv'ers.i.ty of Nevada (Reno) 
brought a third CUSP RT  system online to .to support 
high-frequency data a ~ q u i ~ s i t i o i b ,  ifram foam-block fault slip 
experiments. 

6. We continue to provide k r a r c l w a r e  a n d  software suppor t  for the 
two Parkfield seismic networks (Varian and Maliburton) . 

7. During this report period we assumed responsibility for 
providing V A X / W S  services to the Branch of Seismology in 
Menlo Park. 

Reports : 

None. 



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

Ta-liang Teng and Thomas L. Henyey 

Center of Earth Sciences 
University of Southern California 

Los Angeles, CA 90089-0740 
(213) 740-5838 

JNVESTIGATIONS 

This Contract provides partial support to monitor earthquake activity in the Los 
Angeles Basin and the adjacent offshore area. Upgrade of network instrumentation is 
accomplished by installing Optimum Telemetry System (OTS) for onscale waveform 
recording of local earthquakes, and installation of more downhole seismometers has 
improved network coverage and sensitivity necessary for an adequate seismic monitoring in 
a large metropolitan area. An in-house funding is made available to install six 3-component 
short-period stations on the USC campus. This tight array of stations is used primarily for 
strong motion site effect studies. 

RESULTS 

The 1 Julv 1989 - 30 June 1990 Los Angeles Basin Seismicitv 

During this 12 month period, the seismicity in the Los Angeles Basin and its 
adjacent area (Figure 1A) remains quite active; it is dominated by a strong cluster of events 
centered around 340 08' N 1170 42'. The main shock of this cluster of events is the 
February 28, 1990 Upland earthquake of magnitude M ~ 5 . 2  (revised from M ~ 5 . 5  given in 
last report). The cluster'is shown on the top right of Figure 1A. The origin of this group 
of events can be traced back to a smaller cluster taken place at the same location with the 
M ~ 4 . 6  mainshock occurred on 26 June 1988. The activity in the Santa Monica bay 
remains high; this can be related to two earlier larger events: a M ~ 5 . 0  event on January 19, 
1989 some 25 km south of Malibu, followed by a M ~ 4 . 0  event 10 km offshore southwest 
of Point Dume on February 2, 1989. Except for the Long Beach to Seal Beach segment, 
the Newport-Inglewood fault is very active from Beverly Hills to Newport. Along this 
trend, events can be found as far south as Dana Point. Many events group around the 
Whittier fault trend, some of them are Whittier Narrows aftershocks. A few sizable events 
are located in the epicentral regions of the earlier 1988 Pasadena earthquake and the 1971 
San Fernando earthquake. 

The 1 April - 30 September 1990 Los Angeles Basin Seismicity 

Figure 1B give the seismicity of the last six month period. There is no significant 
change in the general pattern of event occurrence. The overall activity level appears to have 
reduced somewhat. The four minor aftershock clusters noted above -- in Santa Monica 



bay, Whittier Narrows, Pasadena, and San Fernando -- have reduced to background levels. 
But the Upland aftershocks are still going strong. 

A plot of cumulative number of earthquakes in the monitoring area during 1 July, 
1989 to 30 June, 1990 is given in Figure 2A. Clearly, the largest jump of this curve occurs 
on 28 February, 1990 when the M ~ 5 . 2  Upland earthquake and many of its aftershocks 
took place. 

Focal mechanisms of three largest Upland aftershocks are given in Figure 2B. 
They are very consistent among themselves, giving a NE-striking left-lateral strike-slip 
fault, which is essentially the same as the mechanism reported for the main shock. 

The OTS waveform data from many Los Angeles basin earthquakes are used in a 
study of earthquake sources, as well as a study of deep crustal reflections. Network data 
are used for study of site effect. Strong motion data are used for source inversion and for a 
calibration of the magnitude scale. 
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Figure 1A. Seismicity recorded between Ju ly  1989 and June 1990 by the USC network. 
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Figure 16. Seism~ci  t y  recorded between A p r i l  1, 1990 and September 30, 1990 by the 

USC Los Rngeles basin seismic network. 
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Figure  2A. Cumulative number o f  earthquakes i n  the  Los Angeles bas in  recorded by the 
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John Van Schaack 
Branch of Se~smology 

U. S. Geological Survey 
345 Middlefleld Road MS-977 

Menlo Park, California 94025 
(415) 329-4780 

T h ~ s  project performs a Broad range of management, maintenance. 
field operation, and record Keeplng tasks in support of seismoiogy aria 
tectonophysics networks srid field experiments. Selsm~c fleid systems 
that it maintains In a state of readiness and aepio~ys anc operaces in 
the field (in cooperation w ~ t h  user pro~ects) ~ncluae: 

a. 5-day recorder portabie seismlc systems. 
b. "Cassette" seismic refract~on systems. 
c. Portable digi tal event recorders. 

Thls project is responsible for obtaining the requlrea perrriits 
from prlvate landowners and publ~c agencles for ~nstaiiat~on ana 
operation of network sensors and for the conauct of a var~ecy of rie;a 
experiments including se~smic refraction profii~ng, afiersnoc~ 
recording, telesein P-delay studies, volcano monicorlng, etc. 

This project also has the responsiblilty for managlng ail raaio 
telemetry frequency author~zations for the Office of Earthqua~es. 
Volcanoes, and Engineering and its contractors. 

Personnel of this project are respons~ble for malntain~ng cne 
seismic networks aata tape library. Tasks lnciudes processing aaiiy 
telemetry tapes to dub the appropriate seismlc events ana maKlng 
playbacks of requested network events and events recoraea on tne 5-aay 
recorders. 

Results 

Seismic Refraction 
Personnel from this project were responsible for the iog~st~cs ans 

contracts for the TACT experiment In Alaska. Tne experiment coyisistea 
of about 700 instruments b e ~ n g  deployed at 100 meter spaclng for a 
three hundred kilometer profile across the Broous 2ange. Approxlm~te!~:, 
67 shots were fired at 47 d~fferent locat~ons aiong the proflie. A 
method was developed to fire charges as large as 4.066 Ibs in i a ~ e s  
with depths of 10 feet or less w ~ t h  effec~enc~es approacnlng tnat of 
drilled shotholes. 



PCI: t ah1 e Networ-ks 
Seventeeen 5-day magnetic tape recoraers.  aiong w i t h  5 a l g ~ t a i  

recorders and 8 telerneterea sensors are  belny used i n  a tomographic 
s t u d y  nf  the Lorna P r ~ e t a  earthquake rupture area .  The experiment 
s t a r t ed  i n  J u l y  1990 and w i l l  end i n  November 1990. S t a t ~ o n s  from tne 
Central California Selsmlc network a re  a l s o  being ~ncluded I n  the 
exper imen t . ' 
Tape Dubbing 

Magnetic tapes of a l l  s t a t i o n s  I n  the Central Cal, Net. a re  now 
being dubbed a t  the M4 level fo r  earthquakes, a s  a consequence the 
dubbing e f f o r t  has been reduced by 60%. A l l  smaller events t o  M2.5 a r e  
d ig i t i zed  only and added t o  the quar ter ly  ca ta log and data l ib ra ry .  



Geothermal Seismotectonic Studies 

Craig S. Weaver 
Branch of Seismology 

U. S. Geological Survey 
at Geophysics Program AK-50 

University of Washington 
Seattle, Washington 98 195 

(206) 442-0627 

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 
Washington and the interaction of the Basin and Range with the Oregon Cascades. (Weaver, 
Grant, Norris, Yelin, UW contract) 

4. Study of Washington and northern Oregon seismicity, 1960-1989. Earthquakes with mag- 
nitudes greater than 4.5 are being re-read from original records and will be re-located using 
master event techniques. Focal mechanism studies are being attempted for all events above 
magnitude 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 
modern 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). 

7. Study of seismically recorded rockslides and avalanches on Cascade volcanoes (Norris). 

Results 

1. Within the last few years the local seismic network around Mount Rainier has increased to 
5 stations. The network was originally intended to provide increased hypocentral resolution of 
the shallow earthquakes occurring beneath the summit, but recently it has allowed rockfalls 
and debris flows to dcjtected as well. On August 16, 1989, a rockfall with an estimated 
volume of 1-2 X 10 m fell from the 3400m level on Russell Cliff on the north side of 
Mount Rainier. The rockfall was not visually observed due to poor weather, but it generated 



four discrete seismic signals that were widely recorded across the seismic network in Wash- 
ington and northern Oregon. The signals showed characteristics of rockfall seismograms, and 
computer analysis of one event showed it originated high on the north face of Mt. Rainier. 
U.S. Geological Survey and University of Washington personnel advised officials at Mount 
Rainier National Park of the rockfall, who searched their records for any climbers from that 
area that had not reported in; fortunately, there were none. The seismic network allowed 
detection of this rockfall in real-time nearly a full day before it was visually observed. 

The success in detecting the Rl~ssell Cliff rockfall has prompted a search of archived 
seismic records for a seismogram from the December 1963 Little Tahoma rockfall sequence 
on the eastern flank of Mount Rainier. This rockpll 5 f t  a combined deposit an order of mag- 
nitude larger in volume (approximately 11 x 10 m ) than that in 1989. Two rockfall-like 
seismic signals probably associated with the Little Tahoma sequence have been found on the 
December 6 records from the seismograph station at Longmire, suggesting this as the date of 
the main portion of the slide as opposed to December 14 given by previous USGS investiga- 
tors. 

The ability to detect mass movements demonstrates the duel usefulness of seismic moni- 
toring for both volcano hazard mitigation as well as earthquake monitoring. The success with 
these small to moderate rockfalls and debris flows indicates that larger, more hazardous such 
events can be detected as well. At present, however, real-time identification requires continu- 
ous visual recording of seismograms from stations within a few km of likely source areas, and 
the presence of experienced personnel who can quickly discern between such signals and oth- 
ers such as large local earthquakes. This is particularly true of active volcanoes, as small 
eruptions may generate seismograms of similar appearance to those from rockfalls and debris 
flows. 

2. Based on the agreement between the dip of the Juan de Fuca plate as inferred from earth- 
quake hypocenters determined from the modern seismographic network and the dip of the T- 
axes calculated for the larger magnitude historical earthquakes, we believe that we can 
confidently predict the intraplate earthquake source region for the entire plate (Figure 1). We 
expect that future large magnitude ("7) interplate events will occur within the Juan de Fuca 
plate (and the Gorda plate beneath southernmost Oregon and northern California) in the depth 
range of the 1949 and 1965 events (54 and 60 km respectively). Although the depths of these 
events are considered to be well-known, we have chosen to bracket our source region at a 
shallower depth. An examination of the University of Washington seismic catalog for the 
years 1970 through 1989 shows that all of the intraplate earthquakes greater than magnitude 4 
are below 45 km and that none have been located deeper than the 1976 event. Therefore, we 
have used the depth range of 45 to 60 Icm for our estimate of the probable source region for 
intraplate events (Figure 2). 

We emphasize that this probable source region represents the likely areal extent within 
which an event may occur; the actual dimensions of the fault area associated with an earth- 
quake of approximate magnitude 7 would be expected to be similar to the 40 km long-fault 
estimated for the 1949 south Puget Sound earthquake. The querried area in southern Oregon 
represents the region of unknown plate geometry where no intraplate earthquakes have been 
located either because any events that did occur were not large enough to be detected by the 
existing seismic network or no events have occurred. In northern California Benioff zone 
earthquakes again allow the plate depth to be estimated from the trench eastward to the 
western edge of the Cascade Range so we have shown the probable source area here between 
the same depth limits as in Washington and northern Oregon. 
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Figure 1. Schematic of the probable source region for intraplate, down-dip tensional earth- 
quakes. Large magnitude earthquakes (-7-7.5) are expected anywhere within the 
shaded region. Question marks indicate areas where there are no earthquakes located 
within the Juan de Fuca plate and the plate geometry is uncertain. Large triangles are 
major Quaternary stratovolcanoes in the Cascade Range. The 1949 earthquake 
(M =7.1) is the largest known earthquake within the subducting Juan de Fuca plate 
sys S em. 
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The 1966 Parkjfield Earthquake 

We have carried out an analysis of the near-source records for the 1966 Parld-ield earthquake to 
determine the rupture history. We have found it difficult 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. Consequently our results 
could be biased if rupture velocity varied greatly during the earthquake. On the other hand, we 
can place constraints on the extent of coseismic rupture and the average rupture velocity. 

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. 

We performed a least-squares fit to the horizontal components of the Cholame-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 coseisrnic rupture extended beyond Gold 
Hill. We found that rupture velocities greater than 0.80P or less than 0.65Peither fit the data very 
poorly with very little slip over most of the rupture surface or resulted in unreasonable models 
with a large amount of slip on a very short fault, inconsistent with the geodetic data and 
teleseismic estimates of the seismic moment [Tsai and Aki, 19691. 

Our best-fitting slip model assumes a rupture velocity of 0.70P, has a small region of high slip 
near the hypocenter, a region of high slip about 10 km southeast of the hypocenter, and a larger 
region of high slip from 25-30 km to the southeast. This model would suggest that rupture 
propagated well past the right-step at Gold Hill and very near to station C02. However, a 
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 indicate that the slip was highest-about 15-25 km to the southeast 
of the hypocenter [Segall and Harris, 19871. Unless a great deal of post-seismic slip occurred 
over that entire area, this model is inconsistent with the geodetic data. 
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Figure 2. The fit to the strong-motion data for the 1966 Parkfield earthquake for our preferred 
rupture model. Synthetic waveforms are shown below the data for each of the horizontal 
components. The offset on the y axis corresponds to the distance of the station from the surface 
trace of the San Andreas fault. 

Our preferred model assumes a slightly higher rupture velocity of 0.75P and fits the ssong- 
motion data nearly as well. The fit to the data is shown in figure 2 and the rupture model 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 km along-strike, 
but this is not significant. The majority of slip occurs from 10-23 km along-smke and at depths 
ranging from 2-12 krn. 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, 19811. 

Rupture Ti-me (secolicis) 

Slip Amplitude (cm) 

Figure 3. The constant rupture velocity model for the Parkfield earthquake assuming a rupture 
velocity of 0.75/3. The3 fit to the data is shown in Figure 2. This model is consistent with 
geodetic models of slip in the 1966 sequence. 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 < v < 0.80P. We also obtain lower values for the shear 9 5 fracture energy - 5 x 10 J/m 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 more definitive 
determination of the extent of rupture in the 1966 earthquake and in the 1934 earthquake from 
seismic data is being undertaken using the regional-distance, Wood-Anderson data. 



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

We have collected Wood-Anderson seismograms from the Archives of the University of 
California at Berkeley and the California Institute of Technology for earthquakes dating from 1931 
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. Records of the foreshocks to the 
two earthquakes indicate a remarkable degree of similarity in the foreshocks suggesting that the 
foreshocks are quite similar in the frequency band of the Wood-Anderson instruments and that the 
response of the Wood-Anderson seismographs is quite stable over the 32-year period 1934-1966. 

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. 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. We are encouraged by the apparent 
stability of the instrument response over the long time interval between the two Parkfield 
earthquakes. 

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. Inversions for three-dimensional velocity structure in the Parkfield region indicates 
considerable along-fault heterogeneity [Michael and Eberhart-Phillips, 19901. It has been 
suggested that such anomalies may correspond to changes in material properties that strongly 
influence rupture propagation. 
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I n v e s t i g a t i o n s  - 
1. 1nvers io .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 ea r 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  ear thquake.  

3. A n a l y s i s  o f  acce le rog rams  w r i t t e n  b y  t h e  mainshock and a f t e r s h o c k s  o f  t h e  
1983 Coa l i nga  ea r thquake .  

R e s u l t s  -- 
1. B o a t w r i g h t  , DiBona, Cocco (1989)  have des igned,  programmed, and app 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  deconvo lve  
r e c o r d i n g s  o f  s m a l l  ea r thquakes  f r o m  r e c o r d i n g s  o f  l a r g e r  ea r thquakes ,  and 
wh ich  m i n i m i z e s  t h e  number o f  sub-events  necessa ry  b y  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  
de te rm ines  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  c o m p r i s i n g  
t h e  ear thquake.  It 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  a c c e l e r o -  
grams o f  body-waves r a d i a t e d  by  a  M 4  = 5.3 Coa l i nga  a f t e r s h o c k ;  t h e  e r r o r  
r e d u c t i o n  f r o m  t h e  i n v e r s i o n  was 75L .  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 o b t a i n e d  b y  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  p r o c e s s  t o  b e  l e s s  t h a n  t h e  S-wave 
v e l o c i t y .  

GEOS d i g i t a l  e v e n t  r e c o r d e r s  were dep loyed a t  21 s i t e s  i n  San F r a n c i s c o  
and 14 s i t e s  e x t e n d i n g  f r o m  Woodside t o  Fremont a c r o s s  t h e  Southern  San 
F r a n c i s c o  Bay. These i n s t r u m e n t s  r e c o r d e d  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  ea r thquake  ove r  a  p e r i o d  o f  two  months f o l l o w i n g  t h e  ea r thquake .  
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  d a t a  s e t s  e v e r  
o b t a i n e d  i n  an u rban  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  s e i s m i c  haza rd  i n  t h e s e  
areas .  I n  p a r t i c u l a r ,  t h e s e  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  m o t i o n  r e c o r d i n g s  o f  t h e  mainshock i n  t h e  Bay Area. B o a t w r i g h t ,  
Seek ins ,  and M u e l l e r  (1990) have completed an a n a l y s i s  o f  t h e  r e c o r d i n g s  
o b t a i n e d  i n  t h e  Mar ina  D i s t r i c t  wh ich  y i e l d e d  e s t i m a t e s  o f  t h e  ground 
a m p l i f i c a t i o n  t h r o u g h o u t  t h e  Mar ina ,  as w e l l  as  upper  bounds f o r  t h e  ma in  
shock ground m o t i o n  i n  t h e  Mar ina .  B o a t w r i g h t ,  F l e t c h e r ,  M u e l l e r ,  and 
Fumal (1990) d e r i v e s  and t e s t s  a  new t e c h n i q u e  f o r  s e p a r a t i n g  source  and 
s i t e  t e rms  i n  s e t s  o f  m u l t i p l y  r e c o r d e d  ea r thquakes ,  and a p p l i e s  t h i s  
t e c h n i q u e  t o  a  s e t  o f  28 Loma P r i e t a  a f t e r s h o c k s  r e c o r d e d  a t  5 s t a t i o n s  
l o c a t e d  w i t h i n  3 0  km o f  t h e  e p i c e n t e r .  The a f t e r s h o c k s  range  i n  s i z e  f r o m  
M = 2.1 t o  M = 4.6; t h e  d e r i v e d  a t  n o t  a f f e c t e d  b y  frnax. 



Wennerberg (1990a) has d e r i v e d  a  v a r i a n t  o f  Boatwr 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  wh ich  t h e  r e c o r d i n g s  o f  s m a l l  ea r thquakes  a r e  a m p l i f i e d  a  l o n g  
p e r i o d s  u s i n g  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  o f  
l a r g e  s i m p l e  ea r 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  
p rocess .  Wennerberg (1990b) a p p l i e s  t h i s  t e c h n i q u e  t o  s y n t h e s i z e  t h e  
a c c e l e r o g r a p h  r e c o r d i n g  o f  t h e  M = 6.7 Coa l i nga  mainshock,  u s i n g  t h e  
r e c o r d i n g  o f  a M L  = 5.3 a f t e r s h o c  k . A sum o f  f i l t e r e d  acce le rog rams  c o r -  
r e s p o n d i n g  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  ma in  shock 
acce lerogram.  Cor respond ing s t r e s s  pa ramete rs  f o r  t h e  sub-events  v a r y  
ove r  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  i ndependen t  e s t i m a t e s  o f  t h e  s e i s m i c  moment o f  t h e  ma in  shock. 
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Project Summary and Goals 

Recent studies have indicated that the spatial dismbution 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 fiiult 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 niay 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 
niornent-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 
kii~lt'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 
di~ring the next great earthquake from the spatial distribution of the smaller interseis~iiic 
events. If, however, the distribution of moment release is controlled by fanlt inter;~ctions, 
then one might expect the moment distributions to differ, particularly if the events have 
ci i  fferen t ,  but overlapping rupture bounds. 

I n  this context, an excellent region of study is the central Aleutian Arc. I n  1986, a 
~ilagnitude 8.0 (M,) 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 
ri~ptured by another great earthquake in 1957 (My> 8.5). The 1957 Andreanof Islands 
earthquake remains poorly understood. Its seism~c 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 
colnplete seismic cycle along the Alaska-Aleutian Arc which has been instruriientally 
observed. Currently published and ongoing research efforts have focused mainly on the 
f ~ n ~ i l  two-thirds of the rupture cycle. To help supplement our picture of the seismic 
processes 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 r11pt~11-e 
hounds, seismic moment, and slip distribution are needed. 

Determination of the Rupture Length of the 1957 earthquake 
by modeling surface-wave directivities 

A Ph.D. student working under this project (D. F. Lane) has spent the past few months 
developing and testing a technique to constrain several source parameters for poorly 
recorded events. His technique is based on the directivity function originally described by 



Ben-Menahem [1961]. The advantage to using this function over other wavefo~i~i 
n~odeling techniques is that it is independent of receiver characteristics, propagation 
medium, source mechanism, and source-time function. From the directivity function we 
can estimate the direction and velocity of propagation of the rupture front and the rupture 
length. Its nonlinear nature, however, makes it extremely ill-suited for use with most 
conventional inversion procedures. Thus, previous investigators have only forward 
modeled the directivity function. 

Simulated annealing is a stochastic technique ideally suited to problems i n  which the 
function being optimized is nonlinear with numerous local minima. Based iipon ;I Monte 
Carlo scheme developed by Metropolis et al. [I9531 each component of a model M, is givt.11 
~i random perturbation and a change in an objective function, AE, is computed. I f  AE is 
less than zero (i.e., the change reduced the variation between the simulated and obscrvell 
data) the perturbation is accepted. If AE is positive, the perturbation is accepted with 
probability 

where T represents a control parameter analogous to temperature. By repeating this basic 
step a number of times, one simulates the thermal motion of atoms i n  contact with :I heat 
bath at ternpehdtilre T. 

A sim~llated annealing procedure has been developed and initially tested using data f1.0111 

the May 7, 1986 Andreanof Islands earthquake recorded at BCAO. Using thls procedusc 
the nlprure velocity was determined to be 1 krnls, and the eastern and western portions of 
the fault to have lengths of 98 and 134 km respectively. The estimated rupture velocity 
agrees well with that of 1.5k0.5 km/s determined by Boyd and NribElek, [ 19891 from 
body-wave modeling. The rupture length, although larger than the 145 km deteniiined 
from body-wave modeling is remarkably consistent with the size of the aftershock zone. 
The results of the simulated annealing procedure along with the observed clata are sho\v~i in 
Figure 1. 

Records from Pietermaritzburg, South Africa were employed to extract the fault 
parameters of the 1957 Aleutian Island earthquake. Our findings, Figure 1 ,  inclicate that 
the observed directivity is best modeled by a bilateral source with eastern and western fi1i111 

segments of 612 and 151 km respectively, and a rupture propagation velocity of 2.9 kmls. 
A second solution, described by Ruff et al. [1985], was also located. This solution 
consists of eastern and western fault lengths of 235 and 387 km respectively, and a r ~ ~ p t ~ i r c  
propagation velocity of 1.7 km/s. Because the first solution is consistent with the tsiina~lii 
source area and the spatio-temporal distribution of the aftershock sequence described 
below, and because the misfit between the observed and calculated directivities are 
marginally better we contend that i t  provides a more accurate description of the rirptiire 
bounds of the 1957 earthquake. 

Aftershock Relocations and Source Mechanisms 

Using the slab geometry described by Boyd and Creager [I9901 and Crenger and Boyd 
119901 we have calculated P-wave travel-time penurbations to approximately 5-50 stations 
as a function of epicentral position. We are only relocating shallow earthcluakes. As such, 
 residua!^ are calculated assuming a source depth of 33 kni. Differences i n  an event's :~crual 
source depth should not greatly affect the residual pattern since variations i n  source depth 
tradeoff with origin time, but do not greatly affect epicentral estimates. The calculated 
residuals are used directly as epicentrally varying station corrections to generate relocatecl 
epicenters without additional ray tracing. 



Figure 2 shows the relative relocation vectors and the final locations for all of the events 
listed in the ISS bulletin for the year 1957. Our locations differ from those produced i~sing 
a spherically symmetric earth model from about 30 km in the central Aleutians to about 10 
kni in the eastern Aleutians. For any given relocation, the standard error i n  latitude is 
typically less than 10 km while that in longitude is less than 4 km. We find that activity is 
not uniformly distributed along the fault zone, but occurs within distinct clusters. 
Aftershock activity along the length of the rupture zone (shaded) defined by the surface- 
wave modeling described below initiated within 6 hours of the mainshock (Figure 3). The 
initiation of activity along the western 225 km of the aftershock zone was delayed by 23 
hours. Although one event occurred within the eastern 150 km of the aftershock zone 
almost immediately after the mainshock, activity was sparse and did not intensify u n t i l  3 
days after the mainshock. The timing of the aftershock sequence, therefore, appears to be 
consistent with the rupture model proposed in the previous section. 

We are currently adding to this analysis events listed in the BCIS. These data are being 
optically scanned and reformatted by an undergraduate research assistant. At present, a n  
additional 150 events which occurred from January 1957 through April 1957 have been 
scanned, and are currently being relocated. By the 1990 fall AGU meeting, we will have 
relocated all of the events listed in the [SS and BCIS bulletins for the year 1957. 

We have also begun to constrain the source mechanisms for as many of the aftershocks 
of the 1957 event as possible. Initially we are analyzing events for which Stairder and 
Udias [I9631 determined S-wave polarizations. We use Stauder and Udias's S-wave 
po1:uizations and the P-wave first motions listed in the ISS to determine the type of Faulting 
(i.e., thrust, normal or strike slip). Figure 4 shows the P-wave first motions and S-WOIT 
polarizations for three aftershocks. The source mechanisms on the left are those which 
would be expected for shallow-angle thrust faults. For the first two events minor 
adjustments to the source mechanisms can explain most of the P and S-wnve observations 
(source mechanisms on the right). The third event, however, does not to be a simple thrust 
earthquake. Although the mechanism on the right is a possible solution, the data are not 
consistent enough to constrain these anomalous mechanisms. We are modeling wavefonn 
data collected from several stations to help constrain these anomalous mechi~nisms. 
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Figure 1 : Normalized s,urface-wave directivity functions for the 1986 Anderanof 1sl:inds 
earthquake (top) and the 1957 Aleutian Islands earthquake (bottom). Both are recorded ;11 

African stations: Bangui, 1986; Pietem~aritzburg, 1957. Solid lines are the observed 5 7 
directivities, dashed are the directivities calculated using the source parameters indicated in 
the boxes. 
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Figure 2: Top figure shows the relocation vectors computed for all events listed in the ISC 
that occurred in 1957. Tail of each arrow is located at the spherically symemc earth m d e l  
location. Each arrow points in the direction of the slab corrected location. Bottom fig11r.e 
shows the final relocations for each of these events. Closed circles are aftershocks, open 
circles preshocks. Shaded region indicates the rupture area ierived from the analysis of 
surface- wave directivi ties. 
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Preliminary ISS & BCIS Space-Time Plot 

Figure 3r: Space-time plot of the first 4 days of aftershock activity. Preliminary relocatiorls 
for events listed in both the ISS and BClS are shown. Arrows indicate the ~.upt l~r t :  b o u ~ i d ~  
derived from the analysis of surface-wave directivities. 
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Figure 4: Sample P-wave first motion and S-wave polarization observations. Focal 
spheres to the left show the predicted P-wave nodal planes and S-wave polarization angles 
for shallow-angle thrust events. To the right are shown focal mechanisms that best tlt the 
observations. The top two events are consistent with thnist earthquakes. The bottom event 
does not appear to be a normal, shallow-angle thrust earthquake. 
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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, and kinematic modeling of deformation of the 
Juan de Fuca slab, 

We have found anomalous P phases from intraslab earthquakes that are characterized 
by energetic arrivals, low apparent velocity of 5.8 -6.0 kmfsec. and appearance at a res- 
tricted set of stations located at updip azimuths with respect to the subducted Juan de Fuca 
slab. We interpret these phases to represent P-phase energy trapped within the subducted 
oceanic crust. They may ultimately prove to be of value in refining our knowledge of slab 
structure. This work was carried out by Ivar Mundal, and a manuscript is presently near 
completion on our preliminary interpretation. 

Deep three-dimensional velocity structure of the Cascadia subduction zone 

Teleseismic arrivals recorded on the Washington Regional Seismograph Network 
(WRSN) are the only data set that has been found to resolve the upper mantle structure of 
the subducting JDF plate and of the regional structure of the Cascadia Subduction Zone as 
a whole. Previous velocity models obtained from studies of teleseismic arrival residual 
times has low resolution, due in part to the use of (1) small and incomplete data sets, (2) 
inaccurate, visually chosen arrival times without dependable error estimates and (3) inap- 
propriate linear inversion techniques. In order to obtain a high resolution, well con- 
strained CSZ structure we have made improvements in each of these three areas. 

The large digital data set that has been accumulating at the WRSN over the past ten 
years is of high quality and spans ranges of azimuth and distance heretofore unexploited by 
teleseismic studies. 

Earlier, we developed a novel technique for efficiently extracting from the data both 
highly accurate relative arrival times and quantitative uncertainty estim ates (for use in 
weighting data in inversion). These times are used with a conjugate gradient inversion 
technique to obtain an estimate of the least squares solution to a set of overdetermined 
equations with an additional constraint on the roughness of the model. 

Our preliminary results image a high-velocity arched structure dipping to the east at 
an approximately 60 degree angle below the Puget Sound region and slightly steeper both 
to the North and South of this area. This structure we interpret to be the subducting Juan 
de Fuca tectonic plate. This work is being carried out by John VanDecar as part of his 
Ph.D. research. 



Lateral velocity variations within the shallow crust 
We have concluded our preliminary tomographic study of lateral velocity variations in 

the shallow crust with the publication of an article 'Tomographic imaging of local earth- 
quake delay times for 3-D velocity variation in western Washington" by Lees and Crosson 
in JGR. 

Kinematic Modeling 
Ling-Yun Chiao, as part of his Ph.D. research, is continuing to work on the theoreti- 

cal formulation and numerical implementation of the kinematic modeling of the subducted 
slab. Due to the oceanward concave shape of the trench, the Cascadia slab has to deform 
laterally to accommodate the change of geometric configuration while subducting. We have 
developed a numerical scheme to calculate the minimum amount of membrane deforma- 
tion, and its spatial distribution, for a slab to accommodate a given geometry. For the Cas- 
cadia subduction zone, our modeling indicates that the concentration of seismic activity 
beneath the Puget Sound region, and the observed arching structure each are caused by 
the along-strike compression that is forced by the bend in the trench. 

We have been calculating the flow field within a thin sheet given the geometry of that 
sheet. This approach has the disadvantage that the results are sensitive to second deriva- 
tives of the chosen geometry. We are currently working on a scheme to simultaneously 
invert for the flow field and geometry, with soft constraints on the slab geometry. 
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Objective: The primary objective of this research is to improve the calculated 
locations of earthquake hypocenters in New England (particularly to better 
constrain 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 Preparation and Analysis: Since the last report, the primary effort has 
been aimed at developing a reliable computer code to perform the tomographic 
time-term analysis. The code development and testing has taken longer than 
expected, although recent tests on synthetic data show that code is working 
properly. All of the P-wave first arrival times from the 1988 NY-NEX 
experiment have been read for the New England Seismic Network stations, and 
those data are being merged with the P-wave arrival times from the 1984 
Maine Seismic Refraction Experiment for a data set of travel times covering 
much of New England. This merged data set will be analyzed shortly. 

Preliminary Results: An initial tomographic time-term analysis of the 1988 
NY-NEX data starting from the refraction model for northern New England 
determined by the U.S.G.S. was run, but subsequently the station eIevations 
were found to have been incorrectly input, invalidating the results obtained. 
Thus, whiie no results are available at the present time, we anticipate that all 
the of the time-term tomographic analyses will be completed by the end of 
October, 1990. Using the stations time-term residuals which will be found, 
selected earthquakes from central and northern New England will be relocated 
in an effort to improve their hypocenters, particularly their focal depths. 
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Investigations 

This program focuses on the highly active seismic zone between the Pamir 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 1950's, Garm 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: (I)  to elucidate the structures and processes involved in active deformation of a complex 
collisional plate boundary, and (2) to examine the temporal variations in seismicity near Garm, in 
the form of changing spatial, depth, and stress Qstribution of microearthquakes that precede larger 
events. The seismological data base for this study includes the combined resources of the global, 
regional, and local seismic networks. Geological structures in the Garm region have been studied 
using compilation .of published geological information, analysis of satellite imagery, and geological 
field work in the Peter the First, Gissar, and Darvaz mountain ranges near Garm. 

Results 

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 Pamir, in the Tadjik Depression, and in Afghanistan. We have begun work with a 
new teleseismic inversion routine based on the work of Al-Shukri and Mitchell (1987). The first 
stage of data reduction involved calculation of travel time residuals from the raw arrival time data, 
removal of clearly unreliable readings, and examination of azimuthal characteristics of the 
traveltime residuals. Based on unexpectedly high station residuals, we were led to reexamining the 
original seismograms for teleseismic arrival times. This work was completed during the summer 
of 1990. We anticipate using the revised arrival time data to obtain a three-dimensional velocity 
model for the crust and upper mantle of the Garm region by early next year. 

Geologic Structure. Much of our work during this period has focused on analysis of geologic 
data from the Garm region. We have just completed a review of the seismicity and geologic 
structure for the region (Hamburger et al., 1990), and a preliminary report on field investigations 
in the central Peter the First Range and Darvaz Range during June-July 1990 (Pavlis and 



Hamburger, 1990). Since returning from the field in July the primary efforts on this project have 
been twofold: (1) analysis of the pre-orogenic geologic history of the Darvaz-Peter First ranges of 
Soviet Central Asia; and (2) evaluation of the active geologic structures associated with crustal 
seismicity beneath the Peter the First Range. 

Our work on geologic history of the Garm region has included compilation of published 
stratigraphic data to supplement our field 1990 observations. These observations indicate that the 
Jura-Cretaceous stratigraphy of the Tadjik depression (Figure 1) is inconsistent with previously 
published tectonic models (e.g., Leith, 1985), which called for a Jura-Cretaceous rifting of the 
southern margin of Asia. The stratigraphic and field observations made in a transect through the 
Darvaz Range, south of the Garm region, indicate that Jurassic and Early Cretaceous clastic sedi- 
mentary rocks were derived largely from uplifted sources to the south. These data suggest that the 
hypothesis of an open Cretaceous ocean to the south of the Tadjik depression is unworkable 
because the major sediment source for this period was located at the site of the proposed Creta- 
ceous ocean basin. These observations are suggestive of clastic sedimentation in a basin located 
landward of an active Andean or collisional margin within the Pamir Range to the south of G m .  

In order to examine active tectonic structures within the seismically active Garm region, we 
have completed two structural cross sections across the core of the Peter the First Range (PFR)-- 
one from Carm to the Darvaz Range and a second from Khait to the Darvaz Range (see Figure 2). 
The PFR is an actively deforming fold-thrust belt marked by intense seismicity as well as 
Quaternary deformation. The core of the PFR is structurally complex, with a record of both out- 
of-sequence thrusting and back-thrusting above a decollement in Upper Jurassic evaporites. The 
details of the deep structure beneath the uppermost thrust system are largely unconstrained from 
surface geology, although seismicity data may ultimately allow further constraints on the deep 
structure beneath the Peter the First Range. Nonetheless, two critical observations can be made 
based on these structural sections (Figure 3): 

(1) The Darvaz Range exposes markedly deeper structural levels than adjacent regions. 
Combined with observed steep monoclinal dips and stratigraphic continuity with Tadjik Depression 
sediments, this relationship is interpreted as a major hanging-wall ramp anticline-syncline pair 
exposed along the Obi-Khingou River (upper left portion of sections) where Permian-age rocks are 
exposed. To the north (right) of this fault-bend fold the decollement is localized in upper Jurassic 
evaporites and only Cretaceous and Cenozoic rocks are exposed in the Peter the First Range. 

(2) One of the most significant structural features of the Peter the First Range is clear evidence 
for a major back-tilting event within the fold-thrust system. This structural feature is recognized by 
a group of tight, nearly isoclinal folds in the core of the Peter the First Range with axial surfaces 
that dip to the north at moderate angles (approximately 45'). These structures project westward 
into normal fold-thrust belt structures with upright to south-dipping folds, consistent with the 
predominant northward vergence of the fold-thrust belt (see Figure 6 in Hamburger et al., 1990). 
In some fold-thrust belts, reverse-vergence folding can be ascribed to box folding or "pop-up" 
folds. This mechanism is precluded for this region, however, because the back-folds are less than 
15 km from the structural front and there is insufficient volume in the subsurface to produce the 
back-folding and still maintain an approximate cross-section balance through a box-folding or pop- 
up folding mechanism. Our preliminary conclusion from this analysis is that back-tilting requires 
active duplexing at depth (section A, Figure 3) or back-rotation above a deeper thrust system 
within the basement (section B, Figure 3), or both. In either case, these deep structures are 
relevant to evaluation of earthquake hazards in the Garm region because this section crosses the 
area most strongly affected by the largest historical earthquake in the region, the 1949 M=7.5 Khait 
earthquake. These observations imply a possible connection between the Khait earthquake and a 
more deep-seated thrust system beneath the Peter the First Range. 
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Figure 1. Stratigraphic sections of the Gissar, Peter the First, and Darvaz ranges in the Garm region. Note the 
appearance of a coarse clastic component in the Jura-Cretaceous section of the Darvaz Range, suggesting an 
uplifted source area in the Pamir (south of the Darvaz Range) during this period. 
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Figure 2. Reconnaissance geological map of the Garm region, based on field mapping, analysis of satellite imagery, 
and field data collected by V.I. Shevchenko (pers. comm., 19891. Contacts and structures are shown in solid 
symbols where well constrained by field observation or imagery interpretation, dashed where approximate, 
queried where uncertain, and dotted where inferred. Heavy dot-dash line indicates drainage network of the 
Surkhob and Obi-Khingou rivers. Black areas indicate exposures of Jurassic evaporites, primarily gypsum. 
Heavy solid line labelled PLA' indicates position of geological cross section shown in Hamburger et al. (1990). 
Heavy dashed lines indicate locations of sections completed during 1990 field season. The easternmost section 
is shown in Figure 3. 
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Figure 3. Two preliminary cross sections showing the major structures along a transect from the Darvaz Range to 
the Gissar Range. Sections are essentially end members in a family of cross-sections and differ primarily in the 
subsurface interpretation of the structure beneath the Vakhsh thrust sheet to account for the major backfolding in 
the core of the Peter the First Range. Section A shows at least part of the back-rotation as a consequence of 
duplexing beneath the leading edge of the thrust sheet. Section B, however, ascribes all back-rotation to a ramp 
within a deep-seated basement thrust. Cross-sections have not yet been restored to test for section balance. 

Symbols: Pls=Perrnian limestone, TRs=Triassic sedimentary and volcanic rocks; lJs=Lower Jurassic 
sedimentary rocks; mJc=Middle Jurassic conglomerate and sandstone; de=Upper Jurassic evaporites and shale; 
IKs=lower Cretaceous sandstone, siltstone, conglomerate and shale; uKls=Upper Cretaceous limestone and marl; 
IT=lower Tertiary limestone, shale, and marl; uT=upper Tertiary (Neogene) sandstone and conglomerate. 



Analysis of Earthquake Data from the Greater Eos Angeles Basin and 
Adjacent Offshore Area, Southern California 

Egill Hauksson 

Seismological Laboratory, 
California Institute of Technology, 

Pasadena, CA 9 1 125 
818-356 6954 

1-N 
Seismotectonic analysis of earthquake data recorded by the CIT/USGS 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 inchding 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: Source Parameters of the 1933 Long Beach 
Earthquake, has been accepted for publication in Bull. Seismol. Soc. Amer. 

RESULTS 
Source Parameters of the 1933 Long Beach Earthquake. 

Regional seismographic network and teleseismic data for the 1933 (ML=6.3) Long 
Beach earthquake sequence have been analyzed. Both the teleseismic focal mechanism of 
the mainshock and the distribution of the aftershocks are consistent with the event having 
occurred on the Newport-Inglewood fault (Figure 1). The focal mechanism had a strike of 
315', dip of 80' to the northeast and rake of -170' (Figure 2). Relocation of the foreshock- 
mainshock-aftershock sequence using modem events as fixed reference events, shows that 
the rupture initiated near the Huntington Beach-Newport Beach City boundary and 
extended unilaterally to the northwest to a distance of 13-16 km. The centroidal depth was 
1 W  km. The total source duration was 5 s and the seismic moment was 5*1025 dyne-cm, 
which corresponds to an energy magnitude of Mw=6.4. The source radius is estimated to 
have been 6.6-7.9 km, which corresponds to a Brune stress drop of 44-76 bars. Both the 
spatial distribution of aftershocks and inversion for the source time function suggest that 
the earthquake may have consisted of at least two subevents. When the slip estimate from 
the seismic moment of 85-120 crn is compared with the long term geological slip rate of 
0.1-1.0 mrn/yr along the Newport-Inglewood fault, the 1933 earthquake has a repeat time 
on the order of a few thousand years. 

The 1933 (Mw=6.4) Long Beach earthquake showed right-lateral motion along the 
NIF with a small normal component. Slip along the NIF thus contributes to the relative 
plate motion between the Pacific and North-American plates. The normal component 
indicates continued subsidence of the southwest corner of the Los Angeles basin. The 
absence of a thrust component is consistent with the slip partitioning model of the 
seismotectonics of the Los Angeles basin by Hauksson (1990). The mainshock was a 
factor of two smaller in seismic moment than the 1971 (Mw=6.6) San Fernando 
earthquake, not a factor of 5 smaller as previously thought. The distribution of aftershocks 
and the source time function suggest that the mainshock may have consisted of two 
subevents. It released strain along a 13-16 km long segment of the NIF from Newport 
Beach to the southern edge of Long Beach. Accumulated strain along the section of the 



NIF within the City of Long Beach thus may not have been released, even though this 
segment of the fault experienced a relatively high level of aftershock activity. 
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The 1933 Long Beach 
Earthquake Sequence 

Figure 1 (A) Map showing the final locations sf the 1933 foreshock-mainshock-aftenhock 
sequence recorded during the first 6 days of aftershock activity. (B) A cross section A-A' 
along strike of the Newport-Inglewood fault. (C) A cross section B-B' normal to the strike 
of the Newport-Inglewood fault. 
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Figure 2 (Left) The lower-hemisphere P-wave focal mechanism of the mainshock that is 
based on modeling of teleseismic waveforms shows strike-slip faulting. P-, SH- and SV- 
waveforms are drawn with solid lines and calculated synthetic seismograms are drawn with 
dashed lines. The brackets indicate the part of the waveform used in the inversion. (Right) 
The corresponding SH-wave focal mechanism. The best fitting average source time 
function is also shown. 



Source Characteristics of California Earthquakes and 
Attenuation Effects 
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Investigations 

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 De Bilt, starting 
in 1917, and some of the older Caltech stations. Essentially we think better locations can be 
obtained using a combination of waveform data and travel time constraints. 

Results 

This summary will concentrate on the location and source parameters at the Lompoc, 
California Earthquake of Nov. 4, 1927, see reference. We will address the problems associated 
with relocating, and determining the style of faulting of the Lompoc earthquake from an assortment 
of teleseisrnic and regional seismograms. Since the response of most early instruments is poorly 
known we have concentrated on a few well calibrated stations, namely those at Berkeley, Tucson, 
and Pasadena for regional constraints and the teleseismic station at De Bilt (Netherlands). The 
latter station which remains in operation, also recorded the recent Loma b e t a  event and numerous 
modern events in the general vicinity of Lompoc; the 1969 Santa Lucia Banks, 1983 Coalinga, and 
1978 Santa Barbara earthquakes. Location constraints for the Lompoc event were established from 
the De Bilt recording by comparing S-P and SSS-S waveform matches against the above master 
events to avoid the effect of unknown clock errors on locations using absolute times. These same 
seismograms were modeled synthetically to obtain estimates of depth, faulting parameters, and 
source strength. A similar approach was applied using the regional seismograms. 

The 1927 Lompoc earthquake (November 4 ,551  PST, Ms=7.0) occuned before the 
deployment of regional seismic arrays in California, with the result that the location and mechanism 
of the earthquake have been subject to considerable uncertainty. Byerly (1930) located the event 
offshore Point Argue110 at 34032'N, 121024'W (figure 1). Gawthrop (1978; 1981) located it at 
34.90N, 120.70W, much closer to the coast, using teleseismic data, and suggested that this 
earthquake occurred on the Hosgri fault. Hanks (1979; 1981) lacated it at an intermediate position 
of 34.60N, 120.90W using regional seismic data. This uncertainty in location has resulted in 
corresponding uncertainty in the tectonic nature of the event and its association with offshore 
faults. However, the development of synthetic seismogram techniques in recent years in 
conjunction with a set of recent earthquakes has provided an opportunity to obtain more accurate 
estimates of the location, focal depth, focal mechanism and seismic moment of the earthquake 
using the sparse azimuthal distribution of seismograms that were recorded. 

The master events selected for comparison with the 1972 Lompoc earthquakes are the 
November 5,1969 magnitude Ms 6.0 Santa Lucia Bank earthquake and the 1983 magnitude Ms 
6.4 Coalinga earthquake. Portions of the De Bilt seismograms for the 1927 Lompoc earthquake 



and these two more recent events are shown in figure 2 along with associated synthetics. The 
similar P to S amplitude relationships of these seismograms suggest that the three events all have 
similar focal mechanisms. The large P amplitude relative to S is consistent with the reverse-slip 
mechanisms previously obtained for the 1969 and 1983 events. 

Figure 2 shows the Lompoc and Coalinga S-wave recordings at De Bilt, with the horizontal 
components digitized and rotated to the radial and transverse components. The ratio of SV to SH 
has proven useful in determining focal mechanisms, and was used by Choy (1985) in determining 
the focal mechanism of the Coalinga earthquake displayed in the lower panel. Forward 
computations were performed using this source model for the Coalinga event, the model of Bent 
and Helrnberger (1990) for the Santa Lucia Banks event, and the model of Bent (1990) for a well- 
constrained Coalinga aftershock to generate synthetic seismograms for comparison with the De Bilt 
recordings. Since De Bilt is located near an SH node of the Coalinga event, we find a very small S 
arrival on the transverse component as predicted. The Lompoc seismogram shows a stronger SH 
arrival, and the lower panel indicates the rotation in strike from 300 degrees to 340 degrees 
necessary to move the SH node away from De Bilt and match the recorded SH amplitude. If the 
mechanism of the Lompoc earthquake is purely dip slip, then the strike is constrained with 50. 
Allowing some component of strike-slip would allow the strike to be more nearly north-south. 
This mechanism is compatible with nearly all of the polarity measurements available for the 
Lompoc earthquake. 

The true azimuth from the event to BKS is uncertain by about 100 because of the location 
uncertainty and therefore the nodal position is equally uncertain. Synthetic seismograms covering 
this range of azimuths are shown in the upper panel of figure 3 using the focal mechanism at the 
bottom of figure 2 and a seismic moment of 1 . 0 ~ 1 0 ~ ~  dyne-cm. The sharpness of the nodal 
crossing in the synthetic seismograms is more subdued in the Berkeley and Lick seismograms than 
in the data. The close agreement between the recorded and synthetic seismograms for a strike 
direction of 340 degrees, further confirms the nearly pure reverse mechanism of the 1927 Lompoc 
earthquake. 

Hanks (1979) used S-P time of 12.8 seconds to draw an arc from Santa Barbara to locate 
the 1927 earthquake, using the travel time curve of Richter (1958) for the southern California 
region. To evaluate this travel-time curve we read the S-P times at Santa Barbara of more recent 
earthquakes that are located in the vicinity of the 1927 earthquake, specifically those larger than 
magnitude 3 between 1980 and 1989. Our results agree with his and we have adopted his arc from 
Santa Barbara, see figure 1. 

We have used SSS-S and S-P time differences to estimate the location of the Lompoc 
earthquake with respect to the Santa Lucia Banks and Coalinga earthquakes. The S-P results 
produce the location given in figure 1. The difference in SSS-S interval between the Lompoc and 
Santa Lucia Banks earthquakes was measured by aligning the two S waves using cross- 
correlation, and then finding the time difference between the two SSS waves using cross- 
correlation, as shown in the lower panel of figure 3. The SSS-S time of the Lompoc event is 0.5 
second greater than that of the Santa Lucia Banks event, placing the h p o c  earthquake about 12 
km south of the location derived from S-P. The proximity of the Lompoc and Santa Lucia Banks 
earthquakes in distance is reflected in the similarity of their waveforms; this is particularly evident 
when the Santa Lucia Banks record is lowpass filtered to provide a better comparison with the 
larger Lompoc earthquake. 

Given the uncertainties, we conclude that the distance of the Lompoc earthquake from De 
Bilt is not significantly different from the distance of the Santa Lucia Banks earthquake from De 
Bilt. Together with the Santa Barbara arc, the De Bilt arc through the Santa Lucia Banks epicenter 



gives a location of 34.350N, 120.90W, see figure 1. This location lies about 25 km south of 
Hanks' (1979) location, but within the uncertainty of that location 

In summary, our results indicate a north-northwesterly striking thrust event located about 
40 km west of Point conception which is in excellent agreement with the recent tsunami modeling 
results by Satake and Somerville (1990). This location is 20 km southwest of that proposed by 
Hanks and well within his error bars. We obtain a moment of 1 x 1026 dyne-cm, a trapezoidal 
time history of (2,2,2) see. and a source depth of 10 krn. The weak beginning of the Pnl 
wavetrain at Berkeley indicates some source complexity , which is characteristic of large events. 
The fault parameters are strike = N200W, dip = 66NE, and rake = 950. These results are in 
agreement with the geodetic study by Savage and Prescott but disagree in magnitude with estimates 
made by Hanks. The worksheets for the Lompoc earthquake prepared by Gutenberg and Richter 
show an Ms of 7.0 and an m~ (long-period body wave magnitude) of 7.3, compared with the 

r 
moment magnitude of 6.6 derived from the seismic moment of 1 x 1026 dyne-cm obtained in this 
paper. The body waves of the Loma Prieta event ( Ms= 7.1) appear distinctly larger than the 
Lompoc event at De Bilt, in agreement with our lower estimate of source strength. 
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Figure 1. Consuaints on the location of the 1927 h p o c  earthquake fiom differential travel times 
of P, S, and SSS phases at De Bilt with mspect to the 1969 Santa Lucia Banks and 1983 
Coalinga earthquakes, from S-P times of aftershocks recorded at Santa Barbam, and from the 
back azimuth of P-waves recorded at Pasadena. 
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Figure 2. Ibe column on the left displays the P-waves observed at De Bilt and comsponding 
synthetics predicted for known solutions except for Lompoc which was determined by forward 
modeling. The best fitting mechanism is given on the right, along with SV & SH comparisons 
with Coalinga. 
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Figure 3. Synthetics and observed regional waveform data is given in the top panel following the 
technique and models used in matching these stations for the above master events, Santa Lucia 
Banks, etc., after Bent and Helmberger (1990). The lower panel displays the De Bilt 
seismograms for Lompoc and master events displaying the similarity between Lompoc and the 
Santa Lucia Banks events in (SSS-SS) waveshape and timing. 
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Figure 1. Constraints on the location of the 1927 Lompoc earthquake from differential travel times 
of P, S, and SSS phases at De Bilt with respect to the 1969 Santa Lucia Banks and 1983 
Coalinga earthquakes, from S-P times of aftershocks recorded at Santa Barbara, and from the 
back azimuth of P-waves recorded at Pasadena. 
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Figure 2. The column on the left displays the P-waves observed at De Bilt and corresponding 
synthetics predicted for known solutions except for Lompoc which was determined by forward 
modeling. The best fitting mechanism is given on the right, along with SV & SH comparisons 
with Coalinga. 
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Figure 3. Synthetics and observed regional waveform data is given in the top panel following the 
technique and models used in matching these stations for the above master events, Santa Lucia 
Banks, etc., after Bent and Helmberger (1990). The lower panel displays the De Bilt 
seismograms for Lompoc and master events displaying the similarity between Lompoc and the 
Santa Lucia Banks events in (SSS-SS) waveshape and timing. 
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1. Field and mechanical study of ground cracks associated with the 1974 
M ~ = 5 . 5  and 1983 and 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 L = ~  earthquake before the 
turn of the century (Wyss, 1986). The relation between volcano-seismic 
processes and faulting within the Kaoiki zone is being studied so as to 
increase our ability to assess earthquake hazards and test Wyss's prediction 
in this area. 

The November 30, 1974 M ~ = 5 . 5  and November 16, 1983 M ~ = 6 . 6  earthquakes 
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 pre-existing faults; in contrast, these 
major Kaoiki earthquakes propagated new ruptures, at least in their 
surface expression. The Kaoiki seismic zone i s  unique because its ground 
ruptures record the initial stages of 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 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 mainshock initiated as a strike-slip event of moderate 
magnitude, which preceded the main moment release on a low-angle thrust 
fault. I have used 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 examines the history and mechanisms of 
faulting within the Kaoiki zone that will form the basis for seismic hazard 
evaluations for the Island of Hawaii. This 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 SE flank. Field work undertaken by 
this study includes 1) the preparation of a 1:10,000 scale geologic map of the 
rupture zone generated by the 1983 earthquakes, and another, much older, 
undated earthquake; and 2) detailed outcrop-scale mapping (<1:1000 scale) 
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 scale, 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. 

3 .  Summary of Data Collected. In the past six months, Jackson completed a 
manuscript, to be submitted to Journal of Geophysical Research, that 
describes the structure and propagation path 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 received 
Branch Chief approval on 8/14/90, and Jackson is currently making 
revisions to the paper, which should be ready to be submitted next month. 

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 part of Kilauea volcano. 
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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"- 
N55"E, 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 echelon cracks, with predominantly opening 
displacements, which strike roughly EW, about 30"-50" clockwise from the 
overall trend of the zones. Some of the cracks are linked by secondary 
fractures to form left-stepping, 25- to 150-m-long cracks arrays that 
accomodated small right-lateral shear displacements. Geologic mapping of 
the 1983 rupture (Fig. 2) shows that the 25- to 150-m-long arrays coalesce at 
shallow depths to form left-stepping, 300- to 900-m-long cracks arrays that 
nearly parallel the overall trend of the rupture. In the 1974 rupture, 
linkage of these longer arrays takes place at the earth's surface. Detailed 
descriptions of the morphology and linkages of the cracks, and their 
displacement patterns are presented in previous EQHRP reports. 

Field observations of the Kaoiki earthquake ground cracks and fracture 
analysis of the 1983 event give important insights about how the Kaoiki 
earthquakes create new ruptures. We hypothesize that the propagating 
ruptures induced tensile failure of the near-surface rocks. As the 
coseismic deformation progressed, the opening-mode cracks created in the 
crack tip region of the parent strike-slip fault coalesced, and crack 
segments linked to form progressively longer, left-stepping crack arrays 
that became sub-parallel to the overall trend of the rupture zone and 
coalesced themselves at shallow depths. Figure 3 shows map-view sketches 
of stages in the propagation of the parent strike-slip fault into the host 
rocks just ahead of its tip. 

A. The first stage in the process is the formation of a cloud of tensile 
cracks ahead of the tip of the parent fault as it begins to slip. The 
cracks strike about EW, normal to the seismically-determined least 
compressive stress (Endo, 1985). As strain increases certain cracks are 
in opportune positions to link, creating 25- to . 150-m-long cracks arrays 
that transfer small right-lateral shear displacements. 
B.  With continuing coseismic increase in strain and displacement in 
the host rocks, certain of the 25- to 150-m-long cracks link to form 300- 
to 600-m-long cracks arrays. We suggest that these longer arrays have 
greater heights, and they are more efficient at transmitting shear 
displacements  
C. The 300- to 900-m-long arrays make a much smaller angle, 10' to 15", 
with the trend of the parent fault. As the strain continues to increase, 
these cracks link to form 2- to 4-km-long crack arrays that parallel the 
parent fault. Linkage is made easier by the presence of numerous short 
cracks, 25- to 150-m-long crack arrays and brecciated zones between 
these structures. 
D. Finally, the 2- to 4-km-long crack arrays rupture through the host 
rocks and form a through-going zone of strike-slip ground breakage. 
This process repeats itself again and again as the parent fault 
propagates through the host rocks. 



Figure 2. Geologic map of the 1983 Kaoiki ground rupture (1:10,000) scale. 
Large aa fields (stippled pattern,) make detection of some of the cracks 
impossible. Arrows shows the tips and terminations of left-stepping 300- to 
900-m-long arrays. Inset shows the mainshock epicenter (star), the 
distribution of the longer arrays, and cumulative displacements across the 
zone.  

The ground cracks are part of a "fracture-process zone" ahead of the 
parent fault that, during propagation, stressed the rocks above its tip 
(Pollard et a]., 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 
tensile failure parallel to the mapped cracks (Jackson et a]., 1988). The 
analysis suggests that if the 300- to 900-m-long en echelon arrays (Fig. 2) 
have heights equal to their lengths, then they may connect directly with 
the parent faill*. 
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Figure 3. Sketches showing stages in the propagation of a Kaoiki strike-slip 
rupture. See text for explanation. 

5. Conclusions. Recent papers describing the seismicity and tectonics of 
Mauna Loa and Kilauea volcanoes (Swanson et al., 1976; Lipman et al., 1985; 
Thurber et al., 1989) have established the importance of low-angle seaward 
thrusting of these volcanoes' south flanks along a layer of old ocean floor 
sediments that lies at about 8 to 11 km depth. This process is responsible for 
the M=7.2 and M=6.1 earthquakes that occurred within Kilauea volcano in 
1975 and 1989 and, perhaps, the Great Ka'u earthquake of 1868 (Wyss. 1988). 

In the Kaoiki seismic zone, located between the summits of Mauna Loa and 
Kilauea volcanoes (Fig. I), both low-angle thrusting events and NE-striking 
strike-slip earthquakes coexist. Although strike-slip earthquakes are 
absent within the Hilea area, located SW of the Kaoiki zone, low-angle 
thrust earthquakes occur extensively in this region. It is possible that the 
Kilauea edifice and its root into the mantle form a centrally-pinned 
buttress and barrier to southward displacement of the south flank of Mauna 
Loa in the Kaoiki area. This part of Mauna Loa is therefore forced to move 
laterally along strike-slip zones. 



We confirm the importance of right-lateral strike-slip faulting in the 
Kaoiki seismic zone. A M=6 earthquake is predicted for the Kaoiki before 
the end of the century (Wyss, 1986). We now have an excellent set of base 
maps and field observations with which to measure ongoing deformation in 
this fascinating area. 
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Investigations 

1. Broadband Study of the December 3, 1988, Pasadena Earthquake Sequence 
by Ma, Kuo-Fong and Hiroo Kanamori 

2. Seismic Strain Rates in Southern California 
by Weishi Huang, H. Kanamori and L. T. Silver 

3. Three-Diomensional Attenuation Structure of Kilauea-East Rift Zone, Hawaii 
by Phyllis Ho-Liu, Carl Johnson, Jean-Paul Montagner, Hiroo Kanamori and Robert 
Clayton 

Results 

1. Broadband Study of the December 3, 1988, Pasadena Earthquake Sequence 

The Pasadena earthquake (M~=4.9) of 3 December, 1988, occurred at a depth of 16 
krn, probably on the Santa Monica-Raymond fault which is recognized as one of the most 
important faults in the Los Angeles basin in terms of its seismic potential. Prior to this 
event, no earthquake larger than magnitude 4 had been recorded since 1930 in this area. 
High-quality seismograms were recorded with the Pasadena very broadband (VBB) system 
(IRIS-TERRAscope station) for not only the main shock but also the aftershocks at an 
epicental distance at 3 to 4 krn. We determined the focal mechanisms of 9 aftershocks 
using these data. The first motion data for most of the aftershocks are too incomplete to 
determine the mechanism using the conventional method. We approximated the moment 
rate function by a triangle and inverted the amplitudes and polarities of P, SV and SH 
waves to determine the seismic moment and the three fault parameters (dip, rake and 
strike). Our results show that the mechanisms of the aftershocks are essentially similar to 
the mechanism of the main shock with some variation. The average orientations of the P 
and T axes of the aftershocks are consistent with the strike of Raymond fault. The ratio of 
the logarithm of the cumulative seismic moment of aftershocks to that of the seismic 
moment of the main shock is significantly smaller than commonly observed. It suggests 
that most moment release of the earthquake resulted from a strong region of the fault plane. 
The lack of aftershocks of the Pasadena earthquake is consistent with the failure of strong 
asperities. 

2. Seismic Strain Rates in Southern California 

We determined the focal mechanisms of 27 1 Quality-A earthquake with M L = ~  
which occurred in southern California during the period 198 1- 1988. We divided the 
geographic distribution of seismicity into 10 domains and estimated seismic strain rates in 
each by tensorially summing the seismic moment tensors for individual events. We 
interpreted the summed moment tensor in each domain in terms of both seismic slip and 
convergence rates. The deformation pattern for the entire region can be represented as a 
sum of the San Andreas fault (SAF) type strike-slip motion and the NS convergence. Of 



the 271 analyzed events, 28% are thrust events, but they released 44% of the total seismic 
energy. The NS seismic convergence rate in the central Transverse Ranges is about 
8 W y r  for this period, which is comparable to the regional convergence rate estimated 
from geological and geodetic data. Except for the San Jacinto fault domain, which has a 
seismic slip rate of 13.6mm/yr, the seismic strain rates are much smaller than the 
geologically determined slip rates. For instance, summation of all the events in the 250Krn- 
wide zone along the SAF yields only 11.2mm/yr right-lateral slip. The result is shown in 
Figure 1. 

3. Three-Diomensional Attenuation Structure of Kilauea-East Rift Zone, Hawaii 

The three-dimensional attenuation structure in the crust underneath Kilauea, the East 
Rift Zone and Maua Loa is imaged using both an iterative back-projection inversion method 
and a generalized no block inversion method. The Kilauea shallow magma chamber, East 
Riftr Zone and the Mauna Loa magma chamber are delineated as attenuating anomalies. 
Detailed inversion suggests the existence of shallow magma reservoirs at Maua Uli and 
Pufu 0'0, the present sites of magma eruptions. The Hilina Fault zone is highly 
attenuating, dominating the attenuating anomalies at shallow depths. The "pipeline" system 
between Kilauea and the East Rift Zone shows up as a continuous supply channel 
extending down to a depth of approximately 6 km. The southwest Rift Zone, on the other 
hand, is not delineated by attenuating anomalies, except at a depth of 8-12 km where an 
attenuating anomaly is imaged west of Pu'u Kou. The Mauna Loa chamber is seated at a 
deeper level (about 6-10 km) than the Kilauea magma chamber. A highly attenuating 
anomaly extending from Kilauea to the Northest rift of Mauna Loa seems to indicate an 
apparent linkage between the two volcanoes. Resolution in the Mauna Loa area is not as 
good as in the Kilauea are due to poor ray coverage. There is a trade-off between the 
imaged depth extent of the magma chamber under Mauna Loa and the error. Kilauea 
magma chamber, on the other hand, is well resolved according to resolution test done at the 
location of the magma chamber. 
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Research during May through September, 1990 was directed to the following efforts: (1) 
completion of the earthquake doublet analysis for detection of changes in material properties 
related to the preparation for and occurrence of a strong earthquake; (2) modeling the changes in 
the stress state in the main thrust zone due to the occurrence of moderate earthquakes and the 
relation of stress changes to subsequent seismicity; (3) analysis of an event that filled a gap in the 
distribution of aftershocks of the May 7, 1986 great earthquake; and (4) completion of the study 
of aftershock sequences in southern California. 

Doublet Analysis 

The project on the detection of velocity changes in the main thrust zone associated with the 
occurrence of a major earthquake by the analysis of earthquake doublets has been completed. 
Twelve doublets, selected to yield sampling of the material in the neighborhood of the rupture in 
the May 7, 1986 Andreanof Islands earthquake, were analyzed by the cross-spcctral method. The 
individual events were relocated and members of a doublet were almost all within 100-200 
meters of each other. Shear velocity changes with time along doublet-to-station paths were found 
to have a strong azimuthal variation, from 0.7% to the north-northwest of the source to no change 
at 50" to 60" east or west of north. 

The velocity changes observed depended on both the segment of the thrust zone sampled 
and the time interval spanned by the doublet. The eastern segment (176.0" to 176.7' W) showed 
little to no change during 1981-1985, but a large negative change (-0.6%) during the interval 
spanning the 1986 mainshock. The central segment (176.7" to 177.2" W) showed a large negative 
change (-0.5%) during 1981-1983, little to no change during 1983-1985, and a large negative 
change (-0.7%) during the interval spanning the 1986 mainshock. The region to the west of 
177.2" W, the western end of the 1986 break, showed only a slight positive change (0 to 0.2%) 
during 1985-1986. A summary of velocity changes for the interval spanning the 1986 mainshock 
is shown in Figure 1. 

The observed velocity changes have been interpreted as due to anisotropic effects of chang- 
ing stress associated with the preparation for the mainshock and its occurrence. During the time 
interval of pronounced quiescence, on which the intermediate-tern prediction of the 1986 earth- 
quake was based, the velocity changed little or not at all. This implies, in our interpretation, that 
the stresses in the active volume were changing little during the quiescence. 

Publications. The results of this study are the basis of the Ph.D. dissertation: W.M. Kazi, 
Velocity changes in the Central Aleutian Islands determined from the analysis of earthquake 
doublets using cross spectral analysis method, University of Colorado, August, 1990. A summary 
was presented to the Spring, 1990, Annual meeting of the American Geophysical Union: W.M. 
Kazi and C. Kisslinger, "Doublet Analysis in Central Aleutian Subduction Zone," EOS, 71: 568, 
1990. 



Effect of earthquake occurrence on stress distribution in a subduction zone 

The objective of this project is to determine whether the contribution to the stress field at 
specific points within the active seismic zone is large enough to be useful in predicting future 
earthquakes. The redistribution of stress due to event occurrence within the part of the Aleutian 
subduction zone monitored by the Central Aleutians Seismic Network is modeled. The changes 
due to the static stress pulse associated with larger earthquakes are calculated at selected points, 
based on a point source dislocation model. The relation of the computed stresses to the distribu- 
tion of subsequent seismicity is then examined. Because the stress field is constructed from 
seismicity information only, significant contributions to the variability of stress due to other 
processes, especially aseismic deformations, may be missed. 

The model assumes that all of the earthquakes occur on faults with the same orientation, 
with the same slip direction. This assumption is reasonable, a: least for the larger events, for a 
seismic zone characterized by a dominant focal mechanism, such as the thrust mechanism in the 
main thrust zone of the study area. 

In the work so far, the traction field due to larger events, magnitude 4 and above, was calcu- 
lated. The seismicity distribution in the surrounding area was examined for evidence of an 
increase in activity where the traction component parallel to the slip vector was positive and a 
decrease where that component was negative. A "seismicity spatial distribution function", which 
represents quantitatively how the spatial distribution changed from before to after the larger 
earthquake, was defined. The computed traction field is cross-correlated with the seismicity spa- 
tial distribution function, to obtain a measure of the similarity of the change in seismicity and the 
traction distribution. The traction-seismicity measure is the difference between the traction field 
averaged over the events after the large earthquake and the same traction field averaged over the 
preceding events. A positive value indicates that the seismicity distribution resembles the traction 
field, because the seismicity increased in areas in which the traction was positive and/or 
decreased where it was negative. 

First results are: 

(1) An assumed mechanism for the larger earthquakes resulted in a fraction of large earth- 
quakes with a positive measure that would be expected to occur in 4.6 of 100 random trials. 

(2) The same assumed mechanism showed the strongest influence of the stress pulse on the 
seismicity closest to the larger earthquakes. 

(3) When the mechanism was varied systematically through a range of orientations, one of the 
two geometries with the largest number of increased values of the traction-seismicity meas- 
ure is low-angle thrust, typical of central Aleutian earthquakes. 

(4) First motions predicted for the mechanism with the highest value of the traction-seismicity 
measure agreed with observed first motions to an extent that has only a 15% probability of 
arising by chance. 

Although each of these points is only modestly significant, together they provide substantial 
support for the hypothesis that the occurrence of small earthquakes with the observed spatial dis- 
tribution is being influenced by the stress pulses of larger events. 

Earthquake of March 12,1990 

An earthquake with mb 6.1 occurred 30 km south-southwest of the epicenter of the May 7, 
1986 mainshock epicenter, on March 12, 1990. This event is of special interest because its aft- 
ershock sequence filled in a "gap" in the aftershock zone of the 1986 earthquake where no 



aftershocks of that event occurred. One of the questions left by the investigation of the 1986 aft- 
ershocks has been whether the patches without aftershocks, and, in most cases little pre- 
mainshock activity, were weak zones, in which no strain accumulates, or strong patches at which 
the stress pulse applied by the strong mainshock was not sufficient to trigger aftershocks. 

The eastern half of the March 12 sequence, including the mainshock epicenter, overlapped a 
swarm of earthquakes that occurred on January 9- 10, 1989 and partially filled in the "gap" left by 
the 1986 earthquake. A tight cluster of aftershocks in the western part of the zone filled a spot 
devoid of previous activity. Eight foreshocks preceded the March 12 event, starting with an mb 
4.8 on February 27. The three early foreshocks were close to each other, on the western edge of 
the gap; the last three were close to the mainshock, and their locations converged on the 
mainshock epicenter, eight days before. 

The approximate stress drop for the mainshock was 3 bars, calculated from the seismic 
moment computed by Harvard and the rupture area estimated from the aftershock distribution. 
The p-value (Omori decay rate) of the aftershocks was 1.07M.06 (normal), with a b-value of 0.68 
(low). 

The tcntative conclusion, pending completion of the study, is that this particular "gap" in 
the 1986 aftershocks marked a strong patch on the thrust zone, not a weak one. The stress pulse 
applied to this site by the 1986 mainshock was only slightly greater than the static shear strength, 
and four years passed before failure occurred to produce a late, strong aftershock. However, the 
stress drop in the event was quite normal and does not indicate unusually high stresses at this site. 

Southern California Aftershocks 

As part of the general study of aftershocks as indicators of fault zone properties and tectonic 
influences on earlhquake generation, a study of 39 southern California aftershock sequences, 
1933-1988, has bccn completed. The principal conclusions are: 

(1) the mean p-value in southern California is 1.10, with many sequences on the principal faults 
exhibiting values close to this. 

(2) Values of p significantly higher and lower than this mean value do occur, from 0.69 to 
1.81. 

(3) The p-values are not correlated with mainshock magnitude, the b-values of the sequences, 
or the difference between the magnitudes of the mainshock and the strongest aftershock. 
The data are insufficient to test a dependence of p on depth. 

(4) Crustal temperature, as indicated by surface heat flow, is a dominant factor in controlling 
aftershock decay rate. High p-values (fast decay rate) occurs at places with high surface heat 
flow, and conversely. This correspondence, which was noted in a general way for Japan by 
Mogi in 1967, is the first physical cause found that puts order into the geographic distribu- 
tion of p-valucs. The physical explanation is that high temperature causes shortened stress 
relaxation timcs in the fault zone materials, so the aftershocks die out more rapidly. Tem- 
perature is not the sole governing factor, and the properties of individual faults, such as 
heterogeneity, play a role. 

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



Presentation and Publication A paper summarizing this work was presented at the Western 
Pacific Geophysics Meeting, Kanazawa, Japan, August, 1990: C. Kisslinger and L. M. Jones, Pro- 
perties of Aftershock Sequences in Southern Califomia, EOS, 71: 895,1990. 

A version with more recent findings will be presented at the Fall Annual Meeting of the 
American Geophysical Union: C. Kisslinger and L. M. Jones, Aftershock Sequence Decay Rates 
in Southern Califomia are Controlled by Crustal Temperature. 



Figure 1. Spatial distribution of combined S-velocity change for selected 
doublets s p a ~ i n g  the occurrence of the May 7, 1986 Andreanof 
Islands earthquake. The first event in each doublet occurred in 
1983, 1984, or 1985, the second In 1986, after the major earth- 
quake. X marks the sources; S, the stations used. The contour 
values are fractional change In S-wave velocity X 1000. 
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Investigations 
Determine slip rates and earthquake recurrence times on San Andreas and Hayward faults. 
Compare rates of geologically determined surface slip to rates of historic creep and 
geodetically determined deep slip. Analyze effects of structural complexity and fault 
segmentation upon inferring recurrence from slip rate. 

Results 
1. Earlier Work. Along most of the Hayward fault, offset features yield creep rates of 
3.5-6.5 d y r  over decades, but a 4-km-long segment in south Fremont has crept at 8-10 
mm/yr [Lienkaemper and Borchardt, 1990; Lienkaemper et al., in review] 

USGSICDMG trenching in central Fremont 1986-1987 [Borchardt et al., in review] 
showed a Holocene slip rate of 5 mm/yr which may be too low because it excludes much of 
the 200-m-wide fault zone. Thus the 8 to 10 d y r  creep rate in south Fremont may better 
represent the full long-term slip rate on the fault. Testing this possibility, in 1989 we 
trenched the Masonic site in Union City where the fault seems narrower. 

2. Quaternary Slip Rates. Masonic Site. We identified six buried fan units offset by the 
fault, yielding slip of: C) 0-20 m, E) 46 f 5 m, G) 66 +- 5 m, I) 88 + 5 m, K) 131 f 6 m, 
and M) 167 + 6 m. Radiocarbon dates constrain slip rate well for two apexes: 8.0 f 0.6 
mm/yr (8.3 ka) on G, and 29.2 mm/yr (14.2 ka) on K. Dates on apex E bracket the rate 
between 27.4 and 19.9 mm/yr. The trench in 1990 should improve both stratigraphic 
control and accuracy of slip. We are now logging it. Thus far the slip on apex G is 
confirmed but work on the other units continues. 

The Masonic slip rate is only 8 mm/yr, but such geologic rates are often minima because 
faults are wide compared to lengths of slip markers. Our goal at Masonic is to see if the 9 
mm/yr creep in south Fremont reflects long-term slip rate for the entire Hayward fault. 
Masonic data support this conclusion, but we may still underestimate the full slip rate of the 
Hayward fault because the 9-mdyr  creep segment showed surface rupture in 1868. 

Reports 
Borchardt, G., J. J. Lienkaemper, and K. Budding, Holocene slip rate of the Hayward 

fault at Fremont, California: in review. 

Lienkaemper, J. J., and G. Borchardt, Holocene slip rate, historic creep, and the potential 
for large earthquakes on the Hayward fault, California (abstr.): EOS, 1990. 

Lienkaemper, J. J., G. Borchardt, and M,. Lisowski, Historic creep rate and potential for 
seismic slip along the Hayward fault, northern California: submitted to JGR. 
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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) 
pulse-width studies for estimates of stress drops, and ( 3 )  
mantle t~nisotropy under the western U.S. Some of these 
results are described below. 

Results 

(1) Wavc%form Inversion 

Steve Irorton has produced a program for doing waveform 
inversicjn. The program is comparable to ones written by Brian 
Stump arld Rndres Mendez, but is made to take the general 
source input from program PROSE. As yet, the new code has not 
been applied to the waveform data collect~d in spring 1 9 9 0  
near the south moat of the Long Valley calrera pending work on 
the Loma Prieta earthquake. Applica~tion slould begin within 
the next two months. 

(2). Pulse-Width Studies 

Smith and Priestley have presented estimates of stress drops 
as obtainsd by the pulse-width method of k'rankel and Kanamori 
( 1 9 8 3 ) .  Their results are significant for use in arrays such 
as ours vhere most of the signals are urlcalibrated vertical 
waveforms. Their results show low stress drop in the region 
believed to have ruptured in the main event of the 1984  Round 
Valley seqlence and higher stresses around the edges of this 
zone. During this contract period, we are making a comparison 
between stress drops computed from the pulse-width method with 
those obtained by spectral analysis from the new 
three-comp(3nent wideband ( 0 . 0 5  to 20 Hz) data at station WCK, 
located jl~st west of the Round Valley aftershock zone in the 
mountain block south of Long valley caldera, using events 
quite clos? to this site so as to minimize path effects. Data 
accumulated to date includes only a few events with magnitude 
greater than 3. There is considerable lack of correlation 
between pulse widths and the S-wave spectral corner 
frequencies at this site. However, WCK has a significant site 



response, even though it was chosen to be a "rock" recording 
site. The gain at WCK is now reduced so that larger events 
can be recorded at this site for such analysis. 

(3). Anisotropy Studies. 

We have recently (Silver and Savage, 1990) made a study of 
anisotropy in the mantle under western North America using 
teleseismic records from 27 stations in the Nevada - 
California region. S-wave splitting is azimuthally dependent 
along the San Andreas fault (based on 18 stations) and one 
station in the Sierran Block (CMB) shows the largest time 
separation yet seen on this c~ntinent (2.1 +- 0.2 seconds), 
with the fast direction N78W. The results are summarized in 
Figure I .  

In the northwest Basin and Range province, four stations give 
an average fast direction of anisotropy of N74E, while station 
ELK gave N78W, in general agreement with the present-day 
direction of extension. Note in the figure that fast 
directions in the southern Great Basin are markedly different 
from those in the northern Great Basin, indicating differences 
in the mantle to accompany differences in magnetic signature, 
gravity, and topography in the two regions. 

these observations are interpreted in terms of strain-induced, 
lattice-preferred orientation of olivine in the upper mantle. 
For several nearby geologic regions, the anisotropic 
signatures are consistent within each region, but vary greatly 
between regions. Along the San Andreas fault, results are 
dependent upon the back-azimuth of the teleseismic event. 
These observations suggest that rapid changes occur in the 
perferred orientation of olivine in the upper mantle, and that 
the boundaries within the upper mantle correspond to geologic 
boundaries at the surface. The changes in olivine orientation 
probably represent changes in the present rheology or applied. 
stress, or in the pre-existing fabric. 

The large anisotropy under the Sierran block, if confirmed at 
more stations, implies an unusually deep-seated ( >  200 km) 
anisotropic feature within ghe upper mantle. This E-W fast 
feature cannot be caused by past compressional episodes, which 
should yield N-S fast. 
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latitude 

Figure - 1. Shear-wave sp l i t t i ng  measurements from the Cal i fornia - Nevada 
region. Lines designate average f a s t  polarization direction @ from the 
best measurements a t  each s tat ion,  including only events with westerly 
back azimuths for the stations in California. Size of c ircles  i s  pro- 
portional t o  A t ,  the anisotropic S sp l i t t i ng  time. Open symbols are those 
for which no anisotropy was measured using SKS phases: in these cases, 
the anisotropy may be ei ther  nonexistent, or the f a s t  or slow direction 
may be parallel t o  the back azimuth of the event, designated by the se ts  
of orthogonal 1  i  nes . 
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I n v e s t i g a t i o n s  - 
1. Post -se ismic  n e a r - f  i e l d  de fo rmat ion ,  1989 Loma Pr i e t a  earthquake. 

2. Sur face f a u l t i n g  assoc ia ted  w i t h  t h e  M 7.8 Nueva E c i j a  earthquake, 
P h i l i p p i n e s ,  16 J u l y  1990 ( w i t h  C. ~ e w g a l l ,  USGS; R. Punongbayan, 
and J. Umbal ( P h i l i p p i n e  I n s t i t u t e  o f  Volcano1 ogy and Seismology). 

Resu l t s  

On t h e  226th post -ear thquake day, t h e  r e l a t i v e  h o r i z o n t a l  p o s i t i o n s  o f  t h e  
t h r e e  re fe rence  marks were remeasured w i t h  a  t h e o d o l i t e  and EDM across t h e  
"P ink House" f r a c t u r e s ,  which d i sp l ayed  r a t h e r  impress ive  coseismic l e f t -  
l a t e r a l  o f f s e t  o f  Summit Road (on t h e  mounta in  r i d g e  SW o f  t h e  San 
Andreas f a u l t ,  SE o f  S ta te  Highway 17).  The d a t a  i n d i c a t e  con t i nu i ng  
sma l l - sca le ,  ENE-directed ex tens ion  over a  270-m i n t e r v a l  spanning t h e  
sur face f r a c t u r e .  The 13 mm ex tens ion  i s  i n t e r e s t i n g  p r i n c i p a l l y  because 
i t s  o r i e n t a t i o n  i s  about  normal t o  t h e  f r a c t u r e  t r a c e  and about 70 degrees 
c lockw ise  from t h e  c o s e i  smic l e f t - l a t e r a l  d isp lacement  vec to r  measured ad- 
j a c e n t  t o  Summit Road. Thus, t h e  pos t -se ismic  changes a re  n o t  o n l y  smal l  
i n  magnitude b u t  a l s o  d i r e c t e d  a t  a  h i g h  ang le  t o  t he  coseismic s l i p  a t  
t h i s  s i t e .  

One o f  t h e  o b j e c t i v e s  o f  t h i s  m o n i t o r i n g  was t o  see i f  post -se ismic  d e f o r -  
mat ion  m igh t  r e v e a l  c l ues  t o  t h e  o r i g i n  o f  these  f r a c t u r e s - - t h a t  i s ,  whe- 
t h e r  they  were p r ima ry  t e c t o n i c  breaks. The pos t -se ismic  da ta  do have 
i m p l i c a t i o n s  r e g a r d i n g  t h i s  quest ion,  b u t  t h e y  t ake  a  c u r i o u s  form. Three 
k i nds  o f  f o r c e s  may be  r e l e v a n t  t o  t h e  c r e a t i o n  o f  t h e  coseismic f r a c t u r e s  
a l ong  Summit Road--i.e., t e c t o n i c  fo rces  due t o  t h e  t r a c t i o n s  o f  t h e  
unde r l y i ng  cose ismic  d isp lacement ,  t r a n s i e n t  i n e r t i a l  f o r c e s  due t o  t he  
s t r ong  ground shak ing,  and t h e  g r a v i t a t i o n a l  f o r c e  t h a t  a c t s  cont inuous-  
l y .  A t  t h e  t ime  o f  t h e  mainshock, a l l  o f  these  fo rces  a re  p resen t ,  b u t  i n  
pos t -se ismic  t ime  o n l y  r e s i d u a l  t e c t o n i c  f o r c e s  and g r a v i t y  e x i s t .  If t h e  
coseismic  f r a c t u r e  d isp lacement  were g r a v i t a t i o n a l l y  d r i v e n ,  why i s  t h e  
pos t - se i  smic de fo rma t i on  so u n l i k e  i t ,  p a r t i c u l a r l y  i n  t h e  d i r e c t i o n  o f  
mot ion? Th i s  d i s s i m i l a r i t y  suggests t h a t  t h e  g r a v i t a t i o n a l  f o r c e  p layed a  
m inor  r o l e  i n  p roduc ing  t h e  coseismic  s l i p  t he re .  I f  t h e  crack were a  
p r imary  t e c t o n i c  f e a t u r e ,  then  t he  observed pos t -se ismic  de fo rmat ion  i s  
u n l i k e  c o n t i n u i n g  a f t e r s l  i p  t h a t  has been descr ibed  i n  c o n j u n c t i o n  w i t h  
o t h e r  su r f ace  f a u l t i n g  events.  By d i s c o u n t i n g  t h e  l i k e l i h o o d  o f  dominance 
o f  bo th  t e c t o n i c  and g r a v i t a t i o n a l  f o r ces ,  i n e r t i a l  f o r c e  due t o  s t r ong  
ground mot ion  remains as t h e  pr ime suspect.  It i s  un fo r tuna te  t h a t  t h e r e  
were no s t r o n g  mo t i on  reco rd i ngs  made a long t h i s  mountain r i d g e .  



The r a t i o  o f  t h e  l e f t - l a t e r a l  t o  d i p s l i p  components o f  cose ismic  movement 
on t h e  "Pink House" f r a c t u r e ,  about 1.24, i s  exceeding ly  d i f f i c u l t  t o  
e x p l a i n  by a  r e c e n t l y  proposed mechanism of convers ion  o f  pu re  bedding- 
p l ane  d i p s l i p  upward t o  o b l i q u e  s l i p  on a  c lockw ise  r o t a t e d  f r a c t u r e .  
There a r e  severe geometr ic  c o n s t r a i n t s  t h a t  a l l o w  f o r  a  smal l  amount o f  
t h i s  k i n d  o f  convers ion,  b u t  t o  o b t a i n  a  dominant s t r i k e - s l i p  component 
would r e q u i r e  r o t a t i o n s  so l a r g e  t h a t  they  a r e  i n c o n s i s t e n t  w i t h  t h e  
o r i e n t a t i o n s  o f  bedding p lanes  t h a t  have been recorded  a long t h e  mountain 
r i d g e .  

L e f t - l a t e r a l  su r f ace  r u p t u r e  broke a long  p a r t s  o f  bo th  t h e  nor thwes t -  
t r e n d i n g  P h i l i p p i n e  f a u l t  and i t s  nor thward sp lay  i n  t h e  C o r d i l l e r a  Cen- 
t r a l ,  t h e  D i g d i g  f a u l t ,  over a  d i s t a n c e  exceeding 110 km. The main shock 
l o c a t i o n ,  near t h e  P h i l i p p i n e  f a u l t  a t  Bongabon about 30 km f rom the  
southeast  end o f  t h e  su r f ace  r u p t u r e ,  i m p l i e s  t h a t  most o f  t h e  r u p t u r e  
spread u n i l a t e r a l l y  toward t h e  nor thwest .  Not o n l y  d i d  a f t e r s h o c k s  extend 
nor thward more than 100 km beyond t h e  observed l e n g t h  o f  t h e  su r f ace  
breaks, b u t  a l s o  t h e i r  complex p a t t e r n  suggests t h e  p o s s i b i l i t y  t h a t  add i -  
t i o n a l  f a u l t s  may have r u p t u r e d  a t  t h e  sur face.  A l though no breaks were 
observed a long  t h e  P h i l i p p i n e  f a u l t  s t rand  where i t  bounds t h e  C o r d i l l e r a  
Cen t ra l  t o  t h e  west o f  t h e  D igd ig  branch, a f t e r shocks  occur red  near  t h i s  
t r e n d  as f a r  as t h e  west coas t  near Lingayen Gulf .  

The maximum h o r i z o n t a l  component o f  su r f ace  s l i p ,  more than 6  m, was ob- 
served on t h e  D igd ig  f a u l t  near Cap in ta lan ,  about 160 km n o r t h  o f  Mani la,  
a t  t h e  n o r t h e r n  e x t r e m i t y  o f  t h e  su r f ace  i n v e s t i g a t i o n .  Even l a r g e r  d i s -  
placements a re  p o s s i b l e  i n  t h e  as-yet-unchecked no r t he rn  s e c t i o n s  of t h e  
f a u l t .  Al though t h i s  maximum i s  one o f  t h e  l a r g e s t  s t r i k e - s l i p  su r f ace  
movements on t h e  e a r t h  i n  t h i s  cen tu r y ,  t h e  3-4 m average s l i p  i s  expect-  
ab l e  f o r  earthquakes o f  t h i s  magnitude. The l a r g e s t  d isp lacement  found on 
t h e  P h i l i p p i n e  f a u l t ,  near Kamuning and t h e  mainshock ep i cen te r ,  was about 
5. m. V e r t i c a l  components o f  s l i p  were c o n s i s t e n t l y  subord ina te  b u t  r e -  
v e r s i n g  i n  sense a t  severa l  p l aces  a long t h e  rup tu re ;  t h e  l a r g e s t  measured 
v e r t i c a l  o f f s e t s  were about 2  m. 

Post -se ismic  creep was moni tored a t  R i za l  near t h e  m idpo in t  o f  known sur -  
face  rup tu re ;  between t h e  13 th  and 20th post-earthquake days creep was 
n e g l i g i b l e  a t  t h a t  s i t e .  A p o s s i b l e  2  cm l a t e r a l  d isp lacement  occu r red  by 
t h e  21s t  day, perhaps a t  t h e  t ime  o f  a  s t r ong  nearby a f t e r shock .  

Reports 

Sharp, Robert  V., and Umbal , J. 1990, Surface d isp lacement  on t h e  P h i l  i p p i n e -  
D i g d i g  f a u l t  assoc ia ted  w i t h  t h e  Ms 7.8 Nueva E c i j a  ear thquake o f  16 J u l y  
1990: Eos (Abs t rac t ,  i n  p ress ) .  



CAPTION FOR FIGURE 1 -- 9910-01292 

Map o f  s u r f a c e  f a u l t i n g  a s s o c i a t e d  w i t h  t h e  1990 Nueva E c i  j a  ear thquake.  
Heavy l i n e s  i n d i c a t e  l e f t - l a t e r a l  f a u l t  r u p t u r e s  t h a t  were observed and mea- 
su red  on t h e  ground.  D o t t e d  l i n e s  r e p r e s e n t  o t h e r  f a u l t  t r a c e s  w i t h i n  t h e  
r e g i o n  o f  a f t e r s h o c k  a c t i v i t y ;  s u r f a c e  d i s p l a c e m e n t  o n  t h e s e  i s  e i t h e r  absen t  
o r  unknown ( l o c a t i o n s  f r o m  g e o l o g i c  map o f  P h i l i p p i n e s ,  1963 e d i t i o n  o f  PBM). 
Heavy d o t s  a r e  NEIC- located e p i c e n t e r s  o f  a f t e r s h o c k s  ( 4 . 4  i M < 6.5) w i t h i n  
27 days  o f  t h e  mainshock ( c i r c l e d  d o t ) .  Open c i r c l e  n e a r  6 n g a F o n  shows ap- 
p r o x i m a t e  e p i c e n t e r  o f  a f t e r s h o c k  a s s o c i a t e d  w i t h  s m a l l  c r e e p  d i s p l a c e m e n t  
observed a t  R i z a l .  A l l  e p i c e n t r a l  l o c a t i o n s  a r e  app rox ima te .  Labe ls  PFZ and 
DF i n d i c a t e  P h i l  i p p i n e  f a u l t  zone and D i g d i g  f a u l t ,  r e s p e c t i v e l y .  
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Investigations: April 1, 1990 - September 30, 1990 

1. Magnitudes of prehistoric Intermountain seismic belt earthquakes from surface rupture 
lengths and displacements. 

2. Paleoseisrnicity and contemporary deformation of the Teton fault, Wyoming. 

3. Rate of decay of aftershocks in the Utah region. 

4. Estimation of seismic moments of Intermountain seismic belt earthquakes from Wood- 
Anderson seismograms. 

Results 

1. We have calculated surface wave magnitudes for the most recent prehistoric scarp-forming 
earthquakes associated with Quaternary normal faults of the Intermountain seismic belt (ISB). 
The magnitude estimates are based on unweighted least squares linear regressions of M, on 
both surface rupture lengths and maximum surface displacements of instrumentally-recorded 
normal-faulting events in intraplate extensional regimes of the western U.S. and other parts of 
the world. The earthquakes used in the regressions (16 total) have a magnitude range of 
6.4 5 Ms 5 7.6 and are limited to those with the following characteristics: 1) either purely 
normal or oblique-normal surface offset, 2) measured scarp heights and rupture lengths, and 3) 
calculated surface wave magnitudes. These data yield the following relations: 

M, = 0.85 Log L + 5.7 

M, = 0.66 Log D + 6.8 

where L = length (km) and D = maximum measured surface displacement (m). Standard devi- 
ations and correlation coefficients are f 0.24 M, units and 0.76, respectively, for the first equa- 
tion and f 0.22 and 0.82 for the second. 

*J.O.D. Byrd, C. Li, D.B. Mason, and D. Wu also contributed significantly to the work 
reported here. 



These scaling relations were applied to a new compilation of fault parameters and ages 
determined by trenching and morphologic studies of 25 of the most prominent Late Quaternary 
faults in the ISB. Many of the faults that have been quiescent during historical time show not- 
able Quaternary activity. Maximum magnitudes (Ms) range from 6.3 to 7.3 along the primary 
seismogenic structures: Wasatch, Lost River, Lemhi, Beaverhead, Madison, Teton, Star Val- 
ley, East Cache, and Bear Lake faults. The -370-km-long Wasatch fault dominates the ISB 
paleoseismicity with magnitudes consistently greater than 6.5 and averaging 6.9 for its 12 
mapped segments. 

2. The Teton fault extends for -55 km along the east side of the Teton Range at the 
northeastern edge of the Basin-Range province. In a project funded jointly by the National 
Park Service and the U.S. Geological Survey, we have identified two to three Quatemary seg- 
ments for the fault, 13 to 42 km in length, that are marked by 3 to 50 m high fault scarps in 
Pinedale (-14,000 yr) moraines and younger fluvial/alluvial deposits. In contrast, the Teton 
fault occupies a prominent gap at the M 3+ level in the historical seismicity of the Intermoun- 
tain seismic belt. A trench across the 20-km-long southern segment exposed a 4.1 m normal 
fault displacement on a fault dipping 85" E that is associated with one, and possibly two, 
prehistoric slip events. Conventional radiocarbon dates averaged from two samples recovered 
from a paleosol indicate an age of faulting of 7,175 f 100 radiocarbon years. If a younger 
event has contributed to the total offset, the displacements associated with the 7,175 yrs b.p. 
and younger events are on the order of 1.3 m and 2.8 m, respectively. Comparison of the 
4.1 m offset with offsets produced by historical normal faulting earthquakes suggests that it 
was the product of a single Ms = 7.2 f 0.3 event, or possibly two Ms = 7.0 f 0.3 events. For 
the single-event scenario, comparison with the historical normal fault data suggests that the 
entire length of the Teton fault would have ruptured. In the two-event case, the southern seg- 
ment and all, or part, of the middle segment of the fault would have ruptured. Extrapolation of 
the "single event" 4.1 m offset onto the 13 m high, multiple event scarps in the vicinity of the 
trench site suggests that the Teton fault is characterized by post glacial slip-rates of 0.5 mmlyr, 
assuming a conservative estimate of 30,000 yr for glacial cessation, or 1.6 mmlyr using the 
commonly accepted 14,000 yr Pinedale age. 

In a cooperative project with Art Sylvester of the University of California, Santa Barbara, 
we have conducted two leveling surveys of an east-west profile across the middle segment of 
the Teton fault. The 22-km-long leveling line was established in 1988 to first order surveying 
standards. The results of the initial 1989 re-observation of this line indicate that the footwall 
block, the Teton Range, subsided up to 7.8 rnm f 0.7 mm relative to the valley floor over the 
one-year period. On geological grounds, we expected the mountain block to rise rather than 
subside. This observation of mountain block subsidence is considered very anomalous and 
reflects unknown processes that may be related to the current quiescence of the Teton fault. 
There are several possible explanations for this unusual aseismic behavior, such as interseismic 
energy accumulation, seismic energy release in the Gros Ventre block to the east that is lock- 
ing the Teton fault, or footwall subsidence due to lateral deviatoric compression on a uniform 
upper-crustal block, including the fault. Nonetheless, the measured deformation occurred as 



aseismic creep, i.e., without accompanying earthquakes. These observations notably represent 
the first well-documented evidence of aseismic creep across a major normal fault in the western 
U.S. 

3. As a follow-up to observations by Veneziano and others (1987; Eos 68, 1368-69) of 
suppressed earthquake clustering in the vicinity of the Wasatch fault, compared to neighboring 
regions, we have undertaken a systematic study of aftershocks in the Utah region. In particu- 
lar, we are interested in the variability of the parameters K, c, and p in the modified Omori 
law, which describes the time-dependent decay in numbers of aftershocks: N(t) = K / (t+c) P, 
where t is time after the main shock and N(t) is the number of events per unit time. For prel- 
iminary calibration, well-recorded earthquake sequences associated with seven main shocks, 
4.7 I M, 5 6.0, 1975-1989, were analyzed in detail. The Omori decay parameter, p, ranges 
from 0.7 to 1.2. For one relatively deep sequence, 20-25 km deep in Precambrian basement, 
p = 0.95f 0.12, close to the mean value for the seven sequences. Faced with the persistent 
obstacle of having many individual sequences with too few events for appropriate statistical 
processing, we have begun collaborative work with P. A. Reasenberg, USGS, to apply his 
composite-cluster methodology (Reasenberg, 1990; Seism. Res. Lett. 61, 40). We are proceed- 
ing to analyze and group secondary events in our catalog in such a way that the Omori param- 
eters can be compared to results in California-as well as allow testing for space-time 
differences within the Utah region. For the latter purpose, original ssismograrns have been 
extensively re-examined to document the time-size distribution of aftershocks associated with 
seven main shocks, 4.0 .5 ML I 5.7, that occurred in the Wasatch Front region during 1962- 
1972, before the start of modern network monitoring in 1974. 

4. We are analyzing data from 58 aftershocks of the 1983 Borah Peak, Idaho, earthquake to 
test and calibrate for the Intermountain seismic belt a simplified method for estimating seismic 
moments from Wood-Anderson seismograms. The method is similar to that proposed by Bolt 
and Herraiz (1983; Bull. Seism. Soc. Am. 73, 735-748) and assumes a relation of the following 
form: 

log M, = a + b x log (C x D x R') 

where R is the hypocentral distance of the station, C is the maximum peak-to-peak amplitude, 
D is the duration between the S arrival and the onset with amplitude Cld, and a, b, p, and d are 
constants to be determined empirically. Our measurements of C and D come primarily from 
synthetic Wood-Anderson seismograms made from horizontal-component digital recordings 
obtained by the USGS at 12 stations located at epicentral distances of less than 50 km. Addi- 
tional measurements come from analog Wood-Anderson seismographs located in Utah at epi- 
centraI distances of 400 to 480 km. Seismic moments for the 58 calibration events have been 
previously determined from pulse areas of SH-waves recorded on the USGS digital stations or 
from long-period data recorded at regional and teleseismic distances. To complete this investi- 
gation, we are currently making direct comparisons of SH-wave pulse areas and the quantity C 
x D x R' to test the theoretical basis of the Bolt and Herraiz technique, and are evaluating 



whether or not this technique provides better estimates of M, than the empirical 
M, - ML relation determined from the same data. 
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The purpose of this research is to investigate the spatial distribution of 
earthquake foci a) in the middle or off-set portion of the New Madrid Seismic 
Zone (NMSZ) between New Madrid, Missouri and Gratio, Tennessee, and b) 
along the southern portion of the zone, especially in the neighborhood of the 
Blytheville Arch. The hypothesis is that the spatial distribution, together with 
focal mechanisms, will identify the orientation of fault surfaces and the motion 
on the faults in these ambiguous portions of the zone. 

Hypocenters determined by SLU in the NMSZ using data from seven or 
more stations from 1979 to the present form the basic data set. There are 
more than 1138 such events (see Figure 1). 

Advantage is taken of the presence of elements of the 40-station, three- 
component PANDA array deployed in the central part of the NMSZ during the 
last quarter of 1989 through the first two quarters of 1990. Digital trace and 
phase data, which were picked by the Center for Earthquake Research and 
Information (CERI) have been received for the first seven array tapes covering 
the period 18 November 1989 through 13 July 1990. There are 94 events 
recorded by both PANDA and SLU networks, out of a total of 107 events 
recorded for the entire period by SLU. During the next report period, these 
events will be used as set of master events in the relocation of all SLU net- 
work events in the NMSZ noted above. 



MAGNITUDE 
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FIGURE 1 -- All events 1 January 1979 through 31 March 1990 (135 
months) recorded by SLU network with seven or more stations (1 138 
events). These events will all be reprocessed in a JVHD relocation 
procedure. 
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INVESTIGATIONS 

This research makes use of the waveforms and spectrums of the short-period 
seismic data to investigate properties on wave propagation beyond the conventional travel- 
time and polarity studies. Through particle motion analysis using on-scale waveform data, 
we investigate the crustal anisotropy. Identifying the lower crust reflections and converted 
waves, we study the structure of the Los Angeles Basin and its surrounding basement 
rocks. An analysis of the spectrums provides information on attenuation and source 
properties. 

RESULTS 

Seven seismic stations in the Los Angeles basin are equipped with Optimum 
Telemetry System(0TS) which is a front-end microprocessor-controlled gain-ranging 
device that upgrades the recording of the conventional telemetrered seismic signals to 
achieve a 120 dB effective dynamic range. With OTS operating in the past several years, 
we have obtained a large volume of on-scale, 3-component recordings of local earthquakes. 
We have completed the scanning and sorting of all digital waveforms recorded on the OTS 
in the Los Angeles Basin during the past two years. Amplitude calibrations are done based 
on the decoded gain codes associated with the OTS data. The results are well calibrated, 
on-scale, 3-component waveforms. An examination on these waveforms show that many 
arrivals between P and S, as well as those clear after S cannot be explained by normal coda 
decay as a result of the scattering process. We have constructed seismic sections using data 
from many earthquakes recorded at a single station. From these seismic sections we try to 
identify arrivals that can be modelled as reflections or converted waves using a ray-tracing 
technique. Many phases arrived later than the P and S are identified and are used to study 
the crustal reflectors and boundaries such as the basement boundary, the lower crust 
reflector, and the Moho. At the same time, waveform analysis is applied to isolated body 
wave signals for information concerning the source characteristics and the Q structure of 
the southern California crust. 
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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, WA 98195 

Objectives: Our investigation has two main objectives: to 
constrain more tightly current estimates of recurrence intervals 
and fault slip rates for the Lone Pine fault, a subsidiary strand 
of the Owens Valley Fault Zone and to evaluate rigorously the 
accuracy, precision, and utility of rock varnish dating methods. 

Results: Since the preparation sf the last report we have done 
the following: 

Continued processing thermoluminesence samples with Dr. G. 
Berger, Western Washington University. We are dating 12 
samples from the two trenches opened across the colluvial 
wedge shed from the Lone Pine fault. We anticipate that 
initial age data will be available in early 1991. 

Collected 44 varnished cores from a granodiorite boulder 
sequentially exposed on the fault scarp at Lone Pine. We 
have analyzed varnish on the cores using an SEM and are 
presently reducing the data. Data gathered from this 
boulder will constrain the spatial variance of rock varnish 
chemistry and indicate whether cation ratio dating will be 
useful for constraining faulting rates at Lone Pine. 

Prepared and analyzed three synthetic rock varnish 
standards. We have conducted a blind interlaboratory 
comparison which suggests that many if not all previously 
published cation ratios may be inaccurate. We are using 
these standards to control the quality of our SEM analyses. 

Collected rock varnish samples from features of known age 
for the purpose of testing sample preparation methods for 
14c analyses of rock varnish. 

Dissemination of Results: We have presented and will continue to 
present our data and findings at meeting of professional 
societies and in refereed publications. We are presenting three 
poster sessions at the Geological Society of America, Penrose 
conference on Methods of Exposure Age Determination, October 
1990. 
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Surface Faulting Studies 

M.G.Bonilla 
Branch of Engineering Seismology and Geology 
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Menlo Park, CA 94025 
(415) 329-5615 

Investigations 

1. Geology of Marina District 

2. Visibility of faults cut by exploratory trenches 

Results 

1. The geology of the Marina District of San Francisco is under study to better understand the 
pattern of earthquake damage there. Maps dating back to 1851, archival materials including 
photographs, published reports, and logs of borings made from 1912 to 1990 were used to 
decipher the geology, including the artificial fills. Preliminary results given in an open-file report 
are being revised on the basis of newly-compiled borings, old maps, and old photographs. 
2 .  Revisions were made on a manuscript on factors affecting the visibililty of faults cut by 
exploratory trenches. 

Bonilla, M. G., 1990, Natural and artificial deposits in the Marina District, in Effects of the Loma 
Prieta earthquake on the Marina District San Francisco, California: U. S. Geological Survey 
Open-File Report 90-253, p. A-1-A-24. 

Bennett, M.J., Bonilla, M.G., and Holzer, T.L., in press, Liquefaction in the Marina District, San 
Francisco, California, during the Loma Prieta earthquake [abs.] : Geological Society of 
America Abstracts with Programs 

Bonilla, M. G., and Lienkaemper, J. J., in press, Factors affecting the recognition of faults 
exposed in exploratory trenches: U. S. Geological Survey Bulletin 1947. 

Bonilla, M. G., in press, Historical faulting, Irr Moore, G.W., Chairman, Geodynamic Map of 
the Circum-Pacific Region, Arctic Sheet: U.S. Geological Survey Map CP-38, scale 
1 : 10,000,000. 



Northern San Andreas Fault System 

Robert D. Brown 
Branch of Engineering Seismology and Geology 

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

(41 5) 329-5620 
. . 

lnves- 

I .  Research and review of work by others on the tectonic setting and earthquake 
potential of Diablo Canyon power plant (DCPP), near San Luis Obispo, California. 
Activities are in an advisory capacity to the Nuclear Regulatory Commission 
(NRC) staff and are chiefly to review and evaluate data and interpretations 
obtained by Pacific Gas and Electric Company (PG&E) through its long-term 
seismic program. 

2.  Advisory activities for Bay Area Regional Earthquake Preparedness Project 
(BAREPP) and San Francisco Bay Conservation and Development Commission 
(BCDC), both of which are state agencies. 

3 .  Synthesis studies of the geology, seismology, and tectonics of the San Andreas fault 
system, especially in northern California. 

Results 

1. Completed review of geologic data and interpretations regarding the tectonic 
setting and earthquake potential near Diablo Canyon power plant. Prepared a draft 
report summarizing USGS review comments regarding PG&E's interpretation of 
earthquake hazard at Diablo Canyon, circulated the draft internally for peer 
comments, and began revision for final document. 

2. Completed final reviews of an assembled mock-up of Professional Paper 1515 on 
the San Andreas fault system, which now awaits printing. 



3.  Prepared draft chapter, with R. E. Wallace and D. H. HIII, on the San Andreas fault 
system for a book, The Geological Character of Active Fault Zones, edited by R. 
Bucknam and P. Hancock, and sponsored by the International Geological 
Correlation Program. 

1. Brown, Robert D., 1990, Geology and land use: Networks, earthquake 
preparedness news, Bay Area Regional Earthquake Preparedness Project, v. 5, no. 
2, p. 11. 



Seismic Hazards of the Hilo 7 112' Quadrangle, Hawaii 

Jane M. Buchanan-Banks 
Branch of Geologic Risk Assessment 

U.S. Geological Survey 
David A. Johnston Cascades Volcano Observatory 

5400 MacArthur Boulevard 
Vancouver, Washington 98661 

(206) 696-7996 

lnvestiaations 

Revised manuscript on the geology of the Hilo 7 112' Quadrangle, Island of Hawaii, based 
on BWTR review. 

Results 

Manuscript returned from BWTR in April and next few months were devoted to 
incorporating suggested changes into text and description of map units; tables required 
extensive revision to make them more readable and improve clarity of depiction of 
sampling sites on map sheet. Revisions completed and manuscript forwarded to BWTR at 
end of September for final check on consistency before it receives Director's approval. 

Tables of chemical analyses for open-file report on the chemistry of the Hilo quadrangle 
rock samples were also revised as a result of this review. 



Stream Responses to Uplift and Climatic Change, 
North Canterbury, New Zealand 

NSF-USGS Joint Project 
Progress Report October 1990 

William B. Bull 
Department of Gwsciences 

University of Arizona 
Tucson, Arizona 85721 

(602) 62 1-6024 

INVESTIGATIONS 
Introduction and Objectives 

The Charwell River in the northeastern part of the South Island of New Zealand is a superb 
fluvial system in which to investigate responses of streams to vertical and horizontal earth 
deformation and climatic changes during the late Quaternary. The moderately small watershed is 
underlain by fractured greywacke sandstone and extends to the crest of the Seaward Kaikoura 
Range. Streamflow from the 30 km2 main branch joins flow from the 10 km2 right branch a short 
distance downstream from the highly active Hope fault. My work has been concentrated in the 
piedmont reach for the purposes of 1) describing stratigraphy, sedimentology, and soil profiles of 
valley fills, 2) dating aggradation events and flights of degradation terraces, and 3) estimating late 
Quaternary displacement rates along the faults of the Hope fault system. These data will form the 
basis for understanding the tectonic and geomorphic responses of streams in this humid region to 
climatic changes. The Charwell River site has proved to be an excellent model for differentiating 
between tectonic, climatic, and complex response stream terraces (Bull, 1990, 1991), and has the 
potential for being one of the world's best dated flights of stream terraces. Dating is proceeding in 
several stages. This report summarizes the results of radiocarbon dating and provides brief 
descriptions of dated stratigraphic units. 

Tectonic Setting 

The 220 km long Hope fault is the most active splay of the Alpine shear system in the 
Marlborough region. The fault bounds the south side of the Seaward Kaikoura Range and thus 
separates the watershed and piedmont reaches of the Charwell River. It strikes at about 073" 
across the South Island from the Alpine fault on the northwest side of the Southern Alps to the 
southwestern end of the Hikurangi Trench. It is part of a diffuse transpressional transform 
boundary between the Australian and Pacific plates that links the Tonga-Kennadec, Hikurangi, and 
Puysegur trenches. Oblique plate convergence is large (about 47 m/ky at 264" _+ 2") for the Hope 
fault with a compressional component of as much as 22 rwky that tends to raise the Southern Alps 
at 5-8 m/ky and thicken their crustal root (Walcott, 1984; Allis, 1981; Bull and Cooper, 1986). 
My work (Bull, in preparation, a, b, c) shows that this fault has a slip rate that is similar to that of 
the San Andreas fault of California (33 +3 m/ky during the past 40 ka) but also has a large 
component of vertical movement (2 to 6 m/ky [Bull, 1985; Bull and Cooper, 19841). 

A tectonic setting of rapid horizontal and vertical displacement is largely responsible for the 
Charwell River being a most unusual and valuable study area (Bull and Knuepfer, 1987). The 
watershed reach has been shifted progressively to the northeast relative to the piedmont reach. 
Former piedmont valleys of the Charwell River are preserved because of the rapid right-lateral 
tectonic translocation. Each valley records a major shift in stream-channel position to the east. The 
river is confined in a 50-65 m deep valley during times of maximum degradation such as the 
present. Avulsion cannot occur during times of stream-channel entrenchment, but continued lateral 
movements between the drainage basin and piedmont reaches set the stage for abrupt changes in 
channel position. Optimal conditions for the piedmont reach to adjust its position relative to the 
tectonically translocated drainage basin occurred during times of maximum aggradation when 
streamflows issuing from the Seaward Kaikoura Range spread out on unentrenched alluvial fans, 



which have completely filled piedmont valleys. At these times streams in the piedmont reach are 
free to seek new courses farther to the east in order to correct for the amount of tectonic 
translocation that had occurred since the preceding avulsion. The subsequent episode of 
degradation creates a new piedmont valley that tends to be separated from the prior valley by a 
distance equal to the amount of tectonic offset between the watershed and pisdmont reaches since 
the preceding time of piedmont valley formation. Along most streams, aggradation and 
degradation episodes generally are stacked on top of each other in a bewildering complex of partial 
stratigraphic and geomorphic records. The tectonic setting of the Charwell River tends to preserve 
complete records of both aggradation and degradation in tectonically translocated valleys through 
which the river no longer flows. The Chanvell River flows due south from the Seaward Kaikoura 
Range and then turns to the southwest, cutting across and exposing the stratigraphic record 
contained in its ancestral valleys, which have been tectonically translocated as much as 3-4 krn. 
This tectonic setting is ideal for geomorphic, stratigraphic, pedogenic, paleoclimatic, neotectonic, 
and paleobotanical studies of the past 100 ka because separate chapters in the history of the river 
have been set aside and largely preserved as former river valleys. 

RESULTS 
Climatically-Controlled Deposition of Late Quaternary Alluvium 

Times of full-glacial climatic conditions were characterized by backfilling of valleys and 
local deposition of alluvial fans downstream from the range-bounding Hope fault. About 20-50 m 
of aggradation occurred along the Charwell River. Times of aggradation and degradation reflect 
global climatic changes (Bull, 1990, Chapter 5)  that locally caused large variations in rates of 
bedload and water yield from hillslopes. Such climate-change induced increases in bedload 
transport rate resulted in distinctive episodes of deposition of fluvial gravels. From oldest to 
youngest, these are named Quail Downs, Dillondale, Flax Hills, Stone Jug, and Dog Hills 
aggradation events. Their deposition is summarized below with an emphasis on the Flax Hills and 
Stone Jug aggradation events. 

Two stages of Flax Hills aggradation were preceded by extensive strath beveling as the 
valley floor was widened by lateral erosion into soft bedrock. Aggradation began with 2 m of 
alternating sand and gravel. Peaty silt and fine-grained sand beds with fossil reeds and leaves are 
common. Transported fossil wood is common in silt, sand, and gravel, and locally fossil tree 
trunks in growth position are encased by sequences of 2-20 mm thick beds. Each bed typically 
grades upward from sand to silt to clayey or peaty silt, but some beds have reversed particle-size 
grading. Each graded bed appears to be a low-energy slackwater deposit that records a flood event 
on a forested flood plain. The second stage comprises the overlying aggradation facies and 
consists of 35-50 m of massive silty water-laid gravels, with indistinct beds that are 20-100 cm 
thick. Rare pieces of transported carbonized wood occur in the lower half of the massive facies of 
braided-stream deposits. Silty sand lenses are not common but they occur at any position in the 
aggradation gravels. 

Stone Jug aggradation was preceded by less extensive strath beveling than before the Flax 
Hills aggradation event. Stone Jug aggradation began abruptly with deposition of 15-30 m of 
thick, poorly bedded yellowish-brown water-laid silty gravels on underlying straths or surfaces cut 
into Flax Hills gravels. This uniform oxidized, massive lithology is the only depositional facies. 

Dog Hills aggradation is defined as diachronous, small alluvial fans, and valley fills that 
were deposited on bedrock or older alluvium immediately downstream from the range-bounding 
Hope fault. Brief episodes of aggradation characterize the small watersheds draining the crush 
zone of the Hope fault. The typical section consists of oxidized interbedded water-laid and debris- 
flow deposits; depositional hiatuses include incipient buried soil profiles, cut-and-fill structures, 
and possibly abrupt transitions to either water-laid or debris-flow modes of deposition. 

Radiocarbon Dating of Late Quaternary Deposits and Terraces 

The Chanvell River study area provides a most valuable opportunity to use several types of 
age control to learn more about active tectonics and about geomorphic responses to late Quaternary 
climatic changes. Samples for radiocarbon are mainly from the lower stage of Flax Hills deposits 
(49 to 43 ka) and from the Dog Hills alluvium. Apparently full glacial climates during the later half 



of Flax Hills time (38 to 31 ka) and during Stone Jug time (26 to 14 ka) were too cold, dry, and 
windy to allow trees to grow. Samples collected immediately above strath surfaces will help 
constrain the times of strath formation. Some strath surfaces may be reg.arded as time lines that 
pass through a tectonically deforming landscape (Bull, 1990, 1991). Radiocarbon ages less than 
20 ka can be valuable for calibration of weathering rinds on surficial greywacke cobbles 
(Whitehouse and others, 1986; Knuepfer, 1988). 

The table appended to this report summarizes the results of the radiocarbon dating for the 
stratigraphic units noted above. The next dating methodology to be employed is 
thermoluminescence dating of 15 samples selected from a suite of 63 samples collected from the 
Charwell River study area. The dating will be done by Steve Forman of the'university of 
Colorado. 
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Summary of radiocarbon analyses from sites along the south side of the Seaward Kaikoura Range, New Zealand. 

Laboratory Latitude Longitude Material Conventional g13c 
sample date (ka)a (Ym) 
number 

Calendric 
age b 

NZC-R~ 169414 42'23.83's 173'23.59'E Driftwood in bedded gravel of 0.582 M.036d -25.4 0.638 f0.024 ka. 
Dog Hills alluvium 51% probability that date is between 1376 

and 1432 A.D. 44% probability that date 
is between 1302 and 1363 A.D. 

NZ-R1169416 42'25.53's 173O21.63'E Charcoal in colluvial wedge 0.678 w.048d -24.9 0.667 k0.022 ka. 
on top of soil profile; Stone 95% probability that date is between 1275 
Jug degradation terrace and 1398 A.D. 

NZ-R1169411 42'24.333 173'21.90'E Charcoal in debris-flow bed in 0.733 ~ . 0 4 3 d  -25.4 0.691 f 0.015 ka. 
+ small fan of Dog Hills 72% probability that date is between 1229 
lo 
h, 

alluvium cut by the Hope fault and 1322 A.D. 

Ae-3536 42'24.33's 173'21.90'E Charcoal in debris flow bed in 0.840 S.060 -26.2 0.738 M.054 ka. 
small fan of Dog Hills 88% probability that date is between 1154 
alluvium cut by the Hope fault and 1261 A.D. 

NZ-R1169413 42'23.84's 173'23.60'E Driftwood in peat lens beneath 3.370 f0.043d -26.3 3.59 f0.029 ka. 
paleosol in Dog Hills alluvium 52% probability that date is between 1676 

and 1619 B.C. 48% probability that date 
is between 1736 and 1678 B.C. 

A-5703 42'25.10s 173'19.39'E Charcoal in debris-flow bed in 4.40MO. 120 -24.7 4.98 kO.115 ka. 
alluvial-fan deposits of Dog 73% probability that age is between 3140 
Hills alluvium and 2910 B.C. 

W 

NZ-R1175213 42'26.34's 173'22.31fE Peat layer in clayey silt, basal 20.0m -30.1 21.85 B.c.~ 
Flax Hills deposits 

NZ-R1175211 42'27.69's 173O21.62'E Driftwood branches in sand >34.300d -26.9 
lens basal Flax Hills deposits 



A-5697 42'27.50's 173'21.79'E Carbonized driftwood in 
oxidized sand lens of basal 
Flax Hills deposits on strath 
17.5 m above Charwell River 

NZ-R1175212 42'27.42's 173'20.99'E ' Branch of driftwood in gravel 
lens of upper Flax Hills 
deposits 

A-52 19 42' 15.30's 173'43.35'E Trunk in debris flow of upper 
Flax Hills deposits 

NZ-(R2)g 42'15.30's 143'43.35'E Trunk in debris flow of upper 
Flax Hills deposits 

A-5700 42'28.47's 173'19.40'E Tree trunk in growth position 
buried by slackwater beds of 
basal Flax Hills deposits; 

I-J 
about 20 m above strath, 21.6 

IQ 
W 

m above Goat Hills Creek 

A-5705 42'27 .6OtS 173'2 1.69'E Tree trunk in growth position 
buried by slackwater beds of 
basal Flax Hills deposits; 5.6 
m above of old Charwell 
River strath 

A-5702 42'28.41's 173'19.40'E Driftwood trunk or branch in 
gravel bed of basal Flax Hills 
deposits 3.1 m above strath 

A-5699 42'26.03's 173'21.99'E Driftwood below deformed 
lake beds of basal Flax Hills 
deposits upstream from the 
now inactive Charwell fault 

A-5695 42'25.75's 173'21.85'E Driftwood mat in pond of 
basal Flax Hills deposits 
upstream from fault crossing 
Charwell River 



A-5698 42'27.50's 173'21.79'E Fresh driftwood in reduced 47.60 -28.6 
sand lens of basal Flax Hills +5.64/-3.28 
deposits on strath 15 m above 
Charwell River 

A-5704 42'26.03's 173'19.40'E Driftwood trunk or branch in >47.94h -29.4 
gravel bed of basal Flax Hills 
deposits 1.8 m above strath 

A 5701 42'28.47's 173'19.40'E Twigs buried by slackwater 49.19i -27.2 
beds; abut  20 m above strath 
and 18.2 m above Goat Hills 
Creek 

aHalf-life of 5568 years is used, 1 sigma counting errors are shown. Age before 1950 A.D. has been corrected for carbon isotope fractionation 
using the 613C value normalized to -25Ym. 

bcalibrated 14c age to account for variations in the specific activity of 14c in atmospheric C@, using the program of Stuiver and Reimer (1986). 
A. D. Calendric age = 1950 - A.D. calibrated age. B.C. Calendric age = 1949 + B.C. calibrated age. * 
=Radiocarbon laboratory at the New Zealand Institute of Nuclear Sciences. 

d ~ h e  author greatly appreciates the assistance of the New Zealand Geological survey in dating this sample. 

=Radiocarbon laboratory at the University of Arizona. 

fCalibrated 14C age to account for variations in the specific activity of 14c in atmospheric m, using the comparisons of uranium-thorium ages 
and radiocarbon ages of Barbados corals (Bard et al., 1990). 1949 A.D. - (20,000 + 3,800) years = 21.85 ka. 

gR2 is a field sample number. 

H 
h~h i s  sample had a 14C activity between lo and lo above the background activity, and therefore is reported as an "apparent age". w 

?I"I'is sample had a 14C activity of less than lo and 20 above the background activity. 
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Recent moderate-to-large earthquakes in the southwestern and southern San Joaquin Valley 
(Coalinga, 1983, ML 5.5; Arvin-Tehachapi, 1952, ML 7.3) and the Los Angeles Basin 
(Whittier Narrows, 1987, ML 5.9) have focused attention on the presence of previously 
unidentified active thrust faults that are postulated to underlie areas of late Quaternary fold 
deformation. Analyses of focal mechanisms and distributions of aftershocks indicate that 
these earthquakes occurred at mid-to-lower crustal depths (6 to 12 km) (Eaton, 1985; 
Hauksson and Jones, 1989). General spatial coincidence of the earthquake epicenters with 
anticlinal fold axes (Coalinga earthquake with Anticline Ridge; Avenal earthquake with 
Kettleman Hills; Arvin-Tehachapi earthquake with Wheeler Ridge; and Whittier Narrows 
earthquake with Elysian Park Anticline) and geodetic data that document coseismic fold 
growth (Stein, 1985; Lin and Stein, 1989) suggest a genetic association between these active 
thrust faults and shallow-crustal anticlinal fold growth. 

Two primary concerns associated with blind faults are our ability (or inability) to : 1) identify 
the presence of these faults beneath surface folds and to evaluate whether or not they are 
active; and 2) characterize the behavior of these faults as seismic sources (e.g., maximum 
magnitude, recurrence, etc.). Conventional geomorphic, paleoseismic, and geodetic 
techniques and criteria, which are aimed at identifying and characterizing active surface faults 
(e.g., geologic mapping, trenching, geomorphic analyses), may not lead to the recognition of 
these blind earthquake sources. Geologists in private industry and with state and federal 
agencies are confronted with the task of evaluating seismic hazards in areas of potential blind 
seismogenic sources without the benefit of industry standards, regulatory criteria, or 
conventional methodologies for characterizing these sources. 



OBJECTIVES 
The goal of this study is to conduct a detailed Quaternary geological evaluation in the 
immediate vicinity of the epicentral region of the 1987 ML 5.9 Whittier Narrows Earthquake 
in order to detect tectonic deformation associated with blind thrust faults by characterizing 
Quaternary surface deformation. Geodetic observations indicate that coseismic uplift of the 
anticline occurred during and/or immediately following the 1987 Whittier Narrows 
earthquake (Lin and Stein, 1989). Quantification of the Quaternary physical and behavioral 
characteristics of this anticline, therefore, will provide data necessary to assess the kinematic 
and geometric relationship of the fold to the underlying fault and to assess the Quaternary 
rate of activity on this fault. 

This project is divided into two phases: 1) initial investigations (1989) were designed to 
develop a Quaternary stratigraphy for the Whittier Narrows region from which to evaluate 
Quaternary deformation; and 2) the collection of soils and age data for determination of rates 
of deformation. The goal of our current study is to gather soils data, date surficial deposits, 
and integrate the Quaternary deformational data into predictive kinematic models of surface 
deformation derived from carefully constructed and controlled, balanced retrodeformable 
cross sections in the study area. 

PRELIMINARY RESULTS 
Our 1989 investigations involved Quaternary mapping from early and recent aerial 
photographs (including the 1928 Fairchild Collection), and morphometric analyses of 
landscape elements from modern and turn of the century topographic maps (to provide 
information on the study region prior to widespread urbanization in the Los Angeles area) and 
from field data. Field studies were conducted in order to: confirm mapping from aerial 
photographs; obtain additional information on Quaternary and bedrock deposits and 
structures; provide a basis for morphometric analyses; and identify locations for future soil 
studies. The field studies confirmed the existence of fluvial terraces (Q1 oldest, Q5 
youngest) preserved in major wind gaps cut through the 250+ m-high hills associated with 
the Elysian Park Anticline. A southwest-trending gravel body > 50 m thick cuts through the 
windgap between the Montebello Hills and Monterey Park Hills. We interpret this to indicate 
a pre-late Pleistocene phase of cutting and filling by an ancestral San Gabriel River. 

A variety of morphometric techniques were used to evaluate the tectonic gwmorphology of 
the study area. These included: construction of generalized topographic maps to depict 
regional slope; construction of subenvelope, envelope, and residual maps to quantify areas of 
maximum relief; analysis of drainage net maps and drainage basin asymmetry to detect 
tectonic tilting; construction of longitudinal profiles of streams and terraces; and analysis of 
the morphology and morphometry of streams. 

The field investigations, air photo interpretation, and morphometric analyses define at least 
two en echelon Quaternary anticlines in the region, one centered beneath the Monterey Park 
Hills and one below the Montebello Hills (Fig. 1). The anticlines appear to be asymmetric 
with steep, linear south flanks and more gentle, deeply dissected northern flanks. The 
Montebello Hills anticline is about 7 krn long and 1.5 km wide; the Monterey Park anticline 
is about 11 km long and 3 km wide. Late Cenozoic uplift occurs within the Montebello Hills 



Figure I .  Map showing linear structural features, loci of piedmont incision, mountain front, stream slope, and stream sinuousily showing loci 
of increased sinuosity in the study area. 
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several km west of the point of maximum coseismic uplift of the 1987 Whittier Narrows 
earthquake and west of the surface projection of the fault plane associated with the 1987 
event as reported by Lin and Stein (1989) (Fig. 2). The residual maps suggest that maximum 
uplift has been at least 80 m during an, as yet, undefined period of Quaternary time. Very 
preliminary uplift rates, based on correlation of soil development of the Quaternary units with 
existing soils-based chronologies in the Los Angeles Basin region are 50.15 mm/yr (long 
term). Long term uplift rates also indicate spatial variation with the greatest rates in the 
Monterey Park Hills and decreasing to the west and east (Fig. 3). 

Variation in the amount of uplift along the hills and the apparent right en echelon step in the 
anticlinal axis and front of the Monterey Park-Montebello Hills may reflect possible 
segmentation of the underlying thrust fault. North-trending lineaments are evident on the 
residual maps and aerial photography and may represent the surface expression of one or 
more tear faults that segment the underlying thrust fault. 

Two, somewhat anomalous escarpments are found north and south of the Monterey Park- 
Montebello Hills area (Fig. 1). The escarpment south of City Terrace is 20 to 25 m high and 
is associated with anomalous drainage development on the upper side of the escarpment. The 
escarpment north of Montebello Hills ranges in height from 20 m on the south to <2 m in 
the north. This linear feature cuts across interfluves and is not related to stream incision 
from ancestral channels of the Rio Hondo or other rivers in the region. The escarpment is 
aligned along trend with the largest aftershock of the 1987 Whittier Narrows earthquake, a 
northwest-trending, high-angle southwest dipping strike-slip fault. We postulate that the 
escarpment may be the surface expression of a strike-slip fault, possibly a northwestern 
continuation of the Whittier fault system, or a lateral tear fault in the underlying blind thrust 
fault that produced the 1987 event. Placed in context of the regional tectonic framework, the 
Monterey Park Hills and Montebello Hills may represent restraining bend folds related to a 
left step in the right lateral Elsinore-Whittier Fault Zone near the intersection with the Santa 
Monica-Raymond Fault Zones. 

Due to the late starting date (August 1, 1990) of the most recent phase of the project, little 
additional work is completed. Preliminary field investigations indicate that it will be possible 
to correlate soils in the study area with established soil chronosequences in the region 
(McFadden, 1982; Rockwell, 1983). Where surface exposures are available, basic soil 
characteristics observed are: Unit Q1 soils have a partially preserved profile with at least a 
2.5 YR Bt horizon; Unit 42 soils have 2.5 YR Bt horizons with strong subangular blocky 
structure and thick, continuous clay films; Unit 4 3  soils have 5 YR Bt horizons, with strong 
subangular blocky structure, and moderately thick to thick continuous clay films; Unit Q4 
soils have 7.5 YR Bt horizons; and Unit Q5 soils are minimally developed with an A-Cox 
profile. We are seeking permission to trench on selected sites that will provide us with the 
opportunity to obtain complete, detailed soils data for each Quaternary unit. Samples for 
numerical dating will be collected from trenches; horse bones from the 4 3  deposit will soon 
be dated. Preliminary rates of deformation and spatial patterns of deformation are currently 
being incorporated into balanced retrodeformable geologic cross sections across the Monterey 
Park Hills and Montebello Hills. These sections will aid the development of predictive, 
spatial and temporal kinematic models for the progressive surface deformation associated with 



fault bend and fault propagation folding that accompanies active, blind thrust faulting. 
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I n v e s t i g a t i o n s  

1. Recen t l y  a c t i v e  t r a c e s  o f  Calaveras f a u l t  zone a t  Tres Pinos Creek and San 
F e l i p e  Creek, C a l i f o r n i a  (K.J. [Kendr ick)  Harms, J.W. Harden, M.M. C l a r k ) .  

2. Recent ly  a c t i v e  t r a c e s  o f  Owens V a l l e y  f a u l t  zone, C a l i f o r n i a  (Sarah Bean- 
l a n d  [NZGS] , C la r k ) .  

3. Degradat ion o f  f l u v i a l  t e r r a c e  r i s e r s  a long  Lone Pine Creek, San Bernar-  
d i n 0  County. (Harms, i n  c o n j u n c t i o n  w i t h  J.B. J. Harr ison,  L.D. McFadden 
(UNM), and R.J. Weldon [ U n i v e r s i t y  o f  Oregon]). 

4. Rev i s i on  o f  s l i p - r a t e  t a b l e  and map o f  l a t e -Qua te rna ry  f a u l t s  of C a l i -  
f o r n i a  (C la r k ,  Kendr ick,  J. J. Lienkaemper, K.R. La j o i e ,  C. P ren t i ce ,  M. J. 
Rymer, D.P. Schwartz, R.V. Sharp, J.D. Sims, J.C. T ins ley ,  R.J. Weldon). 

5. La te -Quate rnary  e v o l u t i o n  o f  t h e  San Timoteo Badlands reg ion ,  sou thern  
C a l i f o r n i a  (Kendr ick ,  i n  c o n j u n c t i o n  w i t h  D.M. Morton and L.D. McFadden). 

Resu l t s  

4. We a re  i n  t he  process o f  r e v i s i n g ,  upda t ing ,  and p u b l i s h i n g  (as  a  USGS 
B u l l e t i n )  t h e  s l i p - r a t e  t a b l e  and map o f  l a t e -Qua te rna ry  f a u l t s  of C a l i -  
f o r n i a  (USGS OFR 84-106). Our aim i s  t o  r ev i ew  a l l  e n t r i e s  i n  OFR 84-106 
and add a l l  new da ta  generated s ince  i t s  re lease.  We welcome any r e l e v a n t  
unpubl ished da ta  f rom workers i n  t h i s  f i e l d .  

5. A minimum o f  t h r e e  sur faces  have been recogn ized  th rough  t h e  mapping of  
t h e  Quaternary u n i t s  i n  San Timoteo and Reche Canyons, San Bernard ino  and 
R i ve rs i de  Count ies.  I n  San Timoteo Canyon n i n e  s o i l s  have been descr ibed  
on t h r e e  sur faces  and two assoc ia ted  pa l  eosurfaces. An a d d i t i o n a l  s o i l  
has been descr ibed  i n  Reche Canyon. P r e l i m i n a r y  a n a l y s i s  i n d i c a t e s  t h a t  
development o f  these s o i l s  i s  s i m i l a r  t o  t h a t  o f  s o i l s  i n  Cajon Canyon, 40 
km t o  t h e  nor thwest ,  a l though  e o l i a n  i n p u t  . i s  l e s s  than  i n  t h e  San Timoteo 
area. 

Reports 

None i n  t h i s  r e p o r t i n g  per iod .  



Investigation of coastal neotectonics and paleoseismici ty of the southern 
Cascadia margin as recorded in coastal marsh systems 
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Mark Dar i enzo and Curt Peterson 
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Port land, Oregon 97207 

Wet lands in four northern Oregon estuaries (Neawanna Creek (46" 1, 
Nestucca Bay (45.2'1, Si letz Bay (44.9") and Yaquina Bay (44.6")) were 
investigated for evidence of coseismically buried peats, both in cores and 
cutbanks (figure 1). These wetlands are gaps in the paleoseismological 
record of the northern Oregon coast north of 44" latitude. Findings from 
thls study, when combined wi th  prlor work In Netarts Bay (45.4') and Alsea 
Bay (44.4") (Darienzo and Peterson, 1990; Peterson and Darienzo, 1990) and 
in Nehalem Bay (45.7") and Salmon River (45.0") (Grant and McLaren, 1987; 
Grant, 1989)) should provide a unifying paleoseisrnological document for the 
northern Oregon coast. 

Preliminary results from selected cores of three of these bays are as 
follows: A) The subsurface of the Edecanicum/Neawanna Creek marshes 
contain a t  least six buried peats t o  a depth of three meters (figures 2 and 
3). Associated w i th  one of the buried peats, approximately one meter below 
the surface, are in s i  t u  tree roots protruding from the cutbanks nearby. 
Protruding roots can be seen for several hundred meters along the creek. 
Sand caps a few of the buried peats, especial ly in cutbanks and at those core 
sites near the creek, and in one locat ion, sand drapes a tree root. B) Cores 
from Nestucca Bay (figures 4 and 5 (top 6 meters)), in contrast, contain at 
least ten buried peats to a depth of eight meters at  core sites 2 and 5. In 
addition, several buried peats were identified between 8 and 13 meters 
depth a t  core site 2, providing the longest record of peat burial on the 
Oregon coast. At a depth of approximately 2.25 meters in core 2, there is an 
abrupt transition between a muddy peat containing freshwater diatoms and 
overlying Trig/och/nrhizomes, frequently a tidal f la t  colonizer. This 
suggests rapid submergence and a change of environment from a very high 
marsh to a tidal f lat. C) Siletz Bay (figures 6 and 7) cores contain up to six 
burial events to a depth of four meters. The buried peats of the spit have 
thick sand capping layers. Sand also caps buried peats a t  similar depths 
below the surface in cores E and F, almost 3 kllometers from the splt. 



Further work, which includes radiocarbon dating of the burial events 
and laboratory analyses of core samples, is  required to  answer the 
following questions. Are the buried peats a result of coseismic subsidence? 
I f  coseismic, are the burial events i n  the marshes of northern Oregon 
synchronous? Finally, i f  synchronous, what are the magnitudes of these 
paleoearthquakes? 
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(see figure 2).  
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Assessing the Temporal and Stratigraphic Limitations in Paleoseismic 
Studies in Normal Faulted Terrain 
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Logan, Utah 84322 

This research will evaluate and provide a basis for improving the temporal and 
stratigraphic limits for recognizing paleoearthquakes in normal faulted terrain. Two 
outstanding problems are the accurate dating of paleoseismic events and the recognition of 
moderate magnitude events (M5.5 to 7.0) in the stratigraphic record. Specifically, we are 
assessing the resolution of the thermoluminescence (TL) and 14C methods to date Holocene 
displacements on the Weber segment, Wasatch fault zone, Utah. TL analysis will concentrate on 
samples from the same stratigraphic level and from close stratigraphic intervals. The effects of 
pedogenesis on TL age estimates of soils will also be investigated. We hope to improve the 
resolution and precision of radiocarbon dating of buried soils by dating separate organic 
fractions by AMS, The stratigraphic recognition of paleoseismic events will be extended by 
studying colluvial sediments shed post historic displacements of < Im. 

Data Collection 
Sediment samples for TL and 14C studies have been collected from numerous 

stratigraphic levels from the re-excavated Kaysville Trench and the Garner Canyon natural 
exposure, both on the Weber segment, Wasatch fault zone. Procedures have been developed to 
isolate organic fractions (humics and humins) for 1% dating, which will be used on buried A 
horizon samples from Garner Canyon. These samples will be analyzed in Boulder, Co. 

We have also collected a suite of samples from colluvium shed post the 1983 Borah 
Peak, Idaho earthquake. Colluvial wedge structure was determined by the following factors: 
1) Parent material, 2) Style of surface rupture, 3) Scarp height, 4) Ambient geomorphic 
gradient, and 5) Scarp aspect. Eleven in-situ colluvial wedges were sampled by cementing the 
wedge onto plywood with foam insulation and will be analyzed in detail at Logan, Ut. 

Results 
The TL age estimates for sediment samples collected from the re-excavation of the 

Kaysville Trench, indicate that sedimentary environment strongly controls the accuracy of the 
TL method. Buried A horizons yield TL ages in agreement with radiocarbon ages on 
disseminated organics from the same horizons. However, overlying colluvial and fluvial 
sediments yield TL age estimates 2 to 4 times greater than the underlying TL and 14C age 
estimates. 

Preliminary observations of the sampled colluvial wedges indicate: 1)The strength of the 
clast fabirc for a colluvial wedge varies inversely with the percentage of fine-grained matrix in 
the colluvium, and 2) Small free faces (~0.5m high) expose only the finer-grained loess cap 
found on many early Holocene-late ~leistocene deposits. Thus small colluvial wedges are 
difficult to recognize is because the parent material is finer grained that exposed in larger free 
faces. 
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Packwood Creek i s  a  17-km2 drainage basin t h a t  i s  
present ly  t r i b u t a r y  t o  Anderson Reservoir ( M t .  S izer  7 . 5 '  
quadrangle) .  The basin shows s trong geomorphic evidence of 
d is rupt ion  by motion on the  Calaveras Fau l t .  Packwood Creek 
appears t o  have been a t  l e a s t  p a r t l y  defeated by s l i p  along 
the  Faul t ,  causing it t o  undergo extensive a l luv ia t ion  i n  
Packwood Valley above Dairy Flat .At  l e a s t  7 meters of 
a l l u v i a l  f i l l  a r e  present beneath t h e  extensive t e r r a c e  
surface t h a t  marks the  Valley f l o o r .  A t  t he  upstream end of 
the  va l ley ,  t h e  surface of Packwood Valley l i e s  approximately 
7.5 meters above the  present channel of Packwood Creek, 
converging downstream t o  about 3 .5  meters above t h e  channel 
below Dairy F l a t .  

Following t h i s  period of a l luv ia t ion ,  upper Packwood 
Creek was captured by a  headward-eroding stream, crea t ing  i t s  
present channel configuration and t r igge r ing  inc is ion  of 
Packwood Valley. Field mapping and hand level ing  of t h e  
t e r r a c e s  a t  1 1 : 5 0 '  sca le  have l ed  t o  recognition of a t  l e a s t  
4 t e r r a c e s  i n s e t  i n t o  the  Valley surface,  recording the  
progressive inc is ion  of upper Packwood Creek, presumably 
a f t e r  i t s  capture .  A preliminary c14 date  of 8900 +/-  260 yr  
BP was obtained from charcoal i n  alluvium a t  the  downstream 
end of Packwood Valley in  a  un i t  co r re la t ive  w i t h  one of t h e  
o lder  i n s e t  t e r r a c e s .  Four addi t ional  samples from older  
a l l u v i a l  u n i t s  a re  cur rent ly  being analyzed a t  t h e  
Radiocarbon Laboratory a t  Washington S t a t e  University, 
Pullman. Correlat ion and dat ing of the  a l l u v i a l  deposi ts  i n  
Packwood Valley w i l l  e s t a b l i s h  t h e  timing of p a r t i a l  ponding 
and subsequent capture and inc is ion  of Packwood Creek. On t h e  
bas i s  of the  preliminary date,  the  f i l l  i n  Packwood Valley 
appears t o  be co r re la t ive  with the  younger t e r r a c e s  mapped by 
Kendrick and o thers  i n  San Felipe Creek, the  probable former 
o u t l e t  of Packwood Valley before i t s  capture.  Detailed 
s t r a t i g r a p h i c  in te rp re ta t ion  and s o i l  descr ip t ions  of t h e  
va l ley  f i l l  a r e  i n  progress .  

Hand-auguring i n  Dairy F l a t ,  located a t  the  downstream 
end of Packwood Valley, revealed the  presence of a t  l e a s t  5 



meters of f ine-grained alluvium, confirming t h a t  it i s  an 
abandoned a l l u v i a l  surface of Packwood Creek; w e  plan t o  
excavate 2 backhoe t e s t  p i t s  
i n  Dairy F l a t s  during November, 1 9 9 0 .  



TECTONICS OF CENTRAL AND NORTHERN CALIFORNIA 

William P. Irwin 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 
415/329-5639 or 415/329-5639 

Investigations 

1. Study of the paleotectonic significance of the distribution of thin-bedded chert in 
various terranes of the California Coast Ranges and Klamath Mountains. 

2. Preparation and revision of manuscripts pertaining to the geology and tectonics of 
northern California and southwestern Oregon. 

Results 

1. Radiolarian chert was sampled in several different terranes of the Coast Ranges and 
Klamath Mountains, in a collaborative effort with E.A. Mankinen, C.D. Blome, and 
M.J. Ryrner, to determine the paleolatitudes of the original depositional sites of the 
various chert bodies and the magnitude of their possible post-depositional tectonic 
transport. The sample localities are of Early Jurassic and Permian ages. The Early 
Jurassic localities are of Franciscan chert in terranes on both sides of the San Andreas 
fault, from the San Rafael Mountains at the south end of the Coast Ranges to Zenia 
in the northern Coast Ranges near the latitude of Cape Mendocino. The Permian 
chert is in the North Fork terrane of the central Klamath Mountains, and its 
paleolatitude is to be compared with the paleolatitude of Permian strata of the Eastern 
Klamath terrane. Laboratory studies of the paleontology (Blome) and the 
paleomagnetism (Mankinen) of the chert samples are in progress. 

2. Revision of a preliminary geologic map of the Red Bluff 100,000 quadrangle (Open-File 
Map 84-105), which covers the tectonically complex junction of the Coast Ranges, 
Klamath Mountains, Great Valley, and Cascade Range provinces, was begun. The map 
is co-authored with M.C. Blake, Jr., D.S. Harwood, E.J. Helley, A.S. Jayko, and D.L. 
Jones and is being prepared for publication in the USGS Miscellaneous Investigations 
Map series. The writing of a report describing the geology and tectonic development 
of the Klamath Mountains, for publication in the USGS Bulletin series, was continued 
during this report period. 

Reports 

No reports this period. 



Coastal Tectonics Western United States 

Kenneth R. Lajoie 
Branch of Engineering Seismology and ~ e o l o ~ ~  

U.S. Geological Survey 
345 Middlfield Road MS 977 

Menlo Park, California 94025 
(415) 329 -5747, 329-5641 

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

1. Deformed Pliestocene marine strandlines, Santa Cruz County 

2. Coseismic marine strandlines and Holocene sea level 

3.  Cosiesmic marine strandlines, southern Alaska (G. Plafker project chief) 

4. ESR-dating fossil marine shells (with T. Furutani) 

5.  U-series dating fossil solitary corals (with J. Wasserberg and M. Stein) 

Resul ts  

1. Previous analysis of relative strandline elevations correlated the Cement, 
Highway-1 and Davenport strandlines in northern Santa Cruz County (Bradley 
and Griggs, 1974) with the 120, 102 and 85-ka sea-level highstands, respectively 
(Hanks and others, 1984). However, this analysis ignored the minor Greyhound 
strandline,  which l ies above and intersects with the  major Highway-1 
strandline. It also ignored a similar relationship between in southern Santa 
Cruz County where the minor 2nd strandline lies above and intersects the major 
1st strandline (Alexander, 1952). Because the 1st strandline is the southern 
extension of the Highway-1 strandline, the 2nd strandline must correlate with 
the Greyhound strandline. 

A higher (older) strandline can intersect a lower (younger) strandline on a 
tilted coastline only if the sea-level highstand that produce the former was 
lower that the highstand that produced the latter. It is widely accepted that the 
penultimate interglacial highstand at 210 ka was about 15 m lower than the last 
interglacial highstand at 120 ka. Consequently, the Greyhound-2nd strandline 
probably correlates with the 210-ka highstand and, as originally suggested 
(Bradely and Griggs,  1974), the Highway-1 strandline, not the Cement 
srrandline, correlates with the 120-ka highstand. U-series dates on solitary 
corals from the Davenport strandline should help resolve any remaining 
uncertainty in the ages of these strandlines. The revised age of the Highway-] 
strandline decreases the minimum calculated uplift rate for the northern Santa 
Cruz County coast from about 0.4 to 0.2 m/ka. 



A recent paper (Anderson, 1990) claims that the surface deformation pattern 
produced by the Loma Prieta rupture is , similar to the long-term deformation 
pattern reflected in the convex-upward longitudinal profiles of emergent 
strandlines in the southern part of Santa Cruz County (Alexander, 1952), and 
concludes that the rupture was a characteristic event that occurs every 800 
years. However, the convex-upward profiles in both data sets merely reflect the 
broadly embayed coastline superimposed on a SW-tilting structural block. Any 
seaward tilt would produce a convex-upward profile along the embayed 
coastline. The three mapped strandlines (Ist,  2nd and 3rd in ascending order; 
Alexander, 1952) are actually warped in a concave-upward pattern with their 
elevations increasing non-linearly to the NE, toward the San Andreas fault. 
However, the fold axes of the warps in each strandline are not parallel to the 
fault,  nor to  each other. Relative strandline elevations correlate the 3rd 
strandline south of Aptos with the 320-ka sea-level highstand, but with the 420- 
ka  highstand north of Santa Cruz. This discrepancy suggests that there is a 
previously unrecognized structural complication between Aptos and Santa Cruz. 
In Summary, the strandline data suggest that the Lorna Prieta rupture was not 
necessarily a characteristic event, regardless of whether or not it occurred on 
the San Andreas or a subsidiary fault. The preferred model is that the long-term 
uplift and seaward tilt  reflected in the strandlines results from numerous 
over lapping and somewhat  random upl i f t  events ,  not  f rom s imilar  
(characteristic) events. If the Loma Prieta event was not characteristic, it could 
not have been forecast. 

Emergent  and submergent marine  strandlines record vert ical  cosiesmic 
movement along many tectonicaly active coastlines throughout the world. 
However, to derive an accurate tectonic history from these relative sea-level 
records, the sea-level history must be known. Unfortunately, the sea-level 
history over the last 5 to 6 ka (the period of time over which sea level has been 
close to its present position) is poorly known. A theoretical model developed on 
this project yields past sea-level elevations from a sequence of tilted Holocene 
strandlines if the original elevation of just one of strandlines is known. A 
complete sea-level history can be derived if both the age and original elevation 
of one strandline are known. On a coastline where historical cosiesmic uplift 
has occurred, the original elevation of the lowest strandline is  known (0 m). 
Consequently, the original elevations of the prehistoric strandlines can be 
determined if the entire sequence was tilted in a uniform manner.  
Unfortunately, when the model is applied to data sets from several coseismically 
tilted coastlines, no consistent sea-level pattern emerges. In fact, no data set 
produces a reasonable sea-level history. Obviously, the coastlines were not tilted 
in a uniform manner, suggesting that the fault-rupture events which produced 
the strandlines were not characteristic. Collectively, the data suggest that 
characteristic fault rupture is a myth, at least along megathrust boundaries 
where most of the analyzed data were derived. 

3. At least five submerged beds of fresh-water peat (muskeg) with rooted tree 
stumps are interbedded with beds of tidal-flat silt in the upper 8 m of the Copper 
River delta in southern Alaska. This stratigraphic sequence reflects episodic 
tectonic uplift and interseismic subsidence over the last 3 to 4 ka. The net 
submergence probably reflects roughly equal amounts of crustal subsidence 
(tectonic plus isostatic) and eustatic sea-level rise. The unequal spacing 
between peat beds suggests that the size of and time between uplift events are 
i r r e g u l a r .  



4. To  better understand the ESR spectra from Pleistocene fossil shells, several older 
carbonate specimens have been analyzed. Surprisingly, systematic differences 
in the Mn superfine lines of the ESR spectra clearly reflect the relative ages of 
0.7, 1.0, 1.9 and 2.4 By carbonatites. The lines broaden and eventually split with 
increasing age, indicating that the spectra represents two wave forms that 
gradually go out of phase as the calcite lattice changes, or as the Mn distribution 
changes with time. Experiments with shell samples reveal that ESR spectra are 
far more sensitive than X-ray analysis in detecting minor aragonite-to-calcite 
alteration. Analysis of the nacreus layer from a Cretaceous pelecypod shell 
shows less alteration than in most Pleistocene shells. 

An experiment to evaluate the feasibility of dating Pleistocene solitary corals 
us ing the recently developed high-precision mass-spect rometer  U-series 
technique has produced promising results, but has  left some important 
questions unanswered. Multiple analyses of samples from specimens known to 
be  the same age (connected during growth) show that different sample 
preparation procedures effect the resultant 2 3 0 ~ h  - 234  u date significantly. 
Dates from carefully cleaned samples are about 10 % higher than dates from 
poorly cleaned samples, suggesting that 234U is probably associated with 
contaminating silicate detritus. Analyses of well cleaned samples of numerous 
specimens from the same outcrop yield a 10 % spread in ages. Theoretically, the 
technique has a resolution of 2 ka at 100 ka. Consequently, the 13 ka spread in 
dates from the same bed reflects real age differences or sample variability. The 
latter seems more likely. 

R e u o r t s  

Lajoie, K,R., Conlan, L.M.,Furutani, T. T., Ponti, D.J. and Saxton, J. L., in press, 
Intra- and inter-shell variability of amino acids in fossil Saxidornous 
shells from Goleta, California (abs): GSA Abstracts with Programs. 

Plafker, G., Lajoie, K. R. and Rubin, M., in press, Radiocarbon dating of coseismic 
uplift events, southern Alaska: Radiocarbon. 



Latest QuaternarySurface Faulting in the Northern 
Wasatch to Teton Corridor(NWTC) 

James McCalpin 
Department of Geology 
Utah State Uni- wsity 

Logan, UT 84322-4505 
(801) 750-1220 

Investinations 
1.  Trenching the 12 m-high fault scarp which runs through the eastern part of Afton, Wyoming 

(southern segment of the Star Valleyfault). 

Results 
1. At last! I got permission to trench the Star Valleyfault, in the back yard of a residence in Afton, 

Wyoming (future paleoseismologists thank Mrs. Ruby Kennington, age 85). 

2.  The trench exposed stratigraphic evidence for three large (3-4 m) paleoseismic displacements in 
the last 15 ka (Fig. 1). Radiocarbon samples that constrain the age of the latest two events are 
now being processed; results are expected by Oct. 26, 1990. 

3. The trench was visited by ca. 30 geologists on a pre-meeting field trip associated with the Geol. 
Soc. of Amer., Rocky Mtn. Section Meeting in Jackson, WY, on May 19, ' 1990. About 20 
townspeople also attended the field review. 

Reports 
McCalpinJames, Piety ,L. A and Anders, M.H. J990,Late Tertiaryand Quaternary faultingnorth and south 

of the eastern Snake RiverPlain. Part 1. Latest Quaternary faultingand structural evolutionof Star 
Valley,Wyoming,b Roberts, Sheila (ed.) Geologic FieldTours of western Wyomingand parts of 
adjacent Idaho, Montana and Utah: Geological Survey of Wyoming,Public Informationcircular no. 
29, p. 5-14. 

Anders, M.H. podgers, D.W. ,McCalpin,J.P. and Haller,K.M. J990, Late Tertiaryand Quaternary faulting 
north and south of the eastern Snake RiverPlain. Introduction. ,b Roberts, Sheila (ed.) Geologic 
Field Tours of western Wyoming and parts of adjacent Idaho, Montana, and Utah: Geological 
Survey of Wyoming,Public InformationCircularno. 29, p. 1-4. 

McCalpinJames, in press, Late Quaternary faultinginthe northern Wasatch to Teton Corridor,Utah, Idaho, 
and Wyoming: Geol. Soc. Amer. ,Abstracts with Programs, Annual Meeting, Dallas, TX. 



LOG OF TRENCH AT SWIFT CREEK, AFTON, WYOMING 

LOGGED IN MAY, 1990 
BY 

Greg Warren. James McCalpin, and Allen Jones 

Department of Geology Utah State Unlveraity 

Funded by USGS-NEHRP Contract 14-08-0001-GI396 
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f soil A horizon 
e soil 8 horlzon 
d debris flow lens 
c stony soil 
b soil C horlzon 
a silt 

2 Colluvium from earliest event 
1 Pre-faulting alluvium of Swift Creek 

c transition zone to overlying silt 
b cobble stream gravel (upper) 
a cobble stream gravel (lower) 

Fig .  1. Log of a t r e n c h  a c r o s s  t h e  southernsegment of t h e  S t a r  V a l l e y  f a u l t  a t  t h e  mouth of S w i f t  
Creek,  Afton,  Wyoming. Three  c o l l u v i a l  wedges downslope from t h e  main f a u l t  zone (15 m on l o g )  
s u g g e s t  t h r e e  p a l e o s e i s m i c  r u p t u r e s  c r e a t e d  t h e  9 .6  m o f  s u r f a c e  o f f s e t  h e r e .  Radiocarbon samples 
from t h e  two l i n e a r  boxes i n  u n i t s  3f and 5d a r e  c u r r e n t l y  be ing  ana lyzed .  



ACTIVE MARGIN TECTONICS, PACIFIC NORTHWEST REGION 
9910-04492 

P. A. McCrory 

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

345 Middlefield Road, MS 977 
Menlo Park, Ca l i fo rn ia  94025 

(415) 329-5677 o r  (FTS) 459-5677 

Document recent  t e c t o n i c  deformation i n  t h e  v i c i n i t y  of t h e  Puget Sound 
metropoli tan a r e a  and r e l a t e  it t o  t h e  earthquake p o t e n t i a l  i n  t h i s  region. 

Resul ts  

1. FY90 research  focused on t e c t o n i c a l l y  deformed sediments exposed along 
t h e  coas t  of t h e  Quinault Indian  Reservation, Washington. Preliminary 
s t r a t ig raphy  has been const ructed  f o r  t h r e e  key sedimentary sequences 
wi th in  t h e  Quinault Formation: t h e  Point  Grenvil le ,  Taholah, and Duck 
Creek sec t ions .  The next t a s k  w i l l  be t o  determine t h e  age of these  
sequences s o  a s  t o  understand t h e  r a t e s  a t  which t h e  sedimentary u n i t s  
a r e  being compressed and t i l t e d .  

2.  Rock samples c o l l e c t e d  i n  FY89 a r e  being reprocessed t o  concentrate 
mic ro foss i l s  f o r  analyses of age and u p l i f t  da ta .  

3 .  Analyses of rock samples co l l ec ted  i n  FY89 f o r  age and u p l i f t  da ta  a r e  
i n  progress.  

None t h i s  r epor t ing  period.  



NORTHERN SAN ANDREAS FAULT SYSTEM: PALEOSElSMlC 
AND SLIP RATE STUDIES IN NORTHERN AND CENTRAL 

CALlFOWNlA 
991 0-04483 

CAROL PlENTIGE 

BRANCH OF ENGINEERING SEISMOLOGY AND GEOLOGY 
345 MIDDLEFIELD RD, MS 977 

MENLO PARK, CA 94025 
415-329-5690  

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 Blain along the San Andreas fault in 
central California, and, 2) along the Maacama fault near Ukiah, CA. 
Excavation sites along the peninsular segment of the San Andreas 
fault are being evaluated for paleoseismic and slip rate potential. 
Results from the first two sites are summarized below: 

Arm 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. This study shows that an earthquake prior to 
1857 occurred after the deposition of a unit with a corrected 
radiocarbon age of 1365 + 165 AD. The third event back occurred 
before the deposition of a unit formed in 1190 + 80 AD. All six 
events occurred after the deposition of a unit that is about 3000 
years old. These data imply a long recurrence interval for this fault 
segment. 

The excavation at the City of Ten Thousand Buddhas, in 
Talmage, near Ukiah, California, exposed a sequence of marsh, fluvial 
and lacustrine deposits overBying 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 instearl has been warged.across the 
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fault zone. Relations indicate that only one warping event has 
occurred. Results of .radiocarbon dating suggest that there has been 
an earthquake in the last three to four hundred years, and this is the 
only earthquake to have occurred in the last six to eight hundred 
years. Further work at this site is expected to yield additional 
paleoseismic data for the Maacama fault. 

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 published 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 (off the main trace of the San 
Andreas fault) in 1906 near the Morrell ranch; a smaller amount of 
left-lateral offset occurred on this same fracture as a result of the 
1989 earthquake. Ongoing research into the archival and other 
historical information available for 1906 is providing new insights 
into the observations made in the southern Santa Cruz Mountains 
after the 1906 earthquake. Field work and analysis of aerial 
photographs suggest a youthful, through-going fault for this region, 
but no clear-cut evidence for 1906 rupture has been found so far. 

Prentice, C.S. and Schwartz, D.P., 1990, Surface fractures associated 
with the 1906 and 1989 earthquakes: 1906 and 1989 compared; i n  
Schwartz, D. P. and Ponti, D. J., eds: Field Guide to Neotectonics of 
the San Andreas Fault Svstem. Santa Cruz Mountains. in Light of 
the 1989 Loma Prieta Earthquake, Seis. Soc. Am. Annual meeting. 
U.S.G.S. Open-File Report 90-274. 

Schwartz, D.P., and Prentice, C.S., 1990, Surface fractures in the 
Lorna Prieta area, CA; 1906 & 1989: [abs.] Seismological Society of 
America, 1990. 

Schwartz, D. P., Prentice, C. S., and Fumal, T., Geologic constraints on 
earthquake recurrence models, Santa Cruz Mountains segment, 
San Andreas fault zone [abs.] in press EOS. 



The Bootheel Fault, Southeastern Missouri, and Its Relationship to the 
New Madrid Seismic Zone 

Eugene S. Schweig, I11 
Center for Earthquake Research and Information 

Memphis State University 
Memphis, TN 38152 

(901) 678-2007 

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 whether the lineament is indeed a fault, and, 
if it is a fault, to characterize it in terms of its length, geometry, and displacement, 
and to determine whether or not it has ruptured prior to 1811. 

Results to date: 

During the latest reporting period we have been mapping the Bootheel linea- 
ment in more detail, revealing a much more complex trace than presented in earlier 
reports (Figure 1). We also have recently obtained a radiometric date on a tree 
stump from the second trench site. The tree stump was located immediately below 
the surface buried by liquefied sand in the graben area of the second trench. The 
sand in one of the dikes flowed around the stump (Figure 2), and thus the wood 
predates the earthquake that liquefied the sand. The stump was radiometrically 
dated at 505f75 years by means of 14C analysis. This is compatible with other data 
suggesting that the latest tectonic activity on the lineament dates from 1811 and 
1812. 

Four more trenches are being excavated in October and November, 1990. Two of 
these are along features that have the potential to show the amount of lateral offset, 
if any, that exists along the Bootheel lineament. 



.e 1: The Bootheel lineament shown in relation to the New Madrid seismic zone (19: 
The sites of the first two trenches are also shown. 
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Figure 2: Log of a portion of the trench across the Bootheel lineament at site 2 (see Figure 1 for loca- 
tion). The downdropped block between the two sand dikes underlies the trace of the linea- 
ment. The location of the dated tree stump, projected from the opposite wall of the trench, is 
also indicated. Horizontal scale is meters from east end of trench. 

Reports: 

Marple, R.T., 1989, Recent discoveries in the New Madrid seismic zone using re- 
mote sensing [M.S. thesis]: Memphis, Tenn., Memphis State University, 81 p. 

Marple, R.T., and Schweig, E.S., 111, 1989, Remote sensing of alluvial terrain in a tec- 
tonically active setting of the midcontinent: the New Madrid seismic zone: 
Geological Society of America Abstracts with Programs, v.21, p. A372. 

Schweig, E.S., 111, and Jibson, R.W., 1989, Surface effects of the 1811-1812 New Madrid 
earthquake sequence and seismotectonics of the New Madrid seismic zone, 
western Tennessee, northeastern Arkansas, and  southeastern Missouri i n  
Vineyard, J.D., and Wedge, W.K., eds., Geological Society of America 1989 Field 
Trip Guidebook: Missouri Division of Geology and Land Survey Special Publi- 
cation 5, p. 47-67. 

Schweig, E.S., 111, and Marple, R.T., 1989, The Bootheel lineament in southeastern 
Missouri and northeastern Arkansas: a co-seismic fault of the New Madrid 
earthquakes?: Geological Society of America Abstracts with Programs , v. 21, 
p. A186. 

Schweig, E.S., 111, and Marple, R.T., 1990, The Bootheel lineament, northeastern 
Arkansas, and the New Madrid seismic zone, in Guccione, M.J., and Rutledge, 
E.M., eds., Field guide to the Mississippi alluvial valley, northeast Arkansas 



and southeast Missouri: Friends of the Pleistocene South-Central Cell, 
p. 265-277. 

Schweig, E.S., 111, and Marple, R.T., The Bootheel lineament: A possible coseismic 
fault of the great New Madrid earthquakes: submitted to Science. 



PALEOSEISMOLOGICAL STUDIES IN SOUTHERN CALIFORNIA 

Grant Number 14-08-000 1 -G 1789 

Kerry Sieh 
Seismological Laboratory 

California Institute of Technology 
Pasadena, CA 91 125 

(818) 356-61 15 

During the six month period ending October 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 year we 
received the results of radiocarbon analyses of samples collected from the trench. The 
radiocbbon dates indicate that two slip events have occurred at the Bidart site since about 
1260 A.D. The carbon sample that was dated at 1260 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 Canizo 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. 

We have also recognized evidence for large events at five distinct horizons deeper in 
the trench. Radiocarbon dates constrain the first of these to about 3000 yrs BP. The 
second and third occurred between about 3000 and 1800 years BP, and the fourth and fifth 
occurred between about 1800 years BP and about 700 years ago. The occurrence of these 
five large faulting events in the past 3,000 years suggests an average recurrence interval of 
about 500 years, although the interval would be less if we do not have a complete record. 

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, several other graduate students and I 
continued 3-D excavations of an alluvial fdchannel complex that crosses the San Andreas 
fault in the Carrizo Plain. During March 1990, we excavated and logged two new trenches 
at this site. In combination with three trenches that were dug at this site earlier, the new 
trenches revealed two buried channels, the projections of which are each offset 6.3 to 7.9 
meters. Radiocarbon analysis of carbon samples collected from these channels bracket the 
age of the channels. We exposed one of the channel offsets in a 3-D excavation in 
September 1990. Thus, we confirmed the 7-meter offset and placed constraints on the 
amount of dextral warp within a few meters of the fault trace. This excavation appears to 
support the hypothesis that the Carrizo Plain segment of the San Andreas fault ruptures in 
large-magnitude slip events spaced relatively far apart in time. However, we are still 
analyzing the large amount of data we collected in September, so our conclusions are 
tentative. 

4) Garlock fault 

Graduate student Sally McGill has submitted to JGR a paper that characterizes the most 
recent slip events along the eastern Garlock fault, based on offset geomorphic features. 
Along the easternmost 90 km of the fault, the smallest offsets cluster around 3 m, 
indicating that the latest earthquake on this portion of the fault was produced by about 3 m 
of left-lateral slip. Larger offsets along this part of the fault, especially in Pilot Knob 
Valley, cluster around values consistent with 2 to 4 m of slip in each of the past six events. 
Farther west, near Highway 395, offset geomorphic features suggest that the past two 
earthquakes on this stretch of the Garlock fault were produced by about 7 m of slip, 
whereas the third event back was produced by about 4 m of slip. 

Based on the geomorphic data, on the geometry of the Garlock fault, and on the 
precedents set by historical strike-slip earthquakes, a number of distinct rupture scenarios 
are plausible. These range from rupture of the entire Garlock fault in a single event of 
magnitude Mw=7.8, to separate rupture of the eastern and western segments of the fault 
with magnitudes Mw=7.5 and Mw=7.6, respectively, to separate rupture of even shorter 
segments, producing earthquakes of magnitudes Mw=7.0 to Mw=7.5. 

In conjunction with the available slip-rate data for the Garlock fault, the geomorphic 
data suggest that recurrence intervals ranging from 250 yr to 1000 yr are plausible for 
individual segments of the Garlock fault. One plausible slip-rate model for the Garlock 
fault implies recurrence intervals of about 1000 yr for the portion of the fault near Highway 
395, about 420 yr in Searles Valley, about 600 yr in Pilot Knob Valley, and about 1000 yr 
from the Quail Mountains to the eastern end of the fault. 

In order to determine the recurrence interval more directly, Sally excavated two trenches 
across the Garlock fault in Searles Valley in the Spring of 1990. Several very small 
samples of carbon will constrain the dates of the four events she recognized in these 
excavations. 



Evaluation of the use of compressive growth 
structure in Earthquake hazard assessment 

John Suppe and Richard Bischke 

Dept. of Geological and Geophysical Sciences 
Princeton University 
Princeton, NJ 08544 

(609) 258-6769 

Investigations: 
1) Investigate balancing techniques that determine fault geometry and position in the 

subsurface. 
2 )  Identify active thrust faults and construct balanced cross sections of their geometry. 
3) Utilize growth fault-bend and fault-propagation fold theory to determine the long term 

kinematic history and slip rates along blind thrust faults. 

Present Results: 
Two common fold styles exist throughout the world under compressive environments, 

the symmetric fault-bend folds and the asymmetric fault-propagation fold (FPF) types, although 
other styles and geometries exist (Suppe, 1983 and 1985). Field investigations and theoretical 
considerations suggest two end-member types of fault-propagation folds: constant thickness 
FPF in which the thickness of the horizons are constant from the fold crest and through its 
frontal limb (Fig. I), and fixed axis FPF in which layer thickness either thicken or thin across 
the frontal limb and crest of these asymmetric structures (Fig. 2; Suppe and Medwedeff, 1990). 
In constant thickness FPF axial surfaces A-A' generally migrate relative to each other and 
with respect to surrounding existing and recently deposited (growth) sediments, whereas in 
the fixed axis model axial surface A is locked relative to surrounding materials. These 
kinematic relationships permit an interpreter to distinguish between the different fold types, 
particularly where the fold is growing contemporaneous with (growth) sediments that cover the 
flanks of the structure (Suppe et al., 1990). Suppe and Medwedeff (1990) have investigated 19 
well constrained folds throughout the world in order to determine how these folds conform to 
theory (Fig. 3). Most of the folds appear to obey the constant thickness theory, while several 
folds appear to conform to the fixed axis theory. We are currently investigating the Oak Ridge 
structure (Figure 4) which is located in the Ventura basin, California between the South 
Mountain and Saticoy oil fields. Well log, seismic, and surface data agree very well with theory 
and constrain the interpretation to suggest that a blind thrust fault ramps off a bedding plane 
decollement at a depth of about 5 km. Also notice that in this balanced interpretation the 
preexisting Oak Ridge normal fault has been folded by the Oak Ridge Anticline, presently 
bounding its frontal limb. Unfolding the anticlinal structure predicts that the Oak Ridge normal 
fault initially dipped at 65-700 which is consistent with the initial dip of many normal faults 
(Xiao and Suppe, 1989). Furthermore, seismic imaging of the structure in a down plunge 
position (Figure 5) shows a geometry of the growth strata that agrees with the predictions of 
fault-propagation folding (Figure 6). Continuing studies are seeking to obtain the stratigraphic 
and structural control to precisely constrain long-term slip rates. 
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Paleomagnetic Investigations of Non-Brittle Deformation along Active Faults 
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Kenneth L. Verosub 
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Data from an earlier paleomagnetic study of two units sampled in a trench across the San 
Andreas fault at Pallett Creek imply that in the last three earthquakes at this site a significant amount 
of the movement across the fault had been taken up by non-brittle deformation. If the 
phenomenon observed at Pallett Creek occurs frequently elsewhere, we may have been seriously 
underestimating the earthquake potential of active faults. The purpose of this project is to 
determine whether evidence for the importance of non-brittle deformation can be found at other 
sites besides Pallett Creek. If such evidence exists, it is important to determine the extent to which 
the slip is being underestimated and the width of the zone that is being affected by the non-brittle 
deformation. If evidence for non-brittle deformation is not found at other sites, the results from 
Pallett Creek are still relevant to the earthquake history of the San Andreas Fault and to the 
evaluation of the earthquake risk in southern California. Therefore this project is also addressing 
the question of whether a different analysis of the data from Pallett Creek can lead to an alternate 
interpretation of the amount of non-brittle deformation observed there. 

Our primary research effort involves paleomagnetic sampling of fine-grained material in 
trenches that expose active strike-slip faults. Within a given trench, selected units will be sampled 
at the fault and at various distances from the fault. At the present time, we are contacting other 
researchers to locate trenches that have been opened and logged either by U.S.G.S. personnel or 
by NEHRP-funded researchers from private industry and academic institutions. 



Continuation of Paleoearthquake Study in the New Madrid Seismic Zone 

Steven G. Wesnousky 
Center for Neotectonic Studies 

University of Nevada 
Reno, Nevada 381 52 

702-784-6067 

Obiective: 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 
1811-12 earthquakes produced extensive liquefaction within the New 
Madrid Seismic zone at the time of the earthquakes. Evidence of that 
Iiquefactiction still exists in the geologic record. The ditches provide an 
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; The contour and shading within the inset of Figure 1 shows the 
region where liquefaction deposits (i.e. extruded sands) attributed to the 
181 1-12 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 
topstratum. 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 benchmarks 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 document their location for later study by ourselves and 
others 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. Currently, we are extending 



the logging eastward along the Pemiscot Bayou and northward to the 
vicinity of New Madrid. 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' are 
further cleaned off by hand shovel or backhoe to be photographed and 
logged in detail. Two sites for which we have completed detailed logging 
are labeled Sites 1 and 2 in Figure 2,respectively. At both Sites 1 and 2, 
as well as others along Log 2 and 3 in Figure 1, evidence of only 1 major 
liquefaction event is recognized. A buried log recovered from the section 
in site 1 was radiocarbon dated at about 5,000 years B.P. Very weak soil 
development upon extruded sands is characteristic of all liquefaction 
features documented thus far. The simplest hypothesis to explain the 
observations thus far collected is that only one major liquefaction event 
has occurred in this area during at least the last 5,000 years, and that 
liquefaction event is most reasonably attributed to the 181 1-12 sequence 
of earthquakes. 

Figure 1. 
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Convergence Rates Across Western Transverse Ranges 
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Invest inat ions 

A new retrodeformable cross section from the Simi fault, just west of 
Simi Valley, to the San Gabriel fault (F-F' on Figure 1) was constructed by 
Prof. Lu Huafu of Nanjing University. This section crosses the Santa Clara 
Valley near the eastern ends of the surface traces of the San Cayetano and Oak 
Ridge faults and the western end of the Santa Susana fault. The cross section 
addresses the transfer of displacement from one major fault to another near a 
possible segment boundary. 

Two cross sections were completed across the central Ventura basin 
(A-A', 5-B') and retrodeformed to the top of the Saugus Formation. The cross 
sections document the displacement transfer between active surface reverse 
faults and blind thrusts. The western cross section crosses the active, 
north-dipping Red Mountain fault. The eastern cross section crosses Ojai 
Valley where there is no active, north-dipping reverse fault, and displacement 
is taken up on a blind thrust. A third cross section {C-C') is in preparation 
across the north-dipping western San Cayetano fault. These three cross 
sections will be published together. 

Other cross sections in preparation are (1) South Mountain to Timber 
Canyon, crossing the Oak Ridge and San Cayetano faults (D-D'), (2) eastern Oak 
Ridge to the Modelo lobe of the San Cayetano fault (E-El), (3) central Santa 
Susana fault near the Gillibrand Canyon lateral ramp to the San Gabriel fault 
(G-G'), and (4) eastern Santa Susana fault at Aliso Canyon field to the San 
Gabriel fault (H-H' ) . 

Results 

The east Ventura basin fold belt consists of a fold train cut by south- 
dipping reverse faults which are, from north to south, the Santa Felicia, Oak 
Canyon, Hasley, Holser, and Del Valle faults. The Santa Felicia fault 
overrides and postdates the San Gabriel fault. The San Gabriel fault now dips 
east, but prior to Pliocene and Pleistocene deposition, the fault dip was 
essentially vertical. The two southern faults (Holser and Del Valle) are the 
largest, and the folds cut by them have the greatest structural relief. The 
south-dipping faults are best explained as backthrusts above north-dipping 
blind thrusts that are part of the San Cayetano fault system. Surface 
displacement on the San Cayetano fault west of Piru Creek gives way eastward 
to the east Ventura basin fold train and to the blind thrusts, of which only 
the backthrusts are expressed at the surface. 

Below the two blind thrusts that are directly related to the south- 
dipping backthrusts from the Holser fault northward is the Santa Susana fault 
which produces the Del Valle backthrust and extends southward to the surface 
at Oakridge oil field, where it overrides an older strand of the Oak Ridge 
fault. 



Convergence on sections A-A' and B-B' in the last 300f100 ka, the age of 
the top of the Saugus Formation, is 5.9 km and 4.5-5.5 km respectively. Post- 
Saugus shortening rates are 1.5-3.0 cm/y along A-A' and 1.1-2.7 cm/y along 
B-B' . 

Huftile, G. J., 1991, Thin-skinned tectonics and oil accumulation of the Upper 
Ojai Valley and Sulphur Mountain area, Ventura basin, California: in 
press, American Association of Petroleum Geologists Bulletin. 

Huftile, G. J., in prep., Displacement transfer between surface reverse faults 
and blind thrusts, central Ventura basin, California: to be submitted to 
Tectonics. 

Huftile, G. J., and Yeats, R. S., in prep., Cenozoic structure of the Piru 7%- 
minute quadrangle, California: to be submitted to USGS as an open-file 
report. 
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On-Line Seismic Processing 
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Investigations and Results 

All RTP software is working on an INMOS system with 3 linked processors. 
Some bugs remain, but all parts pass individual checks, and at present I am working 
on what I believe to be the last few problems of communication between Pickers and 
Associator. Expansion of the system to use as many processors as required for any size 
seismic net is easy. Currently tests are run with a fake data set to simulate network 
operation. We expect to be running with actual data from an A/D converter in about 
six weeks. 

The A D  is being built in-house to interface with the INMOS processors. Grey 
Jensen and Jim Ellis have encountered no serious problems with this design and expect 
it to be completed soon. 

The Mk I RTP's at Menlo Park and the University of Utah have continued to 
operate satisfactorily, as have the Mk 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 Pifion Flat Observatory 

(PFO) in the San Jacinto 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 (November, 1990) 
1. 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) 
has been accelerated by our new engineer, and the prototype is in its final stages of completion 
for installation in California in January 1991. The power requirements have been reduced to 
about 250 mA at 12 V; since most of the electronics can be turned off between samples this 
makes the instrument easily operable from batteries for extended periods of time. Circuit 
boards are currently being made, and the mechanical parts for the end reservoirs are already 
made and only require coating before being ready for installation. 
2. Tillmeter Data Analysis 

The tiltmeter data analysis was discussed in USGS Open File Report 90-334, pp 165-168. 
The micrometer intercomparison experiment between the LDGO and UCSD tiltmeters has now 
been terminated. The LDGO interferometers continue to collect data. We plan, in conjunction 
with UCSD, to publish the full results from the PFO long-baseline tilt experiment during 1991. 



Crustal Deformation Measurements in the Shumagin Seismic Gap, Alaska 

John Beavan 
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Palisades, NY 10964 
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Investigations 
1. Twelve short (- 1 km) level lines are measured every one to three years within the Shumagin 
seismic gap, Alaska (Figures 1 and 2). 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 (October 1990) 

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 on many of the 
Shumagin Islands, and on Sanak Is. 

Field Report (3-28 July, 1990) 
The 1990 field season was very successful, despite a run of poor weather during the 

second set of low tides (when the sea-level gauges are serviced). Our major accomplishments 
were: 

The pair of perpendicular level lines on S.E. Sanak Island (at the western end of the 
seismic gap) were remeasured for the first time since their installation in 1988. The tilt 
rate appears to be significantly greater on these lines than on those at the eastern end of 
the seismic gap (Figures 3,4), but with only two measurements it is not yet possible to 
place great significance on this result. Differences in behavior at either end of the gap 
have been suggested by Hudnut and Taber [1987]. 



The two-component leveling network on N.W. Sanak was successfully measured (this 
was installed in 1989, but not measured due to poor weather). 

A self-contained sea-level gauge was designed, and three were built and installed at the 
three sites where we have had the worst record of cable damage. These gauges will 
store a little over a year's data at 12 minute sampling; the data cannot be recovered until 
the following field trip. 

The other three sea-level sites continue to transmit data in real time via the GOES 
satellite. All are operating at the time of writing. 

0 The solid-state backup recorders we installed at three sites last year proved useful. 
Well over a month of data would have been lost from site Simeonof due to an early- 
June failure in the satellite transmitter, but these data were successfully recovered from 
the backup. There were 1989-90 failures at two other sites that were not backed up. 

* Little leveling was done in the Shumagins proper. Two lines were measured fully, and 
another was measured in one direction only. None of these showed significant 
deviation from their past behavior (Figures 2,3; Table 1). 

We made a number of GPS measurements in the Shumagins, using three Trimble 
4000SST receivers purchased by Lamont with 50% NSF cost sharing. We took 
several days of simultaneous data in the Inner (Sand Point) and Outer (Simeonof & 
Chernabura) Islands, in order to test our receivers and to compare results with previous 
TI-4100 measurements at these sites by USGS. We used a mode of operation in which 
the GPS receivers were left to run unattended for up to a week at a time - a tremendous 
manpower savings over a conventional GPS survey. We also took a further week of 
data at Sand Point as part of an Alaska-wide campaign that included GPS 
measurements at all NASA's Alaskan VLBI sites, and with ties to a large GPS 
experiment in northern Europe. (The GPS part of our fieldwork was supported in part 
by NASA.) 

Figure 2. The Shumagin Islands, showing 
the locations and directions of first-order U ' "  I I 1 I 55030' 
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from lines SDP and SQH is used to estimate 
the tilt direction in the Inner Shumagins. 
The resultant of SIM and SMH is used for PIN 
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PRS each consist of two approximately 
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benchmarks at the junction. This non-linear - - 550 

geometry allows tilt direction to be SAD 
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Figure 3. 1980-90 leveling history from those lines in the Outer (1st & 2nd pairs), Central (3rd pair) and Inner 
(4th pair) Shumagin Islands where the tilt direction as well as rate can be resolved. Tilt rates, their 1 sigma error 
bars, and the reduced chi-square statistic are shown. If the tilt rate is significantly greater than zero at the 90% or 
higher confidence level, this value is also shown at upper right. Upward trends on the plots represent relative 
ground uplift in the direction give in the plot title. Note the tendency for arcward tilting in the Outer Islands, 
and trenchward tilting in the Inner and Central Islands. 



Table 1. Shumagin Seismic Gap 1980-90 tilt rates 

Site Interval Rate (pradlyr)" ~zimuth* confidence** 

Inner S humagins 
SQH/SDP 1980-90 
PIN 1980-90 
KOR 1980-89 
Central S humagins 
PRSIPRS 1 198 1-89 
SAD 1980-89 
Outer Shumagins 
SIM/SMH 1980-88 
CHN l/CHN2 1980-89 
Sanak Island 
SALllSAL2 1988-90 

* Positive rates indicate relative uplift towards the given azimuth 
** Level of confidence that tilt rate is different from zero, if > 90%. 

Level line in only one azimuth, so tilt determined only in that azimuth 
Errors quoted are 1 standard deviation. 

Figure 4. 1988-90 leveling history from the level lines at Salmon Bay, S.E. Sanak Island. See Figure 3 
caption for details. Based on just two sets of measurements, the tilt rates appear substantially higher here 
than in the Shumagin Islands at the eastern end of the seismic gap. 

Discussion 
About half the individual level lines show non-zero tilting at a high level of confidence. 

However, the pattern of tilting is consistent with arcward tilting in the outer islands and trenchward 
tilting in the inner and central islands. This pattern is also consistent with our sea level results 
[Open File Report 90-334, pp 169-1741, which indicate sinking of the central islands with respect 



to both the inner and outer islands. Even though the tilt and relative sea level rates are small, the 
consistency of the pattern leads us to believe that real deformation is occurring, and hence that the 
small horizontal strain signal observed by Lisowski et al. [I9881 cannot be explained by aseismic 
subduction in the Shumagin seismic gap. Further evidence is supplied by the NASA VLBI results 
[Sauber & Bell, 19901 which indicate 1984-90 WNW motion of Sand Point at about 6 mm/yr, 
significantly different from zero at the 30 level. This rate, and the tilt and strain rates, are 
substantially lower than would be predicted from simple models of subduction. We do not yet 
have a good explanation of these facts, though it remains possible that the low rates are connected 
with viscoelastic coupling that slows the deformation rates towards the end of the seismic cycle 
[Thatcher & Rundle, 1984; Rice & Stuart, 1989; see discussion in Lisowski et al., 19881. The 
historical seismicity evidence [e.g., Boyd et al., 19881 continues to suggest that a major 
earthquake is to be expected in this region. Other factors that tend to support this hypothesis are an 
accelerating moment release rate in the area and a recent outer rise compressional event. 

References 
Boyd, T.M., J.J. Taber, A.L. Lerner-Lam and J. Beavan, 1988. Seismic rupture and arc segmentation within the 

Shumagin Islands seismic gap, Alaska, Geophys. Res. Lett., 88,201-204. 
Hudnut, K.W. and J.J. Taber, 1987. Transition from double to single Wadati-Benioff seismic zone in the Shumagin 

Islands, Alaska, Geophys. Res. Leu., 14, 143-146. 
Lisowski, M., J.C. Savage, W.H. Prescott and W.K. Gross, 1988. Absence of strain accumulation in the 

Shumagin seismic gap, Alaska, 1980-1987, J. geophys. Res., 93,7909-7922. 
Rice, J.R. & W.D. Stuart, 1989. Stressing In and Neat a Strongly Coupled Subduction Zone During the Earthquake 

Cycle (abstract), Eos, 70,1063. 
Sauber, J. and L. Bell, 1990. The Subduction Zone Process in Alaska, NASA CDP P.I. Working Group Meeting, 

Greenbelt, MD, Oct 25-26 1990. 
Thatcher, W. & J.B. Rundle, 1984. A viscoelastic coupling model for the cyclic deformation due to periodically 

repeated earthquakes at subduction zones, J. geophys. Res., 89,7631-7640. 



High Temporal Resolution of Crustal Deformation with GPS 

Yehuh Bock 
Institute of Geophysics and Planetary Physics 

Scripps Institution of Oceanography 
La Jolla, CA 92093 

(619) 534-5292 
E-Mail: BOCK@BULL.UCSD.EDU 

GPS surveying has the potential to provide crustal deformation precursors for the prediction of 
large earthquakes and, in particular, to allow the rapid and dense monitoring of coseisrnic and 
post-seismic strain transients which would add to our fundamental understanding of the physics of 
the earthquake process. The goal of this research is to develop and evaluate the capability of 
surveying spatially dense, small- and possibly medium-aperture, three-dimensional geodetic 
networks, in near real-time with several millimeter-level accuracy using kinematic-type GPS 
techniques. 

Data Collected: 

(1) In May 1990, we collected GPS data near at 12 marks along a 12 km profile crossing the San 
Andreas fault at Parkfield. We used four Trimble 4000 SST receivers. Two receivers were held 
fixed at the endpoints of the profile for a six hour period while the other two receivers surveyed 
the remaining 10 marks in the so-called pseudo-kinematic mode. These intermediate marks were 
surveyed twice, each time for approximately 30 minutes. These data have been analyzed and 
indicate that short, repeated site occupations provide similar precision to long static occupations. 
The profile will be re-surveyed in November, 1990. 

(2) In July 1990, we collected kinematic GPS data with Trimble 4000 SST receivers along two 
profiles across the Sumatran fault, one profile in West Sumatra near Bukittinggi, and another 
profile in North Sumatra, west of Lake Toba. 

(3) In October 1990, we collected kinematic data on a small test network in San Diego county 
designed to test the compatibility of data collected with Ashtech XI1 and Trimble 4000 SST 
receivers. As ground truth, we leveled the heights between the marks and measured the distances 
with a Wild DI-2000, to a precision of about 1 mm. 

(4) Since April 1990, we have been collecting data from three Rogue SNR-8 receivers located at 
Scripps Institution of Oceanography, Piiion Flat Observatory and Jet Propulsion Laboratory as 
part of the Permanent GPS Geodetic Array (PGGA) (Shimada and Bock, 1989; Bock et al., 1990 
a,b; Lindqwister and Bock, 1990). We are using these data to support our investigations of the 
temporal resolution of GPS. 

Example of high tem~oral resolution 

We refer to data item 3 above. We analyzed the Ashtech to Ashtech baseline using six hours of 
dual-frequency data sampled every 30 seconds. This solution provides the integer phase 
ambiguities among the different combination of doubly-differenced stations and satellites. To 
determine the temporal resolution of position, we analyzed the data every 20 epochs (10 minutes of 
data), 4 epochs (2 minutes of data) and 1 epoch. That is, we estimated independent relative 



positions at these three different time intervals, keeping fixed the phase ambiguities determined 
from the solution of the complete data set. These position determinations were restricted to 
intervals during which at least five satellites were'visible. In the 1 epoch case, the number of 
observations are 4 L1 and 4 L2 doubly-differenced observations and the number of parameters are 
three (the three-dimensional relative position). The results of these tests are shown in Figures 1-4 
for north, east, height and length components of the baseline. For each component, the horizontal 
line indicates the result of the six hour solution. The length and height agree to a millimeter with 
the ground truth. 

It is clear from this test that GPS is capable of high temporal resolution of position. This is 
particularly apparent in the determination of the length component which has an rms of 2 mrn even 
at a resolution of 1 epoch. The other component have an rms of about 5 rnrn at 1 epoch resolution. 
The 1 epoch case has powerful implications for the accurate positioning of moving platforms, on 
land, at sea and in the air. In particular, a single roving receiver can provide rapid and accurate 
"point" positions with respect to a regional continuously tracking network such as the PGGA in 
California. 

We are extending these type of investigations to the 10 km and 100 km range of baseline lengths, 
using improved orbits from the PGGA analyses. 

References; 

Bock, Y. and S. Shimada (1990), "Continuously monitoring GPS networks for deformation 
measurements," in Global Positioning: System: An Overview, proc. IAG Symposium 102, 
Y. Bock and N. Leppard (eds.), Edinburgh, Scotland, August 7-8, 1989, Springer Verlag, in 

press. 
Bock Y. (1990), "Spatial and temporal resolution of kinematic GPS," Eos Trans. AGU, 71,483. 
Bock, Y., U.J. Lindqwister, J.A. Scheid, G. Blewitt, W.G. Melbourne, S.J. DiNardo, T.P. 

Yunck, C.L. Thornton, T.H. Dixon, F.K. Wyatt, D.C. Agnew, J-B. Minster, B.H. Hager, 
R.W. King, T.A. Herring, T.H. Jordan, K.E. Sieh, K.W. Hudnut and D.D. Jackson (1990), 
"Permanent GPS Geodetic Array in California", Eos, Trans. Amer. Geophys.Union, 71,477. 

Lindqwister, U.J. and Y. Bock (1990), "Development of a permanent GPS geodetic array in 
California for continuous monitoring of crustal motion", Eos, Trans. Amer. Geophys. Union, 
71, 858. 

Bock, Y., F. Wyatt, D.C. Agnew, J.-B. Minster, W. Gurtner, P. Henkart, S. Shimada, S.S.O. 
Puntodewo, K. Stark, D. Rosenblatt, Z.-K. Chen and P. Worcester (1990), "Continuous 
monitoring of crustal strain using GPS in Southern California", GPS '90 meeting, Ottawa, 
Canada, September 3-7, 1990, in press. 



Ashtech 3 0 0 s  reso lu t ion  
- 1  05 .1  3 

0 200 4 0 0  6 0 0  
epoch (30s  data) 

Ashtech 3 0 0 s  resolut ion 

epoch (30s  data) 

Figure 1: Independent position determinations of the Ashtech-Ashtech baseline at 300 s 
resoliution (10 epochs). Error bars are scaled formal errors. 
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Figure 2: Independent position determinations of the Ashtech-Ashtech baseline at 120s 
resolution (4 epochs). Error bars are scaled formal errors. 
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Figure 3: Independent position determinations of the Ashtech-Ashtech baseline at 30 s resolution 
(1 epoch). Error bars are scaled formal errors. 
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Figure 4: Independent position determinations of the Ashtech-Ashtech baseline at 30 s resolution 
(I epoch). Error bars are given in Figure 3. 
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Investigations 

[I] Directed maintenance of creepmeter and alinement array networks in California. 

[2] Updated archived creep on the USGS Low Frequency computer. 

[3] Monitored creepmeter data for possible earthquake precursors, primarily in the Parkfield, 
California area, site of the USGS-California State earthquake prediction experiment, and in 
the San Juan Bautista, California region. 

Results 

[l] Currently 30 extension creepmeters, one contraction meter, and 7 strong-motion creepmeters 
are operating; 22 of the extension meters, the contraction meter, and all 7 strong-motion 
meters have on-site strip chart recorders. Of the total 38 instruments, data from 29 are 
telemetered to Menlo Park (Figures 1,2). Surveys of the alinement array network will be dis- 
continued for the foreseeable future due to  a combination of budget cuts and the loss of key 
personnel, including former project chief Sandra Schulz Burford. Richard Liechti is indepen- 
dently overseeing creepmeter maintenance. 

[2] Fault creep data  from USGS creepmeters along the San Andreas, Hayward, and Calaveras 
faults have been updated through mid-September, 1990, and stored in digital form (1 
sample/day). Telemetry data  are also stored in digital form (1 sample/lO minutes), and ca.n 
be merged with daily-sample data to  produce long- or short-term plots. 

[3] Parkfield creep data  are being closely monitored to detect changes in rate wl~ic l~ ,  alt,l~ougl~ 
significant within the context of the historic record, may fall outside the established alert cri- 
teria. Data from six instruments along the San Andreas Fault between San Juan Bautista 
and Melendy Ranch are being exanlined to characterize changes in fault slip before and after 
the October 17, 1989 Eoma Prieta earthquake. 
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CREEPMETERS 
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FIGURE 1 

USGS creepneter stations in northern and central California. 
Instruments with underlined names transmit on telemetry. 
NUT SHW: XRSW, XHSW on the Southwest Fracture near 
Parkfield (See Figure 2). Strong-motion neepmeters are 
located in vaults at W, XMD1, WA1, XTA21, X461, X N ,  
and XKSW. 
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C r e e p  a n d  A l i n e m e n t  : Parkf i e ld ,  CA 
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Investigations 

1. NEIC reporting services. Methods of analyzing broadband data are being 
introduced into NEIC operations. Broadband data are now routinely used to 
increase the accuracy of some reported parameters such as depth and to 
compute additional parameters such as radiated energy. These parameters, 
along with waveform plots of broadband data, are published in the Monthly 
Listing of the Preliminary Determination of Epicenters. 

2. Rupture process of large- and moderate-sized earthquakes. We are using 
digitally recorded broadband waveforms to characterize the rupture process 
of selected intraplate and subduction-zone earthquakes. The rupture 
processes thus delineated are used to complement seismicity patterns to 
formulate a tectonic interpretation of the epicentral regions. 

3. Teleseismic estimates of radiated energy and strong ground motion. On 
a world-wide basis, the relative paucity of near-field recording instruments 
hinders the prediction of strong ground motion radiated by earthquakes. We 
are developing a method of computing radiated energy and acceleration spec- 
trum from direct measurements of teleseismically recorded broadband body 
waves. From our method, the maximum expectable spectral level of accelera- 
tion and lower bounds of stress drops can be made for any event large enough 
to be teleseismically recorded. 

Results 

1. Reporting services. The NEIC now uses broadband waveforms to routinely: 
(1) resolve depths of all earthquakes with mb > 5.8; (2) resolve polarities 
of depth phases to help constrain first-motion solutions; (3) computed radi- 
ated energies for all earthquakes with m > 5.8; and (4) present as repre- 
sentative digital waveforms in the rnonthQy PDE1s. In the Monthly Listings 
of the Preliminary Determination of Epicenters covering the interval October 
1989-April 1990, depths using differential arrival times from broadband 
waveforms were computed for 64 earthquakes; radiated energies were computed 
for 67 earthquakes. 

2. Rupture process of earthquakes. Source characteristics of the Lorna 
Prieta, California, earthquake of 18 October 1989 were studied with global 
digitally recorded broadband data. Besides the static parameters such as 
focal mechanism and depth, we are deriving the rupture history, radiated 



e n e r g y ,  and a s s o c i a t e d  s t r e s s  d rops .  I n  modeling t h e  d i sp lacement  and 
v e l o c i t y  waveforms, we f i n d  t h a t  t h e  s t r e s s  r e l e a s e  of t h e  ea r thquake  was 
s p a t i a l l y  heterogeneous .  The moment r e l e a s e  of t h e  e a r t h q u a k e  occur red  i n  
f o u r  i d e n t i f i a b l e  subeven t s :  t h e  i n i t i a l  subevent  had a  n e g l i g i b l e  moment, 
w h i l e  t h e  second,  t h i r d ,  and f o u r t h  subeven t s  r e l e a s e d  o n e - t h i r d ,  one-ha l f ,  
and o n e - s i x t h  of t h e  t o t a l  moment. I n  a n a l y z i n g  t e l e s e i s m i c a l l y  d e r i v e d  
a c c e l e r a t i o n  d a t a ,  we f i n d  a n  a c c e l e r a t i o n  s p e c t r a l  l e v e l  of 1.6 cm2/s,  
implying a  s t r e s s  drop of 51 b a r s .  

A  s t u d y  of t h e  Armenian e a r t h q u a k e  of 7 December 1988 i n  c o l l a b o r a t i o n  w i t h  
t h e  German Geolog ica l  Survey h a s  been f i n i s h e d .  The e a r t h q u a k e  was a  com- 
p l e x  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  t h e  s o u r c e  f u n c t i o n s  
of t h r e e  subeven t s .  From t h e  d i s t r i b u t i o n  of a f t e r s h o c k s  and t h e  d e r i v e d  
f o c a l  mechanism, we i n f e r  t h a t  t h e  c a u s a t i v e  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 t h e s e  subeven t s  i n d i c a t e  a  f a u l t  zone t h a t  h a s  a  
bend. 

3 .  St rong  ground motion of  i n t r a p l a t e  e v e n t s .  We have a p p l i e d  o u r  
a l g o r i t h m  f o r  t h e  computat ion 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 s h a l l o w  
i n t r a p l a t e  ea r thquakes .  Most of t h e s e  e v e n t s  a r e  c h a r a c t e r i z e d  by a  f l a t  
s p e c t r a l  l e v e l  a t  h i g h  f r e q u e n c i e s  bu t  a n  i n t e r m e d i a t e  s l o p e  b e f o r e  a n  
w2 f a l l o f f  a t  low f r e q u e n c i e s .  The high-frequency s p e c t r a l  l e v e l s  of t h e s e  
i n t r a p l a t e  ea r thquakes  a r e  t h e  same a s  t h e  l e v e l s  of subduction-zone e a r t h -  
quakes w i t h  t h e  same s e i s m i c  moments, a l t h o u g h  t h e  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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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. 

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 April 1990 through September 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. 

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. Collaboration with Caltech to develop a network of very broad 
band seismic stations in southern California. 

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. Teleseismic surface waves recorded on the network. Record 
sections were constructed for teleseismic Rayleigh waves (1% 
to 25 sec. period) recorded on both the southern and northern 
California seismic networks. 

7. Network recording of sonic booms. We have used the arrival 
times of the shock waves from supersonic aircraft flying over 
the Southern California Seismic Network, in order to estimate 
the trajectory, velocity, and height. 

8. Loma Prieta source inversion. We have collaborated on an 
investigation of the rupture history of the 1989 Lorna Prieta 
earthquake by inverting strong motion and teleseismic wave- 
forms . 

9. Amplitudes and travel-time delays for teleseismic P-waves. We 
have observed a correlation between the amplitudes and resid- 
ual time delays for teleseismic P-waves recorded by the South- 
ern California Seismic Network. Possible explanations for 
this observation were investigated. 

10. Analysis of waveform data from aftershocks of the 1990 Upland 
earthquake (ML 5.5) recorded on a small aperture array. About 
50 small aftershocks were recorded during a 10-day period fol- 
lowing the mainshock, on a two-dimensional, 5-station, GEOS 
array with spacings of 50 to 100 meters. 

Results 

1. 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 ].ow) to 
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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. 

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. This developing system locates about 3 times as many 
earthquakes as our previous 64-station RTP. In addition, 
amplitudes from low-gain and force-balance accelerometers are 
now used in the calculation of magnitude. 

4. Deployment of very broad band seismic systems. We are colla- 
borating with Caltech to complete deployment of 6 very broad 
band stations within southern California by the end of 1990. 
Our prototype station, PAS, has been in operation since 1988 
and Goldstone (GSC) became operational in August 1990. Sta- 
tions are scheacled for installation this fall at Pinion Flat, 
Santa Barbara, IsabelJa, and the San Bernadino mountains. All 
stations have 24-bit digitizers for very broad band channels 
and also have strong motion channels for a total dy2amic range 
exceeding 200 db. Data is telemetered via high speed mc4em by 
an implementation of Gopher on Caltech's Sun computers. Data 
logging is triggered by both QED messages from NEIC and RTP 
messages from the Southern California Seismic Network. Data 
from these systems is available either by direct telephone 
access or through Internet. 

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. Alert levels have been pro- 
posed for commutation with the California Office of Emergency 
Services. 

6. Teleseismic Rayleigh waves recorded on California seismic net- 
works. Large magnitude (M>7.2) earthquakes generate large 
enough Rayleigh waves (15-25 sec. periods) to be recorded on 
the short-period California regional networks. We have digi- 
tized FM tape recordings of these surface waves from several 
earthquakes and for several hundred stations. We find that 
the surface waves are very coherent as they travel across Cal- 
ifornia, but significant variations in phase velocity can 
readily be seen. We are using these observations to map aver- 
age crustal velocity structure. 

7. Sonic booms. We developed a computer program to determine the 
trajectory, velocity, and height of supersonic aircraft from 
the arrival times of their sonic booms. We analyzed the shock 
waves from 6 space shuttle landings and a flight of the SR-71 
Blackbird. Figure 1 shows four examples of the travel time 
data and the best fitting trajectories. Examination of the 
errors in fitting the observed arrival times indicates that 
the trajectory direction can be determined within an accuracy 
of several degrees in azimuth and a few kilometers in lateral 
offset. The average velocity can be determined within a few 
tenths of a Mach number. Altitude is the least resolvable 
parameter, with uncertainties of 5 to 10 km. 

8. Lorna Prieta source inversion. Inversion of strong motion and 
teleseismic waveforms for the slip history of the 1989 Loma 
Prieta earthquake indicates bilateral rupture with oblique 
slip on a 70° dipping plane (probably the Sargent fault) . 
There is compelling evidence that the main rupture was pre- 
ceded by a foreshock (magnitude 3.5 to 4.5) about 2 seconds 
before the main initiation of rupture. Large regions of slip 
were centered 6 km northwest and 6 km northeast of the hypo- 
center. There appears to be relatively little slip in the 
region directly updip from the hypocenter. 

9. Teleseismic P-waves amplitudes and travel times. The relative 
amplitudes and travel time residuals for teleseismic P-waves 
recorded on the short period net show a correlation between 
increasing amplitude and increasing travel time. Using 13 
events, well-distributed in azimuth and recorded on 50 to 100 
stations, Figure 2 shows a plot of the logarithm of the rela- 
tive amplitude versus travel time residual. Although there is 



a large amount of scatter, a linear regression analysis indi- 
cates a change in amplitude of about a factor of two for a 
change in travel time of one second. Part of this trend can 
be explained in terms of the local velocity (impedance) at 
each site. However, at some sites the strong azimuthal depen- 
dence of the amplitudes and travel time residuals suggests 
that structures in the mantle may contribute to this phenome- 
non. 

10. Geos array at Upland. Aftershock data from the 28 February 
Upland earthquake and recorded on a small-aperture, 5-station 
Geos network show significant variations in waveforms over the 
50 to 100 meter spacing of the stations. The array recorded 
aftershocks with a with a wide range of depths and backazi- 
muths, and it should be possible to identify the source of 
complexities in the waveforms using the combined data set. 
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Figure Captions 

Figure 1. Arrival times data (sec) and estimated flight paths for 
aircraft that caused strong sonic booms. The flight pattern 
is shown by hyperbolas that represent 20 second isochrons. 
For the space shuttle cases, the square marks the landing site 
at Edwards Air Force Base. 

Figure 2. Logarithm of the relative amplitude versus travel-time 
residual for P waves from 13 teleseismic events. The average 
amplitude for each event was normalized to 1.0. The travel 
times were calculated with respect to the Herrin tables. For 
each event, the average time residual was subtracted from each 
residual to normalize the average value to 0.0. The line is a 
least squares regression which gives a slope of 0.32. 
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Instrument Development and Quality Control 

E. Gray Jensen 
Branch of Seismology 

U.S. Geological Survey 
345 Middlefield Road - Mail Stop 977 

Menlo Park, California 94025 
(415) 329-4729 

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 repair and modification of Seismic Group 
Recorders (SGR's), blasters and accessories, development of a master clock and construction 
of an RTP digitzer interface, among other things. 

Results 

The SGR's which have been modified with timers for refraction seismology returned 
from a successful experiment in Kenya. The recorders were tested and repaired. The new 
electronic blasters were modified to correct problems encountered in the field. The SGR's 
were then deployed around the Brooks Range in Alaska for the TACT '90 experiment in July. 
Both the recorders and the blasters performed well. The recorders and associated equipment 
were then used in a PASSCAL experiment in Minnesota during August. 

A prototype master clock was constructed. This will design will be incorporated into 
the electronic blaster. Three units wiU be constructed as stand alone clocks. Software for the 
clock is under development. A prototype field seismic digitizer was constructed as part of the 
digital seismic data collection system development. 

All of the hardware for a interface between the new transputer-based RTP (under 
development by Rex Allen) and a Tustin digitizer has been assembled. This includes an 
PC-AT compatible computer, a DMA interface card, transputer link interface card and a 
parallel 1/0 card. When programmed, the PC will transfer seismic data digitized by the Tustin 
via the DMA interface to memory buffers. Time information will be read-in through the 
parallel card. The data will then be transferred to the transputers through the link card. 
Software development is in progress. 

Four electrostatic field strength meters were rehabilitated along with several strip chart 
recorders. These will be deployed by Chi-Yu King on nearby faults to correlate the 
electrostatic field with earthquakes. Site visits were made to repair or modify field equipment 
in the Parkfield and Mammoth areas. Among these was the repair of the Reftek Model 44 
which is the central unit for the digital seismic network in Parkfield. As a result, the 
computer there is now collecting clean data from all nine stations where before about half had 
noise spikes and blank periods. 



Reports 

Fischer, F. G., 1990, An electronic blaster for use in refraction seismology, U.  S .  Geological 
Survey Open-File Report 90-429. 

Jensen, E. G., 1990, A six-channel seismic amplifier, U .  S.  Geological Survey Open-File 
Report 90-346. 



State of Stress in the Rupture Zone of Large Earthquakes 

Grant No. 14-08-0001-G1773 

Hiroo Kanamori 
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91 125 (8 18) 356-6914 

Investigations 

1. Resolution of Fault Models Determined From Teleseismic Body Waves 
by Masayuki Kikuchi and Hiroo Kanamori 

2. Rupture Patterns of Recent Major Earthquakes 
by Hong Kie Thio, Kenji Satake, Masayuki Kikuchi, and Hiroo Kanamori 

Results 

1. Resolution of Fault Models Determined From Teleseismic Body Waves 

Teleseismic body waves are extensively used to determine the rupture pattern of 
earthquakes. The rupture pattern is represented by a distribution of subevents on the fault 
plane, and the location, size and the mechanism of the subevents are determined with 
inversion of teleseismic body waves. If the mechanisms of the' subevents are allowed to 
vary, and if no constraints are imposed on them, the inversion becomes very unstable, and 
the solution is inevitablly nonunique. We have developed a procedure to explore the range 
of allowable solutions and appropriate constraints. In this procedure a network of grid 
points is constructed on the t-1 plane, where t and 1 are, respectively, the onset time and the 
distance from the epicenter of a subevent; the best-fit subevent is then determined at all grid 
points. Then the correlation is computed between the synthetic wavefom for each 
subevent and the observed wavefom. The correlation function as a function of t and 1, and 
the best-fit mechanisms computed at each grid point depict the character of allowable 
solutions and facilitate a decision on the appropriate constraints to be imposed on the 
solution. 

2. Rupture Patterns of Recent Major Earthquakes 

We have made preliminary analyses of body and surface waves of recent major 
earthquakes, the 1990 Sudan, Iran and Philippines earthquakes. We used the data from the 
IDA/IRIS, NARS, Yellowknife and GEOSCOPE arrays. In general, the results from 
body-wave inversions and surface wave inversions are consistent, except that the moments 
from body waves are smaller, up to a factor of three, than the moments determined from 
surface waves. 

The Sudan earthquake sequence occurred just outside the area of mapped normal 
faulting which comprises the western branch of the East African Rift (EAR), in an area 
with very little background seismicity. The frst event on May 20 had a moment of 5 x 1 0 ~ ~  
dyne-cm and the mechanism was purely strike-slip corresponding to a left-lateral movement 
along the NW-SE nodal plane. This event was followed four days later by two large 
events, the second being similar in size to, but having a longer source duration than, the 
May 20 mainshock. For these events, however, we found normal faulting along the ENE- 
WSW striking nodal planes. None of the Sudanese events shows much source 
complexity. The strike-slip mechanism of the first event contrasts sharply with the 
predominantly normal-fault mechanisms which are found for the EAR earthquakes. 



However, if the N W  striking plane is the actual fault plane, then this event can be 
understood in terms of transform movement parallel to a nearby lineament which has been 
interpreted as a left lateral fault zone connecting the eastern and western branches of the 
EAR. 

Contrary to the Sudan events, the Iran event shows considerable source 
complexity. The moment is 1x 1027 dyne-cm, an order of magnitude larger than the 1988 
Armenian event, and was mainly released in three subevents, all with strike slip 
mechanisms corresponding to right lateral movement along the strike of 215". The first 
main subevent is preceded by a smaller initial subevent. This earthquake is one of the 
largest recorded events in this part of Iran and its mechanism is quite different from that of 
earlier events. The moment tensor also differs from the cumulative moment tensors 
calculated for this region by various authors, but when we include this event in those 
cumulative moment tensors the result is not significantly different from the earlier studies. 

The Philippines earthquake is the largest and most complex event of the ones under 
study. The moment amounts to 4.9~1027 dyne-cm and the mechanism is again strike-slip, 
with left-lateral movement along a strike of 335". Rupturing seems to have occurred over a 
time interval of up to 70 seconds with many subevents. The aftershock distribution 
indicates that the eastern branch of the Philippines fault ruptured, although there was also 
activity along the western branches. For the largest aftershock which occurred the next day 
we found a thrust mechanism along the nodal plane with a strike of about 220". This 
aftershock is located where the eastern branch of the Philippines fault bends into a northerly 
trend; the difference in mechanism between the main shock and this aftershock as well as 
the very occurrence of the aftershock could be related to that bend. The existence of a 
major strike-slip fault close to a zone of active thrusting along the east coast of Luzon 
suggests that strain partitioning is taking place in this region. 

This study is still in progress, and more details will be reported in the final report. 

Publications 

Kikuchi, M., and H. Kanamori, Inversion of Complex Body Waves, Submitted to the 
Bull. Seismol. Soc. Am., 1990. (Preprint available.) 

Kanamori, H., and K. Satake, Broadband Study of the 1989 Loma Prieta Earthquake, 
Geophys. Res. Lett., 17, 1179-1 182, 1990. . 

Satake, K., and H. Kanamori, Fault Parameters and Tsumani Excitation of the May 23, 
1989, MacQuarie Ridge Earthquake, Geophys. Res. Lett., 17,997-1000, 1990. 



FAULT ME'CHANICS AND CHEMISTRY 

C.-Y. King 
Branch of Tectonophysics 
U.S. Geological' Survey 

345 Middlefield Road, MS/977 
Menlo Park, California 94025 

(415) 329-4838 

Investigations 

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

121 Water level was continuously recorded at six other wells in central California. 

(31 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 

In cooperation with Drs. H. Wakita and J. Igarashi of the University of Tokyo, we 
replaced the aging radon monitor at  Miller Ranch in Parkfield, installed another radon 
monitor at  Mission Farm Campground in San Juan Bautista, and installed a set of water- 
level and barometric-pressure instruments at San Francis Retreat in San Juan Bautista. 

No significant geochemical changes were recorded during this report period. 

Reports 

Rydelek, P.A., Knopoff, L., and King, C.-Y. (1990). Comments on "Migration of historical 
earthquakes in California." by C.-Y. King and Z. Ma, Pure and Applied Geophysics, 
V. 133, p. 547-551. 

King, C.-Y. and Luo, G., 1990, Variations of electric resistance and H2 and Rn emissions in 
concrete blocks under increasing uniaxial compression, Pure and Applied Geophysics 
v. 134, p. 45-56. 



Project  9930-USSG3 
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Fred W. Klein 
Branch of Seismology 

U.S. Geological Survey MS 917 
345 M i  dd l  ef i el  11 Hd. 
Menlo Park CA 94025 

FlS 459-4794 

lhe overall objective i s  t o  look for long-term seismicity and tectonic 
patterns in the Northern California and Hawaii earthquake catalags. 'I he two 
catalogs are in very different  s ta tes  of self-consistency and usefulness f o r  
research, however. Accordingly, the H a w a i  ian work uses a complctel y 
reyr.ocessed catalog and  focuses csn research. I he Nor.ther.n Call farnia e f for t  
present? y involves cleaning up the raw phase data and devploping me?-,hc)ds fL:jr 

reprocessi ng t h i s  data into a self--consi s tent  catalog. 1 his reprocessing i s  
necesssry before many types of  research becov~e meaningfu'l . 1Re emphas-ir, i s  or1 
a p p l y 1  ng siethods developed for Hawaii a n  processing and earthquake display t o  
the California catalog. 

The Hawaiian seism-ic investigation consi st,s of a thorough study o f  
earthquake focal nlechanisms i r i  t t ~ c  upper ~nantle beneath F i a w a i i .  'Ihe goal i s  t o  
det.errnine t h o  .state of s t ress ,  natt~rrt of 'ti thospheric flexure aand i t i t ,er-action 
of the volcanic system with the  lithosphere. 1 his work inc'ludes a deta-i ' led 
study of the vertical  magma conduit feeding K i l  auea Vol cano's shallow (3-7 km 
d e p t h )  magma reservo.ir'. lhe seismically a c t i v e  conduit extends dowr~ward t o  
about 55 km t o  the top of the magma source region. tarthquakes i n  t h e  
surrounding lithosphere below 15 km depth re f lec t  deformation and s t ress  
imposed by the volcanic edif ice above. 

] h e  work on the Northern California earthquake catalog i s  being shared by 
several colleagues in the branch. l h i s  project has assumed responsibility in 
several areas: (1) Develop a data base of seisrnic statiori data and apyl y it Lu 
the reprocessing of t h e  ear thquake catalog. ( 2 )  Deve7op a computer f i l e  
system or data base for storing both raw and proces5ed earthquake phase d a t a .  
(3)  Develop a n d  modify the HYPOINVkHSt earthquake location program t o  handle 
the various tasks needed for  Northern California processing. (4 )  lntegrate 
existing and develop new regional crustal velocity models into a multiple 
model system for processing earthquakes from anywhere in California. ( 5 )  
Organize a sys tem for recognizing earthquakes needing human reprocessing, 
dividing the catalog in to  regions o f  equal numbers of events t o  reprocess, and 
supervising individuals t o  reprocess each area. ( 6 )  Prepare earthquake 
a.nimations for vfdeo p~.esen.tations a s  needed on the Branch's Amiga computer. 

These animations show the spatial  d i s t r i b ~ t ~ i n n  of earthquakes through 
anjrnated movement and the time variation of seismicity with time-lapse map 
views. Ihe animat?ong have been used a )  i n  research to  visua'lire an earthquake 
catalog and look for patterns which are tes table  by more rigor-ous methods, b )  
f o r  p u b l i c  and V I P  v i s i to r  display, and c )  t o  produce animated video tapes on 
major topics such a s  the Lorna Prieta earthquake. 



The research on Kilauea's magma conduit suggests that  the earthquakes 
yequire external sources o f  s t ress  and are not simply generated by excess 
insyrnd pressilre, as w i t h  r i f t  zone intrusions. Dramatic evidence for an 
e?.,?.er.nal 5tres.j c a u s ~  i 5  the major drop in earthquake rate  following the M=7.2 
Kalapana earthquake in 1975. l h i s  event thus released s t ress  in the en t i re  
volcanic system it7 addition to  the rupture zone i n  Kilauea's south flank. 
Seisrnqc yaps occur along the conduit centered a t  about 5, 13 and 20 km depths. 
The 3-to-7--km gap  i s  ma in  magma reservoir, the 13 km gap appears t o  resul t  
f rom the  layer of buried ocean sediments a t  the base of the volcanic p i le ,  and 
the  20-km gap i s  present under the whole island. 7he l a t t e r  may be a  depth of 
low or "neutral" s t ress  within the flexing 1 ithosphere. Lateral extension i s  
character is t ic  of t h e  focal mechanism5 within the volcanic pi le  (above the 13 
krn g a p )  a n d  la teral  compression occurs just  below, Stresses are thus decoup-led 
a t  the boundary o f  the volcanic pi le  with the underlying oceanic crust .  Focal 
mechanisms below 20 km depth are similar t o  those in Kilauea's south flank and 
>jhow southward motion of the upper block on a  near-horizontal plane. 

lhe reprocessing of the Northern California earthquake catalog i s  
underway. Coritr'.i butions from t h i s  project t o  date include: (1) Maintain a  
da t a  base of seismic stat.ions and  the i r  gains in and surrounding California 
has been assembled. ( 2 )  Lnable ,the H Y P O l N V t H S t  location program t o  
transparently handle several crustal models, magnitude scales, s ta t ion delays 
a n d  corrections and gain history. (3) Various routines t o  verify quarry blasts  
w i t h i n  the catalog and check for data completeness and regionally separate the 
catalog for  specialized reprocessing. 

Reports 

1. '1 -5 .  . F . W . ,  Mijlt?p'ie crustal mode'ls for earthquake location in Northern 
~ a 1  ifbrnia and surrounding areas, U .S. Geological Survey Open Fi le  Report, i n  
p r e p a r a t i o n ,  1990. 

1 W. and Stephen G.  Walter, Aftershocks of the Lorna Prieta 
earthquake: computer animations (a  video tape),  U.S. Geological Survey Open 
F i f e  Report 89-669, 1990. 



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 
University of Colorado 
Boulder, Colorado 80309 

(303) 492 - 7785 

Obiectives: 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 currently have three instruments installed at Pinon Flat 
Observatory and all three have been operating during this report period. The 
instrument in borehole BOC (the 122 m deep borehole) failed in July and was 
replaced. The installation in BOG has been somewhat more troublesome than 
the other two because of the continued accumulation of rust and metal chips 
at the bottom of the casing. The replacement instrument has a somewhat 
different bottom bracket designed to keep the instrument from resting on the 
chips. The data since that time have been somewhat quieter at intermediate 
periods (hours to days), but the longer-term signals are essentially 
unchanged. The data from BOC continues to be somewhat noisier than the data 
from the two shallower boreholes. 

We have continued to inter-compare the data from our three instruments. 
We had hoped to be able to use data from the deeper installation of the 
Askania tiltmeter, but that instrument is not yet working reliably. 

We have investigated two methods of comparing the instruments. In the 
first method, we construct transfer matrices that relate the observed tilts 
in any borehole to the corresponding measurements from another instrument. 
This approach makes no assumptions about the relationship between the 
admittances of the two instruments and assumes only that the two instruments 
are responding to a common excitation. In the second method, we expand the 
response of each instrument as a sum of the regional tilt signal plus 
admittances to various external effects (such as barometric pressure). The 
regional tilt signal is estimated using data from the other instruments at 
the site, including the long-fluid tiltmeter and the Askania device. Thus 
the first method is a purely phenomenological computation, while the second 
method models the responses in terms of various external excitations. 

The power of either method resides in the stability of the model 
coefficients with time. Our results so far are quite encouraging; we find 
that all of the data from BOA can be modeled using a single admittance 
matrix, and that a similar matrix can be used for BOG. We are currently 



working on the data from BOB, and we do not have any results yet for that 
data set. 

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. Lisowski, J.C. Savage, W.H. Prescott, N.E. King 
Branch of Tectonophysics 
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345 Middlefield Road, MS/977 
Menlo Park, California 94025 

(415) 329-4855 

INVESTIGATIONS 

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

RESULTS 

1. Strain Accumulation on the Olympic Peninsula, Washington. 

A 20 x 30-km strain network in Olympic National Park has been surveyed with a 
Geodolite in September of 1982, 1983, 1986, and 1990. The measured principal strain rates 
are i1 = 0.011&0.027 and t2  = -0.092f 0.029 ptrain/yr (extension reckoned positive) with 
the axis of greatest contraction directed N5g0E f 6.6". The orientation of the contraction 
axis agrees reasonably well with the N68"E direction of plate convergence of the Juan de 
Fuca plate upon the North American plate. The measurement of strain in the Olympic Park 
network was undertaken as a test of 1972-1979 strain measurements made near Sea.ttle. 
Both measurements indicate accumulation of east-northeast compression in northwestern 
Washington. Tide-gage measurements of relative sea level corrected for the eustatic sea- 
level rise and glacial isostatic rebound indicate an uplift rate of about 3 mm/yr on the 
west coast of the Olympic peninsula and about 0.4 mm/yr in the Puget Sound lowlands 
near Seattle. The uplift rates and measured strain rates are consistent with a subduction 
model in which the plate interface beneath the continental slope and continental shelf is 
locked but fhrther inland the interface slips continuously. The implication is that strain 
that will ultimately be released in a great subduction earthquake is now accumulating in 
western IVashington. 

2 .  Strain Accumulation Along the Sun Andreas fault in Southern California. 

Five 6-line trilateration networks along the San Andreas fault have been surveyed 
frequently since 1986 using a Geodolite with aircraft monitoring of humidity and 
temperature. The accumulation of right-lateral shear strain across a vertical plane parallel 
to the local strike of the San Andreas fault is shown in Figure 1 for each of these networks. 
The linear fits to those strain accumulation plots are also shown in the figure. The linear 
fits provide a good fit to the observations. There may be a suggestion of a change in the 
rate of shear strain accumulation at Cholame in late 1989, but the precision of observation 
is not adequate to prove it. 
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Figure 1. Right-lateral shear-strain accumulation as a fuqction of time at five 6-line 
trilateration networks located along the San Andreas fault. TLe error bars indicate one 
standard deviation on either side of the plotted point. 



3. Strain  Accumulat ion  Across the  Wasa tch  Fault, Utah. 

A trilateration network extending across the Wasatch fault near Ogden has been 
surveyed in 1972, 1973, 1976, 1978, 1981, 1984, 1987, and 1990. The average principal 
strain rates are i1 = 0.033 z t  0.009 and i2 = -0.009 f O.OlOpstrain/yr (extension reckoned 
positive) with the axis of greatest extension directed N90°E f 5". The accumulation of 
east-west extension is consistent with normal slip on the NIOO W striking Wasat ch fault. 
Although the average east-west extension is small (0.033 f O.O09pstrain/yr), it is several 
times larger than would be expected for the geologically determined secular slip rate of 
1 rnmIyr on the Wasatch fault. The observed strain accumulation is not significantly 
correlated with the fluctuations in the level of the Great Salt Lake. 

4. Strain  Accumulat ion  Across the Denali  Fault, Alaska. 

Surveys of trilateration networks across the Denali fault at the Nenana River in 1982, 
1984, 1988 and at the Delta'River in 1975, 1979, 1982, and 1984 indicate a minor (0.1 
f 0.04 pstrain/yr) northeastward uniaxial extension. The component of right -lateral shear- 
strain accumulation across the fault is not significant at the two-standard-deviation level. 
At the Delta River network the strain accumulation rate decreases rapidly with distance 
from the fault, but evidence for a similar decrease with distance from the fault is lacking 
at the Nenana River network. The strain accumulation rates inferred from trilateration 
are consistent with the VLBI (very long baseline interferometry) measurement reported by 
Ma e t  al. [JGR, in press, 19901 and support their contention that significant right-lateral 
shear is not accumulating along the Denali fault at the present time. Savage et al. [JGR, 
80, 1005, 19811 had earlier concluded erroneously that preliminary geodetic measurements 
at the Delta River network demonstrated right-lateral shear-strain accumulation. The 
absence of significant right-lateral deformation across the Denali fault in the 1975-1988 
interval is in marked contrast with the abundant geomorphic evidence for Holocene right- 
lateral secular slip at the rate of 10 to 20 mm/yr on the Denali fault in this sector. 

5; Revised Es t ima te  of Shallow Slip Rate  Across the  Hayward Fault in Oakland, California. 

The possibility of a relatively low creep rate across the Hayward fault in Oakland 
suggested by Prescott and Lisowski  [Tectonophysics, 97, 46, 19831 is not supported by new 
data. The 1947-1981 angle changes within a 6-km-wide triangulation-trilateration network 
spanning the Hayward fault indicates a shallow slip rate of 5.2f 0.6 mm/yr. A similar rate, 
5.7 f 1.6 mm/yr, is calculated from the 1981-1990 average length change in a 5-km-long 
line that spans a 0.5-km-wide zone. These rates are similar to the 5.3 f 0.9 mm/yr block 
motion rate deduced from the 1972-1988 average rate of length change in a 30-km-long 
Geodolite line that spans a 12-km-wide zone around the Hayward fault. The geodetically 
determined shallow slip rates are consistent with the 5 mm/yr creep rate determined by 
Jim Lienkaemper from offset cultural features on this part of the Hayward fault. 
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Figure 2. Time history of line lengths measured from a geodetic station located on 
Lorna Prieta (the highest peak in the Santa Cruz Mountains). Vertical lines mark the 
times of nearby M> 5 earthquakes (boxes) and changes in the observing site. The error 
bars indicate one standard deviation on either side of the plotted point. 

6. D e f o r m a t i o n  in the  Year  a f ter  t h e  Lorna Pr ie ta  Ear thquake .  

Geodolite measurements of distance from a geodetic station located 11 km from the 
epicenter of the Lorna Prieta earthquake ( M s  = 7.1; October 17, 1989) to three stations 30 
to 40 km distant provide an unusually complete record of the deformation in the epicentral 
region of the earthquake (Figure 2). Possible changes in the rate of deformation prior to 
the earthquake were discussed by Li sowsk i  e t  al. [GRL, 17, 1211-1214, 19901. The rates 
of line-length change in the lines Loma-Eagle and Loma-Allison appear to be slightly 
different in the year after the earthquake, but this difference is not yet significant. The 
largest change occured in the line Lorna-Eagle, which crosses the rupture zone of the 



earthquake in an east-west direction. The 1984.8-1989.8 rate averaged 5.8 f 0.6 mm/yr 
and the 1989.8-1990.8 rate averaged 20.2 f 7.3 mm/yr. 

Reports 

Lisowski, M., W.H. Prescott, J.C. Savage, and J.L. Svarc, 1990, A possible geodetic 
anomaly observed prior to the Loma Priet a, California, earthquake Geophys. Res. 
Lett, 17: 1211-1214. 

Lisowski, M., W.H. Prescott, J.C. Savage, and M.J. Johnson, 1990, Geodetic Estimate of 
coseismic slip during the 1989 Loma Prieta, California, earthquake, Geophys. Res. 
Lett, 17: 1437-1440. 
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Investigations 
1. Process, interpret and disseminate Lorna 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 along Rodgers Creek-Hayward fault system and the Concord- 

Calaveras-Sun01 fault sys tem. 

Investigations 

1. Efforts were directed toward completion of manuscripts describing the Loma Prieta 
aftershock data (see previous Semi-annual Technical Summaries and "Reports" 
below). Since processing of the October 1989 aftershock data is incomplete, this 
project maintains the most current data set for dissemination to the seisinological 
research community. Data distribution continues to  consume substantial project 
resources. 

2. Progress continues to  be made in the collection, organization, relocation, archiving, 
and documentation of CALNET earthquake data since 1969 (see previous Semi- 
Annual Reports). We have completed merging RTP and CUSP data for the latter 
half of 1986, when the Chalfant Valley sequence occurred, and thus the entire catalog 
from 1/69 through the present (with the exception of October, 1989) is assembled 
and complete. Preliminary quality checks to remove systematic errors in magnitude 
determination and gross blunders were begun, but we are unable at this time to 
estimate the amount of time required to rectify these problems. This data set is in 
much demand, and the project devotes considerable effort to answering data requests 
and inquiries from the public on seismicity in central California. 

3. As reported in the previous Semi-annual technical summary, the 20 years of 
microseismicity in the San Rancisco Bay area defmes aseismic regions (gaps) which 
are thought to slip during main shock rupture. A report describing a seismic gap 
approximately 30 km in length along the Rodgers Creek fault zone north of the San 
Francisco Bay was prepared in collaboration with Karen Budding and David Schwartz 
of the U.S.G.S. The report describes the initial results of their paleoseismicity study 
within the gap and the historical seismicity of the region. Offset alluvial deposits yield 
a minimum slip rate of 2.1 to 5.8 mm/yr for the past 1300 years, and the maximum 
recurrence interval is estimated to be 248 to 679 years. Since the minimum elapsed 



time since the last rupture is 182 years, this section of the fault may be approaching 
failure again. 

A second area under study is the Concord-Calaveras-Sun01 fault system east of 
§an F'rancisco Bay. In April, 1990 a series of earthquakes occurred along a 
previously aseismic cross-fault structure linking the Concord and Calaveras faults. The 
earthquakes caused significant damage to local residential structures and prompted 
us to examine the relation of this seismicity to the potential for larger earthquakes 
on adjacent faults. To the north on the Concord fault exists a microseismic gap of 
approximately 25 km in length on which occurred a M5.5 earthquake in 1955. To 
the south on the Calaveras fault another 25 km gap exists terminating to the south 
at the Calaveras Reservoir. The last known M>5 earthquake to possibly rupture 
this segment occurred in 1864. A report is in preparation describing the seismogenic 
potential of this fault system and its seismotectonic significance. 
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Investigations 

1. Microclusters and Composite Clusters 

Microclusters - small groups of earthquakes occurring close in time and space to each 
other - are easily recognized in the California earthquake catalogs. Most consist of a larger 
earthquake followed by one or more aftershocks. Of the 3656 microclusters identified in 
the central California catalog from 1969 to 1989, 89% consist of 5 or fewer events, and 
63% consist of only 2 events. Their durations range from a few minutes to over a month, 
with 90% less than 3 days. Microclusters appear to occur in all the major fault zones in 
California, with approximately the same spatial and temporal distribution as the seismicity. 

I assume that the interevent times in microclusters are random samples of the same 
physical processes governing the Omori decay of large earthquake sequences. A composite 
cluster is created by combining data for a subset of related microclusters, all drawn, for 
instance, from the same fault zone, crustal block or time period. The composite cluster 
consists of all the secondary events in the selected microclusters, with times shifted so as 
to preserve the time relative to their respective mainshocks. The Omori parameter, p*, 
for the composite cluster represents the average decay process for the space-time region 
in which the consitituent microclusters occurred. The procedure is analogous to that of 
combining first-motion observations from a set of small earthquakes to obtain a composite 
focal mechanism. There, the small earthquakes are assumed to have a common mechanism. 
Here, the microclusters are assumed to be driven by a common seismogenic process. 

Along the major fault zones in central California, p* ranges from 0.6 to 1.2 (a z 0.1). 
Along the actively slipping fault segments in the Bay area p* 2 0.9. In locked zones along 
the San Francisco Peninsula and east of the Calaveras fault p* < 0.9. The deep, Loma 
Prieta segment of the San Andreas fault exhibited the lowest value (p* = 0.6) in central 
California for the period 1969-1989. For the aftershocks of the Loma Prieta earthquake, the 
traditional (not composite) Omori parameter p = 1.1. In southern California, composite 
clusters for the crustal blocks northeast of the San Andreas fault and southwest of the 
San Jacinto fault exhibit p* values in the range 1.1 N 1.2, while the composite clusters 
for the San Andreas and San Jacinto fault zones have p* in the range 1.3 - 1.8. No 
significant differences in p* were found among regions characterized solely by high or low 
heatflow. These results suggest that p* in a region may be sensitive to the rate at which 



the region is able to accomodate a stress pulse by cold rheological processes such as fault 
creep. Thermal rheological (ductile) processes do not appear to be a factor. If so, p* 
analysis may be useful for locating regions of high (and low) strain rate directly from the 
available microearthquake data. Furthermore, regions such as the Lorna Prieta segment of 
the San Andreas fault, which exhibited the lowest value of p* in California, and which are 
surrounded by regions of higher values of p*, might be likely places for increased elastic 
strain accumulation (and a future strong earthquake). 

2. Lorna Prieta 

In the Loma Prieta region, another three-dimensional velocity model has been 
obtained using a better data set. Refraction shots and earthquakes from the surrounding 
area were included to improve spatial distribution. Aftershock arrival times at temporary 
stations, as well as the CALNET stations, were also included. Three months of aftershocks 
were relocated in the 3D velocity model to obtain improved locations and compare to the 
velocity variations. 

3. Velocity Structure and Seismicity 

Taken together, studies of 3D velocity variations and seisrnicity at Loma Priet a,  
Parkfield, Morgan Hill and Coalinga show some consistent observations relating to rupture 
behavior. Variations in material property as imaged by heterogeneities in seismic velocity 
along fault are associated with variations in the character of rupture and variations in 
seismicity patterns. These results imply that velocity analysis may be an important tool 
for segmenting fault zones and delineating areas with expected large rupture. The fault 
zone appears as a simple vertical boundary in the creeping zone where there is a high 
level of microearthquake activity and where rupture behavior is temporally uniform. The 
velocity pattern of the fault zone is complicated where the fault is locked and characterized 
by rupture in moderate and large infrequent earthquakes. The rupture areas are limited 
by features observed in the seismic velocity models. At Lorna Prieta, the high-velocity 
body along the northeast side of the fault can be directly related to the fault area that is 
inferred to have ruptured during the mainshock. At Parkfield, a high-velocity body along 
the southeast portion of the anticipated rupture area correlates with the area of maximum 
coseismic slip inferred by Segall and Harris (JGR, 1987) for the 1966 Parkfield earthquake. 
At Coalinga, the rupture terminated at the approximate boundary between Great Valley 
and Franciscan rocks. 

Other velocity features appear to influence seismicity. At Loma Prieta, the most 
prominent off-fault clusters of aftershocks are associated with the positions of the low- 
velocity wedge above the mainshock and the northwest end the the high-velocity body. 
At Parkfield, on the northeast side of the fault, there is a large volume of relatively low- 
velocity material, which is inferred to be overpressured based on its velocity, resistivity 
and gravity. It adjoins the San Andreas at Middle Mountain, site of the anticipated 
mainshock hypocenter, and extends eastward toward Kettleman Hills, where rupture has 
been characterized by a slow earthquake with a high level of postseismic deformation. 



4. Gravity 

Since surface measurements of gravity provide information about rock density and 
density is strongly related to velocity, gravity may be useful for refining velocity models 
obtained from travel-time data. A method has been developed to invert gravity data for 
perturbations to the 3D velocity model. The gravity is upward continued 2 km so that a 
point-mass approximation is adequate. Gravity is calculated from a grid of point masses 
whose density is inferred from a regional velocity-density curve. Gravity residuals are 
related to  changes in velocity and an iterative inversion solution for velocity is carried out. 
This method is now being applied at Parkfield. In the Salinian block, results correlate well 
with surface geology. On the northeast side of the SAF, the low-velocity area does not fit 
the observed gravity. Thus the low-velocities are most likely due to high pore-pressure, 
which can greatly reduce seismic velocity but has little effect on density. 
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Investigations: 
I .  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 to  remove tidal and barometric fluctuations, and the pro- 
cessed data are automatically screened for anomalous signals. A beeper monitor- 
ing system provides 24 hour a day automatic notification of water level anomalies 
near P arkfield. 

2. Analysis of water level records and development of theoretical solutions to 
study response to fault creep, seismic waves, and barometric pressure. Searching 
of water level data for changes that  may be related t o  to  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. A paper on the transfer functions relating barometric pressure t o  water level in 
the Parkfield area was completed. In this article we present time series of water 
level data from which barometric pressure effects have been removed using 
frequency-dependent transfer functions. We also investigated the stability in time 
of such transfer functions as determined using cross-spectral analysis on water 
level and barometer data, and we found that  transfer functions determined from 
short stretches of data  scatter more widely about the a,verage transfer function 
than expected. At  the Gold Hill site near Parkfield, the degree of scatter inter- 
feres with determination of the transfer function. Further worlc has identified sets 
of data from Gold Hill that  produce a consistent transfer function in a limited 
sub-tidal frequency band. 

3. One of us (ER) visited the All-Union Institute for Engineering Geology and 
Hydrogeology, near Moscow, and was able to  study water level data from the epi- 
central region of the December 7, 1088 Spitak (Armenia) earthquake. Where 



possible, the same types of analysis that  are applied to  the Parkfield water level 
data were applied t o  the Spitak data. The data are of special interest because 
Soviet scientists have identified water level changes in several wells that  they 
believe to be intermediate-term precursors t o  the Spitak earthquake. 

Reports: 
Quilty, E .G., and E. Roeloffs, 'Qemoval of barometric pressure effects from water 
level data", submitted t o  Journal of Geophysical Research. 



Figure 1. (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 C J  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 at  right. 
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Figure 2. (b) Water level records plotted as in Figure 2(a). 



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). 
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Figure 2. (e)  Water level records plotted as in Figure 2(a). 
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Figure 2. (f) Water level, rainfall, and barometer records plotted as in Figure 
2(a). 
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(For period April 16, 1990 to September 30, 1990) 

Objective 

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 examined coupled deformation-diffusion effects on five creep 
induced water level changes recorded in the deep interval of the Middle Mountain 
well from January 1989 to July 1990. The observed water level changes are 
characterized by a sharp drop and a slow recovery with magnitude of the change 
ranging from 11 to 15 cm. The slip history of the creep events for this portion 
of the San Andreas fault can be described by the following function suggested by 
Wesson [1988]: 

where u, is the final displacement, and b and C are constants. The values of 

u, , b, and C are obtained from data at two creepmeters near the well. The pore 
pressure response induced by such slip is calculated using Rudnicki's [I9871 
solution for instantaneous slip on an impermeable plane in a fluid-saturated 
porous medium. For values of the diffusivity consistent with those inferred from 
the analysis of the tidal response of the well, the calculated response history 
agrees well with that observed for each of the five creep events. The slow 
recovery of the water level response suggests that the magnitude of the coupling 
effects are not large at this site. Nevertheless, coupling seems essential since 
the recovery in the observed response is not easily explained by uncoupled 
solutions. Although shapes of the calculated and observed response agree well, 



the amplitudes of the water level change do not correlate well with the 
amplitudes of the slip for the different creep events. This implies that the 
amount and time history of slip are different at the earth's surface, where the 
creepmeters are installed, and at depth. 

We have also conducted a preliminary reexamination of anomalous water level 
signals observed by Merifield and Lamar [I9851 in three wells in southern 
California, one at Ocotillo Wells and two in the Borrego Valley. The original 
data records were digitized, interpolated and sampled hourly. Two charts of 
barometric pressure recorded at Anza Valley, which is about 50 km away, were also 
digitized and interpolated. 

The water level data were processed by removing tidal and barometric 
effects. Unfortunately, the residuals are still large and it appears that the 
barometric pressure record at Anza Valley is sufficiently different from that at 
the well sites that it cannot be used to thoroughly remove barometric effects 
from the well response. Although the anomalies are apparent, the record is too 
noisy to make a detailed quantitative analysis profitable. 
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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 telemetered sites in the Parkfield area 
( F i g 1  Five sites in the Parkfield area are equipped with duplicate sensors 
which are 17 m apart. 

We also continuously monitor water conductivity, dissolved C02, and 
dissolved H of pumped water at two wells, one drilled into the San Andreas 
fault zone f~aylor Ranch) and the other about 500 m from the fault (Miller 
Ranch). These sites are marked with filled triangles in Fig. 1. 

RESULTS 

Soi l Hydrogen 

The telemetered data from soil H monitoring sites are compositely shown in 
Fig. 2. There were no major conf irme8 anomalies between April 1 and October 1, 
1990, in spite of a series of D-level and a few C-level alerts issued on the 
basis of physical parameters. 

Between May 6 and May 16 all the sites were visited for semmi-annual 
maintenance service. On this trip, the power supply electronics was modified at 
all solar-powered sites in an effort to reduce instrumental diurnal 
variations. Previously these sites had a 12V voltage regulator to provide a 
stable power, but when the storage battery voltage fell below about 13.5 V, the 
regulator failed to stabilize the voltage, giving rise to diurnal signal changes 

as much as loo ppm '2 changes. Such large instrumental diurnal 
variations made the detection of subtle anomalous changes difficult. We 
replaced the 12V regulator with a 5V regulator and added a 5V/12V voltage 
converter, so that the supply voltage stays constant until the battery voltage 
falls below about 6.5V. Discontinuous changes in the hydrogen signal in mid-May 
at Twisselman Ranch, Gold Hill, Parkfield, Middle Mountain, Slack Canyon, and 
Melendy Ranch were due to this power supply circuitry change. 

At Gold Hill and Middle Mountain, the vault temperatureor was also 
monitored. The thermometer circuit had to be removed eventually, however, 
because it interfered with other circuits by forming groundloops. Gold Hill was 
also equipped with an isolation amplifier which was not connected with a 
hydrogen sensor fol lowing the suggestion of Carl Mortensen. This dummy setup 
turned out to be very informative; it recorded diurnal changes of a magnitude 



similar to those of other sites. Although we had selected components that had 
smal ler temperature coefficients than 100 ppm/"C, which would theoretical ly have 
produced less than 0.1% signal change for 20°C temperature change, the signal 
from the blank ampl if ier(Ana1og Device 2845, max. temco. 75 ppm/"C) actually 
varied by several percent. The blank signal change was not in phase with the 
solar panel voltage change but was in phase with the ambient temperature 
change. 

Upon checking the records of past several years, we discovered that the 
battery voltages became considerably lower at the solar-powered sites where a 
dupl icate sensor was added (Gold Hi 11, Middle Mountain, Parkf ield) . This 
symptom became worse after the power supply stability was enhanced by using the 
combination of 5 V  regulator and a DC voltage converter. 

In conclusion, the soil hydrogen monitoring network needs the following 
improvements: (1) instead of the old-design 2845 isolation ampl if iers, newer 
amplifiers of higher temperature stability and power efficiency (such as Analog 
Device 5830 signal conditioner) should be used at all sites; (2) an additional 
or a larger solar panel must be installed to supply enough power at solar- 
powered sites where duplicate sensor systems are operated; and (3) more frequent 
site visits must be made at least until most of the sites are upgraded and 
proven to be fully functional. The above three improvements must be carried out 
as soon as possible so that high quality data can be collected before the 
anticipated Parkfield earthquake strikes. 

Water Geochemistry 

The data recorded at Miller Ranch are shown in Fig. 3 and those recorded at 
Taylor Ranch in Fig. 4. Discontinuous changes that occurred in mid-May are due 
to servicing. The graddual ly increasing trend in water conductivity at Mil ler 
Ranch that happened in late summer was probably real, because the rancher 
started pumping irrigation water from the same well on account of severe water 
shortage. Probably the salt concentration in the ground water became 
increasingly higher due to evaporation and leaching. 

Dissolved C02 and H values were not collected under proper experimental 
conditions. In May, we aiscovered that somebody shut off the water supply valve 
for our experiment at Miller Ranch. This over-taxed the motor of the triplex 
metering pump, which pumps air and water into the degassing chamber at a fixed 
ratio. The C02 record probably reflects changes in the ambient C02 level inside 
of the instrumentation housing. 

Taylor Ranch also sufferred from similar problems. Because of frequent 
power outages and water supply failures, the metering pump motor was worn out. 
All metering pumps including a spare are now inoperative. These water 
geochemistry monitoring sites were built using a one-time State of California 
funding. As we wait longer and longer for the earthquake to strike, the cost of 
maintenance becomes an increasingly serious problem. However, we will keep 
looking for more durable pumps which are rated for continuous duty and overload 
protected. 



HYDROGEN MONITORS 

- 

(Fig .  1)  Location map for  the hydrogen monitoring s i t e s  in central  Cali- 
fornia .  The s i t e s  marked w i t h  f i l l e d  t r i ang les  a l so  have other 
monitors f o r  pumped water. 
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Investigations 

Our research in the last year has focused on developing quantitative methods for 
analyzing shear-wave polarizations, applying these techniques to data from three- 
component surface and borehole 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 in Aster et al. (JGR 95, 12449-12474, 1990) 
and Aster and Shearer (BSSA, submitted, 1990), abstracts for which are listed below: 

Results 

We analyze shear-wave polarizations from local earthquakes recorded by the Anza 
network in Southern California, using an automated method which provides unbiased and 
quantitative measurements of the polarization and the duration of linear motion following 
the shear wave arrival (the linearity interval). Initial shear-wave particle motions are 
strongly aligned at four stations, a feature that is not predicted by focal mechanisms. The 
particle motion alignment is most likely caused by shear-wave splitting due to anisotropy 
beneath these stations, a result supported by the clear shear-wave splitting seen in a 
borehole recording near one of the Anza stations. These results are consistent with an 
earlier analysis of these data by Peacock et al. (1988). However, our analysis does not 
support claims (Crampin et al., 1990) that shear-wave splitting delay times at station KNW 
exhibit temporal variations which can be correlated with the occurrence of the North Palm 
Springs earthquake (M = 5.6) of July 8, 1986. Automatically determined linearity intervals 
scatter widely from 0.02 to 0.15 s and exhibit no clear temporal trends. We find a 
correlation between earthquake moment and the linearity interval, possibly a result of 
longer effective source time functions for the larger events. The inability to identify a 
distinct slow quasi-shear wave pulse for the vast majority of these events indicates that 
scattering strongly affects the particle motion, even in the very early shear-wave coda. 
Analysis of earthquake clusters with similar waveforms recorded at KNW shows that 
seismic Green functions are stable throughout the observational period and that most 
linearity interval variation is due to source and ray path differences between events. If 
shear-wave splitting is causing the observed delay times between horizontal components, 
the waveform stability for events in these clusters restricts any temporal changes in shear- 
wave splitting delay times to less than 5 to 10%. 

Two borehole seismometer arrays (KNW-BH and PFO-BH) have been established in 
the Southern California Batholith region of the San Jacinto Fault zone by the U.S. 
Geological Survey. The sites are within 0.4 krn of Anza network surface stations and have 
three-component seismometers deployed at 300 m, 150 m, and at the surface. We examine 
seismograms from local earthquakes in the time and frequency domain to assess the 
influence of the weathered layer on polarization properties and on the spectral content of 
high-frequency (2-200 Hz) seismic signals. We orient downhole horizontal seismometers 



to an accuracy within about 5 degrees using regional and near-regional initial P-wave 
particle motions. Shear waves recorded downhole at the KNW-BH indicate that the strong 
alignment of initial S-wave particle motions previously observed at the surface KNW Anza 
site (KNW-AZ) is not specific to that station and that the anisotropic effect extends below 
the weathered layer. The KNW-BH surface instrument, which sits atop a highly weathered 
zone, displays a significantly different (= 20 degree) initial S-wave polarization direction 
from that observed downhole and at KNW-AZ, which is bolted to an outcrop. Although 
downhole initial shear-wave particle motion directions are consistent with a shear-wave 
splitting hypothesis, good candidates for orthogonally-polarized slow shear-waves are 
generally elusive, even in seismograms recorded at 300 m. Free- surface reflected phases 
are not visible in the downhole records from near-vertical P- or S-waves at KNW-BH and 
initial arrivals show complexity that must arise either at the source or in scattering beneath 
the weathered layer. A cross-correlation measure of the apparent relative velocities of Sfast 
and Sslow horizontally polarized S-waves suggests shallow shear-wave anisotropy, 
consistent with the observed initial S-wave particle motion direction, of 2.3% + 1.7% 
between 300 and 150 m and 7.5% + 3.5% between 150 and 0 m. Signal-to-noise levels for 
M = 2 earthquake signals at both sites show significant increases in usable seismic 
bandwidth at depth due to a reduction in ambient noise levels downhole and (especially) to 
dramatically increased levels of high-frequency signal. Spectral ratios indicate that near- 
surface (between 0 and 150 m) material has a much larger influence on seismic signals than 
material between 150 and 300 m due to relatively low velocities and low Q. Forward 
modeling of high-frequency spectral ratios suggests Qa - 5 and Qb = 7 between 0 and 150 
m, increasing to Qq = 

l9 and Qf = 15 between 150 and 300 m. Low-Q and low-velocity 
near-surface matenal forms a ossy boundary layer that is advantageous to the high- 
frequency borehole environment; not only are noise levels reduced, but reflections from the 
surface and near-surface are greatly attenuated. As a result, high-frequency recordings 
from below the weathered zone more nearly resemble those recorded in a whole space than 
would otherwise be expected. 
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This research project supports work on the design and development of a long baselength 
tiltmeter intended for use in crustal deformation studies, including support for monitoring and 
evaluating this instrument against existing systems at Bifion Flat Observatory (PFO). In gen- 
eral for long-base tiltmeters to be useful in crustal deformation measurement, they must be 
stable, engineered for ease and reliability of use, and suitable for installation in a variety of 
locations. We have been working toward these ends for the past few years, with most of our 
recent efforts focussed on field testing of equipment designed to operate unattended-at 
minimal cost to the quality of the data. We completed construction of a new 550-m instrument 
at the beginning of 1990, and are just beginning to have enough data from it to draw some 
conclusions about its design. 

The most difficult problem in the development of highly stable systems for deformation 
measurement is deciphering what part of the observed signals are due to the earth and what 
part due to instrument instability. Our oft-repeated refrain for encouraging development work 
at PFO is that at this site we have a sufficient collection of high quality instruments to permit 
the direct comparison and evaluation of new systems. In this situation, however, our new 
instrument was constructed to fulfill two roles: first as a test system, and second as a monitor- 
ing device complementary to existing measurements at the site. For the second role it was 
installed at 90' to the existing pair of extremely stable EW long-base tiltmeters (run by LDGO 
and UCSD). To some degree this limits what we can say. Nevertheless we can use our geo- 
physical prejudices and demand similar-quality signals from the different measurement systems 
and interpret any degradation in either short-term noise or long-term stability as a weakness of 
the new system. 

Recent observations for one of the original EW long-base tiltmeters (design: circa 1982) 
and the new NS instrument are presented in Figure 1. Overall, the new, fully automated sys- 
tem and the older manual tiltmeter appear to behave about equally well. Owing to continued 
work on the instrument vaults for the new instrument its record has many gaps. The long-term 
tilt rate for the new instrument is comparable to the other one, and the short-term noise (days 
and shorter) only slightly worse. As mentioned in our previous summary report an important 
virtue of the new generation of continuous deformation monitors-to some degree offsetting 
their cost and effort involved in construction-is the immediate constraint they provide on the 
rate of secular deformation. Even over longer baselines, say 10 km, it would take many years 
of leveling to get similar results, and for GPS measurements (to address an important alterna- 
tive) it would take much longer. 



We are sure some of the long-term signal is due to instrument drift. Small, inexpensive 
electrolytic tiltmeters are used at both ends of the long-base system to keep the fluid-height- 
sensing optics aligned. Any drift in these is reflected in the final output of the tiltmeter. The 
good news is that this drift is monitorable, can be removed from the final record, and (best of 
all) diminishes with time. Another source of e m r  is fmm the optical-fiber anchoring system 
used to measure and correct for end-monument instability. (The earlier instruments have eva- 
cuated pipes extending to depth and use discrete optics to form a Michelson interferometer: 
extremely accurate but very difficult to built.) AU conventional anchoring schemes have trouble 
accurately monitoring long-term displacements of order 100 pm over distances of 50 m or so. 
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. In par- 
ticular, the north end of the new instrument shares a vault with an extension of the original 
east-west tiltmeter; this ultimately should allow us to constraint its end-monument motion 
independently of the fiber measurements. 
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This grant provides support for collaborative studies with several USGS-sponsored inves- 
tigators conducting research at Pimn Flat Observatory (PFO). One aim of this work is to 
evaluate instrumentation developed for the measurement of ground deformation, the idea being 
to simultaneously operate a number of continuously recording sensors, and small geodetic 
arrays, and, by direct intercomparison, to identify the merits and limitations of the various tech- 
niques. The other aim is to use the combined results to learn about the earth. Good progress 
has been made in evaluating the instruments in a common setting and in establishing better 
bounds on the behavior of the crust in this tectonicdly active area. 

Below we list some of the research groups sponsored by the USGS NEHRP who are 
currently active at the site, those with whom we are working on collaborative studies, 

Air Force Geophysics Laboratory (AFGL) 

The AFGL program at PFO is self-supporting, in fact a provider of funds of the overall 
program. The borehole tiltmeters provided by the AFGL have provided valuable data for com- 
parison with the other borehole tiltmeters. Our plans for early 1991 include adding a second 
AFGL sensor at the site, (in the 25-m-deep borehole that was previously monitored by an 
Askania borehole tiltmeter). During its tenure, the Askania tiltmeter gave consistefit results, 
even upon reinstallation at a different azimuthal orientation; we believe we know ground truth 
for this borehole, at least as recorded by an Askania tiltmeter. Any discrepancies shown by the 
AFGL sensor will thus help us understand sources of error in borehole tilt measurements. 

Carnegie Institution of Washington 

This project involves the evaluation of data from three borehole volumetric strainmeters 
(CIA, CIB, and CIC). Two of these systems (CIB and CIC) are no longer operating, 
apparently because of cable-seal leakage at the instrument package which is cemented in place. 
From the beginning the data from all the sensors showed gradually slowing compression 
caused (we assume) by curing of the cement around them. The initial compressional signal on 
CIA ended in late 1985, four years after installation, and was followed by expansion. The 
most obvious feature in recent times was an especially rapid expansion commencing in the fall 
of 1986, reversing abruptly to compression in early 1987, with an apparent recovery to the ear- 
lier trend by 1988. Because of the other strain measuring systems at the site we know this 0.6 
p~ signal was not of broad extent. It is tempting to suggest that this event had some hydrolo- 
gic cause, especially since the rapid expansion began just after the drilling of holes for some 



USGS seismometers, about 130 m away. However, the water-level data from the same 
borehole (which is open to within a few meters of the dilatometer) does not suggest any direct 
correlation between local pore-pressure and observed volumetric strain. The water level began 
falling before the dilatometer event began and reached an equilibrium level (despite distur- 
bances from drilling and earthquakes) while it was still going on, remaining invariant during 
the 1987 swing in apparent strain. This stable record seems to rule out any simple diffusion of 
pore-pressure changes from the area of drilling as described by Kiimpel (1988, EOS, 69, 1193). 
Outside of this event these instruments have done much to confirm the general fmding as to the 
remarkable stability of secular strain accumulation. 

Joint Institute for Laboratory Astrophysics 

Two -30-m-deep borehole tiltmeters run by this group (in boreholes BOA and BOB) 
functioned well from their installation in early 1986, until November 1987, when a nearby 
lightning strike destroyed the electronics in these instruments (and all other electronics in the 
area). Two new sensors were reinstalled in the late spring of 1988, with one of these needing 
further replacement in the spring of 1989. The data from these installations and the Askania 
tiltrneter show a surprising variability in their earth-tide response, and this is the subject of 
ongoing investigations. The earth tides, being roughly the same amplitude as the anticipated 
annual crustal tilt signal near a fault zone, but of relatively short period, are an important "cali- 
bration" signal. Dr. Carl Gerstenecker, of University of Darmstadt (FXG), spent three months 
this year in San Diego working on this and the Askania data, uncovering many instrumental 
sources of tidal variation. 

In an attempt to understand better the reduction in borehole tilt noise with depth (ref: Wyatt et 
al. (1988), JGR, 93, 9197-9201), a JlLA team in 1988 prepared a 120-m-deep fully cased hole 
for a third JILA tiltmeter. Owing to a lack of funding, installation of an instrument in this 
hole was not done until the summer of 1989. Results from this hole, like those from the simi- 
larly deep Askania installation are troubled by the presence of debris in the fully cased 
borehole. 

Lamont-Doherty Geological Observatory 

The instrument operated with this group is a 535-m Michelson-Gale water-tube tiltmeter, 
which has produced excellent data since its refurbishment by Dr. John Beavan late in 1987. 
The long-term tilt rates from this instrument now seem to be quite similar to the rate measured 
by the parallel UCSD long-base tiltmeter (0.10 prad/yr down to the west), and a final inter- 
comparison is promised for next year. 

Schiltach Observatory 

This project involves deployment and evaluation of an Askania tiltmeter, loaned to us by 
Dr. Walter Ziim of the University of Karlsmhe. The sensor was first operated in a 25 m deep 
hole (borehole KUA). The instrument was installed on 1985:346 (only two weeks after 
cementing in the casing) and produced high-quality records until its failure from the lightning 
strike mentioned previously. With advice from Dr. Ziim we were able to dismantle, repair, 
and reinstall this instrument; it was put back into borehole KUA in the summer of 1988. In 
the summer of 1989 we removed the instrument for more work on its electronics after we 
discovered a systematic change in its gain over the course of a year (following an idea sug- 
gested to us by Dr. Joachim Kiimpel). This particular instrument is an early model, without 
active feedback electronics, so any instability in the electronics can easily translate to a gain 
change. 



In parallel with this lab work we completed work on a 120-m-deep borehole for this sensor. 
Much effort was needed to obtain a precise gyroscopic measurement of the down-hole align- 
ment assembly, as the work proved far more difficult than we imagined. Tiltmeter operation in 
this N l y  cased borehole (called KUB) has been complicated by the need to deal with the rain 
of fine metal-scale that showers the bottom of the borehole whenever anything is lowered in; 
this scaling is the result of corrusion inside the casing. 

University of California, Sun Diego 

This year, under a two-year grant, we completed the installation of a North-South long- 
base tiltmeter at PFO (see summary for G1336). This instrument is roughly perpendicular to 
the first UCSD instrument and shares an end-vault with the extension of it. Data from these 
orthogonal sensors will be especially useful in evaluating the borehole tilt measurements made 
at or near PFO. 

One major setback this summer was the flooding of vault TAU (the middle vault of the 
extended EW tiltmeter) and loss of the equipment in it. This occurred during a flash-flood, 
when water entered the vault via a trench recently dug by another Scripps group (working 
under our direction) in anticipation of adding more sensors to the vault. As the middle vault in 
the EW instrument, the measurements made at this location were not critical, but this was still 
an unwelcome accident. 

University of Queensland 

The three-component borehole strainmeter, run by this group has continued to run well, 
with perhaps some down-hole problem with one of the sensors. This instrument is installed at 
a depth of 151 m is capable of measuring shear as well as areal strain, and so is largely 
immune to the effects of grout curing which control much of the long-period dilatometer 
record. Gladwin (1987, USGS Open File Report 88-16, 345-351) has presented the secular 
records from this instrument, and pointed out a surprising change in strain rate seen on it at the 
time of the North Palm Springs earthquake. Prior to this shock the rate of NS tensor shear 
strain (e12, l-axis east) was a large 0.6 Wyr, but after this earthquake it fell to less than 0.1 
Wyr,  a value more in keeping with local geodetic results. Surprisingly, during this same time 
period the areal strain e,., maintained a steady rate of -1.5 Myr, indicating no gross change in 
the net compressional strain impressed upon the instrument by grout curing. We are studying 
this interesting change in response by comparing the data from this instrument with the laser 
strainmeter records from PFO and also with the geodetic measurements made over the site (see 
below). 

U.S. Geological Survey - Crustal Deformation 

Over the past few years several precise geodetic surveys have been made in the area 
around PFO. The longest-running of these is the Pinyon single-color Geodolite network, part 
of the larger Anza net, surveyed by the USGS Crustal Strain group of Drs. J. C. Savage, M. 
Lisowski, and W. H. Prescott. This network (observed since 1973) has served as the low- 
frequency constraint on the continuous strain measurements made at PFO, and shows that in 
one direction (EW) the strains over PFO are nearly equal to those occurring over the fault 
traces of the nearby San Jacinto and San Andreas Fault systems. With the community's 
increasing dependence on GPS it now seems there will be but one more Geodolite measure- 
ment of this network (probably in May 1990) whereupon succeeding measurements will be 
made with GPS. We have begun making GPS measurements to some of the Geodolite monu- 
ments and are working with members of the USGS on combining a GPS survey with the final 



Geodolite survey to get as concurrent GPSIGeodolite measurements as possible. 

In 1986, Dr. J. Langbein set up a 2-color geodimeter network which extends across 
Pinyon Flat and is surveyed roughly quarterly. This array spans 4-km distances, and so is 
intermediate in length scale to the 20-krn lengths of the Geodolite network, and the -500-m- 
long lines of the observatory instruments. As more surveys have been done, results from this 
2-color network generally appear to be converging onto the long-running Geodolite values for 
the Flat - though with some unexpectedly large uncertainties. We have made some GPS 
measurements to a few of the end points in this array, to begin to sort out the absolute dis- 
tances between the monuments (something not given by the Two-color instrument) and to 
better understand the merits of the two systems. 

We have benefited tremendously in these projects from the contributions made by 
NASA/JPL, NGS and the Riverside County Flood Control and Water Conservation district in 
their geodksy programs at the site. 

For three years, beginning in 1986 Dr. R. Stein (USGS) directed the leveling of a 14- 
km-long, reference-calibration line across Pinyon Flat (with a loop going through PFO). We 
are hopeful that we can get USGSINGS support to run this line next year as the leveling data 
over this five-year interval would prove valuable in understanding the continuous tilt measure- 
ments made at the observatory. 
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This grant supports the operation of Piiion 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. 

As noted in the previous semi-annual report, we were able to use the reference-standard 
instruments at PFO to show that a burst of earthquakes on the San Jacinto fault in late 1989 
and early 1990 was not accompanied by significant amounts of deep aseismic slip; specifically, 
for uniform right-lateral slip along the fault over the distance covered by the December earth- 
quakes the aseismic moment release must have been less than 3x10'~ N-rn, five times the 
seismic moment release. 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 p l a c e s  
speculation on such an aseismic slip episode would be extremely hard to avoid. 

There has been no continuance of this unusual activity along this fault, so 'we do not have 
as interesting a story for this report period. Instead we focus on some other projects that have 
made use of the facilities provided by this grant. One activity during this time has been a very 
useful contribution made at no cost by Mr. W. Young of the Riverside County Flood Control 
and Water Conservation District (RCFCD): an accurate map of the observatory. This has been 
done photogrammetrically, with aerial photography and photogrammetric reduction being done 
by RCFCD, with ground control done by us using GPS receivers. The resulting map (shown 
greatly reduced in the Figure 1) has better than 1' horizontal accuracy and 2' vertical contours. 
We expect it to be extremely useful in planning work at the site. One by-product (done by the 
Riverside County Surveyor) is an accurate location of the boundaries of the property. 

In speaking of the "reference standard" instruments we have usually meant the laser 
strainmeters and long-base tiltmeters. It would seem appropriate to add to this list the continu- 
ous GPS receiver now operating at this site. This project, though largely funded by NASA, 



has benefited considerably from the existence of the facility, since in the initial stages the 
receivers have needed regular visits to maintain full operation. A Trimble receiver was 
installed in February 1990, and replaced by a Rogue receiver on March 1990, which has 
operated (with some interruptions) through the present, Ties have been made between this 
receiver and the VLBI site, thus making this receiver suitable for use as a fiducial station. 

Another project that has made use of the facility is a closely-spaced array of short-period 
seismometers to study high-,frequency seismic signals - a joint project of researchers from 
UCSD, the USGS, Indiana University, and the University of South Carolina. A total sf 58 3- 
component sensors were installed; these were a l l  put in shallow trenches, assuring they were 
secured to solid material below the top meter or two of weathered rock. (One benefit to the 
aerial mapping mentioned above was the precise location of all these trenches). Most of the 
sensors were installed in a 6x6 square grid, 44 rn on a side, centered over the deep-hrehole 
seismometer array; the other 22 sensors formed two perpendicular lines each 220 m long. All 
seismometers were recorded on a common time base at 250 sampleslsec, and, during the two- 
month period of operation, recorded over 300 local and regional earthquakes, providing a large 
dataset for studies of waveform coherence at high frequencies. One reason for doing this work 
at PFO was the homogeneity of the local geology-a granodiorite batholith-which should 
minimize local effects. Another was the prior installation of the borehole seismomete~. But 
most important was the existence of the facilities supported by this grant; this project made 
good use of the existence of the PFQ facility in providing ease of permitting, power, shelter, 
freedom from vandalism, and minor logistical support, without which the whole effort would 
have been far more costly. 



Figu re  1 



Continuation of Creep and Strain Studies in Southern California 

#14-08-0001-G1666 
Clarence R. Allen and Kerry E. Sieh 

Seismological Laboratory 
California Institute of Technolgoy 

Pasadena, CA 9 1 125 
(818) 356-61 15 

This project improves and maintains creepmeter and slipmeter instrumentation along the 
San Andreas fault and Imperial fault in southern and central California. Also, numerous 
alignment arrays across the San Andreas fault and other active faults are monitored. 
Primarily, during the past six months, maintenance and servicing of the instruments has 
been performed. 

Creepmeter data are telemetered to Caltech from several stations, and recent work has 
improved the satellite telemetry. These efforts have resulted in a substantially lesser need 
for field maintenance for these instruments during the past year. We are in the process of 
modifying our data-retrieval software to work with changes in the GOES satellite telemetry. 

Since April 1990, we have maintained our creepmeters and slipmeters as follows. In 
late May 1990, the following creepmeters on the Imperial fault were serviced: Ross Road, 
Heber Road, Tuttle Ranch, and Harris Road. After this, the following creepmeters on the 
southern San Andreas fault were serviced: Salt Creek, Mecca Beach, and North Shore. In 
early June, the battery was replaced at the Salt Creek creepmeter. In late September 1990, 
the following slipmeters were serviced: Lost Lake (near Cajon Pass), Jack Ranch 
(Parkfield area), and Twisselman Ranch (Cholame segment). Servicing in October 1990 
will include the Salton Trough creepmeters. 

Of the alignment arrays, only Dixieland has been resurveyed since our last semi-annual 
report. The last major resurvey of the alignment arrays was in March 1989, during which a 
total station EDM was used to measure distances as well as angles in all of the arrays along 
the southern San Andreas fault, Imperial fault, and Superstition Hills fault at Imler Road. 
Numerous new arrays were also installed along the southern San Andreas fault, 
Superstition Hills fault, Elmore Ranch fault, and Extra fault during early 1989. 
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I n v e s t i g a t i o n s  

o Ma in ta i n  GEOS a r r a y  near P a r k f i e l d ,  C A  t o  se rve  as a  s t rong-mot ion a r r a y  
t o  p rov i de  broad-band , h igh - reso l  u t  i o n  measurements o f  t h e  mainshock as 
w e l l  as an a r r a y  t o  p r o v i d e  measurements o f  pre- ,  co-, and post -se ismic  
s t r a i n  and d isp lacement  f i e l d  pe r t uba t i ons  f o r  purposes o f  earthquake p re -  
d i c t i o n .  

o  Ma in ta i n  up- to-date a r c h i v e  o f  a l l  events recorded i n  a n t i c i p a t e d  r u p t u r e  
zone. 

o  Develop t h e o r e t i c a l  b a s i s  and models t o  i n t e r p r e t  co loca ted  measurements 
o f  vo l ume t r i c  s t r a i n  and se ismic  displacement f i e l d s .  

Resu l t s  : 

o  An a r r a y  of 15  s t a t i o n s  has been mainta ined a t  95 pe rcen t  o r  g r e a t e r  r e l i -  
a b i l i t y  s ince  J u l y ,  1987. An up- to-date d i g i t a l  da ta  a r ch i ve  i s  be ing  
mainta ined and summarized i n  month ly  i n t e r n a l  USGS r e p o r t s .  (See p rev ious  
r e p o r t s  f o r  d e t a i l e d  d e s c r i p t i o n  o f  t h e  a r ray . )  Events recorded a long 
P a r k f i e l d  segment o f  s tudy  zone du r i ng  t i m e  i n t e r v a l  i n d i c a t e d  a r e  sum- 
marized accord ing  t o  magnitude and depth (Table  1). Examples o f  co l oca ted  
measurements o f  vo l ume t r i c  s t r a i n  (F i gu res  1 and 2; t r a c e s  1, 2, and 31, 
grourid v e l o c i t y  ( F i g u r e  1, t r a c e s  4, 5, and 6 ) ,  and ground a c c e l e r a t i o n  
(F i gu re  2; t r a c e s  4, 5, and 6 )  f o r  a  magnitude 4  event  a r e  shown. 

Reports 

Borcherdt., R.D., Johnston, M.J.S., and Glassmoyer, G., 1989, On t h e  use o f  
vo l ume t r i c  s t r a i n - n e t e r s  t o  i n f e r  a d d i t i o n a l  c h a r a c t e r i s t i c s  o f  s h o r t -  
pe r i od  seismic r a d i a t i o n :  B u l l e t i n  o f  t h e  Seismo7ogica7 S o c i e t y  o f  
h e r i c a ,  v. 79, p .  10,106-10,230. 

(See p r o j e c t s  Borcherd t  e t  a1 ., (9910-02689 and 9910-03009) 
and Johnson f o r  r e l a t e d  repo r t s . )  



TABLE 1 

HYPO-71 LISTING: PARKFIELD EARTHQUAKES =CORDED ON ONE OR MORE GEOS STATIONS 
FROM NOVEMBER 1,1989 TO WAY 15, 1990. 







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 

415-329-4784 

Investigations 
1 .  Reassessment of earthquake probabilities in the San Francisco Bay Region in the light of 

the Loma Prieta earthquake. 

2. Completion of work on Central American seismicity. 

3. Loma Prieta earthquake response. 
Results 
1. In 1988 a Working Group convened by the National Earthquake Prediction Evaluation 

Council (NEPEC) issued a report assessing the long-tenn probabilities of large earth- 
quakes along the San Andreas fault system. NEPEC organized a new working group fol- 
lowing the 1989 Loma F'ritea earthquake to reexamine the probabilities of large earth- 
quakes in the San Francisco Bay region, in light of new interpretations or physical 
changes resulting from the Loma Prieta earthquake, and new data developed since the 
1988 report. 
We now estimate the chance of one or more large earthquakes in the San Francisco Bay 
region in the coming 30 years as about 67 percent. 

Considerable uncertainty remains about the association of the 1989 fault rupture and 
prior activity along the San Andreas fault system in the southern Santa Cruz mountains, 
and nluch of our current research program is aimed at reassessing the seismicity and tec- 
tonics of this region in the light of all the historical data. 

2. Seismicity within the interior of the Caribbean Plate in Central America and along the 
Caribbean-North American (CARB-NOAM) plate boundary in Guatemala is dominated 
by crustal activity concentrated in a nearly continuous belt along the axis of principal 
Quaternary volconoes. This narrow belt (520 km wide) shows approximately east-west 
extensional faulting, with some evidence for both left-latereal strike-slip faulting on faults 
striking perpendicular to the zone, and right-lateral strike-slip faulting along arc-parallel 
faults. Since 1900, more than 30 earthquakes (-5.7) have occurred along the volcanic 
chain. At most, only three can be associated with volcanic activity. 

Most of the seismic slip along the CARB-NOAM plate boundary is accomodated along 
the Montagua and Chixoy-Polochic faults. Activity since 1538 accounts for a relative 
slip rate of about 13 rnmfa. Several additional mm/a of motion may be occurring in the 
extensional faulting regieme between the volcanic zone and the CARB-NOAM boundary, 



where earthquakes M27% occurred in 1733 and 1765. Seismicity along the volcanic 
chain appears to be compatible with the interpretation of the volcanic zone as a leaky 
right-lat.era1 shear zone, driven by a small but non-negligible oblique component of con- 
vergence between the Caribbean and Cocos plates. 

Response activities to the Loma Prieta earthquake continued during this period and were 
highlighted by the conception, creation and publication of the magazine-style supplement 
"The next big earthquake in the Bay Area may come sooner than you think" by Peter 
Ward. We provided many forms of assistance ranging from ideas for contents, layout 
and figures, to reviewing and editing numerous drafts, to chasing down items for the 
biblography. Our press conference releasing the Working Group report was well 
received by the national press and public alike. 

Reports 
Dietz, L.D., and Ellsworth, W.L., 1990, The October 17, 1989 Lorna Prieta, California earth- 

quake and its aftershocks: geometry of the sequence from high-resolution locations: 
Geophysical Research Letters,~. 17, p. 1417-1420. 

Michael, A.J., Oppenheimer, D.K., and Ellsworth, W.L., 1990, Coseisrnic stress changes 
induced by the 1989 Lorna Prieta, California earthquake: Geophyiscal Research Letters, 
v. 17, p. 1441-1444. 

White, R.A., in press, Microseismicity and seismic networks of Central America: Neotecton- 
ics of North America, Seismicity Section, Decade of North American Geology Associ- 
ated Volume (GSMV-I), 30 p. 

Working Group on California Earthquake Probabilities, 1990, Probabilities of large earth- 
quakes in the San Francisco Bay Region, California: U.S. Geological Survey Circular 
1053, 51 p. 



DENSE SEISMOGRAPH ARRAY AT PARKFIELD, CALIFORNIA 

Jon Fletcher and Paul Spudich 
Branch of Engineering Seismology and Geology 

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 
4151329-5628 or 4151329-5654 

Investigations 

1. Recording of local and regional seismicity. 

2. Data-base creation and data archiving. 

3. Correction of instrument problems. 

4. Calibration of site delays at the array elements. 

Results 

1. The array has been running continuously with 13 of 14 stations functional for the last 
11 months, except for occasional down time for instrument maintenance. The array has 
recorded about 250 local events (distance less than 60 km, Figure 1) and about 270 
events at greater epicentral range (Figure 2). 

2. As we are accumulating large amounts of data from the array, we have implemented 
a data management scheme based on the commercial database SYBASE. We investi- 
gated the compatibility of various commercially available databases with our needs. 
Our criteria were that the database should reside on the computer which is mainly used 
for data processing. In addition, it should interface with evaluation and archival 
programs both from above as a director of processing steps and from below as a 
receiver of information generated by evaluation and archival procedures. While many 
databases fulfilled the first requirement, we selected SYBASE because it provided 
interfaces to FORTRAN and other user-developed programs and procedures. In 
addition, it can acquire and store large binary objects such as seismograms. Since 
acquiring SYBASE in May, we have developed a database structure which encompasses 
the hard- and software information needed for data evaluation, as well as seismological 
parameters determined from catalogs and through data evaluation programs. Currently 
we are filling the database with parameters from past data as well as continuously 
updating it as new events occur. We have successfully linked SYBASE with our event 



association program and with F. Klein's program QPLOT, and we can now select data 
based on combinations of parameters involving hypocentral coordinates, theoretical 
slownesses, etc, and we can plot the retrieved information conveniently. 

We have three instrumental problems that have yet to be resolved. First, we have not 
yet been able to bring the 14th station on line owing to telemetry problems, but the 
lack of this station does not compromise the mission of the array significantly because 
the station is rather redundant, being one of a cluster of three instruments within 25 
m of each other. The second problem is that four of the analog-to-digital converters 
are different from the remainder in the array, which causes those four stations to have 
lower gains and signal-to-noise ratios than the other stations. This problem should be 
solved shortly. The third problem is an instrumental timing problem. In December of 
1989, we installed new clocks in each array element and nominally our inter-element 
timing has been good since then. However, we have been experiencing crystal aging 
problems in the timekeeping circuit supplied by Reftek. The center frequency on the 
phase-locked loop circuit drifts too far on elements PO4 and P12, causing their timing 
to be bad. We should have this problem fixed in October of 1990. 

4. Before we can form beams from the seismic data to examine the spatial and temporal 
variations of coda-Q, we must determine the dependence of site delays upon wave 
back-azimuth and incidence zngle at each array element. In effect, we must remove 
the time delays in the wave fronts caused by lateral variations of earth structure 
beneath the array. It is necessary to, do this before forming beams from the data, 
because the beams would be defocused if each site introduced an additional unknown 
time shift into its data. It is important to note that all the data we have recovered 
previously can be used to study coda-Q once we have determined these station delays. 
Additionally, we can check the overall performance of the timekeeping circuit since 
December by examining the relative P-wave arrival times of events occurring very close 
to each other. To do this, it has been necessary to wait until we have accumulated a 
good collection of recordings of events having nearly identical back-azimuths and 
incidence angles at the array (such as Loma Prieta aftershocks). When we have 
verified that the instrumental timing has been stable, then we can measure the time 
delays for a set of events well distributed in back-azimuth and incidence angle. These 
time delays can then be compensated for when beams of the data are formed. 

Reports 

None for this reporting period. 



Figure 1 :  Events recorded  a t  PDA 
Distance < 60 km 



Figure 2: Events  recorded a t  PDA 
Distance > 60 km 
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Theodolite Measurements of Creep Rates 

on $an Francisco Bay ~egion 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 average determined. The amount 
of slip between measurements can be calculated trigonometrically 
using the change in average angle. 

We presently have theodolite measurement sites at 23 
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 of 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, 23, and 25 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 (14, 10, 22, 23, 
25), on the Hayward fault (17, 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 4 October 1990. Included are brief statements 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 over ten years and at Site 14 at the Point Reyes 
National Seashore Headquarters for over five years. Both sites 
have shown virtually no net slip 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 
results compared to unpublished USGS measurements in 1977 show that 
virtually no surface slip occurred between 16 February 1977 and 4  
November 1989. Less than 2 millimeters of right slip has occurred 



between 4 November 1989 and 6 September 1990. 
We also established in November 1989 a new measurement site 

(23) on the San Andreas fault near the southeastern end of the 
aftershock area near San Juan Bautista. Virtually no slip has 
occurred at this site between 18 November 1989 and 1 September 
1990. In July 1990, we established a new site (25) on the San 
Andreas fault just south of the aftershock zone. This site is on 
the creeping portion of the fault and has already moved over 5 
millimeters between 21 July 1990 and 1 September 1990. 

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. 

In summary, the San Andreas fault at our measurement sites 
does not appear to have been affected by the Loma Prieta earthquake 
in the year since October 1989. We are, however, continuing our 
measurements about every six to seven weeks. 

HAYWARD FAULT (see Figure 3) - We have been measuring horizontal 
slip at five sites along the Hayward fault for about the past ten 
to eleven 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 
overall rates are similar. None of these five sites on the Hayward 
fault showed anything particularly unusual either before or after 
the 17 October 1989 earthquake. 

In February 1990 we established a new site (24, not shown in 
the figures) on the Hayward fault on Camellia Drive in Fremont, 
just southeast of our Site 1. Although relatively rapid creep has 
been reported for this site in recent years, we have measured 
virtually no creep at all (through 16 September 1990) . Perhaps 
this site moves episodically and has been in a dormant phase since 
we began measuring it. 

CALAVERAS FAULT (see Figure 4) - We have been measuring horizontal 
slip at two sites on the Calaveras fault in the Hollister area for 
about eleven 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 (see Figure 4). Overall the rate of right slip 
is about 7.1 to 7.6 mm/yr for the past 11.0 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. The 
overall rate of slip at Wright Road is about 11 to 12 mm/yr for the 
past 10.9 years. This rate is the fastest of any of our sites in 
the San ~rancisco Bay region and is about 4 to 5 mm/yr 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. 

After the rapid slip triggered by the Loma Prieta earthquake, 
both sites in the Hollister area returned to the slower mode of 
movement which has persisted for about eleven months thus far 
(through 23 September 1990). A more detailed discussion of the 
effect of the Loma Prieta earthquake on the Calaveras fault in the 
Hollister area was published in ~eophysical Research Letters 
(Galehouse, 1990). The paper also discusses the effect of the 
Morgan Hill earthquake in 1984. No immediate surface displacement 
had occurred at either of our Hollister area sites when they were 
measured the day after the Morgan Hill earthquake in 1984. 
However, within the following 2.5 months, both sites showed over a 
centimeter of right slip which was followed by a relatively long 
interval of slower slip (see Figure 4). 

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. Typical movement characteristics on 
the Concord fault 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 over a period of 
several years. 

It appears that the Loma Prieta earthquake and the 1990 swarms 
of earthquakes near Alamo had no effect on the Concord fault at our 
measurement sites in the City of Concord. 

We began measuring Site 20 on the Green Valley fault near 
~ordelia in June 1984. Large variations tend to occur at this site 
between measurement days, possibly because logistical 
considerations 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. Sometime after 6 
August 1989, the Green Valley fault entered into another phase of 
relatively rapid right slip that is still continuing. Seven 
measurements since then indicate right slip of about two 
centimeters, a rate much higher than occurred during the first five 
years of our measurements. It may be only coincidental that the 
onset of this latest phase of relatively rapid movement occurred 



within a couple months of the Loma Prieta earthquake. 

RODGER8 CREEK FAULT - We measured a site on the Rodgers Creek fault 
in Santa Rosa from August 1980 until we had to abandon it for 
logistical reasons in January 1986. During these 5.4 years of 
measurements, no significant surface slip occurred and we concluded 
that the Rodgers Creek fault was not creeping at this site. 

In September 1986, we established a new site (SF-21) on the 
Rodgers Creek fault near Penngrove (see Figure 1). Although 
variations of several millimeters tend to occur from one 
measurement day to another, the net movement after 17 measurements 
through 16 June 1990 was virtually zero and the Loma Prieta 
earthquake does not seem to have had any immediate effect. 
However, preliminary results from measurements in early August and 
early October 1990 suggest that the Rodgers Creek fault at Site 21 
may have begun to creep. We are continuing our measurements to see 
whether this is indeed the case or whether the preliminary results 
are simply due to larger than usual surface variations. 

WEST NAPA FAULT - We began our measurements at Site 15 in Napa in 
July 1980. No net slip had occurred after 46 measurements over the 
next ten years, although variations did occur from some measurement 
days to others. The Loma Prieta earthquake did not have any 
immediate effect at this site. Similarly to the situation at our 
site on the Rodgers Creek fault, preliminary results from 
measurements in early August and early October 1990 indicate that 
the West Napa fault may have begun to creep. We are continuing to 
check this possibility. 

OTHER FAULTS - Not much, if any, net slip appears to have occurred 
at our two sites along the Antioch fault since May 1980 and 
November 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. Our two sites on the Seal Cove-San 
~regorio fault have shown virtually no net slip since November 1979 
and May 1982. The Loma Prieta earthquake appears to have had no 
noticeable effect on the rate of movement at any of our sites on 
the Antioch and Seal Cove-San Gregorio faults. 

PUBLICATION 

Galehouse, J. S. , 1990, Effect of the Loma Prieta earthquake on 
surface slip along the Calaveras fault in the Hollister 
area: Geophysical Research Letters, vol. 17, no. 8, pp. 
1219-1222. 
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Figure 1. Numbered dots are San Francisco State University theodolite 
measurement sites.Epicenters and magnitudes are indicated for the 
24 April 1984 Morgan Hill earthquake (MHEQ) and the 17 October 1989 
Loma Prieta earthquake (LPEQ). 
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SAN ANDREAS FAULT 
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Figure 2. San Andreas Fault Displacement (1980 - 1990) 



HAYWARD FAULT 
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Figure 3. Hayward Fault Displacement (1979 - 1990) 
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CALAVERAS FAULT 
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CONCORD - GREEN VALLEY FAULT 
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DEEP BOREHOLE PLANE STRAIN MONITORING 
14-08-0001-GI376 

Michael T Gladwin, 

Department of Physics 
University of Queensland 

St.Lucia, 4067 
AUSTRALIA. 

ACTIVITIES 

1. Data from the five borehole tensor strainmeters in California (at San Juan 
Bautista, Pinon Flat and three near Parkfield) has been regularly processed and 
analysed. Monthly reports on any anomalies in the strain record from the Parkfield 
sites have been presented to the regular Parkfield Project review meetings. Short term 
strain episodes have been investigated and catalogued for further study. 

2. Procedures for calibration of individual gauge components of the tensor 
strainmeter has been further investigated. This involves comparison of gauge tidal 
data with theoretical tides, taking both ocean loading and topographical effects into 
account. 

3. Long-term stability of individual tidal components of observed earth tide data 
have been investigated. This analysis is necessary to help in understanding complexi- 
ties of gauge calibration and long-term coupling stability as well as possible tidal pre- 
cursory effects for the Loma &eta earthquake. 

4. Analysis of the long and short term data associated with the Loma Prieta earth- 
quake of October 17, 1989 has continued. 

5. Investigation of strain events in the San Juan Bautista data has provided data 
for comparison with creep events monitored on a nearby creepmeter. This work is 
being carried out in conjunction with Ms. Kate Breckinridge at U.S.G.S, Menlo Park. 

RESULTS 

1. Data from tensor strainmeters installed in recently drilled boreholes tends to be 
dominated by exponential recovery processes. In the case of the San Juan data, this 
signal can be approximated by two exponentials, the fist one clearly associated with 
grout cure with a period in the range 90-110 days, and a second exponential probably 
associated with recovery of the virgin stress field relieved at the borehole during dril- 
ling, with a time constant of approximately 1000 days. A technique has been refined 
for removal of these two exponentials from the data by a least square fitting procedure. 
An example of the raw data and the resulting residual is shown in Figure 1. In this 
case, data prior to March 1988 was used for the fit, and the shear strain shows stability 
to the 100 nanostrain level until mid-1988, when a clear change of gradient is evident. 

Such a technique is useful for highlighting shear strain changes over time, pro- 
vided all three instrumental gauges show similar behaviour. For most of the gauges in 
the other instruments, the second long period exponential is less evident, and can better 
be approximated by a linear term probably associated with long term creep of the 
borehole. A procedure similar to the above described method is being refined for these 
other instruments. 



2. A number of short term strain transients have been observed in the data from 
San Juan Bautista. Figure 2 shows a typical episode in June, 1990 with tides removed 
and a linear trend removed from the data. An initial exponential change of shear 
strain, with a time constant of 60 minutes, is followed by a readjustment of strain over 
a pericd of approximately 2-3 days. This pattern is reasonably similar to perturbations 
in the creep data measured by a nearby creepmeter. Correlations of strain and creep 
episodes are being investigated further. 
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I n v e s t i g a t i o n s  

1 )  Developed a  3-dimensional i n v e r s i o n  scheme f o r  magnetic d a t a  over  f l a t - l y i n g  
t a b u l a r  bod ies .  The scheme i s  based on p a s s i n g  t h e  magnetic anomaly d a t a  through 
a  pseudo-gravi ty  t r a n s f o r m a t i o n ,  i t e r a t i v e l y  f i t t i n g  a  body shape  t o  t h e  pseudo- 
q r a v i t y  anomaly, c a l c u l a t i n g  t h e  r e s u l t i n g  magnetic anomaly from t h e  modelled 
body, and a d j u s t i n g  t h e  body d e p t h  t o  match t h e  ampl i tnde of t h e  observed and 
c a l c u l a t e d  anomal ies .  The scheme makes use  of t h e  p r o p e r t y  t h a t  maqnetic 
anomal ies  ( a r i s i n g  from d i p o l e  s o u r c e s )  decay more r a p i d l y  w i t h  i n c r e a s i n g  
d i s t a n c e  from t h e  source  body t h a n  d o  g r a v i t y  anomal ies  ( a r i s i n g  from monopole 
s o u r c e s  . 
2 )  With Andy Griscom, Cla rk  Blake,  Rob McLaughlin, and C a r l  Wentworth, 
i n v e s t i g a t e d  t h e  a t t i t u d e s  of f a u l t s  i n  t h e  San F r a n c i s c o  Bay Reqion. Primary 
d a t a  s e t s  used t o  c o n s t r a i n  t h e  f a u l t  a t t i t u d e  i n t e r p r e t a t i o n s  were t h e  g r a v i t y  
and aeromagnet ic  d a t a  s e t s  compiled a s  p a r t  of t h e  Bay Region P r o j e c t ,  augmented 
by d a t a  c o l l e c t e d  d u r i n g  t h e  N a t i o n a l  Geoloqic  Mapping Program's  San J o s e  S h e e t  
s tudy  and v a r i o u s  groundwater i n v e s t i g a t i o n s .  In  a  few a r e a s ,  s e i s m i c i t y  d a t a  
a l s o  w e r e  used t o  d e f i n e  t h e  f a u l t  a t t i t u d e s .  

R e s u l t s  

1 )  The 3-dimensional i n v e r s i o n  scheme w a s  a p p l i e d  t o  t h e  P a r k f i e l d  aeromagnet ic  
map which is dominated by anomal ies  from a l a r g e  s e r p e n t i n i t e  body exposed i n  t h e  
N e w  I d r i a  dome and a  widespread t a b u l a r  body ( p r o b a b l y  a l s o  s e r p e n t i n i t e )  t h a t  
ex tends  nor thwes t  from Table  Mountain more t h a n  70 km. The l a t t e r  body is  20-30 
km wide and i s  t r u n c a t e d  on t h e  sou thwes t  by t h e  San Andreas f a u l t .  The 
i n v e r s i o n  scheme and t h e  s p e c i f i c  models a r e  s t i l l  undergoing t e s t i n g  h u t  
p r e l i m i n a r y  r e s u l t s  s u g q e s t  t h e  fo l lowing :  

a )  The New I d r i a  s e r p e n t i n i t e  has  t h e  s h a p  of a  t h i n  f l a p  i n  i t s  wes te rn  
p a r t  b u t  ex tends  t o  m i d - c r u s t a l  d e p t h s  a s  a  n o r t h  d i p p i n g  t h i c k  s l a b  i n  
t h e  sou theas  t e r n  part. 

h )  The t a b u l a r  body appears  t o  u n d e r l i e  much of t h e  Coas t  Ranqes nor thwes t  
of Tab le  Mountain, probably  a t t a i n s  a maximum t h i c k n e s s  of 3-5 km, and 
bottoms a t  a  dep th  of roughly 6 km a t  l e a s t  nea r  i ts  n o r t h w e s t  end. 

c )  The t a b u l a r  body extends  benea th  t h e  Waltham Canyon f a u l t ,  
t h e  Joaquin Ridge a n t i c l i n e ,  and t h e  s y n c l i n e  l o c a t e d  t o  t h e  s o u t h  of 
Joaqu in  Ridge, e lements  t h a t  a l l  s u q q e s t  s u b s t a n t i a l  s t r u c t u r a l  r e l i e f  
o r  v e r t i c a l  o f f s e t .  I n t e r e s t i n g l y ,  t h e  v e r t i c a l  t e c t o n i c s  d o  n o t  appear  
t o  he r e f l e c t e d  i n  t h e  s h a m  of t h e  f l a t - l y i n g  t a b u l a r  body. 

2 )  Dips of p r i n c i p a l  n o r t h w e s t - s t r i k i n g  f a u l t s  of t h e  s o u t h  San F r a n c i s c o  Ray 
r e g i o n ,  c o n t r a r y  t o  g e n e r a l  view, d o  n o t  seem t o  be v e r t i c a l .  I n s t e a d ,  



i n s p e c t i o n  and model l ing of contoured g r a v i t y  and aeromagnet ic  d a t a  i n d i c a t e  t h a t  
s u b s t a n t i a l  l e n q t h s  of t h e s e  s t r i k e - s l i p  f a u l t s  probably  d i p  mainly t o  t h e  
s o u t h w e s t  a t  a n q l e s  of 70 d e g r e e s  o r  l e s s  t o  dep ths  of a t  l e a s t  5-10 km. I n  many 
p l a c e s  o l d e r  r o c k s  a r e  p laced  over  younger r o c k s ,  i n d i c a t i n g  a r e v e r s e  component 
of s l i p .  These f a u l t s  incl i lde  t h e  C a l a v e r a s  ( 6 0  d e q r e e s  S W  a t  Livermore V a l l e y ) ,  
S i l v e r  Creek ( 6 5  d e q r e e s  SW a t  S i l v e r  c r e e k ) ,  S a r q e n t ,  San Andreas ( 6 0  d e g r e e s  SW 
a t  H o l l i s t e r ) ,  Zayante (SW on nor thwes t  segment ) ,  and San Gregor io  (NE a t  Pigeon 
P o i n t ) .  

Although some of t h e  d i p p i n g  segments a r e  c l e a r l y  a s s o c i a t e d  w i t h  s i n i s t r a l  bends 
of t h e  f a u l t  t r a c e s  (which shou ld  produce l o c a l  c ross - f  a u l t  compress ion t h e  
widespread d i s t r i b u t i o n  of n o n - v e r t i c a l  f a u l t s  i m p l i e s  g e n e r a l  compression and 
s h o r t e n i n g  normal t o  t h e  f a u l t s .  Such compression i s  c o n s i s t e n t  w i t h  observed  
f a u l t - p a r a l l e l  f o l d i n g ,  t h r u s t i n g  normal t o  t h e  San Andreas f a u l t ,  and t h e  
g e n e r a l  regime of n o r t h e a s t - s o u t h w e s t  compression r e c e n t l y  i n f e r r e d  f o r  t h e  Coast  
Ranges from ear thquake  f o c a l  mechanisms and o t h e r  g e o p h y s i c a l  evidence.  

Repor ts  
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f a u l t s  i n  t h e  s o u t h  San F r a n c i s c o  Bay r e g i o n ,  C a l i f o r n i a :  Geoloq ica l  S o c i e t y  of 
America A b s t r a c t s  w i t h  Programs, v.  2 2 ,  P. 31. 
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[I] T o  investigate the mechanics of failure of crustal materials using data from 
both deep borehole tensor and dilational strai,lmeters and near surface 
strainmeters, tiltmeters, and arrays of absolute magnetometers. 

[2] To  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] POSSIBLE CHNAGE IN EARTH TIDAL RESPONSE BEFORE 

THE OCTOBER 18, 1989, LOMA PRIETA ML 7.1 EARTH- 
QUAKE. 
Modification of the elastic properties of fault zones prior t o  fault failure has 
long been expected and should be detected by changes in earth tidal response. 
High quality tidal strain recordings were obtained in the epicentral region 
prior to, and following, the October 18, 1989, ML 7.1 Lorna Prieta earth- 
quake. These recordings were made in deep boreholes with both Sacks- 
Evertson dilational strainmeters (sensitivity lo-") and 3-component tensor 
strainmeters (sensitivity The closest dilatometer, SRLS, was 33 km t o  
the south-east along strike from the epicenter of the earthquake but probably 
less than 10 km from the southern end of the final rupture. Tidal admittance 
(normalized by ocean-load corrected theoretical earth tides) has been calcu- 
lated a t  10 day intervals with a sliding 2 month data  window of hourly aver- 
aged data starting in August, 1987 and ending in August, 1990. The cose- 
ismic offset is not included. During the 2-year period prior t o  the earthquake, 
the normalized M, amplitude may have increased in a linear manner by a few 
percent per year but scatter in these estimates (probably due either to  small 
data gaps, incomplete removal of atmospheric pressure loading, and/or 
incomplete correction for ocean loading) is of the same order(a= 2.5%). A 
least-square linear fit t o  these data prior t o  the earthquake indicates a rate of 
2.9%0.5%/year. During the 2-month period immediately before the earth- 
quake, M, amplitudes calculated a t  10 day intervals from a sliding 15 day 
window of 10-min data  have a standard deviation of 1.5%. We conclude that  
no significant variation in M, tidal admittance occurred before the Loma 
Prieta earthquake. Since fractional changes in strain tide amplitudes are pro- 
portional to changes in Poisson's ratio and inverse bulk modulus (Beaumont 
and Berger, 1974), this implies stability of these parameters at  the few per- 
cent level during the two years before the earthquake. Following the earth- 
quake, however, we have observed a uniform decrease with time in normal- 
ized M, amplitude that  now totals more than 10%. This is probably a 



consequence of continuing fracture of fault zone materials t o  the south and 
beneath this instrument. 

[2] POSSIBLE TECTONOMAGNETIC EFFECT OBSERVED FROM 
MID-1988, TO MID-1990, IN LONG VALLEY CALDERA, CALI- 
FORNIA. 
Precise measurements of local magnetic fields have been obtained with a 
differentially connected array of three proton magnetometers in the Long Val- 
ley caldera region since 1984. Two magnetometers are located inside the cal- 
dera with a third reference magnetometer located 26 kilometers southeast of 
the caldera. After correction for secular variation, it is apparent that  an 
anomalous 2 n T  decrease in the magnetic field has occurred from mid-1989 t o  
mid-1990 a t  the magnetometer located closest t o  the center of the resurgent 
dome inside the caldera. During this period a significant increase in exten- 
sional displacement was observed on the 2-color geodimeter network within 
the caldera from October, 1989, to  mid-1990 and a dramatic increase in 
seismic activity occurred from December, 1989 to  July, 1990. The displace- 
ment data are consistent with a simple dilatational point-source model a t  a 
depth of about 8 km beneath the center of the resurgent dome and suggest 
the possibility of a magma chamber with active intrusion a t  this depth gen- 
erating the micro-seismicity. A simple point-source mogi-type piezomagnetic 
model a t  this depth generates magnetic field perturbations of the same ampli- 
tude as those observed provided the Curie point isotherm is a t  a depth of less 
than 5 km. Other physical processes may also be contributing to  the mag- 
netic field in this region. Possible candidates are thermal demagnetization 
processes (Sasai, 1979), which may not be rapid enough t o  generate 2 n T  in 1 
year from a source 8 km deep, or  electrokinetic effects (Fitterman, 1976) 
which require massive changes in the fluid flow regime at  depth, the conse- 
quences of which may have been observed in deep wells monitored in the 
region. 
BOREHOLE STRAIN ARRAY IN CALIFORNIA 
A net,work of 15 borehole strainmeters along the San Andreas fault zone and 
in the Long Valley Caldera continue t o  be monitored and maintained. All 
instruments are installed at  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 t o  100 Hz are 
recorded on 16-bit digital recorders with least count noise less than lo-". 
Low frequency data from zero frequency t o  0.002 Hz are transmitted through 
the GOES satellite t o  Menlo Park, CA, using a 16-bit digital telemetry sys- 
tem. A t  the USGS in Menlo Park the data are displayed in "almost real time" 
and are continuously monitored with detection algorithms for unusual 
behavior. Least-count noise is about 5*10-l2 for the on-site digital recordings, 
and about 2*20-l1 for the satellite telemetry channels. Earth strain tides, 
strain transients related to  fault creep and numerous strain seismograms 
from local and teleseismic earthquakes with magnitudes between -1 and 6 
have been recorded on these instruments. Static moments and total earth- 
quake moments are determined from the co-seismic strains and total strain 
changes observed with the larger events. 

[4] CROWLEY LAKE AND SAN 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 level 
measurements (tilt) with a measurement precision of less than 1 mm on 



baselines of 5 t o  8 kilometers. Monthly averages of the data from San 
Andreas lake between 1979 and 1989 indicate a tilt rate of 0.02&0.08 
microradians/yr (down S34"E). 

151 DIFFERENTIAL MAGNETOMETER ARRAY IN CALIFORNLA 
We continue investigations of local magnetic fields and relationships t o  cru- 
stal strain and seismicity in the Parkfield region and in southern California. 
The network consists of 9 stations which are all sampled synchronously every 
10 minutes and transmitted with 16-bit digital telemetry to  Menlo Park, CA 
through the GOES satellite. Data are monitored daily with particular atten- 
tion t o  the seven stations operating in the Parkfield region of central Califor- 
nia. 

[6] SEISMOMAGNETIC EFFECT GENERATED BY THE OCTOBER 
18,1989, ML 7.1 LOMA PRIETA, CALIFORNIA, EARTHQUAKE. 
A differentially connected array of proton magnetometers operated within the 
epicentral region of the October 18, 1989, ML 7.1 Loma Prieta earthquake for 
10 years from 1974 t o  1986. The closest magnetometer station was located 
7.3 km from the epicenter of the earthquake and within 3 km of the site 
where anomalous ULF magnetic noise measurements were observed. Follow- 
ing the earthquake, the magnetometers were reinstalled with sensors replaced 
in the original undisturbed sensor holders. Comparison of pre-1986 total 
intensity magnetic field data with data obtained during the months following 
the earthquake indicate local offsets of about 1 nT may have been generated 
a t  stations nearest the epicenter. Tests on other difference field data from 
1983 t o  the present indicate that  ofsetts determined in this way could be 
biassed, in worst case, by as much as 0.7 nT. The offsets can be generally, 
but not perfectly, 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. Since the offset has 
remained following the earthquake, an alternate explanation in terms of elec- 
tokinetic effects is unlikely even though transient ground water flow occurred 
following the earthquake. Comparison of pre-1986 magnetic noise data and 
similiar post-seismic data does not indicate the change in total magnetic field 
noise measurements expected by aliasing of ULF (0.01 Hz - 10 Hz) magnetic 
noise in the vicinity of the Loma Prieta earthquake. 

[7] lXEL4.R.-FmLD HIGH PRECISION STRAIN PRIOR TO THE 
OCTOBER 18,1989, LOMA PRIETA ML 7.1 EARTHQUAKE? 
High resolution strain recordings were made in deep boreholes throughout 
California prior to, during, and following, the October 18, 1989, Ms 7.1 
Lorna Prieta earthquake. The nearest dilational strainmeters (sensitivity 
10-lo) and 3-component tensor strainmeters (sensitivity were 37 km to  
42 km, respectively, from the main shock. High quality data, including 
details of strain offsets, were recorded on both instruments through the earth- 
quake. These data have been searched for indications of short-, intermediate-, 
and long-term strain redistribution and/or fault slip that  might have indi- 
cated imminent rupture. Short- and intermediate-term changes in both tensor 
strain and dilational strain (< several nanostrain, if any) during the minutes 
t o  months before the earthquake are a t  least 1000 times smaller than that  
generated by the earthquake itself. If short-term preseismic slip did occur a t  
the nucleation point of the earthquake during the previous week, and if the 
type of slip is similar t o  that  during the earthquake, its moment could not be 
more than dyne-cm. Stated another way, slip equivalent to  that  
expected for a M 5.3 earthquake could have occurred in the hypocentral 



region without the strainmeters detecting it at  these distances and azimuthal 
positions. Long-term strain changes appear to  have 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, 
since they correspond approximately to  changes in geodetic strain rate over 
the epicenter, may indicate precursory strain redistribution in the epicentral 
region. Minor post-seismic strain recovery (M 14%) occurred in the month 
following the main shock. 
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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. Lone: Valley Caldera 

The data from the Casa subnetwork (Figures 1 and 2) continue to show extension 
in response to inflation beneath the resurgent dome. However, on the baseline CASA- 
KRAKATAU, the extension rate has decreased to 37mm/a during March 1990 relative 
to the 75mm/a rate that started in October 1989. Because of its location and its high 
frequency bbservations, this baseline is particularly sensitive to changes due to inflation 
beneath the resurgent dome. To better understand the geometry of the inflation source, 
the entire network shown in Figure 1 was resurveyed in September 1990. The observed 
distance changes measured over the past year can be used to model the deformation. In 
particular, the geometry of the inflation resources inferred from the most recent data can 
be compared with the previous model of deformation derived from the data spanning mid- 
1983 to 1988. The initial attempt to model the most recent data implies that most of the 
deformation is a result of inflation at 8 km beneath the central part of the resurgent dome. 
In contrast, the data after mid-1983 needed two sources of inflation plus fault slip in the 
south moat of the caldera for a reasonable fit. Furthermore, although the deeper source 
was located beneath the central part of the resurgent dome, it had a source depth of 10 km 
which was primarily constrained by the releveling data along highway 395. The spatial 
distribution of two-color baselines was not dense enough to refine the estimate of depth for 



the earlier period of inflation. However, the more recent data appear to be fit best with an 
8 km deep point source rather than the 10 km source. Furthermore, the older two-color 
data is also fit with a 8 km source, but the 8 km source is somewhat inconsistent with the 
earlier leveling data. To date, there is no long baseline leveling that spans the interval of 
the most recent episode. 

2. Parkfield 

In the previous report, I discussed the large fluctuations in areal dilatation from 
April 1989 through April 1990. Based on instrument calibration data, I attributed these 
variations to be caused by an instrument problem. However, as of mid-May 1990, the 
Parkfield two-color geodimeter has been repaired and the areal dilatation observed by this 
instrument is now "clean" 

In May 1990, M. Wyss published two articles in Nature stating that both the rate 
of seismicity and the deformation rate decreased in late 1986 in the area just north of 
the town of Parkfield. In particular, he used data from 2 two-color geodimeter baselines, 
CAN and BARE. His metric consisted of picking a time and computing the secular rates 
before and after the time of interest. The metric consisted of the difference in rates. 
After reconstructing his algorithm, I ran many Monte Carlo simulations to quantify the 
probability that an observed rate change is significant. Because the variations in the 
observed displacements as a function of time do not exhibit the character of white noise, 
my simulations included both apparent seasonal' variations and the contributions of 11 f 
noise. In my analysis, I concluded that the "anomaly" identified by Wyss is significant at 
the 80% level during late 1986. However, the highest confidence level of 90% is achieved 
in early to mid-1987 on both baselines. In my "correspondence to Nature" I point out 
several other factors that could degrade the significance. A possible man-made offset in 
distance data to CAN in late 1985 contributes a substantial uncertainty to any estimate 
of secular extension rates. The average rainfall decreased by 30% for the period spanning 
the data instead of the 10% claimed by Wyss, It is possible that the decrease in apparent 
tectonic deformation could be an artifact of decreasing soil moisture which is capable of 
displacing geodetic monuments. Finally, I used the analysis described above on data from 
all 18 baselines in the Parkfield two-color network. On the baselines to TABLE, HOGS 
and MID, I detected significant rate changes (> 95%) that preceded the Mettleman Hill 
Earthquake of August 1985. However, because the metric compares the secular rate before 
and after the time of interest, the anomalous rate should not be interpreted as a precursor, 
rather, the data preceding the earthquake had a different secular rate that the data after 
the quake. 

Langbein, J., "Scientific correspondence to Nature", submitted June 1990. 

J.O. Langbein, D.P. Rill, T.N. Parker, S.M, Wilkinson, and A.M. Pitt, Renwed inflation of 
the resurgent dome in Long Valley Cadera, California, from mid-2989 to mid-1990, 
abstract submitted to EOS. 



Figure Captions 

Figure 1. Map showing the location of all the baselines within and near the Long Valley 
caldera that are measured with a two-color geodimeter. The locations of the 
caldera, resurgent dome, Inyo craters, Crowley Lake and the major roads are 
also shown. 

Figure 2. Changes in distances for the seven most frequently measured baselines within 
the caldera. These baselines use CASA as the central instrument station. 
The error bars represent f 1 standard deviation. 
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Microearthquake Data Analysis 

W.H.K. Lee 
U.S. Geological Survey 
Branch of Seismology 

345 Middlefield Road, MS 977 
Menlo Park, California 94025 

(415) 329-4781 

Investisations 

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: 

Usinq PC for Network Data Acauisition 
A low-cost 128-channel PC data acquisition and 
recording system was implemented with the off-the-shelf 
hardware and a proto-type xnultiplexer designed by Jim 
Ellis. It became operational a few hours before the 
October 17, 1989 Loma Prieta earthquake and has 
recorded several thousand aftershocks. At the end of 
May, 1990, the PC hardware was upgraded from a 286 PC 
to a 386 PC with a 300-megabyte hard disk, and the 
proto-type multiplexer was replaced by an improved 
multiplexer due to J.R. Rogers. An off-line PC is 
networked to the online PC, and it is also used to 
collect teleseismic events (using an algorithm due to 
John Evans) when it is not used for offline duties. 
For the past few months, both PCs performed well in 
data acquisition. 

(2) A~glyinq non-USGS Plottinq Software for Seismic Data 
Analysis 
A 3-dimensional data viewing program (AcroSpin) for 
rotating, enlarging, or shrinking objects and data 
points was developed by David Parker of Acrobits, Inc. 
John Lahr and I wrote four programs to prepare 
hypocenter, coastline, text, and boundary data for the 
AcroSpin program so that earthquake data could be 
readily displayed and viewed in 3-dimensions. 

A general plotting package (PixPlot and PenPlot) was 
developed by Ernest Lee (a high-school student) and 
Dean Tottingham (a college student). I have written a 
menu-driven interface to PixPlot so that plotting 
seismic data may be performed quickly. I have also 
collaborated with Nils Lahr (a high-school student) in 



writing a control program (DoPlot) so that data editing 
and plotting can be performed under an integrated and 
easy-to-use environment. 

(3) Plannins Seismic Instrumentation for Topical Volcano 
Studies 
In collaboration with Bernard Chouet and Dave Harlow, I 
have assisted in planning seismic instrumentation for 
topical volcanic studies. Two portable arrays (one 
telemetered and one hardwired) are being implemented to 
meet the scientific objectives of volcano research. 

Reports 

Lahr, J.C., and W.H.K. Lee, 1990. User manual for DoPlot and 
QEdit, IASPEI Software Library, v. 2, p. 165-184. 

Lahr, N. B., and W.H.K. Lee, 1990. User manual for DoPlot and 
QEdit, IASPEI Software Library, v. 2, p. 185-207. 

Lee, W.H.K., 1990. Replace the HYPO71 format? Bull. Seism. 
Soc. Am., v. 80, p. 1046-1047. 

Lee, W.H.K. (editor), 1990. tlToolbox for plotting and Displaying 
Seismic and Other Datan. IASPEI Software Library, Volume 2, 
Seis. Soc. Am., El Cerrito, CA. 

Lee, W.H.K., 1990. User Manual for GoPlot, IASPEI Software 
Library, v. 2, p. 83-102. 



Parkfield Prediction Experiment 

9930-02098 

Allan Lindh, Andrew Michael. Cathy Aviles, and Barry Hirshorn 
Branch of Seismology 

Office of Earthquakes, Volcanoes and Engineering 
345 Middlefield Road, Mail Stop 977 

Menlo Park, California 
(415) 329-4778 
(FTS) 459-4778 

Investigations 

1. Seismolsgical research associated with the Parueld Earthquake Prediction Experiment. 

2. Analysis of USGS coda-duration measurements for magnitude determination. 

3. Prepare weekly earthquake reports for Northern and Cenual California, distribute to press and 
public officials by FAX so that the reports are available on a timely basis. 

4. Process RTP data to complete and final form on a daily basis. 

5. Prepare on a timely basis merged monthly catalogs, including all CUSP and RTP data. 

6. Continue ongoing work on long-term earthquake probabilities in California. 

7. Research on the Loma =eta earthquake. 

8. Research on the seismicity of the S.F. Bay Area. 

Results 

1. A Real-time earthquake prediction experiment is underway at Parkfield and new seismological 
results add to our understanding of the fault at Parkfield. 

2. Relationships between geologic structures revealed in three dimensional velocity models and 
earthquake ruptures are being developed. 

3. Weekly reports have continued to go out every Thursday since February 1989. 
4. Clean merged data is complete for January, 1989-September, 1990. 

Reports 

Aviles, C.A. and C.M. Valdes. 1989, Comparison of microearthquake source parameters in the prepara- 
tion zone at Parkfield, California: 1977-1982 and 1984-1989, submitted to BSSA. 

Nishioka. G.N., and A.J. Michael, 1990, A detailed study of the Seismicity of the Middle Mountain, CA 
zone, Bull. Seis. Soc. of Am., 80, 577-588. 
Michael, A.J., 1990, Stress analysis of the Whittier Narrows, California, aftershock sequence: new tech- 
niques and results, J. Geophys. Res., submitted. 

Michael, A.J., 1998, Energy constraints on kinematic models of oblique faulting: Loma Prieta versus 
Parkfield-Coalinga, Geophys. Res. Lett, 17, 1453-1456. 
Michael, A.J., W.L. Ellsworth, and D.H. Oppenheimer, 1990h. Coseismic stress changes induced by the 
1989 Loma Prieta, California, earthquake, Geophys. Res. Lett, 17, 1441-1444. 
Eberhart-Phillips, D., V.F. Labson, W.D. Stanley, AJ. Michael, and B. Rodrigues, 1990i, Preliminary 
velocity and resistivity models of the Loma Prieta earthquake region, Geophys. Res. Lett., 17, 2035- 
2038. 
Michael. AJ.  and D.M. Eberhart-Phillips, 1990j, Correlation of heterogeneity in seismic behavior and 
seismic velocities, -quake Notes, abstract, 61, 34. 



Oppenheimer, D.H., AJ. Michael, and WL. Ellsworth, 1990k Aftershock mechanisms of the Lorna 
Prieta earthquake: a total stress drop event?, Earthquake Notes, abstract, 61.46. 
Eberhart-Phillips, D.M.. AJ. Michael. G. Fuis, R. Luzitano, 19901, Three-dimensional crustal velocity 
structure in the region of the Lorna Prieta, California, earthquake sequence from inversion of local 
earthquake and shot arrival times, Earthquake Notes, abstract, 61.48. 
Michael, AJ., 1990m, Energy constraints on kinematic models of oblique faulting: Lorna Prieta versus 
Parkfield-Coalinga, EOS, submitted. 
Aviles, C.A. and AJ. Michael, Complications at the southern end of the 1966 Parkfield rupture zone, 
EOS, submitted. 

Attachments: 
A weekly seismicity report is attached as an example. 



Boimmicity Map f o r  t h e  Ban F r a n c i r c o  Bay Area 
f o r  t h e  Week of  11 -I 18 October  1990 

from t h e  U . 8 .  Goo log ica l  Burvoy, Menlo P a r k ,  CA 
d a t a  and t o x t  p ropared  by A l l a n  G, Lindh 

and Bar ry  F. H i r r h o r n  
graphicta by Q u e n t i n  W e  Lindh 

T h i r  wata a normal woek f o r  r o i r m i c i t y  i n  t h e  8an Franc ieco  
Bay area; f o r  t h e  revon-day p e r i o d  and ing  a t  12am ( P D T )  on 
Thursday,  1 8  Oc tober  1990, t h e  U,%. G r o l o g i c a l  Burvey o f f i c e  i n  
Msnlo P a r k  r e c o r d e d  39 oar thquakoe of magnitude one ( M I )  and 
g r e a t e r  w i t h i n  t h e  a r o a  mhswn i n  F i g u r e  1 The l a r g e e t  even t  
w i t h i n  t h e  Bay s r o a  p r o p e r  -- from 8an Jome n o r t h  -- wae a  M3.3 
e v e n t  n e a r  C r o c k e t t  a t  7106am on t h e  1 3 t h  of  October  (Evsn t  C3 i n  
F i g u r e  1) .  There wao a M 2 . l  a v e n t  noar  t h i r  rame l o c a t i o n  on 20 
Augur t  1990. Thare  was almo a  p a i r  of M2s on t h e  Hayward f a u l t  
n e a r  Ban Leandro on t h e  1 2 t h  and 1 3 t h  ( I 2  i n  F i g u r e  I ) ,  

Elmewhere i n  t h e  Bay a r e a  t h e r o  war t h e  u r u a l  m c a t t e r i n g  of 
e m a l l  e v e n t s  a l o n g  t h e  C a l a v a r a r  f a u l t ,  a l t h o u g h  none l a r g e r  t h a n  
M 2 *  The Loma P ~ i o t a  a f t e r s h o c k  zone h a a t e d  up a  l i t t l e  t h i s  
week, w i t h  a M2.8 mouth of  Lor Gator  on t h e  1 2 t h  ( # l  i n  F igure  
I ) ,  and a  M2.5 n e a r  Ban Juan B a u t i e t a  on t h e  1 5 t h  ( 1 5  i n  F igure  
1). F a r t h e r  eas t  t h e r e  wae a M2.2 n a a r  O i l r o y  on t h e  1 5 t h  ( # 6  i n  
F i g u r e  1 ) . 

A c t i v i t y  s o n t i n u a d  t h i r  week i n  t h e  a c t i v e  zone n o r t h  of 
Banta  Cruz n e a r  8 c o t t t e  V a l l e y ,  w i t h  a  M2*3 a t  5120am on t h e  1 4 t h  
( # 4  i n  F i g u r e  1 ) .  T h i r  w e n t  wae 1 2  km deep,  and was f e l t  i n  t h e  
Monterey Bay a r e a ,  T h i r  a c t i v i t y  i m  t o o  f a r  weet t o  be  
c o n e i d e r e d  Loma P r i a t a  af tormhocke i n  t h e  r t r i c t  menee of t h e  
t e r m ,  a n d  t h e y  l o c a t e  approx imate ly  midwway between t h e  s u r f a c e  
t r a c e e  o f  t h e  Ben Lomond and Zayante f a u l t e ,  

Bouth of Ban Juan  E a u t i r t a ,  a l o n g  t h e  c r e e p i n g  p o r t i o n  of 
t h e  Ban Andreae,  t h e r e  wae t h e  u r u a l  r c a t t e r i n g  of M 2 ' 0 ,  
i n c l u d i n g  one n e a r  P a i c i n o s ,  and a  p a i r  i n  t h e  B i t t e r w a t e r  
V a l l e y *  F a r t h e r  o a e t  t h e r e  war a  s i n g l e  M 2  n e a r  Coa l inga ,  

There  wae a f l u r r y  of a c t i v i t y  a l o n g  t h e  e o a e t  thim week, 
moet a l o n g  o r  n e a r  t h e  Bur-Nacimiento f a u l t  zone,  The l a r g e e t  
e v e n t  wae a M2,4 mouth of Big  8 u r  on t h e  1 3 t h  ( I 5  i n  F igure  2 ) ;  
t h e r e  was almo a  M2.3 n o a r  P o i n t  Bur on t h e  1 6 t h  (67 i n  F igure  
2 ) .  

I n  n o r t h e r n  C a l i f o r n i a  t h e r e  war t h e  u o u a l  a c t i v i t y  a t  t h e  
Geymerm, i n c l u d i n g  2 a v o n t s  of M 2 +  ( # 2  i n  F i g u r e  2 ) ,  F a r t h e r  
n o r t h  i n  t h e  Coas t  Range, t h e r e  war a  M2*4 a t  25 km d e p t h  beneath  
t h e  n o r t h  and of t h e  8acramento Va l loy  on t h e  1 1 t h  ( 4 1  i n  F igure  
2 ) ,  and a M Z t O  n o r t h o a r t  o f  Red B l u f f  on t h e  1 5 t h  ( #  6 i n  F i g u r e  
2 ) .  

I n  t h e  o a r t e r n  S i o r r a  Nevada a c t i v i t y  c o n t i n u e d  n e a r  Mammoth 
L a k e r e  We r e c o r d e d  4 4  o v o n t r  of  M l t 5  and g r e a t e r  w i t h i n  t h e  a r e a  
shown i n  F i g u r e  3 t h i r  week, which i m  abou t  t h e  rame a e  l a e t  
weeklm t o t a l .  There  war a n  i n t a n r e  rwarm j u r t  s o u t h  of  t h e  town 
of Mammoth Lakee ( # I  i n  F i g u r e  3 )  on t h e  1 3 t h ,  whish inc luded  a 
M2.4 (12  i n  F i g u r e  3 ) .  ~ h i r  wan fo l lowed  by a requence of M2'e 
i n s i d e  t h e  Long V a l l e y  C a l d e r a  a l o n g  t h o  n o r t h e r n  ox tene ion  of 
t h e  E i l t o n  Creek f a u l t  (I'm 3,  4 & 7 i n  F i g u r e  3 ) .  There wae 



almo a pa i r  o f  m m a l l o r  evon tm  mouth o f  t h o  C a l d o r a  o n  t h e  1 3 t h  
a n d  1 4 t h  ( # I 8  5  & 6  i n  F i g u r e  3 ) . ,  

F a r t h e r  n o r t h ,  t h o r o  war a M2*5 r o u t h e a r t  of L a k e  Tahoe  o n  
t h e  1 2 t h  ( 4 4  i n  F i g u r e  2 ) ,  a n d  a M3.1 i n  m o u t h e r n  Nevada  o n  t h e  
1 2 t h  ( # 3  i n  Figure 3 ) ,  

----ORIGIN TIME---- -LAT N-- --LON W-- DEPTH N N RM8 ERR ERZ N DUR 
YR MON DA ERMN 8EC DEG M I N  DEG M I N  KM RD 8 8EC KM KM FM REMKS MAG 
9 0  OCT 11 7 3 6  2 2 e 1 3  4 0  8 e 9 2  1 2 2  1 3 . 3 3  2 5 . 2 5  11 e l 9  e9 1 e 4  1 2  KLA 2e4  
9 0  OCT 11 1 6 0 3  4 1 e 7 0  3 5  52e66  1 2 1  2 1 e 9 5  0.92 22 e l 1  06 4 . 6  22 8 8 M  2 a 1  
9 0  OCT 5 1  1 8 1 7  4 0 . 0 3  3 5  3 4 . 5 2  1 2 1  1 5 . 1 1  1 . 2 5  20  e20 1 . 3  4 e 5  20  88M * 2 . 1  
9 0  OCT 11 1 9 2 4  2 9 e 4 1  3 8  49e52  1 2 2  5 0 . 5 0  OtO2 28  120 e3  l e 0  32 GEY * 2 . 1  
9 0  O C T 1 2  1 1 3  22068  3 7  3 0 e 4 6  1 1 8  2 4 e 6 3  7e92  1 4  2  e05 e4 e7 1 2  CHV 2 . 0  

9 0 . O C T 1 2  3 5 2  8 * 9 4 3 7 3 3 , 0 3 1 1 8 2 4 * 6 6  S t 7 0  9  t 0 3  e4 , 6  9 C H V  2 . 0  
9 0 O C T 1 2 . 8 5 0 1 1 e 4 3  3 8 2 1 e 3 3  1 1 8  8 e 2 2  2 , 3 0 2 5  e3212e123e6  3 2 N E V -  3 . 1  
9 0 O C T 1 2  9 5 3  5 , 5 5 3 8 4 9 e 7 3 1 1 9  5 1 . 0 3  O t O 2 1 5  e23  1 e 2  2 . 3  1 6 W A K *  2 . 5  
9 0 O C T 1 2 1 6 0 7 1 9 t 5 7  3 7  3 e 9 9  1 2 1  5 3 e 2 2 1 3 e 4 9 1 0 8  e l 1  e2 t 3 9 9 L O M  2 . 8  
9 0  OCT 1 3  2 3 3  1 8 8 9 6  37 4 3 e 7 0  1 2 2  6 4 9 5  4 .88  3 3  a20 , 3  e8 3 3  BAY 2 . 0  

9 0  OCT 1 3  4 4 5  1 3 . 0 5  36 1 4 . 1 2  1 2 0  2 1 e 9 1  1 1 e 3 3  1 8  e l 6  a6 a 9  1 8  COA 2 e 1  
9 0 O C T 1 3  816  6 e 8 4 3 7 4 3 . 5 6 1 2 2  6 ;86  4 , 9 6 4 3  418 , 3  e 8 4 4 H A Y  2 e 1  
9 0  OCT 1 3  1 8 1 4  5 3 e 2 2  3 5  5 7 . 5 7  1 2 1  3 2 . 6 1  5 . 6 1  49 s20  e8 3 .1  5 1  88M 2e4  
9 0 O C T 1 4  4 7 3 0 e 5 0 3 7 3 8 e 3 4  l l 8 5 7 a 6 9  8 e O 1 3 2  . I 2  43 e 5 3 2 8 M O  2 . 4  
9 0  OCT 1 4  4 8  3 8 . 2 1  37  38e37  1 1 8  57e56  7 . 4 1  2 5  1 e09 e3  45 24 8 M 0  2 . 2  

9 0 O C T 1 4  5 0 2 4 e 0 1 3 7 3 8 , 4 1 1 1 8 5 7 e 4 7  7 4 0 2 2 4  e09 a3 e 5 2 4 8 M O  2 e 8  
9 0  OCT 1 4  5 0  3 7 e 1 8  37  38e57  1 1 8  57e72  7 .34  1 9  e l 5  e7 1 . 0  1 9  8MO 2 . 3  
9 0  OCT 1 4  5 1  1 5 . 1 5  37 38e56  1 1 8  5 7 . 4 4  6486 20 t i 0  84 85 20  8MO 202 
9 0  OCT 1 4  206  2 0 . 9 8  3 8  2499  1 2 2  1 3 . 9 6  12e03109  t 2 4  , 2  e3  99 CON 3 . 3  
9 8  OCT 1 4  359  1 8 e 8 3  37 38e.07 1 1 8  49e12  4  e28 39  014 e3  e6 48  HCF 2  47 

9 0  OCT 1 4  5 4 3  1 2 1 9 1  37 39 .52  1 1 8  5 0 . 7 8  6 . 9 0  27 a09 e3 a5 28  HCF 2 . 3  
9 0  O C T 1 4  554  3 0 e 4 9  37 2 5 . 5 8  1 1 8  5 3 . 4 1  2 . 6 0  28  1 . 0 8  65 1 e 7  27 8 I L  2 . 1  
9 0 O C T 1 4  7 0 7 2 4 . 0 6 3 8  3 e 2 5 1 2 2 1 4 . 1 6  9 . 9 3 5 0  e20 e3  e 7 5 0 C O N  2 e 3  
9 0  OCT 1 4  1 2 2 0  1 5 e 4 0  37  4e52  1 2 2  1 8 2 3  31 .83  8 6  a15 e3 , 4  90  MON 2 . 3  
9 0 O C T 1 4 1 3 5 7  3 6 . 6 4 3 7 3 8 . 4 7  1 1 8 5 7 . 6 6  7 , 4 6 3 2  e l 2  , 3  e 5 3 3 8 M O  2 . 3  

9 0 O C T 1 4  2 3 3 8  6 , 7 8 3 6  28e04  1 2 1  2 . 5 3  5 .56  5 1  e l 2  e3  e 8 5 3 B I T  2 . 2  
9 0  OCT 1 5  1 6  4 7 e 7 1  37 38 .29  1 1 8  5 7 . 4 0  7 e 8 8  25  a12 a4 e5 2 5  8M0 2 . 1  
9 0  OCT 1 5  216  3 4 . 3 1  37  38,413 1 1 8  5 7 e 6 4  7e36  3 0  e l 6  - , 4  , 6  42 8MO 2 . 5  
9 0  O C T 1 5  3 4 8  1 9 . 2 8  37 3 2 e 6 1  1 1 8  52e39  4 .77  24 1 e09 e3  e7 2 3  MOR 2 . 0  
9 0 O C T 1 5  357  5 7 e 6 8 3 7 2 0 e 9 4  l l 8 1 O e 2 6  3 , 4 2 1 3  e 0 7 1 e 0 2 e 0 1 3 W H I  2 .2  

90  OCT 1 5  8 2 1  0 . 1 7  36 5 3 . 2 7  1 2 1  35088  be12  8 0  a21  e3  e4 90  8 J B  2 e 5  
9 0 O C T 1 5  9 1 1 3 0 e 7 8 3 7 3 6 e 1 4  I l 8 4 9 t 4 5  6 , 5 0 2 8  812 e4 e 6 2 9 H C F  242  
9 0 O C T 1 5  9 3 7 4 2 , 3 2 3 6 2 6 e 6 1 1 2 1  O t Z O  4 , 2 6 1 8  e l 3  e 5 2 e 6 1 9 B I T  2 . 1  
9 0  OCT 1 5  9 4 1  2 e 7 0  36  3 9 . 9 7  1 2 1  1 7 . 3 2  4e89  48  e l 4  , 2  a5 49 8TN 2 e 1  
9 0 O C T 1 5 1 6 0 0 3 7 ~ 9 0 3 6  5 8 . 7 0 1 2 1 3 6 . 4 0  2 s 9 7  64 e20 e2 8 6  7 0 8 A R  2 . 2  

90  OCT 1 5  1 7 1 4  3 9 . 8 6  37  36e17  1 1 8  4 9 e 2 1  6 e 1 3  33 a 1 1  e3  e5 34 HCF 2 . 4  
9 0 O C T 1 5 1 8 0 5 1 3 e 9 3 3 7 3 8 e 3 2  1 1 8 5 7 e 2 9  7 , 9 3 2 7  e l l  , 4  e 6 2 8 8 M O  2 . 2  
9 0 O C T 1 6  1 5 8  2 2 , 4 8 4 0  32 .03  1 2 1 3 9 . 2 6 1 0 e 2 1 1 6  s 1 0  a4 , 9 1 7  8 H A  2 . 0  
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SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA 

T.V. McEvilly, R. Clyrner, T. Daley, B. Foxall, E. Karageorgi, A. Michelini 
Seismographic Station, University of California, Berkeley, CA 94720 

and 
Earth Science Div, Lawrence Berkeley Lab, 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 experiments 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 km 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 survey results provide a 'benchmark' vertical seismic profile (VSP) using the full string, and have 
been published (Daley and McEvilly, 1990). The remaining instruments are adequate to proceed with 
all the proposed uses of the VWVA except the acoustic emission monitoring, as this array at the very 
bottom of the string was lost before any data were acquired. The array is recorded on a Sercel 338 
96-channel reflection system. 

INVESTIGATIONS 
I )  Earthquakes. Local microearthquakes of magnitude about -0.5 to about +2 are routinely recorded 
on scale. A 3-D velocity model and a high-precision relative hypocenter location procedure for 
clustered events with similar waveforms have been developed, which will allow high-resolution 
analysis of local earthquakes in this area (Michelini and McEvilly, 1991). The clusters are being stu- 
died for evidence of temporal changes in fault zone processes and properties, including anisotropy in 
cooperation with R. Aster of U.C. San Diego. 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 KRSN has 
been illuminated 29 times with S-waves of three polarizations at eight source positions throughout the 
study zone, using a shear-wave Vibmseis 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 anisotmpy, 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). A paper summarizing this study will be submitted in late 1990. 
3)  Controlled-source monitoring with VWVA. The VWVA data are a unique resource. 
Analysis of local anisotropy and velocity structure using short-offset VSP's and 3-D generally anisotro- 
pic models is underway, the latter in cooperation with V. Cerveny, I. Psencik, and D. Gajewski. As 
part of this effort, an extensive multi-azimuth, multi-offset VSP survey has been conducted to extend 
the results of the more limited earlier study by Daley and McEvilly (1990). 
Monitoring by occasional illumination of the VWVA from at least the four closest HRSN source sites 
plus an additional near-offset site has been integrated in a convenient manner into the routine HRSN 
data collection. 

UC Seismographic Station NEHRP-G 1703 



DATA COLLECTED 
e Full-time, triggered recording of earthquakes has continued in the past six months. Event data are 

archived as EEE-format binary files on 9-track tape with simple headers. 
a Three vibrator data sets have been collected and the data reduced. Data after routine processing 

(edit, stack, correlation, gather by source site) are archived in SEGY format on 9-track tape. 
a At V W A ,  one monitoring data set was recorded in June. 

RESULTS 
1) Earthquake studies:. 
a A paper on the 3-D modeling process and results has been accepted for publication by BSSA 

(Micheli~ and McEvilly, 1990), and is under final revision. 
Local Parkfield events have been picked and relocated with the 3-D model through September, 1990. 

m In a major effort, we Rave defined, gathered, and archived clusters of events with similar waveforms. 
After relocating about 5W events through the 3-D model, spacial clustering analysis was accom- 
plished with a commercial hierarchical clustering code (Becker and Chambers) using characteristic 
distances for cluster definition of 400-700 rn. A visual search was then performed to identify clus- 
ters having characteristic wavefoms. The result is 70-80 cluskrs defined within our network, with 
2-1 8 eventdcluster. About two-thirds of the total events are clustered. Many clusters span the three 
years of data coUection. 

a We have begun the automated picking of relative arrival times within clusters (using B. Foxall's 
cross-cornlation, cross-coherence procedure), and high-precision relative relocation of events. 

a We are working with Ivan Psencik of the Geophysical Institute, Prague on generalization of his 3-D 
dynamic ray tracing code to include vertical discontinuities. This will result in a major improvement 
of our ability to model the fault zone in Green's function studies. 

e In the work with R. Aster, we are studying S-wave polarization variations within the clusters. 

The archived clusters will be the basis for further studies: 
e of rupture processes on small patches of the fault using either theoretical or empirical Green's func- 

tions (Foxall), and 
a to search for temporal variations of fault-zone properties (Michelini). 

2 )  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, 
29 similar traces. To analyze these gathers, methods have been developed to display waveform proper- 
ties of windowed phases, of whole traces, and of entire time gathers. We have developed color- 
graphics displays of trace amplitude, frequency content, travel-time changes, and instantaneous trace 
attributes (signal strength and instantaneous frequency) and particle-motion parameten, and have been 
searching the data set for anomalous variations. Most displays to date show only seasonal variations. 
This effort is the subject of the paper to be submitted in late 1990. 
The figures illustrate two examples of anomalous data of particular present interest. 
a Site 2 anomaly. Several paths analyzed to date with the vibrator at site 2 - to (m, to 

VCA (ESE), and to FRO (SSE) - show advances in travel time of 30-60 msec for a band of late 
phases, relative to an early measurement. Two other paths, l-MMN (at 10-12 see) and 4-VCA 
show similar but less pronounced effects. Figure 2 shows grey-scale displays sf relative travel-time 
change (correlation lag) across time gathers in a moving window. The accompanying correlation 
function plots indicate data quality. The anomalies appear as dark zones at late times. Figure 3, 
showing windowed travel-time changes, shows that the advance does not appear on early arrivals, 
and is thus probably not a near-surface, seasonal effect as usually observed. Interestingly, path 2- 
SMN (NW) does not show an anomaly. Other paths examined ( e.g.,  5-FRO and 2-SMN) do not 
show unusual variations. 
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In Figure 4, site 2 is shown with respect to the seismicity (relocated through the 3-D model). The 
cross-sections shown in Figure 4b indicate that the fault behaves differently in distinctly defined 
zones. In the vicinity of Middle Mountain, the segments of activity apparently dip to the southwest, 
possibly reflecting the bending of the fault, and events extend to 12-13 km depth. In the next zone 
to the south, the events are mainly clumped at 3-5 km depth. Fortuitously, site 2 lies on the boun- 
dary of these two zones, above the deeper events. The anomaly here at late travel times (possibly 
deeply backscattered returns) could indicate changes in material properties taking place at depth on 
the south edge of the preparation zone. 
We are continuing to develop the data base necessary in the search for effects in more paths and 
source orientations. We hope to identify the wave types and ray paths with particle motion and fre- 
quency analyses. 
Path 1-MMN P-wave anomaly. Figure 5 shows relative window delays for several phases for path 
1-MMN. All these phases show the same (seasonal) pattern through the April 1989 data, but begin- 
ning with the mid-June data (June 14, day 165), the P-amvals become erratic with respect to the 
direct-S and the late (9-sec) arrival chosen, showing 35-40 msec oscillations. Perhaps coincidentally, 
a M3.7 earthquake occurred about 3 km southeast of site 1 on May 25 (day 145), between our April 
and June data points. 

Two other experimenters observed interesting anomalies in slightly earlier time frames (both before the 
event). Park and Lee, 1990 of UC Riverside observed unusual resistivity anomalies, that they believe 
significant, from April 5-30 (days 95-120, or 40-25 days before the earthquake). These occurred on 
two dipoles extending from near EAD to the NW, straddling Middle Mountain (Site MMN). There 
was also an unusual tensor strain meter event at EAD and DonaLee (near JCN), from about March 20 
to April 13, or days 79-103 (Gladwin, et.al). 

3) Controlled-source studies - VWVA. The analysis of the initial VSP studies, showing up to 10% 
anisotropy in the vicinity of the well, has been published (Daley and McEvilly, 1990). 
The recording system, on loan to LBLIUCB, was recalled by the owner in June, 1990. When the 
awaited Parkfield M6 event occurs, we will rent the system again for post-event acquisition. 
Modeling of material properties using the multi-azimuth, multi-offset data set collected in December, 
1989 has not yet begun. 
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Figure 1. Parkfield location map, showing the High-Resolution Seismic Network (HSRN), 
controlled-source (vibrator) points, and 6187-12189 seismicity as relocated through the UCB 
3-D velocity model. 
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Figure 2. Upper: Travel-time change relative to data set 6 (April '88) by cross-correlation in a mov- 
ing time window for two paths from source site 2. Note the late 30-60 msec advances (dark zones). 
Arrows indicate times of windowed phases in Figure 3. Lower: The correlation function gives an 
indication of the quality of the travel-time change calculations. 
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Figure 3. Travel-time change relative to data set 6 (April '88) of several windowed phases by a 
cross-correlation, cross-coherence technique (Foxall) on two paths from vibrator position 2. Window 
times are shown in Figure 2. Note the large variation in the late phases. 
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Figure 4. a. Plan view location map, oriented with the abscissa parallel to the San Andreas fault 
trace, and the origin of coordinates at the 1966 epicenter. Earthquakes (6187-12189) have been relo- 
cated through the 3-D model. b. Vertical cross-sections, with hypocenters from three bands along the 
fault, as indicated by the "along-fault" coordinates given in the inserts. The approximate projections 
of three sites are shown. 
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Figure 5. Travel-time change relative to data set 8 (June '88) of windowed phases on the path from 
vibrator position 1 to MMN. Phases P1 and P2 are the direct P-anival picked on traces from both 
horizontal components, "S" is the direct shear-wave arrival, and "L" is a later phase at 9.0 sec. Note 
the erratic behavior of the P-amval that first appears with the data point in mid-June, 1989. The 
arrow marks the time of a M3.7 event located approximately 3 km southeast of VP1 that occurred 
between the April and June 1989 measurements (see text). 



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. Organizing and archiving GPS observations made in FebruaryIMarch 1990, and developing a 
uniform set of benchmark descriptions for all sites observed during this and previous surveys 
in the Salton Trough-Riverside County region. 

2. Continuing analysis and interpretation of 1986, 1988 and 1989 GPS measurements in the 
Imperial Valley-Salton Trough with emphasis on regional strain accumulation and strain 
release associated with the 1987 Superstition Hills earthquakes. 

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 (Figure 1) 
from the Gulf of California in Northern Mexico to just south of the junction of the San 
Andreas and San Jacinto faults (~34'N).  Participating institutions 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 at 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 (~5-10 km site spacing) was alsoestablished along the southernmost San Andreas 
and Imperial faults in S. California. Coverage extends to 150 km from the active fault systems. 

All data collected by university and Riverside County participants have been archived with the 
UNAVCO archiving facility under the direction of Dr. Judah Levine. UNAVCO is currently 



translating these Trimble data to RINEX format for distribution to participants in the Salton 
Trough- Riverside County experiment. In addition, descriptions are being generated in NGS 
format for all benchmarks in the STRC network. These descriptions will be made available 
to any interested group with the capability to  respond in the event of an earthquake within 
the network. 

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 at Caltech (reduction of 1989 Trim- 
ble data has been hampered by severe ionospheric disturbances during the campaign). Large 
station displacements between 1986 and 1988 are attributed to the November 24, 1987 Super- 
stition Hills earthquake sequence. Displacements at 3 sites within 3 km of the surface rupture 
approach 0.5 m. Eight additional stations within 20 km of the seismic zone are displaced at 
least 10 cm. This is the first occurrence of a large earthquake (Ms 6.6) within a preexisting 
GPS network. Best-fitting uniform slip models of rectangular dislocations in an elastic half- 
space indicate 130 cm right-lateral displacement along the northwest-trending Superstition 
Hills fault and 30 cm left-lateral displacement along the conjugate northeast-trending Elmore 
Ranch fault. The geodetic moments are 9.4 x dyne-cm and 2.3 x dyne-cm for 
the Superstition Hills and Elmore Ranch faults respectively. Distributed slip solutions using 
Singular Value Decomposition suggest near uniform displacement along the Elmore Ranch 
fault and concentrated slip to the northwest and southwest along the Superstition Hills fault. 
A significant component of non-seismic secular displacement is observed across the Imperial 
Valley for the interval 1986-1988 which is attributed to plate-boundary deformation. 

To investigate strain accumulation across the Imperial Valley, station displacements are com- 
puted at 29 stations for the period 1986-1988 and 11 stations for the period 1988-1989. The 
earlier measurements indicate 5.9 f 1.0 cm/yr right-lateral differential velocity across the Val- 
ley, although the data are strongly influenced by the Superstition Hills earthquake sequence. 
In addition, some measurements, especially those indicating large east-west displacements, 
are suspect for large errors (most likely in 1986 survey). The 1988-1989 GPS displacements 
are best modeled by 5.2 f 0.9 cm/yr of plate boundary deformation, but rates calculated from 
conventional geodetic measurements (3.4 - 4.3 cm/yr) fit the GPS data nearly as well. There 
is evidence from GPS and VLBI observations that the present slip rate along the southern San 
Andreas fault is smaller than the long term geologic estimate, suggesting a lower earthquake 
potential than is currently assumed. Incorporation of the 1990 observations in this analysis 
should provide better resolution for strain accumulation across the valley as a whole as well 
as along individual faults. 
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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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Investigations 

1. Horizontal Deformation in the San Francisco Bay region (with Mike Lisowski). 

2. Inverse theory for elastic dislocation models and malysis of crustal deformation 
around the San Andreas fault (with Mark V. Matthews). 

Results 

1. We compare the horizontal surface displa.cements in the Loma Prieta region that 
accompanied the great 1906 San Francisco earthquake with those occurring in the October 
17, 1989 Ms7.1 Loma Prieta earthquake. The 1906 displacements are determined from 
changes in horizontal angles and astronomic azimuths measured in the 1880's and again 
in 1906-7. In 1906 Loma Prieta, located in the middle of what was to become the rupture 
zone of the 1989 earthquake, was displaced one meter parallel to the trace of the San 
Andreas fault. This implies that the 1906 motion was nearly pure strike-slip, regardless of 
the dip of the fault plane. A joint solution for horizontal displacements during the 1989 
Loma Prieta earthquake, determined from EDM, GPS, and VLBI measurements, shows 
that the displacement of Lorna Prieta in 1989 involved subequal amounts of strike-slip and 
convergence. The surface displacements show that the 1906 earthquake was dominantly 
strike-slip, while the 1989 earthquake was highly oblique. If the two earthquakes occurred 
on the same fault plane, and the slip was in the direction of the resolved shear stress acting 
on the fault, then the shear stress would have had to have rotated significantly between 
the two earthquakes. If, on the other hand, the two earthquakes occurred on parallel faults 
with different dips, both events can be satisfied by a non-rotating stress state. Pre-1989 
seismicity in the region outlines, albeit weakly, a vertical plane extending beneath the 
mapped trace of the San Andreas fault (Olson, 1990 GRL). Together the geodetic and 
seismic data are consistent with the 1906 earthquake occurring on a vertical fault and the 
1989 earthquake on a southwest dipping fault. If correct, this conjecture has important 
implications for the evaluation of recurrence models and for present earthquake hazard. 

2. We have been working to develop a theoretical foundation for inversion of crustal 
deformation measurements to estimate fault slip. Using elastic dislocation theory to derive 



a "forward model" that describes deformation in terms of fault slip, we propose to handle 
the nonuniqueness inherent in the inverse problem of estimating slip from a small set of 
deformation measurements by finding slip estimates that minimize relevant measures of 
energy and stress concentration. In particular, we have sought estimates that minimize 
the most natural physical criterion: stored elastic s t ra in  energy. In the abstract context 
of elastic dislocation models, crustal deformation measurements are linear functionals of 
fault slip, usually expressed as "weighted averages" of slip, and often contaminated with 
nonnegligble measurement error. We have solved the energy minimization problem for 
functionals given by weighted averages in terms of the t rac t i on -ma tch ing  cond i t i on  (TMC). 
Let T(.; S) be the change in fault-surface traction accompanying slip, s. The TMC says that 
the slip distribution producing least elastic strain energy subject to a constraint of the form 

is proportional to the slip distribution, W* satisfying the traction-matching equation 
(TME): T(J; W*) = w([), V t  E Eo. The TMC shows, for instance, that the least potential 
energy subject to a constraint on the m o m e n t  of a slip distribution is given by the crack-like 
slip distribution with constant traction on the slipping part of the fault. For nonconstant 
weight functions, we must generally solve the TME numerically for the unknown, W* . 

We have found the criterion of minimum potential energy to be useful but not entirely 
satisfactory. We have demonstrated that potential energy bounds in dislocation models 
i m p o s e  n o  res t r ic t ion  o n  pointwise behavior  of slip dis tr ibut ions.  An explanation for this 
undesirable property lies in the fact that a distribution with small elastic strain energy 
may have locally large stresses that exceed yield strength and give rise to significant plastic 
yielding. Thus, elastic energy may be a poor approximation of the total work required to 
achieve a given state of slip and deformation. In order to rectify this shortcoming, we have 
proposed to constrain local stress concentration as well as strain energy. We acheive this 
aim by defining a quadratic functional by 

We may view L(s), appropriately normalized, as a measure of local energy  required 
to maintain a state of slip s. We have shown that L(s) is proportional to the 
integratedpquared derivative of slip, and have thus been able to use the reproducing kernel 
structure of the Hilbert space of functions with square integrable first derivative to find 
slip estimates minimizing L(s) subject to linear constraints. 

Our application of the theory we've developed to date has been limited to a simple 
anti-plane slip model for coseismic deformation in the rupture zone of the 1906 San 
Francisco earthquake. We have inverted angle changes in a triangulation network in the 
vicinity of Point Arena, CA surveyed in 1891 and in 1907. Figures 2. a,-c. shows two 
sets of basis f unc t i ons  that form fundamental components of the slip estimate. These 
basis functions minimize the self energy  (solid) and local energy (dashed) for fault-parallel 



antiplane displacement of the stations listed. In Figure 2. d., we show the basis function 
for the change in the angle from LANE to SHOEMAKER to SPUR. All basis functions 
in these figures were calculated assuming a faulting depth of 10 km. Though there are 
thirty data measured in this survey, our calculations show that there are only 9 linearly 
independent observations when we minimize global strain energy, and only 5 when we 
minimize local energy. Orthogonal basis functions spanning these 9 and 5 directions are 
shown, respectively, in Figures 3 and 4. Figure 5 shows two estimates of slip obtained by 
appropriate combination of the basis functions shown in Figures 3 and 4. Both estimates 
agree well with the observed coseismic surface offsets of about 5 m in the vicinity of Point 
Arena. 
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11.2 

F i g u r e  1 

1906 AND 1989 DISPLACEMENTS 

Interferometry (VLBI) vectors. SM: Sierra Morena, RH: Red Hill,  AL: Allison, MO: Mocho, HA: Mt. 

Hamilton, LP: Lorna Pdeta, ER: Eagle Rock, SA: Santa Ana, FO: Fort Ord, TO: Mt. Toro. 
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This project is primarily a data collection effort, the short-term aim being to increase the 
density of geodetic monumentation and measurement along the southern San Andreas fault. 
Longer-tern goals are to accomplish this along other segments of faults in southern 
California as well, and to initiate a study of block rotation in the Salton Trough. We 
primarily utilize Global Positioning System (GPS) technology to perform high-accuracy 
surveys of relatively dense survey networks across active faults and folds. Beginning in 
1991,,this project will be merged with our Creep and Strain project and the Los Angeles 
Basin GPS project. 

This project's funding began in February 1990. The first work accomplished with 
these funds was a cooperative survey from the MexicoNnited States border through the 
Coachella Valley and throughout Riverside County. This project involved a large group, 
organized primarily by Rob Reilinger of MIT. Caltech's participation in this survey 
involved site selection and reponsibility for adding eleven new stations to the network in 
the Coachella Valley. The second project undertaken with these funds was a kinematic 
GPS survey of the UCSB monument array at Painted Canyon, combined with static 
measurements between this array, the Durnid Hill array (done by kinematic GPS in Dec. 
'89), and the fiducial station at Black Butte. These projects are described in our previous 
semi-annual report. 

This report briefly describes work accomplished in the past six months on this project. 
Note that field work in the Coachella Valley becomes difficult in the summer months 
because of the intense heat during the day. Also, the ideal GPS satellite window has only 
recently begun to return to night-time here in California. Because of increased ionosphere 
activity during daylight hours, it is thought to be preferable to do GPS surveying at night. 
For these reasons, we loaned our receivers to UNAVCO for the three summer months. We 
are now, in early October, gearing up for this year's major field season in the Coachella 
Valley and Los Angeles region. 

During the past few months, management and archiving of our data collected to date 
has been accomplished. We have also done preliminary processing of all our data with the 
Trimvec software. For the Los Angeles Basin study, data from the NGS data center have 
been obtained for the 1933 and 1979 surveys, and inverses from eccentric stations have 
been performed where needed. A preliminary report will be given by Hudnut et al. at the 
Fall 1990 meeting of the AGU, comparing these earlier surveys to the 1990 GPS survey. 

The first data collection effort over the summer months was a collaborative GPS field 
project with Geoff Blewitt and Ken Hurst of the Jet Propulsion Laboratory (JPL). We 
reoccupied the Loma Prieta network and improved tie-ins to the USGS network of GPS 
stations there. This work was a further test of the Rapid Static Surveying technique 
developed at JPL, and provides the third set of measurements on this network since the 
Loma Prieta earthquake. Results from this third survey will reported by Hurst et al. at the 
Fall 1990 meeting of the AGU. 

Second, during the month of September, our two GPS receivers were deployed for 19 
consecutive days on the baseline between JPL and a new station atop the Palos Verdes 



Peninsula. This was done to test the feasibilty of intermittent monitoring to study daily 
variations in apparent position, and to see whether errors can be substantially reduced by 
repeated measurement. Our goal in this work is to efficiently monitor long-term 
deformation at higher than usual GPS accuracies, utilizing precise (meter-level or better) 
orbits from the Permanent GPS Geodetic Array (PGGA) and >10 consecutive days' data. 
This approach will be taken in the Los Angeles Basin and elsewhere (e.g., the Coachella 
Valley) using GPS receivers as they are available. 

Third, and perhaps most important, is our ongoing work in the Coachella Valley area 
along the southern San Andreas fault: During the past two weeks, we installed three arrays 
across the fault. Each array is framed by of two or more existing monuments that Caltech 
helped establish as part of the main GPS network in February 1990 with the Salton Trough 
- Riverside County (STRC90) Campaign. We have added about ten new monuments in 
each array, some of which are pre-existing monuments, but most of which were newly set 
by Caltech with a gas-powered hammering drill. A total of about 20 new monuments were 
set during September 1990. We are collaborating during Oct. 1990 with Riverside County 
Flood Control District (RCFCD) to survey in the positions of all these monuments using 
high accuracy static GPS measurement techniques. RCFCD is providing 6 experienced 
GPS surveyors, as well as 4-WD vehicles, to support this field work. 

Our new arrays cross the San Andreas fault zone at three locations: 1) at Indio the may  
is a set of nested large quadrilateral figures (tied in to our near-fault total station geodetic 
figure at the Indio trenching site), 2) at Thousand Palms Canyon, the array crosses both 
main strands of the fault zone along a single profile, providing relatively dense GPS 
coverage, and 3) along Indian Avenue, a main north-south road from Palm Springs up to 
Morongo Valley, complementing the USGS small trilateration networks there. 

Incidentally, RCFCD will also install a high-accuracy 30-station grid on a 100 sq. mile 
area in Palm Springs for one of their GPS-controlled mapping projects, and will make 
these data available to us. This grid will form a useful array for relatively detailed study of 
off-fault strain, and we plan to incorporate these data into our own data processing and 
archives. Furthermore, RCFCD will survey a quadrilateral array spanning the Elsinore 
fault with GPS and provide these data to us as well. They will be following our field 
procedures for primary stations on these projects of their own, which should assure high 
data quality. 

Anticipated work during October and November 1990 will primarily involve our GPS 
surveying of the three new Coachella Valley arrays. Once this is accomplished, we plan to 
resurvey our array across highway 46, southeast of Parkfield. This array, surveyed by 
static and kinematic GPS in Dec. 1989, will be reoccupied in early November and tied in to 
the GPS monument installed by Caltech on Carr Hill in Parkfield. This work will be in 
collaboration with Mike Jackson and Yehuda Bock and will involve a mixture of static and 
kinematic GPS . 

We will also be continuing to implement new releases of GPS processing software at 
Caltech, specifically for processing our Trimble data. Our goal is to replace routine 
processing of the data by Trimvec with software capable of attaining higher accuracy 
results. This includes the aim of rapidly and routinely achieving such results while in the 
field by obtaining precise orbits from the PGGA via modem and processing the data with 
o w  GRiD 386 and Macintosh SE/30 personal computers. 
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Investigations 

[I] Real-time monitoring, analysis, and interpretation of strain, creep, magnetic, tilt and ot,her 
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 t o  satellite-based telemetry system for reliable real-time reporting and archiv- 
ing of crustal deformation data. 

[3] Development and implementation of backup capablities for low frequency data  collection sys- 
tems. 

[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 over eight mil- 
lion measurements from over 100 satellite platforms have been received via satellite telemetry 
and subsequently archived by Low Frequency Network computers for analysis. 

[2] The project has operated a configuration of an Integrated Solutions (ISI) V24S computer run- 
ning under the UNIX operating system, with another IS1 serving as data  storgage 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 maintenance of the IS1 systems. Data from the 
Network are 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 vari- 
ous groups of instrumentation. 

[3] The project continues to  ttse 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 realtime telemetry system. Further expansion of the number of platforms monitored 
is ongoing. 

[4] 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 



anomolous tectonic activity. Kate Breckenridge is the monitor for Parkfield creep events, 
which includes contact via paging system during periods of increased activity. Stan Silver- 
man is the alternate monitor for Parkfield strainmeter data, which also includes contact via 
pa.ging system for alerts. Also, data collection and computer operations are automatically 
monitored for abnormal activity and project members are paged for in the event of problems 
with either. 

[5] The project has continued 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 in an ongoing basis to monitor seismicity and crustral deformation in 
Central California and in special areas of interest. 

[6] A new computer system based on a Sun Sparcstation 1+ has been ordered t o  begin relieving 
the IS1 system of primary data collection and analysis functions. The system will provide 
increased disk storage and industry standard hardware and software for reliability. The new 
system should be operational by January, 1991. 
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Investigations 

1. Field investigations of late Holocene and historic slip rates in the Parkfield and Carrizo 
Plain segments of the San Andreas fault. 

,2. Post-earthquake investigations of the 1989 Loma Prieta, California earthquake. 

3. 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. 

Results 

1. We excavated 8 additional trenches (-125 m total length) at the Phelan Ranch site on the 
Carrizo Plain in May 1990. This phase of the study extended the search for more offsets, 
evidence of individual events, and additional study of the process of stream abandonment 
at the Phelan Site. The fault trace at the site is easily identified by geomorphic features. 
The trace is characterized by a pair of offset modem streams, an older abandoned and 
infilled stream channel, a graben, and a pair of beheaded streams. Off-sets of the modern 
streams measured by high precision surveys of their thalwegs show similar total offsets. 
The thalweg of the SE larger stream is offset 17.4 -t 1.6 m, and the offset of the NW 
smaller stream is 15.8 + 0.6 m. In May our studies focused on the graben that lies across 
the right step-over in the San Andreas fault. 

Pull-apart basins on dextral strike-slip faults are associated with right step-overs that form 
tensional substructures. Excavations of the San Andreas fault (SAF) on the Carrizo Plain, 
central California reveal details of the development of a small pull-apart basin controlled 
by an en echelon right stepover of the SAF and subsequent filling of the depression with 
Holocene sediment?. Juxtaposition of modern topographic features by right slip on the 
west trace of the SAF enhances the basin and its bounding fault scarps. Our excavations 
show that several en echelon strike-slip cross-faults transfer slip across the basin. Some 
of these cross-faults also show the usual paired normal and reverse faults seen on simpler 
strike slip faults. 

The step-over zone in which we excavated trenches reveals en echelon cross-faults whose 
aggregate displacement sums to about the total displacement of the SAF in this area. Our 
trenches reveal that as movement proceeds on the SAF zone new en echelon cross-faults 



are formed near the southeast end of the stepover and older ones are abandoned near the 
northwest end of the stepover. ,The excavations also show that at the NW end of the 
basin the west trace of the SAF dies out leaving an inactive extension to the NW. Slip 
is transferred by en echelon cross-faults to the east trace as the west trace dies out. The 
east trace of the SAF consequently shows increased displacement to. the NW as the en 
echelon cross-faults release slip to it. The structural details seen in our excavations are 
similar to the model of basin development by en echelon strike-slip faults proposed by 
Rodgers (1980). However, the features in our excavations are more complex than those 
proposed by Rodgers and are probably better approximated by the non-constant offset 
model of Chinnery and Petrak (1968). 

2. Following the 17 October 1989 Loma Prieta earthquake I began a project to study 
earthquake-induced liquefaction structures caused by the 1906 San Francisco earthquake, 
and the 1989 Loma Prieta earthquake and its April 1990 aftershock. The 1989 and 1990 
events formed compound sandblows in sediments of Soda Lake near Watsonville, 
California. The objective of the project is to investigate areas that liquefied in response 
to shaking by the 1906 and 1989 earthquakes. I will compare relationships between 
structures formed in the 1906 and 1989 earthquakes and structures formed in Soda Lake 
by the 1989 Loma Preita earthquake and its 1990 aftershock. 

The study is intended to develop criteria for interpreting records of paleoliquefaction used 
for determining paleoseismic histories. There is no generally recognized set of criteria 
used to establish the completeness of a paleoliquefaction record. Few studies treat the 
problems of recognition and classification of liquefaction structures, and development of 
local recurrence intervals from evidence of paleoliquefaction (Sims, 1978a, 1978b). 
Accurate interpretation of liquefaction-induced deformation requires detailed examination 
and characterization of multiple liquefaction events of varying ages at a single site. Once 
characterized, criteria for the recognition, classification, and genesis of complex 
liquefaction structures can be developed. From these criteria complex cross-cutting 
relationships and the influence of other geological processes can be better understood. 
Most critical is to develop the ability to separate earthquake-induced structures from 
similar structures formed by other geologic processes. The relationships between 
liquefaction structures formed in 1989, 1906, and earlier can be used as a model of the 
relationships between multiple structures separated by long time intervals. Similarly, the 
structures formed in Soda Lake can be used as a model for structures separated by small 
time intervals. Thus, this work can form the basis, using physical relationships, for 
improving and expanding the interpretation of earthquake recurrence interval. 

Liquefaction induced by the Lomh Prieta earthquake provides an excellent opportunity to 
study sediments affected by liquefaction. The Loma Prieta earthquake induced 
liquefaction in various types of sediments at numerous locations. Most importantly some 
of the largest aftershocks caused repeated liquefaction at some sites in the greater San 
Francisco Bay area. One of the sites, Soda Lake near Watsonville, Calif., reveals a rich 
record of multiple liquefaction events associated with the October main shock and a M 
5.5 aftershock (Sims and Garvin, in prep.). 



Soda Lake is a now inactive settling basin constructed in an abandoned meander loop,,of 
the Pajaro River near Watsonville, Calif. for the nearby Granite Rock Quarry (Fig. 1). 
The sediments in the basin are about 10 to 12 meters thick. The sediments accumulated 
in the last 30 to 40 years. These sediments were affected by two liquefaction events. The 
events, the 18 October 1989, M 7.1 Loma Prieta main shock and the 18 April 1990, M 
5.5 aftershock, produced numerous fissures and sandblows. Sandblows that erupted 
during the 1989 main shock were easily distinguished from the sandblows erupted in the 
1990 aftershock and the two generations were mapped. Excavations in the sediments of 
Soda Lake reveal a detailed stratigraphy through which numerous sand blows erupted. 
Vertical serial cross-sections of the excavated sandblows show they developed 
episodically. Two generations of surface cone and feeder dike features are easily defined 
(Sims and Garvin, in prep.). My investigations are the first to describe the morphology 
and sedimentary relationships of liquefaction structures at sites that experienced multiple 
liquefaction events. My investigation of the two liquefaction episodes and their com- 
pound structures illustrates the possible confusion that may occur if one is not aware of 
the physical relationships present in complex associations of liquefaction structures of 
variably differing ages. Other complexities can also be visualized; such as crosscutting 
of liquefaction features and their modification by fluvial, soil formation, and biological 
processes. These interactions must be understood before accurate assessments of 
paleoliquefaction events can be used to interpret paleoseismic history. 

3. Geologic mapping of the Stockdale Mountain and Orchard Peak 7%-minute quadrangles 
is in progress. The Stockdale Mountain Quadrangle is about 60 percent complete and the 
Orchard Peak Quadrangle is about 40 percent complete. 

4. 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. 

Reports 

Sims, J.D., Ito, Tanio, and Garvin, C.D., 1990, Holocene deposits in a right step-over on the San 
Andreas fault as a model for the development and propagation of strike-slip pull-apart 
basins: American Geophysical Union Transactions, EOS, v. , p. . 
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Observed Vertical Deformation Associated With the Lorna Prieta 
Earthquake. Coseismic elevation changes calculated from leveling observations are in 
qualitative agreement with the predicted vertical deformation computed with the fault model 
of Lisowski et al. [GRL, 19901. Along the coastline, coseismic displacements are similar 
in shape to uplifted marine terrace profiles, a relationship predicted by Anderson [Science, 
19901 and Valensise & Ward [Nature, 19901. Anomalous deformation occurs where level 
routes cross the Sargent and San Andreas faults and where these crossings are correlated 
with shallow aftershock activity. Preseismic leveling surveys date from 1953 to 1989 and 
differ in quality from first to third order. Following the earthquake the National Geodetic 
Survey releveled 450 km of the survey routes in cooperation with the USGS and Santa 
Cruz County Public Works Department. Because coseismic time intervals between pre- 
and post-earthquake surveys range from 1 to 23 years, and because many of the routes 
traverse known subsidence basins, corrections for nontectonic processes were made to 
deduce the coseismic elevation changes. Errors were assigned to the coseismic data based 
on survey precision, and the uncertainty of the subsidence corrections. 



Contemporary, Holocene and Quaternary Deformation of the Asal Rift, 
Djibouti: Insights for the Mechanics of Slow-Spreading Ridges. The Asal rift 
bounding the African and Arabian plates provides a unique onshore analogue for slow- 
spreading midocean rifts; it displays a classical 10-km-wide rift valley with a central zone 
of fissures and about 15 inward-facing high-angle normal faults. Deformation 
accompanying a seismo-volcanic crisis in 1978 was measured by geodetic leveling. A 
highstand of Lake Asal has been extensively dated by 14C, furnishing a record of the 
deformation since 7.4 ka (see figure). Only the central 4-5 faults slipped during the 1978 
crisis. In contrast to expectations that faults become progressively inactive with distance 
from the rift axis, however, faults throughout the rift have been active during the Holocene. 
In fact, the slip rate of the central 2 faults (indicated by arrows) has slowed to 50% of its 
Pleistocene rate since 7.4 ka. There is no evidence for progressive block tilting with 
distance from the rift; fault dips are everywhere 70-85'. Because of negligible erosion and 
deposition in the hyper-arid Afar, the topographic profile provides a measure of the 
cumulative deformation since formation of the modem rift. We find that when the two 
profiles are scaled by a factor of 3.75:1, the Holocene profile closely resembles the 
topographic profile (see figure). This correlation suggests that the cumulative topography 
formed about 28 ka. 

By comparing the 1978 coseismic fault slip to the Holocene slip rate, we estimate that 
earthquake repeat times for individual 5-10 km-long faults average 200 yr. Only 50% of 
the Holocene faults slipped in 1978, and thus the repeat time for grouped tectonic events, 
such as the 1978 crisis, is about 100 yr. The measured coseismic extension in 1978 was 
1.7 m and the spreading rate is 17 mm/yr; this ratio furnishes independent evidence that 
tectonic events repeat every 100 yrs. We argue that half of the events occur in the central 
rift axis accompanied by volcanism, as in 1978; other events occur on the periphery of the 
rift without extrusion of lavas. 

Distance Normal to Rift (km) 



Seismicity and Geometry of a 110-km-long Blind Thrust Fault. How blind 
faults form, grow, and deform the r ~ c k s  around them is central to understanding their 
prevalence and earthquake potential. Identification of active blind thrust faults is hindered 
by the absence of a surface fault trace, but they may be revealed by the presence of actively 
growing surface folds. Between 1982 and 1985, three 5.51M16.5 earthquakes migrated 
65 h along the north half of a string of Quaternary folds along the east front sf  the central 
California Coast Ranges. The fold chain, oriented parallel to the San Andreas fault 30 km 
to the west, accommodates part of the predicted 7 mm a-l of contraction normal to the San 
Andreas fault. Because of excellent seismic, geodetic, and subsurface geologic data, this 
sequence provides an opportunity to illuminate the geometry of the folds and blind faults 
and to probe their mechanics. We relocated seismicity and determined focal mechanisms 
using a three-dimensional velocity model, and compared these results to the surface 
geology and seismic-reflection profiles across the fold. We also examined the vertical 
deformation accompanying and following the 1983 Coalinga earthquake. 

The main shocks display reverse slip perpendicular to the fold axes, and the aftershock 
zones abut at echelon offsets in the fold axes, suggesting that the folds conceal a 
continuous, segmented thrust fault. Background seismicity tends to concentrate at bends 
and breaks in the fold chain, sites that may correspond to tears and stepups in the thrust at 
depth. Several seismic-reflection profiles across the fold chain reveal thrust and reverse 
faults dipping toward the San Andreas fault at depths of 5-10 km with kilometers of 
cumulative slip, as well as high-angle reverse faults dipping away from the San Andreas 
fault in the anticlines with negligible cumulative slip. Coseismic uplift on or near the fold 
accompanied the Coalinga and Kettleman Hills North Dome earthquakes, suggesting that 



fold growth is episodic and coupled closely to repeated earthquakes on the underlying 
thrusts. The fold chain has been the site of several other 5.51M16.5 earthquakes during 
the 20th century, but none of these events has occurred in the south half of the chain. 
Thus, the next fold segment to the south, Kettleman Hills Middle Dome, has a high seismic 
potential. The postseismic deformation at Coalinga, amou.nting to 20% of the coseismic 
deformation during the first 4 years after the earthquake, is unusually large for an intraplate 
earthquake, and cannot be caused by shallow fault creep. One explanation for the 
postseismic deformation is upward and eastward propagation of the fault tip at the east 
front of the Coast Ranges. 

The aftershock zones of the three main shocks are diffuse and occupy a region much larger 
than the sites of seismic slip. Aftershocks are found 5-7 km in front, above and below the 
fault tip, regions where the shear-strain increase caused by slip on the main fault exceeds 
-20 ppm (equivalent to about 0.7 MPa). We argue that the diffuse aftershock distribution 
is a product of high, sustained off-fault stress caused by repeated displacement on faults 
that do not cut the free surface. The fault-tip stresses lead to the formation of secondary 
faults which can become sites of aftershocks and postseismic creep. The secondary faults 
near the tip of the thrust become part of a broad zone of fractures as the fault propagates 
through them, resulting in an unusually wide fault zone (Stein, Ekstriim, Eberhart-Phillips, 
and Eaton). 
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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 strainmeter~. All leveling is done 
according to First Order, Class I1 standards, and horizontal surveys are done to First Order standards. 

RESULTS 

One of our primary objectives during the reporting period has been to test the capability of our Wild 
TC2000 total station distance meter to remeasure quadrilaterals for nearfield strain, and to remeasure leveled 
alignment arrays. We are still evaluating the data, but a preliminary conclusion is that we can achieve 1 
ppm precision for horizontal measurements over periods as short as one day and as long as one year, and 
over distances up to 1000 m. Vertical reproducibility is about * 2-4 mm, which is not acceptable for 
tectonic studies, and we prefer to rely on standard precise leveling that yields a reproducibility of -t 0.4 mm. 

We surveyed 32 permanent bench marks along State Highway 203 through the town of Mammoth 
Lakes in the time period 21 to 28 August 1990. The objective of the survey was to determine vertical 
strain since the last previous survey that was done by the Cascades Vollcano Observatory (CVQ) in October 
1989. Our results are similar to the CVO survey and by the National Geodetic Survey (NGS) in 1985, but 
dissimilar to those done by the NGS in 1986 and 1988. We concluded that little significant vertical strain 
occurred along the length of the line in the last 10 months since the 1989 CVO survey. More 
conservatively, we could conclude that little significant vertical strain has occurred since the first survey in 
1985, and that the NGS surveys of 1986 and 1988 are contaminated with random and systematic errors that 
yielded an apparent uplift of 30 mm in the west half of the line between 1985 and 1989. We lack at present 
information on the quality and standards of the NGS surveys. Details and discussion of our results will 
appear in the Long Valley Monthly Report. 

In the Parkfield area, we resurveyed level lines TURKEY FLAT, CAR HILL, PIIT RANCH, and 
FLENGE FLAT and found no significant changes in bench mark heights since our previous resurveys in 
August 1989. 

We releveled nearfield geodetic arrays LEWIS CREEK, MUSTANG GRADE, PINYON FLAT and 
WALLACE CREEK during summer 1990. LEWIS CREEK, which is in the center of the creeping 
segment of the San Andreas fault, continues to creep vertically at a rate of about 3 mmlyr. MUSTANG 
GRADE, also in the creeping segment, yields equivocal results. We are still processing the other arrays. 

We have almost completed the programming of a new leveling adjustment program to run on 
Macintosh SE microcomputer. This is a major step forward for us, because it will replace a horseback 
program written for an old Apple 11+ with its miniscule 128K of memory. Soon we will be able to process 
in one gulp our arrays that consist of 54 or more bench marks, and we have several of them waiting to be 
done. 
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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 lifetime. The experiment involves measuring the 
differential vertical motion of four points in the ground from a depth of 5 m down to 
depths of 50 m. The goal of this temporary installation is to study the stability of the 
neax-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 measure signals up to one thousand times more pre- 
cisely than geodetic surveying techniques in the period range of months to minutes, 
while accurately recording the secular accumulation of deformation-provided that the 
instruments are adequately anchored to depth. Determining what depth is adequate in 
this area-as a f ist  step toward consideration of more extensive instrumentation-is 
the aim of this project. 

Because of the high accuracy needed for deformation measurements, we believe 
conventional extensometery using solid-rod or taut-wire sensors would not be adequate 
in this case. While using evacuated pipes and a laser interferometer would meet the 
accuracy requirements, it would involve complicated vacuum/optical systems and a 
much larger borehole. By using lengths of optical fiber for the light paths instead of 
evacuated pipes, we are able to make many differential measurements in the same 
borehole without needing cumbersome vacuum equipment-this, of course, makes the 
installation much less expensive. Another important advantage is that once the laser 
light has been sent into the fiber system all light-direction is permanently "hard-wired, 
with no discrete optical elements which would need frequent realignment, especially in 
a non-temperature-controlled setting such as this. 

Construction at the field site began as soon as possible after preparation of the 
optical-fiber sensors (we were delayed by late delivery of the materials) which coin- 
cided with the end of the hot summer weather in the Coachella Valley-with its day- 
time temperatures of -110°F in the shade. The field work has proceeded at a steady 
pace since mid-September. After first settling the land-use arrangement with a local 



resident our next step was to drill a borehole and install the fiber sensors to their 
proper depths. Based on the drilling results for several heat-flow holes (drilled nearby 
in the late 1960 '~ )~  we were very concerned about how to drill to our target depth of 
50 m. These earlier holes had often collapsed during drilling, and lost circulation to 
the surface. To avoid this we chose to use special drilling equipment which cased the 
borehole as it was being drilled; the side-walls of the formation could then never cave 
in. As it turned out, the drilling went fairly smoothly, though probably introducing 
large, local strains in the borehole side-wall, as the special drill bit was literally ham- 
mered through the ground with no boring action. 

The fiber optic sensors (two each to four different depths, with one spare to each 
depth) were fabricated in our lab 'in San Diego prior to the drilling exercise. The indi- 
vidual fiber-arms of the interferometers were cut to length, a silver mirrored surface 
was chemically plated to their lower ends, and the fibers were permanently sealed 
against moisture. After drilling 'was completed, the full bundle of 12 fibers was 
lowered to the bottom of the open borehole and the operation of cementing them in 
place was begun. Initially we had planned to pump 5-foot vertical columns of very 
strong grout ("anchors") into the borehole, carefully placed at each of the four sensor 
depths. The intervals between these anchors was to be filled with packed sand. This 
elaborate scheme was devised because the bonding grout we originally considered 
using was so much stronger than the local material that filling the entire hole with 
grout risked making our measurements meaningless: we might end up measuring noth- 
ing more interesting than grout deformation. While planning the operation, we came 
to feel this scheme would be too difficult to accompIish under field conditions (that is, 
unless we had a lot more money). Instead, we experimented with various grout 
recipes (based on advice from John Boa, with the Army Corps of Engineers in 
Vicksburg) to reduce the grout's strength to match our estimate of the strength of the 
claystone/sandstone Borrego formation. We settled on a set of mix proportions and in 
the end filled the entire borehole with this "intermediate strength" grout formula. This 
approach had the enormous advantage of removing the need to accurately place small 
volumes of different materials in the borehole where, after all, you are nearly "blind" 
to what is going on. 

After the sensors were safely grouted into the borehole, we started building the 
sub-surface vault for housing the optics and electronics. A large pit was excavated 
around the short section of surface casing sticking up from the borehole and our pre- 
assembled vault lowered into the hole. The vault is made of two 4-foot-diameter sec- 
tions of drainage culvert tipped on end; these sit side-by-side with a "window" cutout 
connecting the two (see Figure 1). The taller of the two sections of culvert serves as 
an entrance-way while the short buried section will contain the laser, optics, and elec- 
tronics necessary to make the differential displacement measurements. 

We expect that we will complete installation of the sensors and begin recording 
data before the end of December 1990, about six-months later than we had originally 
planned. 
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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 triaxial friction experiments on wet and dry quartz gouge at normal stresses to 100 MPa 
and temperatures to 250 OC. 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 effect of water on frictional behavior, and in particular, to search for 
evidence of solution transfer at elevated temperatures and low sliding velocities. 

Results 

The first suite of experiments investigating velocity and temperature dependence of friction in 
quartz gouge at both wet and dry conditions has been completed. Using a servo-controlled triaxial 
apparatus, we sheared 1.5-mm thick layers of fine-grain (< 100 pm diameter) quartz gouge 
between rough steel surfaces to slip displacements of 10 mm, at a constant effective confining 
pressure of 20 Mpa, and under room-dry or water-saturated conditions. In each experiment the 
slip velocity was stepped between 4., 0.4 and 0.04 pm/s while temperature was maintained at a 
constant value between 22 and 85 OC. In some tests the temperature also was abruptly increased 
by 25 to 30 OC during a period in which the slip velocity was maintained at a constant 0.04 pm/s. 
We measured the transient and steady-state changes in frictional strength resulting from the 
imposed steps in temperature and velocity (e.g., Figs. 1 and 2). 

Use of steel blocks in the sample assembly increases the thermal conductivity of the sample and 
allows rapid equilibration of temperature. A step in temperature of 25 to 30 QC to a new 
equilibrated temperature condition is achieved in less than 100 s. Thermal expansion of the sample 
column during temperature changes is significant: approximately 1 pm axial lengthening per QC 
temperature change. Expansion is measured by the transducer used to generate the feedback signal 
for displacement servo-control. Accordingly, we modify the command signal to achieve a constant 
shear displacement rate of 4 pm/s across the gouge layers during each temperature step. 
Corrections are based on separate calibration experiments, conducted under load feedback, that 
define the thermal expansion of the sample column during a standardized heating procedure. 

Differential axial force is measured with a load cell positioned inside the pressure vessel (Fig. 
3). As such, the components of the sample assembly contributing to the total resistance to slip are 
the 1) shear of the gouge layer, 2) deformation of the jacket, and 3) lateral slip between two steel 
spacers (Fig. 3). The jacket consists of a 5-pm thick copper foil inside a 2-mm thick sheet of lead. 
The spacer interface is lubricated with graphite powder to facilitate the lateral slip. Experiments 
have been conducted specifically to determine the time and temperature dependent strength 
properties of the jacket and graphite lubricated surface. Compared to the strength of the gouge and 
graphite, the velocity and temperature dependent strength of the jacket is negligible. The velocity 
and temperature dependent strength of the graphite lubricated surface is significant, and therefore 



characterizing the constitutive behavior of the graphite interface through numerical constitutive 
modeling is a necessary aspect of our present work. The graphite interface shows rate 
strengthening behavior, so the frictional behavior of the quartz gouge is more rate weakening than 
suggested by the raw friction data illustrated in Figures 1 and 2. 

Presently, we are using the velocity and temperature dependent friction law proposed by 
Chester (1988) to describe the behavior of the quartz gouge. This friction law is based on the rate 
and state dependent law formulated by Dieterich (1979) and Ruina (1983), with assumptions 
regarding normal stress dependence following Rice and Gu (1983). The addition of temperature 
dependence assumes that the time- temperature relationship for the microprocesses producing 
velocitydependence are described adequately with an Arrhenius relationship. The single state 
variable law is given by: 

p = Z/(T = p* + a[ln(V/V*) + Q&T] + bO 
and 

dO/dt = (-V/L)[O + ln(V/V*) + QdRTJ, 
where a and b are the friction parameters describing the direct and evolution effect, and Q, and Qb 
are the apparent activation energies for these effects. 

The experiments clearly show that abrupt temperature changes produce direct and evolution 
effects characteristic of velocity dependent friction. Specifically, the changes in transient and 
steady-state frictional strength produced by a step increase in temperature are qualitatively similar to 
the response for a step decrease in slip velocity (Fig. 1). This behavior is consistent with the 
constitutive law described above. 

The friction data also show that the quotient Apinsmmeous/Apss for velocity steps is different 
than that for temperature steps (Fig. 2). This indicates different temperature-time relationships 
(different apparent activation energies) for the direct and evolution effects because Aphstmtanmus 
reflects only the direct effect whereas ApSS depends on both the direct and evolution effects. 

The variation in frictional behavior between the dry and wet tests (Fig. 2) may be attributed to 
the gouge because the apparatus and jacket effects are the same in all experiments. In general, the 
magnitude of the direct and evolution effects is greater in wet quartz gouge than in dry quartz 
gouge. Our present work is aimed at quantifying the velocity and temperature dependence of 
friction in quartz gouge through numerical constitutive modeling of the experiments. 
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Figure 1. Representative results of a velocity and temperature stepping friction experiment. Quartz 
gouge sheared t~ 10 mrn by stepping between velocities of 4,0.4 and 0.04 pm/s at constant 
temperature, and between 57 and 82 OC while sliding at the lowest velocity. This is raw friction 
data uncorrected for jacket and apparatus effects. The friction response is similar for a step 
decrease in velocity and a step increase in temperature (compare steps at 5.5 and 6 mm shear 
displacement). 

Shear Displacement (mm) 

Figure 2. Frictional strength of quartz gouge in velocity and temperature stepping tests. Sequence 
of velocity and temperature steps are the same as that shown in Fig. 1; curves are shifted for 
clarity. Vertical scale is coefficient of friction, where 1 division equals ,025. Top curve: dry, 57 
to 82 OC temperature step. Second curve: dry, 22 to 57 OC. Third curve: wet, 57 to 85 0C. 
Bottom curve: wet, 22 to 57 OC. 



Figure 3. The sample column used in the temperature and velocity stepping experiments. Only the 
components between the two pistons and inside the pressure vessel are shown. Axial shortening 
of the column causes slip on the interfaces as shown. The differential axial load measured by the 
load cell reflects the resistance to slip in the gouge layer, strength of the jacketing used to isolate the 
specimen from the confining media, and the resistance to slip along the graphite lubricated 
interface. The graphite surface is located outside the sealed jacket. 
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INVESTIGATIONS 

1. Wave ~ ro~apa t ion  and onset of instabilitv. Joint studies with V. A. Dubrovskii of the 
Institute of the Physics of the Earth, Moscow, U.S.S.R, were conducted on the theory of 
wave propagation and onset of instability along faults with rate- and state-dependent 
friction. 

2. FrictionexDeriments An initial series of 

direct shear friction experiments was completed by B. Kilgore, M. Blanpied and J. 
Dieterich. The experiments provide constitutive data at slip rates and normal stresses that 
previously could not be attained. 

RESULTS 

1. Wave ~ro~apa t ion  and onset of instability. We have studied the propagation of elastic 

waves along a fault with velocity- and displacement-dependent friction as a perturbation of 

uniform fault slip speed (Dubrovskii and Dieterich, 1990). Particle motion attenuates 
perpendicular to the fault and in this sense it consists of a generalized Rayleigh wave. Two 
critical wave lengths I,, LC, have been identified. If 1>1, waves attenuate, if 1,<1< LC 
wave amplitude grows to instability and if I> LC instability takes place without oscillation. 

2. Friction ex~eriments at a range of velocities and normal stresses. Modifications of the 

direct shear testing sample configuration and improvements in the servo-control system 

have made possible friction experiments at previously unattainable normal stresses and slip 
rates (Kilgore and others, 1990). Normal stresses of 150 MPa, more than double of the 

maximum normal stress in previous experiments, were achieved using a raised sliding 
"button" sample configuration. This configuration generates confining stresses near the 



sliding surface that help resist sample failure at the higher normal stresses. Constitutive 

properties were measured at steady-state sliding slip rates from 10-~prn/s (3mm/yr) to 

103ym/s and normal stresses of 5, 15,30,70 and 150 MPa. 

Measurements of steady state velocity dependence (~p,,laloglOV) on bare surfaces of 
Westerly Granite were obtained following a standard "run-in" of 6mrn slip (Fig. 1). At 

normal stresses from 30MPa to 150 MPa, the velocity dependence of steady-state friction is 
negative resulting in velocity weakening behavior at all slip rates. At 15MPa normal stress, 
velocity weakening occurs at slip rates below 10pm/s, but switches to velocity neutral 
behavior at slip rates greater than 10pm/s. At 5MPa normal stress velocity weakening 
switches to strong velocity strengthening above lOym/sec. 

Steady State Friction 
( P-P 1 y m / ~  =O at 1 ~ m / s )  

3 - 2  - 1  0 1 2 3 4 

log{Slip Velocity, pmls) 

Normal Stress - 5MPa 

--o- I5MPa 
---Am-. 30 MPa 
- - a- - 70 MPa 
-.-.+-.- 150 MPa 

Figure 1. Dependence of steady-state friction coefficient, p, on loglO slip speed and 
normal stress. ,ulp,s is the steady state friction at lpm/s. 

The observations of velocity weakening imply the potential for unstable, stick-slip sliding 

at a wide variety of conditions. Limited observations at slip rates of 10-3 and prn/sec. 



indicate that at these low slip rates, velocity dependence becomes increasingly more 
negative as slip rates decrease. This suggests that an additional deformation mechanism; 

for example, crystal plasticity, pressure solution or subcritical crack growth may be 

activated at these low slip rates. The switch to velocity strengthening at high velocity and 

low normal stress implies that the onset of rapid slip at shallow fault levels would be 
arrested before resulting in true stick-slip behavior. The observed oscillatory creep at 

shallow levels on some natural faults may result from this switch in velocity dependence. 
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I. Investigations 

1.1 Seismic behavior of the outer-rise has been investigated as a possible predictive indicator 
for large subduction earthquakes. Correlations with plate age, convergence rate and seismic 
coupling in the main plate interface were attempted. The work is in progress (Dmowska and 
Lovison, AGU San Francisco, 1990). 

1.2 Large scale inhomogeneities along strike of coupled subduction zones have been 
investigated, as a continuation of our past work (see last two reports ), with the use of mb > 5.0 
seismicity if available in the outer-rise and in the down-going slab at intermediate depths. The 
work shows promises for finding future areas of highest seismic moment release in zones that 
ruptured in large earthquakes before around 1960, that is in cases for which the distribution of 
asperities could not be assessed from the analysis of seismic radiation in the earthquake itself. 

1.3 Finite element analysis of stress variations throughout the earthquake cycle have 
continued, in support of the subduction studies (above), and also for strike-slip models, in which 
case some effects of nonlinear creep rheology have been analyzed. 

1.4 Implicit numerical methods for integration in time are being developed for analyzing 
crustal fault models with rate- and state-dependent friction laws in the fault zone, and some of these 
are now being tested. The hope is to find methods allowing significantly larger time steps than 
previous methods, and to incorporate them into finite element models of the crust. 

1.5 The possibility is being evaluated that elevated pore pressure distributions within the 
crust, relating to plausible scenarios of pressure generation and fluid transport in and near fault 
zones that have lab-like friction properties, could account for not just the absolute weakness of the 
SAF, but also its relative weakness compared to the adjacent crust (which sustains maximum 
principal stress at a steep angle to the SAF, violating whatever failure criterion applies for the 
S AF). 

2. Results 

2.1 Seismic behavior of the outer-rise is a possible predictive indicator for large subduction 
earthquakes. It is known that the outer-rise breaks in tension adjacent to uncoupled subduction 
zones and in both tension and compression near coupled areas, where there are tensional events 
predominantly following large underthrust earthquakes and compressional events (much less 
frequent) grouped towards the end of the cycle. Our recent work (Dmowska and Lovison, 
EOS,1989) shows a high tendency of both tensional and compressional outer-rise events to occur 
in front of areas of highest seismic moment release (asperities) in the associated great thrust events. 
Here, for coupled subduction zones, we investigate the possible relation between seismic behavior 
of the outer-rise and the age of the incoming oceanic plate, rate of convergence and degree of 
coupling, using the data for earthquakes with mb 2 5.5 around the Pacific. The data set is limited 
as concerns important (for predictive purposes) years before and after large subduction events; 
however, some correlations emerge. Older oceanic plate (> 80 Ma) breaks usually with the 
presence of compressional outer-rise events, including large ones (mb 2 6.0), before large 
subduction earthquakes, and with tensional events predominantly afterwards. Very young oceanic 



plate (< 20 Ma) shows limited outer-rise activity, with earthquakes of smaller sizes (mb < 6.0) that 
are predominantly tensional, and with only a few compressional events marking the mature 
segments ready to break in large subduction events. The response of medium-age plates (20 to 80 
Ma) is more varied but these break predominantly in tension, with some compressional events 
present. The seismic behavior of the outer-rise seems not to correlate with the rate of convergence, 
but there is a weak correlation between the magnitude of outer-rise activity and seismic coupling. 

Our preliminary results are shown in figure 1. 

2.2 In our recent research we have investigated the influence of large-scale fault 
inhomogeneities in large subduction earthquakes on the style of deformation and seismic behavior 
of incoming oceanic plate and slab at intermediate depths during the earthquake cycle (Dmowska 
and Lovison, 1989). The zones of the large subduction events of Alaska 1964, Rat Islands 1965, 
Valparaiso 1985 and Colombia 1979 have been searched for earthquakes with mb>5.0 if available 
and for as long time periods as possible. It has been found that in general the seismicity in the 
incoming oceanic plate clusters in front of asperities (=areas of highest seismic moment release and 
strongest locking). It is usually lacking in areas adjacent to non-asperities, that is to zones that slip 
during the main event but with appreciably smaller seismic moment release , and possibly slip 
seismically/aseismically during the whole cycle. Similar behaviour occurs in the downgoing slab at 
intermediate depths, where seismicity during the cycle clusters (but less strongly than in the 
oceanic crust) next to asperities and downdip from them. We inferred that the locking of asperities 
did cause higher stresses associated with earthquake cycle itself to occur in areas adjacent to 
asperities, both updip and downdip from them, and that such stressing has been much less 
pronounced in the areas adjacent to non-aspen ties. 

We have continued to investigate the influence of fault inhomogeneities on the seismicity in the 
outer-rise and down-dip in zones adjacent to asperities for two areas, where asperities have been 
smaller than in the large earthquakes investigated before, but still where their distribution has been 
known from the analysis of earthquakes itself . The areas were southern Kuriles and the area of 
Andreanof Island earthquake of 1986, with asperities found there by Schwartz and Ruff, 1987, 
and Schwartz et al. 1989, and Boyd and Nabelek, 1988, respectively. The results confirmed our 
previous observations of seismicity clustering both updip and downdip from asperities, and 
convinced us that such an approach opens the possibility of identifying the areas of highest 
seismic moment release in future subduction earthquakes. 

Thus we have applied the approach to zones of unknown asperity distribution, with the aim of 
locating the asperities based on observations of outer-rise and down-dip seismicity alone, and we 
have analyzed the areas of the Chile 1960 and Aleutians 1957 earthquakes, identifying areas of 
future highest seismic moment release. Our results are still preliminary. 

2.3 In a continuing collaboration with W. D. Stuart (USGS, Pasadena), we have used the 
ABAQUS finite element code to analyze stressing in and near a strongly coupled subduction zone 
during the earthquake cycle. Compared to our earlier work (Rice and Stuart, 1989), the more 
recent modeling has been based on a more refined grid with more distant boundaries, and with 
special treatment of the region at the downdip end of the seismic dislocation (although there 
remains a need for yet further grid refinement for accurate stress modelling in that area). Figure 2 
shows a portion of a mesh, in the vicinity of the locked thrust zone. A solution based on linear 
Maxwell rheology in the mantle (dark portion of mesh) has been done for the fluctuating parts of 
the stress and displacement rate fields, i. e., the parts which average to zero over a cycle, and 
which are to be added to steady, long-term average tectonic fields to give the total stress and 
displacement rate. The upper part of figure 2 shows the extensional stress, Sext, at various times 
throughout an earthquake cycle, along the middle plane of the ocean floor and descending slab; 
those regions are assumed to respond elastically to stress fluctuations on the time scale of the 
earthquake recurrence time, Tcyc. Other notation: Vpi is the time-averaged slip rate at the thrust 



zone; G = shear modulus; Trelax = Maxwell relaxation time assumed for mantle; Z = length of zone 
locked between earthquakes; x = epicentral position, from trench, for points along ocean 
plateldescending slab mid-plane. The curve sets are not continuous near x = 0 since the direction 
for Sext is different in the two domains. These results provide a more accurate determination of 
stress fluctuations in the earthquake cycle than those that Dmowska et al. (1988) estimated using a 
simplified one-dimensional model. We find significant stress variations in the slab towards the 
trench and in the ocean floor, and also downdip in the slab adjacent to the base of the locked thrust 
zone. These are consistent with the observational results on seismicity variations in those regions 
associated with time through the earthquake cycle. Additional results, not shown here for brevity, 
show that the main fluctuation in stress in the vicinity of the trench and outer rise involve mostly 
extension/compression with little bending. These fluctuations thus superpose on the long term 
average tectonic field, which is thought to be dominated by bending in that region, to enable 
shallow extensional failures early in the cycle and deeper compressional failures at later stages, 
much as discussed by Dmowska and Lovison (1988). 

Additional finite element modeling of stress variation throughout the earthquake cycle has been 
done for the strike slip situation. In those cases, we have begun to examine effects of power-law 
creep in the lower crust and underlying mantle, rather than just the linear Maxwell form used 
previously. Results are to be reported at a later stage. 

2.4 Simpler models of slip on a fault (with rate- and state-dependent friction) between 
deformable continua, once discretized, reduce to the mathematical problem of solving ATi = 
Zj Kij (VplAt - A6j) in successive small time steps, where T is shear stress, 6 is slip, K is an 
elastic stiffness matrix, and where the constitutive relations for slip, somehow approximated in a 
finite time step At, are used. In explicit methods, d6/dt is known in terms of T (and a state 
variable, the evolution of which is given by an associated differential equation) at the start of the 
step, and we may estimate the A6 by multiplying by At, thus calculating the AT. More 
sophisticated explicit methods, in actual use, use high order Runge-Kutta schemes. Such methods 
are accurate but require extremely small time steps and have not yet proven practical for use in 
crustal scale models with small state-evolution slip distances L, comparable to those of lab 
experiments. In an attempt to circumvent this difficulty, we have been examining implicit methods 
in which each AT is regarded as a function of the associated A6, where the functional relation is 
dependent on the At and on the stress and state at the start of the increment, and is generated by 
some simple assumption which becomes exact as At + 0. One promising candidate that we are 
exploring writes ATi = Fi ( A6i ; At, starting Ti and statei) on the basis of treating each slip rate 
d6i/dt as constant during the increment and equal to its (unknown) value at the end of the 
increment.  AT^ = Fi ( A6i ) is then substituted into the equations involving K above, which are 
then solved iteratively in a Newton-Rhapson scheme, or more directly by linearizing F in A6 when 
At is not too large. This seems to be an advantageous method when applied to simple single 
degree of freedom systems, in that larger time steps (controlled by L and d6/dt at the start of the 
step) can be taken. Working collaboratively with T. E. Tullis (Brown University), we are now 
examining the efficiency of such a method fdr complex multi-degree of freedom f a t  models, and 
its comparison against high order explicit methods now in the Stuart-Tullis code. The major 
drawback in the implicit method is that a system of simultaneous equations has to be solved in each 
time step, and this is to be traded against the significantly larger time steps hopefully allowed. 

2.5 The San Andreas Fault is weak in an absolute sense, in that it moves under shear stresses 
far smaller than the most obvious reading of lab friction results (Byerlee law with hydrostatic pore 
pressure and friction coefficient f = 0.6 to 0.9) would seem to imply. It is also weak in a relative 
sense, in that the adjoining crust seems to be mechanically stronger. That is implied by the fact that 
the stress state in the adjoining crust, driving the SAF, has a horizontal maximum principal 
compressive stress direction which makes a steep angle to the trace of the SAF, much larger than 



the 25' to 30' expected from elementary frictional failure considerations (i. e., much larger than the 
angle 45' - 0.5 arctan f, with f = 0.9 to 0.6). Explanations of fault weakness may be based on 
weak fault zone materials (like some clays), on global effects of stress-transferring interactions 
between severely slip-weakening fault segments, and on elevated pore pressures. We find that 
pore pressure distributions which are high, and near to the normal stress, within a major fault 
zone, but lower in the adjacent crust, are consistent with both the absolute and relative weakness 
discussed. Further, the mechanics of a mature fault zone is such that stress components within it 
(other than those that act on planes with normals perpendicular to the fault) need not be identical to 
the stress components in the adjacent crust. That is shown to allow fault pore pressures to exist 
which may be higher than the least principal stress in  the neaxby cruse, but lower than that within 
the fault, and thus not induce hydraulic fracture. Such a case is illustrated in figure 3 (Rice, 1990). 

The type of pore pressure distribution discussed, leading to fault weakness, is shown to result 
from the assumptions that there is a supply of fluids, necessarily under near-lithostatic conditions, 
near the ductile roots of fault zones, and that fault zones are much more permeable than the 
adjoining rock for fluid transport in the middle crust. These assumptions have support in 
petrological studies of mineral alterations and fluid inclusions along exhumed faults, in the 
geochemistry of fluids exiting the earth near fault zones (sometimes identified, from 3He14He ratio 
or, less reliably, from 613C, to have constituents of mantle origin), from crustal resistivity studies 
attesting to fluid presence in the lower crust, and from gravity and seismic velocity and attenuation 
studies of active faults. Also, nonlinear effects of a fault zone permeability that varies strongly 
with effective normal stress, as suggested by lab experiments, have been found. These include a 
tendency for the effective normal stress to become approximately independent of depth after a near- 
surface transition, and also the possibility of diffusive surges of pore pressure increase that 
propagate upwards through the crust in a slow wave-like manner. 
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SEISMIC BEHAVIOR OF OUTER-RISE FOR DIFFERENT SUBDUCTION 
SEGMENTS AS A FUNCTION OF AGE OF THE INCOMING OCEANIC PLATE 

AND CONVERGENCE RATE 

T: tensional events with mb 2 6.0 
t: tensional events with mb < 6.0 

C: compressional events with mb 2 6.0 
c: compressional events with mb < 6.0 
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ALA - Alaska 
ALE - Aleutian Islands 
CC - central Chile 
CA - central America 
CO - Colombia 
KAM - Kamchatka 
KER - Kermadec 
KU - Kuriles 
IB - Izu-Bonin 
NB - New Britain 
NC - north Chile 
NET - north-east Japan 

NNH - north New Hebrides 
NMA - north Mariana 
NWM - north-west Mexico 
P - Peru 
PQ - Peru Quiet Zone 
SC - south Chile 
SO - Solomon Islands 
SMA - south Mariana 
SNH - south New Hebrides 
S WM - south-west Mexico 
TO - Tonga 
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Stress states in a vertical fault zone and in the adjacent 
crust; horizontal max and min principal stresses 

( Illustrated as critical for strike-slip failure in the vertical fault zone 
and for thrust failure in the adjacent crust ) 

[ Drawn for 9 = 35" (f = tan 9 = 0.7) and = 18"; i. e., for the maximum 0 

direction in the adjacent crust making a 72' angle with the fault zone. Similar 

constructions are possible for arbitrarily small v, hence for the maximum 0 

direction arbitrarily near 90°, when p is near to Ohor, min in the fault zone.] 
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Investigations: 

The brittle-plastic transition is an important rheological horizon of the crust and upper 

mantle. We conducted an integrated laboratory study of the deformation mechanisms operating 

during the brittle-ductile transition, focusing on the micromechanics of semi-brittle flow, and 

the effect of variations in pressure, temperature and grain size on the strength of rocks 

deformed in the semibrittle field. Mechanical tests in the standard triaxial loading 

configuration were performed on several rocks with low porosity: Carrara marble, Solnhofen 

limestone, [both at room temperature and pressures up to 500 MPa] and Fredrich diabase [at 

700-1000°C and pressures up to 500 MPa]. Additionally we investigated compaction behavior 

of two porous rocks [Berea and Boise sandstone] at room temperature and pressures up to 550 

MPa. To complement the experimental investigations we also worked on crack nucleation 

owing to the stress concentrations around dislocation pileups and fluid inclusions using linear 

elastic hacture mechanics. An outline of the results and a list of publications and presentations 

are given below. The appendices contain reprints and yreprints which present the results in 

detail. 

The work was a collaborative effort between To-f. Wong at SUNY Stony Brook and B. 

Evans at MIT and their colleagues and students. It was supported by the U. S. Geological 

Survey, Department of the Interior under award numbers 14-08-000 1-6 1340 (MIT) and 14- 

008-0001-GI352 (SUNY). This iinal report and the other publications which resulted from the 

project were developed under grants from the Department of the Interior, U. S. Geological 

Survey. However, the contents of those publications do not necessarily represent the policy of 



that agency, and you should not assume endorsement by the Federal Government. 

Results: 

The Brittle to Plastic Transition in Carrara Marble : 

Samples of Carrara marble were deformed at room temperature to varying strains at 

confining pressures spanning the range in mechanical behavior from brittle to plastic in a very 

stiff triaxial deformation apparatus at MIT. Volumetric strain was measured during the 

experiments and the stress-induced microstructure was characterized quantitatively using 

optical and transmission electron microscopy. The range of confining pressure over which 

transitional (semi-brittle) deformation occurs is 30-450 MPa. The macroscopic initial yield 

stress is constant for confining pressures greater than 85 MPa, whereas the differential stress at 

the onset of dilatancy increases with pressure up to 300 MPa. The dilatancy coefficient 

decreases rapidly with increasing pressure up to 100 MPa, and then asymptotically approaches 

zero for pressures up to 300 MPa. The work hardening coefficient increases with pressure up 

to 450 MPa; the pressure sensitivity is greatest for pressures up to 108 MPa. 

Deformation mechanisms include microcracking, twinning, and dislocation glide. Cracks and 

voids frequently nucleate at sites of stress concentration at twin boundaries, terminations, and 

at the intersection of twin lamellae. Geometries suggestive of crack tip shielding by 

dislocations are also observed. Crack density and anisotropy in samples deformed to axial 

strains of 3-5% in the semi-brittle field at pressures of 120 MPa and less are comparable to 

those in the pre-failure brittle sample deformed to an axial strain of 1 % at a pressure of 5 MPa, 

although we detect a qualitative difference in the characteristic length of the cracks. The mean 

dislocation density at constant differential stress increases significantly for samples deformed at 

pressures of 230 MPa and greater. Qualitative TEM observations, however, indicate that 

dislocation glide occurs, at least on a local scale, in some grains in samples deformed in the 

semi-brittle field at 50 MPa confining pressure. An analysis of the energetics of deformation 

suggests that the ratio of brittle energy dissipation to total energy dissipation in samples 

deformed in the semi-brittle regime is at least 60% lower than for a pre-failure sample 

deformed in the brittle field. 

Using the mechanical data, we determined the dilatancy factor, internal friction coefficient, 

and hardening modulus in both the brittle and the semi-brittle fields and calculated the critical 

hardening modulus at the onset of shear localization based on Rudnicki and Rice's [I9751 



model. The theoretical values for the critical modulus decrease with increasing confining 

pressure and are consistently negative for axisymrnetric compression. The details of this study 

are presented in Fredrich, Evans, and Wong [1989]. 

Effect of Grain Size on the Brittle-Plastic Transition in Calcite Aggregates: 

Finer-grained calcite rocks are known to have a higher transition pressure than coarser- 

grained aggregates, and thus, grain size may be an important parameter in delineating the 

confining pressures under which brittle, semi-brittle, and fully plastic flow occur. In the stiff 

press at MIT, we investigated the micromechanical basis for this phenomena. Triaxial 

experiments were performed at room temperature on four natural calcite rocks with grain sizes 

ranging over 3 orders of magnitude. Both the plastic macroscopic yield stress and the fracture 

strength increase with decreasing grain size, and the confining pressure at which the transition 

from work-softening behavior associated with macroscopic shear faulting to macroscopically 

stable, semi-brittle deformation occurs generally increases with decreasing grain size. The 

stress ratio u3/ul at the brittle-plastic transition is apparently constant, i.e. independent of the 

grain size. 

Brittle-Plastic Transition in Low Porosity S i k a  te Rocks: 

Using the high temperature servo-controlled deformation apparatus at MIT, we have initiated 

a series of mechanical tests on a natural two-phase rock, Maryland diabase. Major phases in 

this rock of vanishingly low porosity include plagioclase feldspar and clinopyroxene; biotite 

and quartz occur as minor phases. Constant displacement rate tests are being conducted in a 

servo-controlled gas confining medium pressure vessel at temperatures of 800 and 900°C and 

confining pressures of 100 to 400 MPa. At 800°C and confining pressures of 300 to 400 

MPa, the rock undergoes a transition in deformation mode from work softening behavior 

associated with shear localization, to stable work hardening behavior associated with 

distributed semibrittle flow. At 900"C, the transition occurs during the pressure interval of 

100 to 200 MPa. We are presently conducting preliminary experiments to study the effect of 

varying initial water content. Particular attention is paid to the frictional characteristics of the 

high temperature faults, and the effect of small amounts of partial melt on the mechanical 

behavior. Fredrich and Evans will present the preliminary results at the 1990 Fall AGU 

meeting. 

Acoustic emission measurements: 

An acoustic emission (AE) system was set up in the Stony Brook rock mechanics laboratory. 



The configuration of the AE counting system was described in detail by Zhang et al. (1990). 

We recently expanded this system to include 16 sets of discriminators and counters with 

amplitude threshold levels which can be preset over more than two orders of magnitude. We 

have successfully tested this new AE module, and our preliminary measurements of b-values 

during triaxial compression experiments are satisfactory. We have plans to modify this AE 

system so that it can be used in conjunction with a high-temperature gas rig or a solid medium 

Griggs rig. 

AE measurements were conducted on Carrara marble, Berea sandstone and Boise sandstone. 

We observed very limited AE activity in Carrara marble samples deformed in both the brittle 

and the semi-brittle fields. The AE measurements were not helpful in providing insights on the 

micromechanical processes. In contrast, very high AE activity was observed in the sandstones. 

The AE measurments elucidate the grain-scale microcracking processes in connection with 

mechanical compaction and brittle-ductile transition in high porosity rocks (Wong, 1990b). Our 

AE measurements also help clarify several previously unresolved questions on high pressure 

embrittlement and shear-enhanced compaction (Zhang, Wong and Davis, 1990). We are in the 

process of formulating fracture mechanics models to interpret the AE data and microstructural 

observations. 

Brittle Ductile Transition in Porous Rocks: 

Using the triaxial deformation apparatus at Stony Brook, we also investigated the 

micromechanics of the brittle-ductile transition of porous rocks using AE measurements and 

scanning electron microscopy. The porosity and consolidation history of the sample have 

strong influence on the failure mode. The experimental results were compared with theoretical 

predictions of a fracture mechanics model formulated by Sammis and Ashby [I9861 for cracks 

emanating from pores (see Wong, 1989 for details). 

Stroh Crack Mechanism: 

The interaction among dislocations, deformation twins and microcracks controls the 

micromechanics of the brittle-plastic transition. A mechanism often cited in the geologic 

literature is the Zener-Stroh mechanism involving microcracking induced by dislocation pile- 

ups. We formulated a fracture mechanics analysis of the propagation behavior of a Stroh crack 

under overall compression (Wong, 1990). Our analysis highlights several important differences 

between the compressive loading case and tensile loading case, especially with regard to 

microcrack stability and the important role of the lattice ."friction"stress. In general, the 



propagation of a Stroh crack under compressive loading is expected to be stable. 

Review of Recent Experimental and Theoretical Progress: 

In the past two decades, major advances have been made in both the experimental observation 

and theoretical analysis of the brittle to ductile transition [see Horii and Nemat-nasser, 1985; 

1986; Sammis and Ashby, 19861 . We recently completed a critical review [Evans et al., 

19891 of recent progress focussing on four areas: phenomenological observations, 

microstructural studies, continuum models of shear localization, and micromechanical models 

of crack coalescence. 
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0 bjectives: 

Along geologic faults, repeated earthquake instabilities generate wear materials, which result 
in a thickening gouge zone as seismic slip accumulates. Seismologic observations suggest that 
faults may recover in strength during the aseismic period of the earthquake cycle. Field 
observations of fault zones indicate that minerals in the gouge, breccia, and wall rocks can 
participate in complex petrologic reactions which probably affect the mechanical properties of 
the fault.. The coupled effect of wear processes which occur during slip, and healing 
processes which operate in the interseismic period, may result in variation of seismic stress 
drop and productivity with recurrence time [Kanamori and Allen, 19851, tectonic environment 
[Scholz, 19901, and cumulative slip [Wesnousky, 19901. It is important to have a fundamental 
understanding of the wear and healing mechanisms and their relation to fault instability. In 
this project we are investigating strength recovery by solution transfer processes in faulted 
samples of Carrara marble, Maryland diabase, and Sioux quartzite, and in quartz and calcite 
gouge. 

Wear Processes and Fault Stability 

Using conventional triaxial configuration, the frictional sliding behavior of a simulated gouge 
layer of ultrafine quartz was investigated as a function of slip in the laboratory. The sliding 
mode evolved from dynamic instability to stable sliding through several sequential stages, each 
of which had distinct dynamical behavior characteristic of a nonlinear system. Almost 
periodic, supercritical oscillations marked the onset of dynamic instability. Tens and 
sometimes hundreds of repeated stick-slip events ensued. The stress drop amplitude decreased 
monotonically with cumulated slip, and also with increasing load point velocity. As slip 
accunnulated, a period doubling stage was observed, with the stress drop amplitude showing 
complex bifurcations. This was followed by quasi-static, periodic oscillations which ultimately 
led to stable sliding. The time scale of the dynamic instabilities is on the order of 0.1 msec. 
The frequency of the quasi-static oscillations was observed to be proportional to the load point 
velocity. The intercept from such a linear plot can be used to infer the characteristic slip L, 
which, according to our data, is several microns, comparable to the median particle size of the 



simulated quartz gouge. Our data also imply that the friction parameter /A@-A)]% is on the 
order of 0.1 MPa [Wong, Gu, and Yanigidani, 19901. 

Our experimental data suggest that dynamic rupture is very efficient in the generation of 
wear, and that the wear process by itself tends to stabilize the frictional sliding behavior from 
one seismic cycle to the next. Our experimental setup was designed to isolate this single 
mechanism. In geologic settings, fault healing processes are expected to be very important 
during the interseismic period. Such processes do not operate rapidly during room temperature 
friction experiments. Thus, there are two classes of evolutionary effects: short term effects 
which operate during periods of several hours at room temperature, and long term effects 
whose kinetics are slower and require either very long time periods at room temperature, or 
higher temperatures for typical laboratory time periods. 

Short-term Evolutionary Effects 

We have studied the short-term evolution effect as manifested by the effect of load point 
velocity on the frictional instability behavior. During the dynamic phase when we had 
repeated stick-slip events, the stress drop amplitude decreased with increasing load point 
velocity. One order of magnitude decrease in load point velocity results in about 30 to 50% 
increase in the stress drop. 

Similar effects were observed in numerical simulations of the nonlinear dynamics of a single 
degree of freedom spring-slider system following a rate-and statedependent friction law. We 
varied the loading velocity by 7 orders of magnitude, the stiffness by 2 orders of magnitude, 
the mass by 4 orders of magnitude and the velocity weakening parameter @-A) by a factor of 
15. The nonlinear dynamic behavior is in qualitative agreement with that reported by Rice and 
Tse [1985]. For dynamic instability, the stress drop amplitude increases with decreasing 
stiffness and decreasing mass. In agreement with Cao and Aki [1985], our simulations show 
that the stress drop amplitude decreases with increasing loading velocity. We found an 
unexpectedly simple relation among stress drop, the loading velocity and the velocity 
weakening parameter. For fixed values of stiffness and mass, the computed stress drops 
expressed as a function of the natural logarithm of the loading velocity perturbation fall on a 
linear trend with a slope equal to -2(B-A). Thus, for an order of magnitude increase in loading 
velocity, the stress drop decreases by about 4.6@-A), which is comparable to our laboratory 
data. The numerics: simulation results will be presented in the 1990 Fall AGU meeting [Gu 
and Wong, 19901. 

To the extent that our simple system can be treated as an analog for earthquakes, our study 
shows that the velocity weakening parameter (B-A) exerts control over the magnitude of the 
static stress drop which is by far stronger than that of loading velocity, stiffness or inertia. 
Along a fault with heterogeneous frictional behavior and multiple degrees of freedom. the 
variation of stress drop with loading velocity is expected to be more complex than what we 
observed. Some of the seismologic data may have to be interpreted using values of B-A which 
are higher than laboratory measurements. The discrepancy may be attributed to interseismic 
healing processes not reproduced in short-term laboratory studies. A review will be given by 
Wong [1990] in a meeting on Earthquake Mechanics in Tokyo in November. 



Long Term Evolutionary Effects 

We have been investigating long term evolutionary effects in several systems. Most recently 
we observed fault healing in series of triaxial mechanical tests at temperatures ranging between 
700-950°C in faulted samples of Fredrich diabase. In some of the tests, stable work softening 
was followed by an interval during which the strength first recovered and then exceeded that 
observed before softening. The modulus of the stress-strain curve during the recovered period 
was only slightly degraded in comparison to that observed prior to the softening event. One 
experiment exhibited two intervals of softening and recovery; correspondingly, two 
macroscopic faults were found to traverse the length of the sample. The stress-strain data 
suggest that elevated pore pressures induced shear localization. The fault may have established 
a high permeablity conduit to the atmosphere; perhaps causing the,pore pressure to drop and 
the normal stress on the fault to increase. This interpretation is certainly not the only possible 
explanation, but it is clear from both the level of strength recovery and electron microscopy 
that physical "healing" of the fault has occurred. We are presently performing additional 
experiments to investigate further the time-dependent mechanical properties of fault zones at 
high temperatures medrich and Evans, 19w. 

In a second suite of experiments we performed preliminary hot isostatic pressing of quartz 
powders saturated with water at temperatures from 600-850°C. For example, after hot 
pressing at effective pressures of 170 MPa for several days, the final porosities of the 
aggregates were from 7-20%. Compaction rates vary from 10-5 lsec to sec at the end of 
the experiment. Pore fluid pressures were constant during a particular test, but ranged from 
200 MPa to 400 MPa. Qualitative observations of the competency of the samples suggest that 
the compressive strength has increased by a substantial amount. Scanning electron microscopy 
shows that grain-grain contacts develop grain boundary regions or "necks" which increase in 
size during densification. New mechanical experiments which are in progress are designed to 
produce a lithified region of quartz gouge along an inclined sawcut within Sioux quartzite. 
The induration portion of the experiments will be done at high temperature, but initial tests of 
the strength of the resulting synthetic fault zone will be tested at room temperature. 
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Investigations 

Investigating the quantitative relationships between maximum acceleration, velocity, and 
displacement vs. seismic intensity and seismic region. 

Results 

Strong-motion data of the San Fernando, Loma Prieta, and Imperial Valley earthquakes 
demonstrates the uniformity of the maximum acceleration vs. maximum velocity and the 
maximum acceleration or maximum velocity vs. intensity relationships for these three 
California earthquakes. In the course of the analysis of these data (as well as those below), 
it was clearly established that the proper statistical fitting relationship of the three used in 
the previous publication is that minimizing the sum of the perpendicular distances of all data 
points from the best fit line. On a log (ground motion) vs. intensity (RFI), the data over the 
full range of observation indicate a straight line relationship to be statistically tenable. The 
codes I have distributed to numerous users used one of the two incorrect relationships 
published earlier when converting predicted intensity to ground motion. Any who wish may 
request the new version of QUAK2 which uses the MPD relationships. Of interest is the 
demonstration that maximum velocity and maximum acceleration are not a function of site 
rock type when these quantities are plotted against site intensity. 

Adding the strong motion data of the Chili 1985, Mexico 1985, and Irpinia 1980 earthquakes 
to the pot leads to the conclusion that there is a universally applicable intensity vs. maximum 
velocity curve, while intensity vs. maximum acceleration is regionally dependent, maximum 
acceleration at a given intensity being at least twice as high in the eastern United States as 
in western California. 

All of the above analysis is in a paper now being considered for publication in the Bulletin 
of the Seismological Society of America. 

No reports this period. 
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Obiective: For a class of earthquakes - e.g., the 1983 Coalinga Earthquake (M=6.7), the 
1987 Whittier Narrows Earthquake (M=5.9)- the seismogenic 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). The stress and deformation determined 
from the model does not take into account any regional contribution of horizontal 
compressive stress; the results therefore refer only to the anomaly associated with the 
presence of the thrust ramp. 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 model is specified by three parameters. (1) Tl(2d) is the ratio of layer 
thickness to ramp width; results for Tl(2d) = 1 and Tl(2d) -% (half-space) are illustrated 
here. (2) M = qll/qs is the ratio of the viscosity in layer-parallel shortening or extension to 
that in layer-parallel shear. If the layer is composed of two finely-interlayered isotropic 
media with viscosities q1 and q2 and volume fractions fl and f2, M = (flq 1 + f2q2)(fl/q 1 + 
f2/rl2). Maximum anisotropy is achieved for fi = f2 = 0.5, for which M = 0.25(1 + r)2/r, 
where r = q2/q 1. Since a strength or viscosity ratio r = 11100 is likely to be an extreme 
value for common rock types, M I 25. (3) S = pgH/[2qn(U12d)] is the ratio of the 
lithostatic stress at the base of the layer to a stress associated with the deformation at the 
ramp, where U is the sliding velocity. This parameter determines the effect of gravity in 
suppressing the development of surface topography. For a 10 km layer, in which the 
stress associated with deformation at the ramp is = 64 MPa (U = 1 c d a ,  2d = 10 krn, qn  = 

1021 Pa-s), S = 4. 
Figure 1 shows the streamlines and fold form for two cases in which the layer 

thickness is much larger than the ramp width. Layering truncated by the ramp is assumed 
to have translated beyond the right edge of the region shown. The deformation for both the 



isotropic layer (M = 1) and the anisotropic layer (M = 10) is concentrated near the sliding 
surface. Layers thicken as they approach the lower flat-ramp corner, thin as they pass 
along the ramp, and finally thicken past the upper ramp-flat corner. A net thinning takes 
place in the lower layers, since the upper streamlines are more nearly planar. Contours of 
Iayer-parallel shortening/extension rates and layer parallel shear rates (Fig. 2) for these two 
cases show: (a) zones of layer-parallel shear centered at the ramp-flat corners; (b) the 
greater magnitude of shear in the case of the anisotropic layer, and its concentration into 
narrower regions that persist to greater heights; (c) layer-parallel thinning over the ramp, 
with thickening above the flats in the vicinity of the corners; and (d) the much smaller rates 
of layer parallel - thickeninglthinning for the anisotropic layer. 

Fold forms and changes in layer thickness are shown for a layer whose thickness is 
equal to the ramp width in Figure 3. The case S = 0 corresponds to a litnit in which the 
upper surface is kept perfectly plane by surface processes. No perceptible changes in layer 
thickness occur. The fold form broadens in the isotropic case (M = I), but does not 
perceptibly broaden in the anisotropic case (M = 10); the latter well approximates fault-bend 
fold form to the degree of approximation inherent in the analysis. Gravity tends to maintain 
a flat upper surface except in the immediate region of the ramp, where a well-defined fold is 
present. The variation in layer thickness is intermediate in degree between that in the 
halfspace case and that in the S = 0 case. 
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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 micromechanics of friction and fault strengthening, 
we are beginning a detailed experimental study of pressure solution and crack healing under load 
in simple quartzlwater systems. This study employs experiments with single crystals in well- 
controlled model geometries and experiments on polycrystalline aggregates. 

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, we are 
making (together with David Lockner of the U.S.G.S., Menlo Park) simultaneous measurements 
of permeability and resistivity on cores recovered from the 12-krn-deep Kola Deep Well in the 
Soviet Union. By making simultaneous permeability and resistivity measurements at a variety of 
confining pressures, we hope to quantify -- and perhaps correct for -- the effects of stress-relief 
cracking upon physical property measurements made on cores recovered from deep boreholes. 

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, we have initiated a 
cooperative U.S./Soviet program to study the distribution, orientation, and morphology of 
breakouts from several deep and ultra-deep boreholes in the Soviet Union using borehole 
televiewer and oriented four- and eight-arm caliper logs together with laboratory strength 
measurements on cores. 

Results 

1. All components necessary for the single-crystal pressure solution and crack healing 
experiments have been designed and ordered. Assembly and testing of the completed high- 
pressure/ternperature hydrothermal sys tem will begin in early FY 199 1. 

2. As reported in the preceding technical summary, we have conducted constant flow-rate 
permeability measurements on three core samples taken from depths of 11.4 to 12.0 km in the 
Kola well. S. Hickman presented the results of these permeability investigations during a 
scientific exchange mp to the Soviet Union in the summer of 1990. At this time he was provided 
with 16 additional cores from the Kola well at a variety of depths, in addition to selected surface 
equivalents of these samples. We are presently seeking funds to continue our investigations on 
these samples. 
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A significant problem that we are currently addressing in this study is how to determine in- 
situ properties from samples that have undergone significant stress-relief cracking during coring. 
By making simultaneous measurements of permeability and electrical resistivity, and drawing on 
the equivalent channel model of Walsh and Brace (1984), we hope to devise a method for 
separating the effects of stress-relief cracks from those of the pre-existing crack population. In 
so doing we are assuming that the stress-relief cracks have different characteristics (aspect ratio, 
surface roughness, tortuosity, etc.) than the pre-existing in-situ cracks and thus effect physical 
properties in different ways. By assuming that fluid flow paths for permeability are the same as 
current paths for resistivity, the analysis of Walsh and Brace predicts that the slope of d(3kF)vs 
log (Peff) should be proportional to the rms channel roughness, where Peff is the effective 
confining pressure, k is permeability, and F (equal to the resistivity of the rock divided by the 
resistivity of electrolyte) is the formation factor. Application of this approach to one of the three 
cores from the bottom of the Kola well showed a distinct break in slope at the predicted in-situ 
effective confining pressure, suggesting a fundamental change in the dominant crack population. 

As an additional test of the applicability of the Walsh and Brace model, we have measured the 
change in porosity of the Kola samples as they were pressurized. From their analysis, the slope 
of a plot of d ( 3 k ~ )  vs porosity change is the reciprocal of the specific surface area (Afl)-1 of the 
equivalent channel, where As is the crack surface area and V the rock volume. Once again, we 
see a distinct break in slope near the estimated in-situ effective confining pressure. We believe 
that this approach shows promise in allowing us to identify the confining pressure corresponding 
to the transition between stress-relief-crack dominated and natural-crack-dominated behavior and, 
hence, make accurate determinations of in-situ matrix permeabilities. Similar tests will be 
conducted on cores recently obtained from the Kola well at a variety of depths, in conjunction 
with tests on the same rock types collected from the surface, to see if the transition pressures 
determined using the equivalent channel model scale with depth. 

3. S. Hickman conducted a scientific exchange trip to the Soviet Union in the summer of 1990, 
during which time he visited the Kola and Krivoy Rog well sites, presented results from 
permeability investigations on the Kola core (see above), and conducted negotiations regarding 
future cooperative work both in rock mechanics and in the study of borehole breakouts and in- 
situ stress at these sites. During this trip, he also discussed possible collaborative in-situ stress 
studies in their 4-km-deep Tyrnyauz well in the Caucasus Mountains, near the site of the 1988 
Armenian earthquake (M = 6.9). At this time, the Soviet Ministry of Geology provided him with 
an extensive suite of caliper and other geophysical logs from the Tyrnyauz and Krivoy Rog 
wells. In response to this visit, we have submitted a proposal to conduct a study of borehole 
breakouts and in-situ stress in both the Kola and Tyrnyauz wells, using 4- and 8-arm caliper 
logs, laboratory strength measurements, and borehole televiewer logs whkh we hope to conhct 
in FY 1991: 
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Investigations 
Both the initiation and the stopping of earthquake ruptures are controlled by 

spatial heterogeneity of the mechanical properties and stress within the earth. 
Ruptures begin at points where the stress exceeds the strength of the rocks, and 
propagate until an extended region ("asperity") where the strength exceeds the 
pre-stress is able to stop rupture growth. The rupture termination process has the 
greater potential for earthquake prediction, because it controls earthquake size and 
because it involves a larger, and thus more easily studied, volume within the earth. 
Knowledge of the distribution of mechanical properties and the stress orientation 
and magnitude may enable one to anticipate conditions favoring extended rupture 
propagation. For instance, changes in the slope of the earthquake frequency- 
magnitude curve (" b-slope "), which have been suggested to be earthquake 
precursors and which often occur at the time of large earthquakes, are probably 
caused by an interaction between the stress field and the distribution of 
heterogeneities within the earth. 

The purpose of this project is to develop techniques for determining the 
small-scale distributions of stress and mechanical properties in the earth. The 
distributions of elastic moduli and density are the easiest things to determine, using 
scattered seismic waves. Earthquake mechanisms can be used to infer stress 
orientation, but wilh a larger degree of non-uniqueness. Some important questions 
to be answered are: 
** How strong are the hcterogcneitics as functions of length scale? 
** How do the length scales vary with direction? 
** What statistical correlations cxist between heterogeneities of different 

parameters? 
** How do the heterogeneities vary with depth and from region to region? 
Scattered seismic waves provide the best data bearing on these questions. They can 
be used to determine the thrce-dimensional spatial power spectra and cross-spectra 
of heterogeneities in elastic moduli and density in regions from which scattering 
can be observed. The observations must, however, be made with seismometer 



arrays to enable propagation direction to be determined. Three-component 
observations would also be helpful for identifying and separating different wave 
types and modes of propagation. 

The stress within the crust is more difficult to study. Direct observations 
require deep boreholes and are much too expensive to be practical for mapping 
small-scale variations. Earthquake mechanisms, on the other hand, are easily 
studied and reflect the stress orientation and, less directly, its magnitude, but are 
often not uniquely determined by available data. 

This investigation uses earthquake mechanisms and the scattering of seismic 
waves as tools for studying crustal heterogeneity. 

Results 
Because of conflicts caused by the Loma Prieta earthquake, travel, and field 

work, several semiannual reports for this project have been delayed. This report 
therefore covers activities in FY 1990 and 1991. 

Automatic Real-time Earthquake Monitoring 
Monitoring central California earthquakes using data from the Allen-Ellis 

Real-Time Processor (RTP) has continued routinely. Following the Loma Prieta 
earthquake of October 18, 1989, data from these systems were critical in keeping 
scientists, disaster workers, and the public informed about earthquake activity. 
Unfortunately, however, the earthquake damaged the primary computer, and it 
performed unreliably during the critical first several weeks after the earthquake, so 
a workstation was acquired to take over as the main RTP processing machine. This 
computer has proven to be highly reliable, both because it is more modem and 
simpler than its predecessors, and because it is not being used as a general-purpose 
computer, but is dedicated to only the task of real-time earthquake monitoring. It's 
presence has had the additional benefit of allowing the branch's decade-old PDP- 
11/70, which had reached the stage of doing little else than acting as a third-level 
backup for RTP monitoring, to be eliminated. 

The earthquake alarm software was re-written to make it easier to use. The 
driving table that defines the geographic regions, magnitude thresholds, etc., for 
alarms has been made easier to understand and to modify. Comments may now be 
placed in it, and it has a powerful macro facility that allows alarm rules to be 
written more compactly and readably, so they are clearer and easier to modify. An 
immediate benefit of these improvements was that several errors and inconsistencies 
in the tables were discovered and corrected. 

The software was also modified to reduce the number of alarms during 
swarms. The previous behavior, which set of an alarm for each event in a swarm, 
caused the transmission of thousands of electronic mail messages, and severely 
slowed the computers. Now, the status of recent alarms is remembered, and the 
alarm is set off again only after enough new events occur to cause an alarm in their 
own right. 



Chaos, Nonlinear Dynamics, and Earthquakes 
A central fact about earthquake occurrence is that it is complicated and 

difficult to predict. Recent work on nonlinear dynamical systems, however, has 
shown that complicated behavior is not necessarily evidence of underlying 
complexity in a system, and have led to the development of methods that can often 
predict behavior of these systems a limited time into the future. The possible 
application of these ideas to earthquakes is an obvious and exciting possibility, but 
the knowledge and expertise that are needed are spread throughout many disciplines 
of mathematics and physics. To bring together experts from these many fields, Dr. 
John Rundle (Lawrence Livermore National Laboratory), Dr. Donald Turcotte 
(Cornell University), and I organized a 4-day workshop on the subject of "Physics 
of Earthquake Faults: Deterministic or Chaotic?" at the Asilomar Conference 
Center in February, 1989. This conference brought together 38 Earth scientists and 
15 physicists and mathematicians, who shared their ideas with great enthusiasm is 
sessions that lasted far beyond the scheduled time each evening. It was widely felt 
that much fruitful cross-disciplinary research will be stimulated, and that it would 
be worthwhile to have another such meeting in two or three years to share the 
results of this work. A summary of the papers presented at the workshop was 
published in EOS, and a report by Christopher Scholz was published in Nature, 

Volcanic and Geothermal Earthquake Mechanisms 
In the last several years, evidence has accumulated that some earthquakes in 

volcanic and geothermal areas have mechanisms that can not be explained by shear 
faulting. The physical processes causing these "non-double-couple" events are not 
understood, although several suggestions have been made (tensile failure and 
simultaneous shear faulting, for example). It is likely that understanding these 
unusual earthquakes would help in predicting volcanic activity and in prospecting 
for and exploiting geothermal energy. 

Ongoing swarms of earthquakes at Mammoth Mountain during the spring and 
summer of 1989 provided an opportunity to obtain high-quality recordings of 
volcanic earthquakes and study their mechanisms carefully. These swarms were 
notable for containing many rapid "bursts" of earthquakes occurring in an interval 
of a few seconds. Such behavior is unusual for earthquakes, and it is thought 
likely that it is caused by an unusual process, perhaps hydraulic fracturing. A 
network of 12 three-component seismometers and GEOS digital recorders was 
deployed for four days in June, 1989. The limited storage capacity of these 
instruments required that they be operated in a triggered mode, which proved not to 
be ideal for events that occur in rapid bursts. Nevertheless, dozens of earthquakes 
were recorded, including several on most of the instruments, and the records that 
were obtained are of high quality. Analysis of these data has required developing a 
large body of software for determining clock corrections and interactively 
processing digital seismograms (see below). Analysis of the Mammoth Mountain 
data is continuing at present. The final outcome of this experiment is expected to 
include accurate relative location of events within bursts, from which crack 
propagation may be resolvable, and higher-order moment tensor earthquake 
mechanisms, from which physical inferences can be drawn more easily than from 
conventional fault-plane solutions and first-order moment tensors. 



The Hengill geothermal area in Iceland is probably the richest known source 
of non-double-couple earthquakes in the world. First motion data obtained in this 
area by Dr. Gillian Foulger of Durham University (U.K.) in 1981 first showed the 
anomalous nature of the earthquakes from this area, and tomographic analysis has 
now produced a three-dimensional Model of the seismic-wave speed in the area. 
Working in cooperation with Dr. Foulger, we have used this model together with 
three-dimensional ray tracing methods to improve the accuracy of the first-motion 
analysis, and to show that the anomalous mechanisms are not an artifact of 
complex structure or event mislocation (see Figure 1). 

One reason that non-double-couple earthquakes remain controversial and 
poorly understood is the lack of high-quality recordings of them. Dr. Foulger and I 
have now received support, from a G. K. Gilbert Fellowship, to deploy a dense 
seismic network at Hengill during the summer of 1991 to obtain digital three- 
component data, and have begun actively planning the details of the experiment. 
To test the instruments and the experimental procedure, a smaller network will be 
deployed at The Geysers geothermal area, California, during the Spring of 1991. 
Both deployments are expected to provide data of unprecedented quality bearing on 
the physical process causing geothermal and volcanic earthquakes. To optimize the 
layout pattern of the seismometers, we plan to use information about three- 
dimensional structure of the areas. Figure 2 shows how the structure at Hengill 
affects the points of emergence at the surface of seismic rays that leave an 
earthquake upward. Plots such as this show areas of focusing and de-focusing of 
seismic-wave energy, as well as regions where multiple amvals and complicated 
signals are expected. We believe this will be the first time information of this type 
has been used in the design of a seismic experiment. 

Interactively Processing Digital Seismic Data 
Processing digital seismograms, such as those discussed above from 

Mammoth Mountain and Iceland, has always been a difficult task; digital data are 
inherently not well suited to human inspection and manipulation. Interactive 
computer programs are needed to make digital processing practical, but until 
recently, hardware adequate to the task was expensive. This problem has recently 
been solved, by the advent of cheap workstations with bit-mapped graphics 
displays. Public-domain software is available for processing digital seismic data on 
workstations, but this software currently lags behind the hardware in its 
development. To process the data collected at Mammoth Mountain in 1989, we 
have been forced to undertake an ambitious project of augmenting the capabilities 
of the AH (Ad Hoc) software, originally written at Lamont-Doherty Geological 
Observatory. In particular, we have modified the program sunpick in several ways. 
This program now is highly hardware-independent, uses a hardware-independent 
format for seismic data that achieves a factor of two saving in disk space, can 
handle multi-component data with variable start times, durations and sampling rates, 
and allows the measurement of multiple phases of arbitrary types from each 
seismogram. It has also been connected to hypocenter-location programs in a 
general, user-modifiable manner. Similar interfaces to focal-mechanism and 
waveform inversion programs are now under development. 
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Figure 2: Map of Hengill geothermal area, Iceland, showing how rays from a 4- 
km-deep earthquake are distorted by complex structure. Curved lines are parallels 
and meridians on the upper focal hemisphere, as projected onto the surface along 
seismic rays in three-dimensional structure derived using tomographic methods. 
Parallels are plotted for take-off angles of 90°, 95", 100°, 105", 1 lo0, 115", 120°, 
130°, 140°, 150°, 160°, and 170". Meridians are spaced 5" apart in the outer part 
of the plot, and at 10" and 20 " intervals for more nearly vertical rays. The 
anomalous spreading of rays traveling to the west is evident both here and in 
Figure 1. 



Figure 1: Top: Observed first motions from a non-double-couple earthquake at the 
Hengill volcanic complex, Iceland, showing effect of ignoring three-dimensional 
structural features in analyzing the focal mechanism. Solid circles: compressions; 
open circles; dilatations. Circles are plolted at the positions determined by tracing 
rays in three-dimensional structure. Lines emanating from circles show positions 
determined from one-dimensional regionally averaged model. The upper focal 
hemisphere is shown in stereographic projection. 
Bottom: Stereoscopic view of three-dimensional ray paths used in determining 
focal-sphere positions plotted above. View is from slightly west of north. 
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l n v e s t i a a t i o n ~  
A solicited paper for the journal Science was written concerning 

the thermodynamics and mechanics of deep earthquakes. This work 
follows up on earlier experimental studies on shear instabilities 
that occur in some minerals that undergo localized phase 
transformations. 

Data analysis continued in our studies of the roles of 
hydrothermal alteration in the low sliding resistance of dunite in 
the presence of water. 

Investigations into the properties of C02-rich fluids compared to 
basaltic liquids from which they exsolve continues with the goal of 
understanding the roles of the fluid in mantle fracture and 
earthquakes beneath volcanic centers like Hawaii. 

Results 
1. A comprehensive review of the thermodynamic state, expected 
mineral distribution, state of stress and high-pressure faulting 
behavior of deeply-subducting lithosphere was completed as a 
solicited General Report for the journal Science (Kirby, Durham and 
Stern, 1990). The conclusions are summarized in Fig. 1 that 
illustrates the roles of phase transformations in the occurrence of 
deep earthquakes in the sinking lithosphere. This work upsets the 
conventional view that deep earthquakes are generated solely by the 
equilibrium between the negative bouyancy forces that accompany 
the greater density of the slab and the viscous forces resisting plate 
penetration. Kinetic theory, recent experiments on the rates of 
mantle phase changes and seismic investigations have shown that a 
thin metastable wedge of olivine persists at depths below the 



equilibrium reaction lines (Sung and Burns, 1976; Rubie et al., 1990). 
Low temperatures in the slab interiors permits olivine to decend 
below the equilibrium boundaries that at high temperatures mark the 
onset of transformations to denser phases. A recent study by lidaka 
and Suetsugu (1990) has confirms the existence of the wedge in the 
subducting Pacific plate beneath Japan. Mark Richards and Chuck 
Wicks (1990) have detected a compressional-wave phase that they 
interpret as a shear wave converted at a phase boundary at 650-720 
km depth in the Tonga and Izu Bonin subduction zones. This suggests 
that the olivine wedge does not persist below that depth range. 
This metastable wedge has two consequences. First, volume 
reduction in the lithospheric material that does transform to denser 
phases in the envelope around the wedge puts the wedge under a 
deviatoric compression parallel the wedge (Goto et at., 1987). 
Second, the wedge puts olivine in a thermodynamic state of extreme 
metastability while under high shear stresses. The olivine-spinel 
transformation is strongly exothermic and laboratory deformation 
studies (Kirby, 1987; Green and Burnley, 1989) show that similar 
transformation in other minerals that take place at lower pressures 
exhibit a type of shear instability that produces a bang in the 
laboratory, a process we term transformation faulting. This shear 
instability, unlike convention brittle fracture, is facilitated by 
pressure; no transition to ductile behavior is observed with 
increasing pressure. Within the wedge, this combination of high 
non-hydrostatic stresses and comparable critical shear stresses for 
transformation faulting, according to this hypothesis, causes deep 
earthquakes. The model explains a number of properties of deep 
earthquakes: their spatial distribution, some of their source 
characteristics and the lack of aftershocks of the type that occur at 
shallow depths. It also has important geodynamic implications. 
2. Data analysis and library research continue in preparation for 

writing up the eventual JGR paper on the anomalously low sliding 
resistance of dunite under hydrothermal conditions. 
3. A review of the relative physical properties of basaltic liquids 
and C0,-rich fluids and of the phase relations of peridotite-C0,-H,O 
is in progress. This work is a follow up on the paper by Wilshire and 
Kirby (1989) that considered the roles of volatile fluids in fracture 
in the mantle based on observations of fractures in mantle-derived 
xenoliths. 
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Fig. 1. Cross section showing the distribution of ferro-magnesian 
silicate phases in the subducting lithosphere based on the thermal 
model of Helffrich et al. (1989) and the phase relations of Akaogi et 
al. (1989). The positions of the maximum depths of the 500, 600 and 

700°C isotherms are shown as filled circles. Also shown are the 
equilibrium a to a + y and the a to P boundaries (dashed lines in the 
slab), a wedge of metastable olivine peridotite predicted by the 
kinetic model of Sung and Burns (1976) (light stipple), and regions 
of p- and y-phase stability in the slab (ruled). The wedge-parallel 
compressive stress in the metastable olivine wedge (see inset) 
derives from the transformation strains in the envelope of 
lithosphere in which olivine has already transformed to spinel (Goto 
et al., 1987). Note that the region of olivine metastability, depending 
on the specific thermal model, generally corresponds to the depth 
interval for deep earthquakes (350-690 km). 
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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 

Using USGS maps of recently active breaks, we have divided the San Andreas fault 
zone between Point Arena and Cajon Pass, California into geometrically defined segments 
of uniform strike that are bounded by bends and/or stepovers. Several recent seismological 
studies have emphasized the correlation between fault geometry and earthquake rupture 
patterns, and the Loma Prieta earthquake of October 17, 1989 provides a test of the 
appropriateness of our segment designations in the Santa Cruz Mountains. The lack of 
surface faulting accompanying the Lorna Prieta earthquake precludes a direct comparison; 
nevertheless, both the main shock and the extent of rupturing as defined by the aftershocks 
appear to correlate well with our segment boundaries. The main shock is located downdip 
of a left (compressional) stepover, the northwestern termination of rupture is associated 
with a right (extensional) stepover, and the southeastern termination is associated with 
a 7" bend. The apparent correlation of the Loma Prieta earthquake rupture and the 
surface faulting pattern delineated by previous earthquakes suggests that the geometric 
discontinuities corresponding to the segment boundaries may extend throughout the 
seismogenic zone and affect fault motion. 

Core samples from the Cajon Pass drillhole in Southern California show abundant 
evidence of hydrothermal alteration. One of the principal alteration minerals is zeolite 
laumonite, which both fills veins and occurs pervasively throughout the gneissic granodi- 
orite host rock. It has been suggested that the presence of this mineral is correlated with 
the measured strength heterogeneity of the core samples. To test this suggestion, we have 
measured the frictional strength of laumontite gouge placed between sawcut surfaces of 
a granite sample, representing a laumontitic vein in a granite host rock. In this way we 
can determine the strength of the laumontite alone without the influence of the numerous 



natural and stress relief fractures present in the core samples. Frictional sliding experi- 
ments were conducted at room temperature under confining pressures of 30-450 MPa, at 
a displacement rate of 1 p/s. Samples were tested under both dry and saturated (drained) 
conditions, using distilled water at fluid pressures of 10-150 MPa. Our results show that 
laumontite gouge supports typically high shear stresses similar to those of other crystalline 
rocks: The laumontite has a coefficient of friction between 0.65 and 0.80 over the range 
of pressures studied. The gouges reached a steady-state shear stress level and slid stably 
at all but the highest effective pressures, where stick-slip behavior was observed. Unlike 
typical clay gouges, the coefficient of friction of the laumontite was unaffected by the pres- 
ence of water. These results show that laumontite is a strong mineralunder the conditions 
explored in these experiments, and therefore any strength variations measured in the Ca- 
jon Pass core samples are probably not solely related to the presence of laumontite in the 
rocks. 

The velocity dependence of rock friction is important in determining the stability 
of fault slip. We have completed a preliminary series of sliding experiments to measure 
velocity dependence for granite with both elevated temperature and pore water pressure, 
and find that these conditions cause a dramatic change in behavior comparied to either 
temperature or pore water pressure alone. We performeed triaxial sliding experiments on 
sawcut surfaces of Westerly granite with 0.5 mm simulated fault gouge (granite powder). 
Pore water pressure was controlled at 100 MPa and effective normal stress at 400 MPa. 
The temperature range tested was 22" to 600°C. Slip rate was stepped between 1 and 0.1 
p/s to measure the velocity dependence of steady state friction, B = Ap,,/AIogV. These 
conditions closely match those used by Lockner et  al. [I], who deformed heated but dry 
granite powder and found little dependence of B on temperatures up to 845°C. 

At room temperature the velocity dependence (B = +0.009 to +0.020) is similar 
to that seen in dry tests. However, in the range 150" to 350°C velocity dependence 
becomes negative (inducing oscillatory slip in some tests). Tests at 350°, 500" and 600" 
show a systematic trend from negative to very strongly positive velocity dependence 
(B > +0.100). The magnitude of B at 50o0and 600" is much larger than that reported 
by Lockner e t  al. or by Stesky 121 for nominally dry granite; however, behavior similar to 
ours was inferred by Chester and Higgs [3] from experiments on saturated quartz powders. 
In addition, we observe a switch from strain hardening at lower temperatures to strain 
softening and decreased strength at 2 500"; this weakening also was not seen in the dry 
tests. Although we have yet to examine the gouge microstructure in detail, the data at 
the higher temperatures suggest the operation of a fluid-assisted deformation mechanism 
such as diffusive mass transfer or the retrograde reaction of feldspars to phyllosilicates. 

Our results have intriguing implications for the distribution of seismicity with depth on 
faults such as the San Andreas. We find negative velocity dependence, and a tendency for 
stick-slip sliding in the approximate temperature range 100 to 300°C, which corresponds 
to the depth range of maximum seismicity (5 to 15 km) on the San Andreas fault. 

Recent advances in the observation of nucleation and growth of macroscopic fault 
planes are presented. Based on the use of acoustic emission (AE) techniques. In the 



laboratory experiments, cylindrical samples of granite and sandstone were deformed in a 
triaxial apparatus at 50 MPa confining pressure. An electronic device was constructed 
which generated an output voltage proportional to AE rate. This device was incorporated 
in the feedback loop used to control axial stress. As a result, deformation experiments 
were conducted at constant AE rate rather than at the more conventional constant strain 
rate or constant stress conditions. By controlling AE rate, the post-failure stress curve 
was followed quasi-statically, extending to minutes or hours the fault growth process that 
normally would occur violently in a fraction of a second. In addition to this novel control 
syste, three-dimensional locations of AE events were determined by analyzing the relative 
arrivaltimes of AE pulses recorded on a network of transducers attached to the sample. In 
this manner, as many as 40,000 AE events were located in the course of a single experiment. 

While the details of fault formation varied from experiment to experiment, a number 
of features were consistantly observed. In all' three granite experiments, the fault plane 
nucleated abruptly at  a point on the same surface after peak stress. Prior to nucleation, 
microcrack growth was distributed evenly throughout the sample. From the nucleation 
site, the fault plane grew across the sample, accompanied by a gradual drop in axial stress. 
AE locations showed that the fault propagated as a fracture front (process zone) with 
dimension of 1 to 3 cm. As the fracture front passed, the AE from a given region would 
drop to a low level. If allowed to progress to completion, stress eventually dropped to 
the frictional sliding strength. Sandstone samples showed somewhat different response. 
A diffuse damage zone appeared prior to peak strength which gradually localized into an 
incipient fault plane. After passing through peak stress, this plane grew, as in the granite 
samples, to eventually bisect the sample. 

We have conducted constant flow-rate permeability measurements on three core 
samples taken from the 12 km-deep well on the Kola Peninsula, USSR. All cores are 
from depths of 11.4 to 12.0 km. Pore pressures, Ppore, were held constant during each 
experiment and ranged from 112 to 117 MPa. By increasing confining pressure, Peon f ,  

measurements were performed at effective confining pressures (P, = Ppore) ranging from 
10 to 400 MPa. The measured permeabilities varied from approximately 10 pDa at a Pef 
of 10 MPa to 0,lnDA a t  a Peff of 300 MPa (Figure 1). By comparison, Bayuk et al. 
[1987] reported minimum permeabilities of 2 to 900 pDa at effective confining pressures 
of up to 120 MPa, using cores from depths of 3.7 to 9.9 km in the same well. Although 
the pore 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 to 333 MPa), our measurements, if taken at face value, 
indicate in-situ matrix permeabilities of 0.5 to 12 nDa for the three samples that we have 
studied. As discussed in Borevsky et aI.[1987], however, there is evidence to suggest that 
the fluid pressures in the Kola well at depth may be considerably in excess of hydrostatic. 
If so, then the appropriate in-situ matrix permeabilities for these samples may be much 
higher (see Figure 1). On the other hand, if our estimates of in-situ pore pressures are 
correct, then the irreversible stress-relief cracking that appears to have occurred during 
sample retrieval suggests that our permeabilities are upper bounds to the in-situ matrix 
permeability. In either ase, the strong press-ie dependence of permeability observed in 



our experiments indicates the importance of measuring permeability under realistic in- 
situ stresses and fluid pressures in order to obtain meaningful bounds on rock matrix 
permeabilities at  depth. 
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KOLA WELL PERMEABILITY 

Lockner e t  a l . ,  1990 

Peff, MPa 

FIGURE 1: Permeabilitiy, k, in Darcies (1 Da = 10-12 m2) as a function of effective confining 
pressure, Peff, for three cores from the Kola Ultra-Deep well. Permeabilities are shown both during 
loading (filled symbols) and unloading (open symbols) for each sample; solid curves are fit to data 
collected during loading. Notice the small offsets between pemeabilities measured during loading 
and unloading, indicating that the magnitude of permeability reduction resulting from cycling of 
confining pressure during these experiments is relatively minor. Uncertainties in k range from 
approximately f 10% for permeabilities of 10-6 Da to f 20% for permeabilities of 10-9 Da. Sample 
numbers 43750, 42158, and 44239 were recovered from depths of 11,386 m, 11,658 m, and 
11,978 m, respectively. Also shown are permeabilities reported by Bayuk et al. (1987; ) for cores 
recovered from shallower depths (3786 m to 9905 m) in the same well. 
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Ob j ec t ives 

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 

Work during the earlier portion of the grant is summarized in the 
following abstract of a manuscript [Wu et al., 19901 submitted to the 
Journal of Geovhysical Research: 

"Free surface displacements, stress intensity factors and energy 
release rates are calculated for planar slip zones in an elastic half-space 
subjected to prescribed shear stress drop. Although the method can treat 
arbitrarily shaped planar zones and distributed stress drops, for 
simplicity, results are presented only for circular and elliptic zones and 
uniform stress drops. Calculations of the stress intensity factors and 
energy release rates for various geometries indicate that solutions for the 
half-space differ by less than 10% from those in the full space if the 
distance of the fault center from the free surface is greater than twice the 
vertical length of the fault. In addition, the influence of the free 
surface is greater for decreasing dip angle. For slip zones that are near 
the free surface and, especially, those that break the surface, there is a 
coupling between slip and normal relative displacement. That is, for a 
prescribed shear stress drop and zero normal stress change, slip induces 
relative normal displacement. 



"As example applications, these solutions are used to reexamine 
coseismic geodetic data from three earthquakes: 1966 Parkfield, 1983 Borah 
Peak, and 1987 Whittier Narrows. The geometries, moments and stress drops 
are similiar to those inferred in previous studies using dislocation 
methods. However, the stress drop inferred here may be more reliable 
because stress drop is one of the parameters adjusted to fit the observed 
surface deformations. In addition, the method makes it possible to estimate 
the critical energy release rate at the termination of rupture. Values for 

the Parkfield, Borah Peak and Whittier Narrows earthquakes are 1.5 x 10 b 

2 6 2 2 J/m , 1.2 x 10 J/m and 2 x lo8 J/m , respectively. 

Current work has focussed on the development of an analytical solution 
for constant slip in a triangular region in an elastic half-space using the 
angular dislocation solution of Comninou [1973]. Because triangular 
elements can be used to model arbitrarily-shaped slip zones, this solution 
has advantages over the rectangular slip solution of Chinnery [1961]. For a 
vertical rectangular fault, the solution has been checked against that of 
Chinnery. However, solution for inclined faults is more difficult and we 
are still checking the results. 

Although the constant slip triangular element cannot be used to obtain 
results for the stress intensity factors and energy release rate near the 
edges, it can be used to estimate stress drops. Comparisons with the crack 
(imposed stress drop) model agree within a factor of about two. 
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Investigations: 

A geothermal study of the Santa Maria Basin and environs is continuing. Preliminary 
heat-flow values have been determined for the onshore and offshore Santa Maria Basin. 
The analysis and interpretation of data from the Cuyama and western Ventura Basin is 
under way. 

Apatite separates were delivered to Australia for fission-track analysis to investigake 
thermal history at Cajon Pass. 

The significance of the vertical distribution of heat flow in the Cajon Pass research 
well has been assessed. 

Precision temperature monitoring in the USL-Pearson well near ParkfieEd is continu- 
ing. Monitored temperatures remained stable over the past six months. 

A manuscript on heat flow from Arizona and the Mojave Desert of California was 
prepared. 

A heat-flow transect stretching from the California coast near Harmony through Park- 
field to the Great Central Valley is being prepared. 

Heat flow has been calculated for the DOE'S Magma-Energy research well at Long 
Valley, California. 

Temperature and thermal conductivity data from the Valles Caldera in northwestern 
New Mexico have been analyzed as part of a geothermal characterization of the caldera,. 

A new digital data-acquisition system has been installed in the Geothermal Studies 
Project well-logging t,ruck. 

A study of the gravity field and the topography of the Mojave-Sonoran Desert con- 
tinued. 

A manuscript on tectonic implications of eastern Sierra Nevada heat flow was submit- 
ted to Tectonics. 

Temperature and thermal conductivity data from the NPRA are being used to esti- 
mate heat flow and subsurface temperature. USGS high-resollutioil temperature logs are 



supplemented by bottom-hole temperature data from petroleum exploration wells collected 
by Blanchard and Tailleur (1962). 

Results: 

Santa Maria. As part of the USGS Evolution of Sedimentary Basins Program, the 
Geothermal Studies Project is investigating the thermal regime of the Cuyama, onshore 
Santa Maria, offshore Santa Maria, and western Ventura Basins. To date, the Project has 
obtained temperature logs and collected core samples for thermal conductivity measure- 
ments from more than 50 idle oil wells in the Guadalupe, Santa Maria Valley, Cat Canyon, 
Orcutt Hill, Zaca, Lompoc, South Cuyama, Pt.  Arguello, and Pt .  Conception oil fields. 
The preliminary results reveal two significant aspects of thermal conditions in the Santa 
Maria province. 

First, in many Santa Maria Valley wells, temperature gradients in the Plio-Pleistocene 
Careaga, Paso Robles, and Orcutt Formations (typically above 400 m depth) are depressed 
to nearly isothermal conditions. Temperatures in older formations (e.g., Sisquoc, Mon- 
terey) are linear and yield conductive heat-flow values that are relatively constant with 
depth. The thermal consequences of refraction, vertical conductivity variations, sedimen- 
tation, relative sea-level changes, and groundwater flow have been considered as possible 
explanations. Simple analytical models suggest that shallow groundwater flow, active since 
at least the middle Pleistocene, accounts for most (if not all) of the heat loss. Relative sea- 
level changes and conductivity variations may be significant, but secondary, effects. These 
results suggest that equilibrium BHT data are unreliable indicators of true geothermal 
gradients in some parts of the Santa Maria Basin. 

Second, preliminary heat-flow determinations from both onshore and offshore wells 
average 80 f 10 mW/m2. These values are typical for the Coast Range heat-flow high 
to the north and contrast sharply with low heat flow (45 to 50 mW/m2) in the onshore 
Ventura Basin to the south. This places the southern boundary of the Coast Range 
anomaly somewhere in the Transverse Ranges. Research plans include an investigation of 
the location and nature of this transition. The persistence of high heat flow 20 m.y. after the 
passage of the Mendocino Triple Junction suggests that asthenospheric upwelling behind 
the Triple Junction may not be the sole significant heat source associated with evolution 
of the continental margin. The possible natures and magnitudes of additional heat sources 
are being studied. 

Cajon Pass. Measured heat flow at Cajon Pass is consistent with predictions based 
on local site conditions and regional heat flow. With observations now ranging to  a depth 
of 31/2 km, there is still no evidence for significant frictional heating anywhere on the 
San Andreas fault. The result supports the view, long suggested from heat-flow studies, 
that the fault is weak in spite of estimates based on Byerlee's law, isotropic strength, and 
hydrostatic fluid pressure that suggest a strength several times larger. Recent evidence 
(Zoback e t  al., 1987; Mount and Suppe, 1987) that the maximum principal stress might 
be almost normal to the San Andreas fault would support the weak-fault model and add 
constraints over and above those imposed by heat flow; e.g. friction coefficients ,u 5 0.1 or 
local fluid pressures greater than lithostatic, compared to ,u 5 0.2 or fluid pressure greater 



than twice hydrostatic for the heat-flow constraint alone. Neither the general occurrence of 
such conditions nor the mechanics of a weak fault are readily explained by existing theory. 

The balance of plate boundary forces around a weak fault depends on the basal traction 
coupling the seismic layer to the rest of the system; heat flow limits the coupling force 
across the fault to an insignificant . u l O l l  N/m. The weak fault also precludes significant 
basal driving tractions, but it permits a large basal drag force which could result in a highly 
st,ressed seismic layer offering appreciable resistance to plate motion through its base. Such 
tractions could develop progressively if the fault weakens as it evolves; if they exist, they 
should cause an observable reduction in resolved shear stress and rotation of principal 
axes as the fault is approached. Heat-flow measurements should detect whether such basal 
tractions might be associated with basal decoupling and flow. Coupling at the base of the 
seismic layer is controlled by the rheological profile, the usual representation of which raises 
questions in applications to the San Andreas fault zone. First, the linear frictional portion 
through the seismic layer implies a resisting force on the fault much greater than the 
heat-flow limit permits. Second, the large stresses implied for the temperature-sensitive 
ductile layer could lead to shear-heating and weakening at plate-boundary strain rates. 
Third, in the ductile layer the stress is sensitive to whether deformation is concentrated in 
narrow vertical mylonite zones, as sometimes assumed in models of the earthquake cycle, 
or broadly distributed by bulk flow in a mid-crustal "asthenosphere." Horizontal basal 
shear stresses are of the same order as strike-slip stresses near the base of the seismic layer; 
they could result in bulk flow or horizontal detachment leading to a different pattern of 
long-term stress, strain rate, and dissipation and a requirement for decoupling and basal 
drag on the seismic layer in the near field. Results from the San Andreas fault taken 
with long-standing speculation about the orthogonal relation between oceanic transform 
faults and extensional spreading centers suggests that strike-slip transform faults might be 
anomalously weak in both continental and oceanic settings. 

Parkfield Monitor. The Project's Long-Term Temperature Monitor (LTTM) has 
been operating in the USL-Pearson 1B (PRSN) well near Parkfield for approximately one 
year. During the first eight months of operation, the f 0.2 mK (f 0.0002"C) resolution ca- 
pability of the monitor was occasionally negated by the effects of extreme diurnal surface 
temperature variations and rain-related disturbances to the electronics. The surface elec- 
tronics have been reconfigured, and the adverse effects of surface disturbances eliminated. 
Monitored temperatures have remained remarkably stable over the past six months. It is 
expected that activity along the San Andreas fault near Parkfield will generate an identi- 
fiable thermal-hydrologic signal that could provide premonitory information and data on 
strain-heating in the fault zone. These expectations will be tested by the onset of the 
long-awaited Parkfield earthquake. 

Mojave-Sonoran Desert. More than 200 values of heat flow are now available 
from the crystalline terranes of southern California, the Basin and Range province of 
Arizona, and Paleozoic sedimentary rocks of the southwestern Colorado Plateau (CP). 
Heat flow ranges from about 5 mW m-2 on the CP near Flagstaff, Arizona, to more than 
150 mW m-2 in the crystalline rocks bordering the Salton Trough in SE California. The 
heat-flow pattern within this region is complex and appears to be controlled by regional 
physiographic and tectonic features. Contemporary and Neogene tectonism appears to be 



responsible for the very high heat flow (>I00 mW m-2) associated with the Salton Trough 
and its neighboring ranges, the Death Valley fault zone and its southward extension, and 
zones of shallow (<I0 km) Curie isotherms (as inferred from aeromagnetic data) in west- 
central Arizona. Low (<60 mW m-2) heat flow in the Peninsular Ranges and eastern 
Transverse Ranges of California may be caused by thermal transients related to subduction 
and compressional tectonics. Relatively low heat flow (<80 mW m-2) is also assocated 
with a band containing most of the metamorphic core complexes in Arizona. The regional 
variations in heat flow are mirrored in heat-flow - heat-production plots, but no statistically 
valid relation is apparent between heat flow and near-surface radiogenic heat production. 
This absence of correlation is attributable to the complex tectonic history, involving lateral 
movement of basement terranes, and heat sources and sinks of different strengths, ages, 
and durations. 

Parkfield heat-flow transect. This transect represents an updating of region 5 
(Figure 1, from Lachenbruch and Sass, 1980) with 24 additional holes in the fault zone near 
Parkfield and additional high quality data from the San Joaquin Valley. Preliminary results 
confirm the findings of Lachenbruch and Sass of a broad zone of high heat flow (about 
90 mW m-2) with no local thermal anomaly associated with the fault trace. Because of 
the lack of rock samples and the complicated and laterally discontinuous structure near 
the fault, the quality of the data from the Parkfield area is not high enough to document 
local variations in heat flow. 

Long Valley. Well LVF 51-20 is near the center of the resurgent dome of the Long 
Valley Caldera. The well is planned for an ultimate depth of about 6 km, and the first 
phase, a large diameter (0.66 m) hole, was completed in the Bishop Tuff to a depth of 
783 meters in early October of 1989. After the 0.51-m-diameter surface casing was grouted 
in place to 783 m, a smaller casing was set, and a 100-mm-diameter corehole was drilled 
between the depths of 783 and 839 m. A total of 10 temperature logs was run during 
casing and cementing of the large-diameter hole. Another log was run just prior to coring, 
and 4 logs were run during a 6-week period following completion of the corehole. The 
time series of 4 post-coring temperature logs was extrapolated to infinite time assuming 
a conductive decay of the drilling disturbance. The bottom-hole temperature of less than 
50°C is surprisingly low for a region of such young and intense volcanic activity. In part, 
this low temperature may be the result of the shallow (200-300 m) hydrologic system being 
dominated by recharge. The interpretation of the temperature log between depths of 300 
and 780 meters is complicated by the uncertainty in estimates of the formation porosity 
and thermal conductivity. Thermal conductivity was measured on 20 samples from the 
corehole. The harmonic mean conductivity of 2.26 W m-l K-' f 0.13 (95% confidence 
limits) when combined with the corehole temperature gradient of 53°C km-' yields a heat 
flow of 120 mW m-'. This is a high value, but it is low compared to the current estimate 
of 640 mW m-2 for the average energy flux from the caldera. 

Valles Caldera. Shallow thermal gradient data from the Quaternary Valles Caldera 
in the Jemez Mountains of New Mexico indicate that heat loss from the caldera is con- 
centrated in its western half. The Sulphur Springs area, near the western margin of 
the resurgent dome of the Valles Caldera, was the site of the earliest and some of the 



most intensive exploration for geothermal resources in the caldera. In an earlier study we 
demonstrated that the conductive heat flow near the western margin of the Valles Caldera 
averages between 300 and 400 mW m-2. We now have a combined total of 150 determi- 
nations of thermal conductivity on core segments from research wells VC-1, VC-2a, and 
VC-2b. These data are sufficient to characterize the thermal conductivity of the major 
rock types in the area. A high degree of alteration of tuffs from VC-2a and VC-2b relative 
to VC- 1 is reflected by significantly higher thermal conductivities, generally greater than 
2 W m-I K-l ,  for the tuffs in the VC-2 wells relative to an average tuff conductivity 
of 1 W m-I K-' for VC-1. Temperature data from VC-2a and VC-2b confirm surface 
indications that the Sulphur Springs area is the locus of vigorous hydrothermal activity. 
The hydrothermal systems in both wells are capped by relatively thin (60 and 200 m, 
respectively) near-surface conductive thermal regimes. Heat flows from these near-surface 
caps are 2.5 f 0.5 W m-2 for VC-2a and 1.4 f 0.15 W m-2 for VC-2b, several times the 
very high background heat flux in the western portion of the caldera. The probable source 
of these high heat-flow values is the intrusion of one or more shallow magma bodies during 
the post-collapse history of the caldera. 

Data acquisition and reduct ion. The 15-year old Tektronix data-acquisition sys- 
tem in the logging truck has been replaced by a system based on a ruggedized PC with 
80386 microprocessor. The new system allows faster logging speeds and the digital acqui- 
sition of new types of data (e.g., line speed). In addition, the installation of commercial 
and in-house software packages enables personnel in the field to use all of the data analysis 
capabilities currently available in Menlo Park. 

Mojave-Sonora topography, isostatic residual gravity, basement gravity, 
digit a1 geology. [Saltus] Basin depth (modeled) maps were constructed for the Mojave- 
Sonoran study area (tied to the PACE transect). A basement residual gravity high corre- 
lates with the band of metamorphic "core-complexes" (which was found also to be a zone of 
low heat flow). Based on seismic refraction modeling (McCarthy e t  al.), it is reasonable to 
correlate the gravity highs with thickened ("upwarped") middle crust beneath the region 
of greatest surface extension. 

North'Slope. [Deming] Heat flow estimated from shallow (generally less than 600 m 
deep), high-resolution temperature logs ranges from a low of 27 f 6 mW/m2 in the Lis- 
burne well in the foot hills of t he Brooks Range, to a high of 90 f 19 mw/m2 in the Atigaru 
well on the north coast. Heat flow is inversely correlated with topographic relief, suggest- 
ing possible disturbance by a basin-wide groundwater flow system. Similar flow systems 
have been hypothesized as possible mechanisms for the migration and concentration of oil 
(Garven, 1989) and formation of Mississippi Valley-type ore deposits (Garven, 1985), but 
their existence is controversial (Fowler, 1986). 

Estimated equilibrium temperatures obtained by Blanchard and Tailleur (1982) from 
bottom-hole temperature data have been winnowed. Preliminary projection of these deep 
temperature data onto a N-S geologic cross-section. through the basin shows curvature in 
the temperature field consistent with groundwater discharge near the coast. The hypot het- 
ical groundwater flow system may be controlled by the Paleozoic Lisburne and Endicott 
groups, both of which contain potential aquifers. 
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,Wcromechanics of Rock Friction 

C.H. Scholz, G.N. Boitnott, W. Wang, N. Yoskioka, R.L. Biegel 
Lamont-Doherty Geological Observatory 

Palisades, New York 10964 

We are continuing to develop a quantitative theory of friction and wear based on Hertzian elastic 
contact mechanics. The results of our investigation were presented in 3 abstracts at the Spring AGU 
conference, [Biegel, et al.; Boitnott et al.; Wang, et al. (1990)l and the Symposium on Earthquake Source 
Physics, Tokyo, 1990. The results of initial friction experiments and modeling are the subject of 2 
manuscripts currently in preparation. 

(1) A physically based semi-empirical model was developed which predicts the frictional properties of 
two rough surfaces in contact during shear (Boitnott, et al., 1990). Using the normal closure algorithum 
of Brown and Scholz (1985), the normal load imposed on individual asperities is calculated. Shear 
deformation of each asperity is then calculated using the elasticity solutions of Mindlin and Deresiewicz 
(1953). These solutions describe the development of slip at the contacts with application of a shear load. 
Finally, the macroscopic properties of the surface are computed by imposing a shear displacement and 
summing the forces on the individual asperities. 

Geometric parameters from topography data are used to control the model. We found that an 
"asperity scale" coefficient of friction between 0.30 and 0.36 independent of normal load and surface 
roughness gives good agreement between model and data. Once a large population of contacts is sliding, 
the moael underestimate§ the frictional strength, indicating displacement strengthening mechanisms have 
begun to operate. This begins after the first few microns of slip. With further slip, displacement 
hardening mechanisms begin to operate to raise the macroscopic friction coefficient to - 0.55 to 0.60. It is 
these mechanisms which are cunrenflqr the object of our research. 

(2) An experimental program is being conducted to investigate the effects of displacement dependent 
strengthening mechanisms by isolating and observing them individually. As a first step, we redesigned 
the displacement feedback system of our rotary apparatus by mounting the feedback transducer directly to 
the sample and across the joint. This has nearly eliminated the necessary solid sample correction for shear 
thus improving the signal-to-noise ratio. Also we have achieved a factor of five increase in slip distance 
capability for a single run, which is essential to solving the slip hardening problem. 

Important to frictional displacement hardening is oblique contact of asperities. We are presently 
developing a model to incorporate this mechanism into the initial slip model. Using the elasticity solutions 
for oblique contact described by Mindlin, et al. (1953), we can extend our friction law into the slip 
hardening regime. 

To measure the effects of each micro mechanism separately we have begun a series of friction 
experiments sliding westerly granite over polished sapphire. Polished sapphire, with a hardness of 9.0, 
does not scratch or indent under loading from granite, allowing slip to occur absent the strengthening 
mechanisms of oblique contact, indentation, ploughing, and (in the early stages of slip) wear. These 
results are being used to test the assumptions of the initial slip model from which the asperity scale 
coefficient was derived. It is essential that we c o d m  our previous findings before moving forward The 
contribution of each micrornechanism to the displacement strengthening process is being measured by 
sliding rough and smooth surfaces of granite over both polished sapphire and sapphire of different 
roughnesses. In this way we plan to model the effect of asperity interlock indentation and ploughing, and 
initial wear, each as a separate mechanism adding to the macroscopic friction force. 



(3) The wear mechanism becomes increasingly important to friction with slip accumulation. To this 
end, an empirical wear law was developed which successfully predicts wear volume for different normal 
stresses and roughnesses. These results were presented at the Spring '90 AGU conference (Wang and 
Scholz, 1990). We are now using image analyzing techniques to calculate the ratio of damage to 
undamaged area on a surface. This information is then used to calculate the wear loss volume, the results 
of which can be checked with the actual measurements. Thus, a doub.le check can be made of calculated 
wear loss. These results are also being compared with topography data in an attempt to calculate wear 
from the evolving surface geometry. 

(4) Naoto Yoshioka stayed at Lamont-Doherty for July and August, 1990. Dr. Yoshioka has been 
instrumental in developing one of the two theories used to map topographic random processes from one 
dimensional profiles to two dimensional surfaces. His adaptation of the Yamada, et al. model (1978) to 
this experimental program is described in Yoshioka and Scholz (1989 a, b). His recent visit has been 
directed toward understanding the different mapping transformations used in the models, of Brown and 
Scholz model (1985a) and Yoshioka and Scholz (1989a). 

The Brown and Scholz models uses the moments of power spectral densities from upper and lower 
surfaces to combine them in to a composite topography following the method of Nyak (1971) and Adler 
and Firman (1981). Then the contact between the two surfaces is represented as a composite and a flat. 
The Yoshioka and Scholz model is an adaptation of the Yamada et al. method which treat the two surfaces 
separately, and maps directly from a topographic profile to predicted distribution of contacts between the 
surfaces. The object of Dr. Yoshioko's visit was to understand the differences between the 2 models and 
use them as reciprocal checks upon each other. His results are to be presented at the Symposium on 
Earthquake Source Physics, in Tokyo, Nov. 1990 (Yoshioka, et al. 1990). 
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Systems Analysis of Geologic Rate Processes: 

SPACE-TIME MODELS, COUPLED OSCILLATORS, AND GENETIC CODES: 
CALIFORNIA EARTHQUAKE RECURRENCE PATTERNS 

Herbert R. Shaw and Anne E. Gartner 
Branch of Igneous and Geothermal Processes, U. S. Geological Survey 

MS-910, 345 Middlefield Road, Menlo Park, CA 94025 
(415) 329-5245, 5209 

Objective: The objective For this report period extends the ideas outlined 
in the two preceding reports; the strategy of our approach is elaborated more 
fully in the Report of 4/1/89-9/30/89 (NEHRP, Summaries, XXIX, p. 378-384). 

Results: Progress toward automating the event sequence matrices described 
in previous reports was interrupted by a call to active duty for Gartner by 
her Naval Reserve Unit during the Persian Gulf situation. We have, however, 
manually constructed return maps of conditional occupancies of the 8-letter 
regional 'alphabet* for magnitudes PI 2 5 using chronological vectors based 
on CDHG catalogs of historical events to 10/25/1982, and NEIS Catalogs from 
10/25/82 through 12/31/89. These are effectively maps of recurrences in a 
two-dimensional 8-cell state space, giving trajectories something like those 
in a pinball machine where the paths of motion of the ball between 8 pins are 
recorded, and where the incident trajectories and reflections off the walls 
represent *the rest of the world*. The results are analogous to return maps 
of numerical dynamics. For example, there is a time series for a particular 
recurrence history in each cell that could be described by the methods of 
singularity analysis, as shown by Shaw and Chouet (1988, 1989) for time series 
constructed from the recurrence histories of seismic tremor in Hawaii. 

In the present case, the space-time structure is spatially discrete {i.e., 
for the present purpose it is restricted to a nonfractal set of specific 
seismic regions) while being temporally multifractal, judging from graphical 
results in Shaw (1987a) and from the work of Shaw and Chouet cited above. The 
codification represented by our 8-letter 'recurrence alphabet* is analogous to 
phase portraits of a-multiwell potential surface in which there are 8 minima 
of similar but not identical depths, and where the depths reflect the chosen 
range of earthquake magnitudes, hence numbers, of events (such a potential 
surface, in general, is probably multifractal, because the number of wells for 
a given range of magnitudes will be determined by the spatial variations of 
b-value data, which are fractal in nature). [Note: In some reiterations of 
letter-combination matrices we have simplified the spatial structure to a 
5-letter code as the first-order description of discrete states, because three 
regions are of low relative probabilities and reasonably can be combined with 
two of the others; these regions are shown roughly by the trajectory patterns 
of large earthquakes in Figure 1 of Shaw and Gartner, HEHRP, Sum. Tech. Repts, 
XXIX, p. 384, 1989.1 

To give perspective to concepts needed to describe self-organization in 
such a highly nonlinear network of coupled forces and flows, we use the 
analogy of a bistable oscillator (periodic motion in a two-well potential 
field) that responds to displacements in a nonlinear Fashion. This is a 
useful analogy, because it applies to the response functions of many types of 
physical systems in which there are alternations between two stable positions, 



or loci of attraction, including such things as electronic resonator circuits, 
chemical resonators, and mechanical resonators of various kinds. A typical 
example of the latter is the gravitationally buckled elastic or viscoelastic 
beam driven parametrically by a time-varying external force. The model is 
useful because the trajectories of motion between the two (in this case) 
attractor basins can be visualized in terms of slip events separating the 
activated and relaxed states of a characteristic fault segment, and because 
the periodic and chaotic states of such bistable oscillators are related in 
familiar ways to the universal properties of many kinds of numerical attractor 
systems (circle maps, quadratic maps, Lorenz attractors, "dripping-faucet" 
attractors, and so on) that have been found to be applicable in virtually 
every field of geophysics (see review by Shaw, 1987b). 

Ditto et al. (1989) describe a form of intermittency in the behavior of a 
bistable buckled beam in which there is a power-law scaling of times between 
events (times between excursions across a critical state relative to proximity 
of the periodic driving force to this "crisis"). This form of scaling also is 
characteristic of the Critical Golden Mean Nonlinearity (CGMbl) of the sine 
circle map (Shaw, 198781, which has a universal singularity spectrum with 
power-law scaling of times between events. The CGMW was found to be a 
reasonable model for the singularity spectra of time series representing the 
recurrence history of volcanic tremor analyzed by Shaw and Chouet (1989, 
1990). Thus, this type of power-law universality represents a family of 
self-similar states that also includes the properties of self-organized 
critical phenomena of the types applied by Bak and Tang (1989) to the 
earthquake process based on the idea of power-law distributions of times 
between instabilities (their earthquake model is a variation of the 'sandpile 
model* of systems maintained near a critical state). 

Recognition that the power-law scaling of times seems to be characteristic 
and universal in many systems near a critical state of organization suggests 
that the phenomenologies of the simpler systems of oscillators (the two-state 
resonator and coupled rotating oscillator) can be used as a guide to the 
regimes of periodic and chaotic behavior in networks of coupled nonlinear 
oscillators of many types. Therefore, it seems reasonable to suppose that 
trajectories in the return maps of our earthquake recurrence *alphabete also 
represent events that would scale in the same way as the above ccitical 
phenomena. Unfortunately, there are insufficient events per spatial state at 
magnitudes of 5 and above to singularity analyses. Theref ore, we are 
currently inspecting the conditional probabilities for excursions between 
pairs and triplets of spatial states for indications of clustering and/or 
periodicity. When we use a model that has 5 spatial states, there are 10 
pairs of 'quasi-bistable states*. We find that clustering, quasiperiodicity, 
and possibly phase locking, are suggested by the distributions of events per 
episode (i.e., per spatial state) and by the similarities of ratios of average 
events per episode among all spatial states relative to the total numbers of 
events per spatial state (emphasizing that each spatial state represents one 
of the seismic regions on a map of California and vicinity). 

If we consider these average ratios to be analogous to the "winding 
numbers" of coupled oscillators (Shaw, 1987b), then we would tentatively 
conclude that the recurrence history of earthquakes in California is either 
crudely phase-locked among these five regions, or that the short sequences of 
states available for analysis in each region represent partial samples of a 
globally self-organized critical state that gives self-similar power-law 
scaling of recurrence times in each region. However, the main conclusion at 
this stage of analysis is that an expectation of parallels between different 
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semantic descriptions of the earthquake process, involving mechanical ideas of 
coupled deformations, numerical concepts of systems of coupled oscillators, 
and linguistic and information theoretic measures of redundancy among codified 
states, appears to be confirmed for the space-time patterns of intermediate to 
large earthquakes in California. When we are able to represent these results 
by an algorithm, we plan to compare them, and possibly combine them in modular 
fashion, with other pattern-recognition studies of the type described by 
Keilis-Borok and Kossobokov (1990). 
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Investigations 

Work described here was done in collaboration with Aleksander Sadovskii, a visiting 
scientist from the International Institute of Earthquake Prediction of the USSR Academy of 
Science. We explored the utility of gravity anomalies, topographic data, and a combination 
of the two called the S-parameter as predictors of earthquake locations for two areas in 
California. The northern California study area was a rectangle about 300 kilometers on a 
side centered on San Francisco. The southern California study area was a rectangle about 
400 km in a north-south direction and 500 km in a east-west direction centered on Los 
Angeles . 
Results 

The value of the S-parameter at a site is defined to be the maximum value of the 
Bouguer gravity (in milligals) within a window around the site, plus a coefficient times 
the maximum elevation (in meters) within the same window (S = b,,, + C * em,,). 
Commonly the coefficient C is chosen to be 0.1 mGal/m, which makes the S-parameter a 
close approximation to the free-air gravity in places where topography is gentle and the 
window effect (a 5 km window was used) is not important. Previous studies using this 
parameter have been described in Artem'ev et  al. (1977), Caputo et  al. (1983), Eaton and 
Sadovskii (1985), and Gorshkov e t  al. (1985). 

We explored potential correlations of past earthquakes in our study areas with values 
of the S-parameter and its horizontal gradient. We also looked for correlations with 
topography, Bouguer gravity, and isostatic residual gravity anomalies as well as with 
horizontal gradients of these anomalies. 

Results are intriguing, although questions remain as to how to quantify their statistical 
significance and how to possibly use them for defining risk. For example, in the northern 
study area, locations for which the isostatic residual gravity gradient is greater than 2.5 
mGal/km occupy only 17 percent of the area, but contain 38 percent of the m 2 4 
earthquakes from 1969-1990. Thus, m > 4 earthquakes have occurred in these high- 
gradient locations 2.9 times more often than elsewhere in the area over the past 20 years. 



This result makes geologic sense, because gravity gradients occur over changes in density 
at depth that can indicate the presence of structures including faults. 

In general, no single parameter value (i. e., S-parameter , gravity, topography, or their 
respective gradients) outperformed the others in our tests. Some worked well in one area 
and not in others. Results seemed to be sharpened if the approach was applied to a more 
homogeneous tectonic domain such as the Salton Trough instead of the entire southern 
California study area, but the question then arises how to best define the extent of such 
homogeneous domains. 

Additional work could be directed toward understanding the best ways of choosing 
the extent of the study area and tuning the methods to a particular tectonic environment. 
Work also needs to be done to define ways of evaluating uncertainties in the results and 
quantifying their statistical significance. One useful aspect of the approach is that it 
focuses attention on regions that may not have experienced recent seismicity, but which 
share characteristics with regions that have. In some cases, more detailed geologic and 
geophysical studies of such regions would seem appropriate. 
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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 the 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 that this law links the two problems. That is, in 
principle fault properties are to be found simultaneously with plate motions. 

Parkfield Prediction 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 occur, and such anomalies, 
if large enough to detect, could be the basis of experimental predictions. This work is in 
collaboration with T. Tullis, R. Simpson, and J. Rice. The second strategy is to construct 
a mechanical model that accounts for the seismic quiescence and rate changes of 2-color 
laser lines reported by Wyss, Aviles, Burford, Langbein, and colleagues. 

Results 

Pacific-North America Plate Interaction 

As previously reported, 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 dimensional deformation into two 
dimensions. 

Current research is development of the corresponding model for major faults in 
southern California, including the San Andreas, Garlock, and oblique thrusts bounding 
and within the Transverse Ranges. In a preliminary model it is found that the observed 
location and slip sense of the Garlock fault is obtained as a computed result. The oblique 
thrusts considered collectively are also a computed result if the model takes account of the 
subducting upper mantle slab reported by Humphreys and others. 

The stress fields produced by the two models above will'be used to study the locking 
of the San Andreas between the Mendocino triple junction and Tejon Pass, as described 
above and in the previous report. 

Parkfield Prediction Methods 

A second generation model now works and is being refined mainly by Tullis. One 
version of the model attempts to determine if the expected moderate Parkfield earthquake 
could have been delayed by the Coalinga and Kettleman Hills earthquakes. 

One explanation for the rate changes of seismicity and geodetic lines at  Parkfield 
is decreased loading rate on the upper part of the San Andreas between Parkfield and 
Slack Canyon. A loading rate decrease can be caused by new slippage on a sub-horizontal 
detachment fault at 10-15 km depth and adjacent to or intersecting the San Andreas. Such 
a fault would be expected to start slipping late in a seismic cycle. 

Reports 

Stuart, W. D., News and Views - Earthquakes: Parkfield slowing down, Nature, 345, 
383-384, 1990. 

Stuart, W. D., Seismic quiescence at Parkfield due to detachment faulting, Nature, 
submitted. 

Stuart, W. D., Buffer faults and seismic quiescence at Parkfield, EOS, Fall 1990 AGU 
meeting. 

Tullis, T. E., Stuart, W. D., and Simpson, R. W., Instability model for Parkfield 
earthquakes, including the effect of New Indria, Coalinga and Kettleman Hills events, 
EOS, Fall 1990 AGU meeting. 
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Pradeep Talwani 
Department of Geological Sciences 
University of South Carolina 

Columbia, SC 29208 
(803) 777-6449 

Objective: To study the role of lake level fluctuations on the 
mechanism of reservoir induced seismicity (RIS). We are 
continuing the preimpoundment studies near Bad Creek pumped 
storage facility in northwest South Carolina. Impoundment is 
planned for mid-December, 1990. 

Investigations 

In preimpoundment studies we have emphasized on the 
collection of background data on seismicity, hydrogeology, and 
geology of the area. Currently we are in the process of setting 
up the instrumentation to monitor pre and post impoundment 
seismicity and changes in the ground water conditions due to the 
influence of the reservoir. 

Noise Surveys 

A preliminary noise survey was conducted in Bad Creek area 
during the summer of 1989 in which 3 quiet sites were located. To 
seek other sites for permanent and portable stations we conducted 
additional noise surveys during summer 1990. Eighteen sites were 
investigated of which seven were found suitable (Figure 1). 
During the 2 month survey we also recorded (at various sites) 
about 30 construction blasts at the local quarries in the reser- 
voir area. The traveltime data from the blasts are being used to 
obtain a local seismic velocity model. 

Background Seismicity 

Background seismicity at Bad Creek is being monitored using 
data from the Jocasse seismic network. Analysis of data for one 
year (August 1989 to August 1990) indicated low level seismicity 
at Bad Creek (with an average of two events of M e 1.0 per 
month). Due to the high noise level during cons ruction 
activities some events may have been missed. 

E 

During the noise surveys (summer 1990), a portable seismo- 
graph at a site to the north of the regions near a local quarry 
recorded about 50 events (ML < 0). This activity which was 
recorded on two separate occasions suggests that the local 
stresses are high. We plan to further investigate this site. 



Seismic Instrumentation 

We are in the process of moving four permanent stations from 
Montecello Reservior to Bad Creek. We are currently working on 
the logistics of transmitting and recording the data (Figure 1). 
Data from Bad Creek network will be telemetered to Jocassee and 
then to Columbia where it will be recorded. In addition to the 
permanent stations, we plan to deploy 10 PASSCAL digital 
instruments (DAS) for a six month period starting in December, 
1990. These three component instruments will be deployed at 
suitable locations to monitor the expected epicentral growth 
following impoundment. 

Geological Investigations 

Detailed geological studies have been carried out by Malcolm 
Schaeffer and his team of geologists at Duke Power Company. 
Geologic mapping of the area around Bad Creek Project suggests 
the presence of vertical faults and several shear zones, dipping 
southeast and roughly parallel to each other (Figures 2 and 3). 
Two of these shear zones (E and F) intersect the bottom of the 
reservoir. We expect the shear zones and faults to be better 
conduits of pore pressure diffusion, the dominant mechanism that 
triggers RIS. Two observation wells have been drilled through 
these shear zones (#1 and 2). These wells were continously 
cored. These cores will be used for laboratory estimations of 
their elastic properties. 

Based on well logging and core data from over 200 boreholes, 
lithologic sections were reconstructed to obtain depths to 
various rock units. These data will be incorporated in 
explaining the spatial pattern of induced earthquakes. 

Hydrological Studies 

Based on borehole observations a contour map of the anti- 
cipated depth of ground water level above the sea level was 
prepared. This information together with location and dip of 
shear zones has beemused to locate the three wells. Two of these 
wells (#1 and 2) have been drilled in the Bad Creek resemior 
area (Figure 2 and 3) and the third (#3) is currently being 
drilled to the east. The first two wells intersect the shear 
zones at depths of 50-80 ft. It is anticipated that the third 
well will keep shear zone at a depth of about 250 ft. These 
wells will be open to the the shear zones in order to record 
pressure changes there. 

We anticipate changes in the pore pressure due to water 
level fluctuations will be most pronounced in the shear zones and 
regions hydraulically connected to them. The pore pressure 
changes will be continually monitored to seek possible temporal 
association with the rate of water level fluctuations. Currently 
two wells have been completed and the third is being drilled. 
These wells will be instrumented using the pressure transducers 
fabricated by the Engineering Department of USC (Figure 4). 



Changes in pore pressure will be continuously monitored using the 
pressure transducers installed in these wells. 

The pressure transducer operates in the 0 - 100 psi (0 - 7 
bar) range with an accuracy of 0.1%. The pressure transducer is 
isolated from the top by a packer. It is however open to the 
water in the fracture zone through the gravel. Pressure is 
transmitted to the data acquisition unit on intervals of 0.010 
seconds. Data are stored in the data acquistion system for easy 
access - and are downloaded to a portable computer using RS232 
port. 

Development of theoretical model 

We are developing a theoretical model to study the pore 
pressure changes due to the coupled effect of reservior loading 
and pore pressure diffusion associated with rapid lake level 
fluctuations. A study of these effects associated with the 
initial filling of Monticello Reservoir provided interesting 
insights into the mechanism of RIS. 
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~alwani,P., and Rajendran, K., 1990. Bad Creek Project: A field 
experiment in Reservoir induced seismicity - preimpoundment 
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presented at AGU Fall meeting, 1990) 
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at the Eastern Section of the Seismological Soc. October, 1990) 

Rajendran, K., Talwani,P., and Acree:,S. 1990. Stress 
modification mechanisms of reservoir loading and their relative 
roles in triggering earthquakes: A case study from Monticello 
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Figure 2.  Location of shear  zones in  Bad creek a rea .  The lake o u t l i n e  shows 
the  ex ten t  of f u l l  pond (2310 f t )  and s t i p p l e d  pa t te rn  shows the  
maximum drawdown (2150 f t ) .  The numbers show the  loca t ion  of t he  
observat ion wel l s .  
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Figure 3. An east  west cross sect ion showing t he  l o c a t i o n  o f  the  
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INVESTIGATIONS : 

1 . Determination of the constitutive behavior of granite at large displacement. 

2.  Determination of the constitutive behavior of serpentinite. 

3. Technical developments: completion and installation of bearing assembly to prevent sample 
misalignment; completion and use of new data acquisition system. 

RESULTS : 

1. With the com- 
pletion and installa- 
tion of our new 
bearing assembly to 
p r e v e n t  ax i a l  
misalignment of our 
samples (see item 3 
below), we have 
continued our inves- 
tigation of the veloc- 
ity dependence of 
the frictional behav- 
ior of simulated 
granite gouge at 
large displacements. 
As we expected, the 
bearing assembly 
has eliminated the 
contamination of the 
sliding surfaces with 
Teflon that previ- 
ously had been a se- 
vere problem. We 
now have measure- 

(velocity dependence of Simulated Granite Gouge using Various Sample Assemblies ( 
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Figure 1. Velocity dependence of steady-state frictional strength of simu- 
lated granite gouge as determined using various different sample assem- 
blies. Jacketed assemblies are run under confining pressure, granite and 
steel groove assemblies use a grooved sample to confine the gouge and have 
no jacket. Jacketed runs without the new alignment bearing have the poten- 
tial for contamination of the sliding surface by Teflon from the jackets while 
groove runs have no jacket and no possibility of Teflon contamination. 
Groove runs, on the other hand, do not confine the gouge completely and 
lose gouge during the run, possibly preventing the development of mature 
fabrics in the gouge layer. 



ments of the velocity dependence of frictional strength (a-b) of simulated granite gouge in four 
different assemblies: jacketed runs with confining prussure (and possible Teflon contaminstion), 
unjacketed runs with no confining pressure in which the gouge is contained in a grooved sample of 
steel or granite, and jacketed runs under confining pressure with the addition of the bearing 
assembly to prevent run-out of the sample rings. The behavior is similar in all cases for about the 
first 100 mrn. After about 100 mm the velocity dependence is inconsistent, varying from velocity 
weakening in the granite groove runs to strong velocity strengthening in the jacketed confined runs 
lacking the alignment bearing (Figure 1). 

Although the value of a-b in the confined runs with alignment bearing at displacements of a few 
mm is similar to values at displacements greater than about 100 rnm, the detailed frictional response 
to a change in velocity is quite different. The new bearing assembly and new data acquisition sys- 
tem have improved the quality of the data so that we are able to analyze this difference much better 
than previously. We have long felt that our results usually require two state variables (the "active 
element" that produces the decays after a velocity change). In fact, the simulated gouge (Figure 2) 
requires a second state variable with a negative coefficient (b2). Such a negative b2 causes, in the 
case of a velocity increase, an upward decay, opposite to that which is considered "normal". The 
evidence for this negative b2 is particularly strong in the bottom trace in Figure 2, taken at a dis- 
placement of about 380 mm. We know of no way to combine the ringing below the previous 

Displacement, mm 

sion of the large dis- 



steady state level that follows the velocity change with the overall velocity strengthening without 
resorting to a negative b2. While this enhances stability, it is still possible with a sufficiently large 
b l  to have what might be termed "short-term velocity weakening" and unstable behavior. In our 
experiments this negative b2 seems to develop slowly with displacement, along with an decreasing 
a-bl. We infer this from the change from velocity strengthening at small displacement, to nearly 
neutral steady-state response accompanied by strong ringing at intermediate displacement, to 
velocity strengthening with ringing at large displacement. The inference of "short-term velocity 
weakening" in the case of the large displacement trace in Figure 2 is supported by determination of 
constitutive parameters by least-squares inversion of the bottom trace. This gives values as fol- 
lows: a = 0.00729, b l  = 0,00777, L1 = 1.9, b2 = -0.00133 and L2 = 7.58; note that b l  is larger 
than a,  giving a-bl  = -0.00048 while a-(bl+bz) = i-O.00085. The inversion was done using a 
computer program written by graduate student Linda Reinen. 

2 .  It has been suggested that aseismic slip along segments of both continental and oceanic trans- 
form faults may be due to the presence of serpentine. Consequently, we have conducted a series 
of experiments to study the frictional behavior of serpentinite. We have previously reported the 
results of duplicate experiments at 25 and 50 MPa normal stress which yield consistent results. 
Initial experiments at normal stresses greater than 75 MPa showed sample misalignment and were 
therefore suspect. Recent experiments at these higher normal stresses were conducted using the 
ball-bearing alignment assembly which ensures proper sample alignment (see section 3, below). 
The experiments at 100 and 125 MPa normal stress display results similar to the low normal stress 
results (see Figure 3). We find that serpentinite exhibits velocity strengthening behavior at slow 
sliding velocities and velocity weakening at intermediate velocities. The transition in velocity 
dependence occurs in the range 0.03 to 0.1 microns/second. Because velocity strengthening is 
associated with stable sliding and velocity weakening may be associated with unstable sliding, 
these results indicate that faults containing serpentine should creep aseismically at typical rates of 
plate motion, but could produce earthquakes if forced to slide fast enough. This result is consistent 
over the full range of normal stress studied to date. 

Results of experiments conducted by other workers on intact serpentinite samples indicate a transi- 
tion from brittle to ductile behavior with increasing confining pressure, providing the temperature 
remains less than the dehydration temperature of serpentine. This would imply that at sufficiently 
high normal stress, we should see a 
transition to velocity strengthening 
at all velocities, and a change from 
shear stress depending linearly on 
normal stress to shear stress 
independent of normal stress. Our 
experiments up to 125 MPa normal 
stress indicate no apparent change 
in velocity dependence with 
increasing normal stress. In addi- 
tion, the shear strength exhibits a 
nearly linear dependence on normal 
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Figure 3. S teady-state velocity dependence of serpentinite. 



stress. Apparently, normal stresses greater than 125 MPa are required for serpentinite to undergo 
the transition from brittle to ductile behavior; this is under continued investigation. 

3. Two technical developments that improve the quality of data we collect have recently gone into 
routine use. We have now installed a ball-bearing assembly (described in volume XXX) to guar- 
antee concentric alignment of the two sample rings. This was originally conceived to prevent con- 
tamination of the sliding surfaces with Teflon from the sample jackets caused by run-out of the 
sample rings, but has paid additional dividends as well. It has, in fact, eliminated the sliding sur- 
face contamination problem, and has also eliminated a wander in the measured frictional strength 
caused by slight eccentricity of part of the torsional drive system. In addition, the new assembly 
allows use of an internal LVDT to measure changes in sample length, simultaneously with use of 
an internal resolver to make very precise measurements of rotary displacements. Previously, these 
instruments could not be used at the same time. We have also recently switched to a new data 
acquisition and control system bssed on a Hewlett Packard workstation and data acquisition 
equipment. The resolution of our data is now limited entirely by instrument noise and drift. The 
increase in resolution over that furnished by the 13-bit analog-to-digital convertor in the old system 
is as large as a factor of ten for certain channels. The improvement is most readily seen in the 
traces of frictional response to velocity changes (as in Figure 2) which previously have had a range 
of about five least significant bits, giving it the stair-step appearance we have come to expect of 
digital data. It has also allowed us to resolve changes in sample length with velocity changes that 
were previously undetectable. The new workstation is much faster and provides more convenient 
handling of data. This report and its graphics, for instance, were prepared on a Macintosh com- 
puter with data extracted from archival records on the HP workstation and transferred over Ether- 
net.. The manipulation of data on the workstation is far faster and more convenient than on our old 
DEC system because of the increase in computation speed and because of the many facilities pro- 
vided by the UNIX operating system. 

REPORTS: 
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1. Improved measures of ground motion over acceleration and velocity are being 
investigated for mapping at a national scale. 

2. Regional seismic source zones for a new generation of national probabilistic ground 
motion hazard maps are continuing to be revised, updated and documented. 

3. 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 
sources. 

Results 

1. Project staff have been cooperating with the Building Seismic Safety Council, 
the National Center for Earthquake Engineering Research, and the Structural Engineers 
Association of California on identifying improved measures of ground motion for use in 
structural design. There is general agreement at  this time that mapping of spectral re- 
sponse parameters (e.g. spectral acceleration and/or spectral velocity) rather than param- 
eters such as peak acceleration will result in improved design procedures. Current work 
indicates that spectral response can be reasonably approximated with only two spectral 
response parameters, one at a short period of about 0.3 second and one at  a longer pe- 
riod of about 1.0 second. Design procedures based on spectral response parameters have 
been proposed for use in the 1991 edition of the National Earthquake Hazards Reduction 
Program Recommended Procedures for the Development of Seismic Regulations for New 
Buildings. 

2. Earthquakes in central and eastern North America with M 5.0 and larger appear 
to differ from earthquakes of similar magnitudes in the Precambrian Australian craton. 
Several of the Australian earthquakes were comparatively shallow and some produced 
historic surface ruptures. The differences imply that either the rupture process, the geo- 
logical environment, or the stress environment differs between the two continental interiors. 
North America comprises a central a central stable Precambrian craton rimmed by late 
Proterozoic-early Paleozoic passive margins and aulacogens; younger orogens and margins 
are farther outboard. Seismicity in the central and eastern North America concentrates 
in the late Proterozoic and younger structures that rim the older, less active central cra- 
ton. The only large, shallow, historic earthquake ruptured the surface at  Ungava, Quebec 
(1989) in the central craton. Perhaps only the central craton is the North American analog 
to the Australian craton. 404 



3. The next generation seismic hazard and risk computer program, FRIENDLY, has 
had limited use in ground motion calculations for project work. The options available for 
interactive use at  a computer terminal continues to be expanded and documented. 
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INVESTIGATIONS 
Precise radiocarbon dating of subsidence about 300 years ago. The goal 

of this dating to test synchrony of subsidence along hundreds of kilometers 
of coast. The materials dated are groups of rings from bark-bearing stumps 
of Sitka spruce killed by the most recent sudden subsidence, During the 
summer of 1990 I sawed ten samples from Willapa Bay and Grays Harbor. In 
addition, Minze Stuiver reported the first precise ages on spruce-stump 
samples collected previously from Willapa Bay and the Copalis River. 

Did sand blows erupt  through subsiding marshes and swamps underlain 
by thick bodies of loose, wet sand? They should have if strong shaking 
accompanied the subsidence; the goal of this work is to test for such shaking. 
During the summer of 1990 a team of geologists made a reconnaissance of 
liquefaction features in coastal southern Washington. The team consisted of 
Steve Obermeier and Brian Atwater (USGS), John Shulene (volunteer), Steve 
Palmer (Washington Division of Geology and Earth Resources), and Jim Phipps 
(Grays Harbor College), We visited most of the natural outcrops in areas 
likely to produce sand blows a t  estuaries in coastal southern Washington. 
In a separate but related effort, Shulene canvassed long-time residents of the 
Puget Sound city of Puyallup and the coastal sand spit west of Willapa Bay to 
determine the location of sand blows produced by the large Puget Sound 
earthquakes of 1949 and 1965. 

RESULTS 
Precise radiocarbon dating of subsidence about 300 years ago. 

Radiocarbon results on the next page (table 1) are consistent with subsidence 
around A.D. 1700, in the middle or late 1700s, or in the middle 1900s. This 
ambiguity is inherent in the radiocarbon dating of materials postdating the 
late 1600s. Ring-width pattern matching of western red cedar shows that the 
same subsidence occurred during or  soon after the 1690s (D.K. Yamaguchi, C.A. 
Woodhouse, and M.S. Reid, written commun., 1990). A subsidence date around 
A.D. 1700 provides the simplest way to reconcile the radiocarbon ages with the 
tree-ring dates. 

Did sand blows erupt  through subsiding marshes and swamps underlain 
by thick bodies of loose, wet sand? 

(1) Sand blows erupted about 1100 years ago a t  the Copalis River 
estuary (coastal southern Washington, near Grays Harbor). Although the sand 
blows about 1100 years ago did not coincide with appreciable subsidence a t  
the Copalis River, subsidence of similar radiocarbon age occurred elsewhere in 
coastal Washington and northern Oregon, 

(2) Among the five outcrops in which we found sand intrusions or 
volcanoes about 1100 years old a t  the Copalis River, none shows evidence for 
liquefaction during subsidence of that area about 300 years ago, even though 
the event responsible for this subsidence probably triggered a large tsunami. 
But the total length of these outcrops is 15 m--too little to preclude strong 
shaking during subsidence about 300 years ago. 



(3) Liquefaction probably occurred along the western shore of Willapa 
Bay sometime between about 300 and 1700 years ago. I do not know if this 
liquefaction coincided with sudden coastal subsidence. 

(4) The 1949 Puget Sound earthquake (magnitude 7.1) caused many sand 
blows in Puyallup but probably triggered none near the coast a t  Willapa Bay. 

Table 1. Eeadiscarbon ages on rings from Sitka spruce probably killed by 
csseismic subsidence in coastal Washington state 

Location Lab Age Rings dated Earliest 
no. 14C yr  Y r  A.D.1 (l=outside) tree death 
QL- B.P. Range Middle in yr A.Da2 

.............................................................................. 
Copalis 4400 207+/14 1649-1677 30-49 40 1689-17 14 

1739-1804 
1939-1954 

Bay 4481 184+/14 1653-1690 30-35 3 3 1686-1'723 
Center 1724-1810 

1925-1954 

Niawiakum 4404 219+/13 1647-1672 30-49 40 
1745-1763 
1767-1800 
1943-1954 

Niawiakum 4405 152+/30 1650-1950 1-20 10 after 1660 
.............................................................................. 
1 A t  two standard deviations with error  multiplier of 1.6, obtained from 
intercepts (method A of calibration program of Stuiver and Reimer) 
2 Sum of earliest calibrated age range and number of middle ring 
.............................................................................. 
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Atwater, B.F., and Yamaguchi, D.K., 1991?, Sudden, probably coseismic 

submergence of Holocene trees and grass in coastal Washington state: 
manuscript intended for Geology; passed USGS review in September, 
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Shulene, J.A., 1990, Evidence of liquefaction in the Puyallup Valley: 
Washington Geologic Newsletter, v. 18, p. 15-16. 



Depth to Bedrock map of the greater Tacoma area, Washington 
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lnvestiqations 

Most of report period spent on revising manuscript, Geologic Map of the Hilo 7 112' 
quadrangle, Island of Hawaii, as result of BWTR review. 

Results 

Small changes and a few data additions were made to Depth to Bedrock map. 
Completion of map delayed due to lack of marine seismic reflection profiles of sufficient 
depth to provide a bedrock depth. Marine seismic reflection profiles run by Sam Harding 
in 1988 is awaiting processing. Dialogue continues with WRD, Tacoma, in an attempt to 
arrange a possible co-purchase of seismic lines run by Western Geophysical in southern 
Puget Sound. Drawing of isopach lines showing depth to bedrock rely heavily on 
obtaining this data. 



PUGET SOUND PALEOSEISMICITY 

ROBERT C. BUCKNAM 
U.S. Geological Survey 

M.S. 966, Federal Center 
Denver, Colorado 80225 

(303) 236-1604 

INVESTIGATIONS 

Continued study of late Holocene uplift in the central Puget Lowland, Washington. 

RESULTS 

Stratigraphic relations and I4C ages at Restoration Point, Bainbridge Island, Washington, (locality R, fig. 1) 
indicate that about 7 m of uplift occurred there less than 1,350-1,550 years ago (Bucknam and Barnhard, 1989). 
Similar data from a salt marsh 5 km to the north at Winslow (locality W) suggest that vertical deformation from 
the same event at that site was probably less than about 2 m. The surface of the Winslow marsh is at about 
mean higher high water and is underlain by about 2 m of peat. A 10-cm-thick interval of that peat collected at 
160 cm depth gives a 13C adjusted 14c age of 1,670t60 yr B.P. (Beta-36044). Using the CALIB program of 
Stuiver and Reimer (1986) and a lab error multiplier of 1, the one-sigma calibrated age range for the sample 
is 1,520-1,690 cal yr. 

Data collected thus far from the two sites show it is likely that the Winslow marsh was established prior to the 
nearby uplift at Restoration Point. Thus, the record of relative sea level in the stratigraphy of the Winslow 
marsh constrains the amount of vertical displacement that may have occurred at the site. Salt marsh plant fossils 
at several levels in the Winslow marsh section suggest that any vertical displacement since the marsh deposits 
began forming has been probably 1-2 m less than the tidal range of about 3.5 m. Radiocarbon and fossil 
samples collected in September 1990 should allow reconstruction of a detailed chronology and relative sea level 
history at the marsh. 

The Winslow marsh is an important site for identifying possible structures associated with the uplift at 
Restoration Point. One of the major neotectonic features that has been recognized in central Puget Sound is 
a steep east-west-trending gravity anomaly that has been interpreted as a major fault zone, down to the north. 
Gower and others (1985) have inferred a possible Quaternary fault associated with that gravity anomaly (F on 
fig. 1). The relative sea level histories of the Winslow and Restoration Point sites, which lie on opposite sides 
of the inferred fault, may provide a basis for determining whether a few meters of late Holocene slip has 
occurred on the fault. 
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FIGURE 1. Central Puget Sound, Washington. R=Restoration Point site, W=Winslow site, heavy dotted line 
is possible Quaternary fault of Cower and others (1985). 



Geology and Tectonic Evolution of the Western T~msverse Ranges 

RusseI1 H. Campbell 
Branch of Geologic Risk Assessment 

U. S. Geological Survey 
MS 922, National Center 
Reston, Virginia 22092 

(703)648-6784 

Recent project work has focused cn the acquisition of digital geologic map data in p:eparation for compilation 
of a preliminary geologic database for the 1.0s Angeles 1: 100,000-scale quadrangle. h t i a i  emphasis is on the 
southwestern 114 of the 1" x 30' quadrangle. Brief field investigations have addressed problems of stratigraphic 
correlation and structuml continuity. Field investigations were conducted in cooperation with F. H. Weber of 
the CDMG. Preparation of thc digital geologic map is a joint effort with R. F. Yerkes, 'JSGS, B W G .  

Results 

Several general and special-purpose geologic m p s ,  which have recently been p b l i s h d  a: various scales 
(1: 12,000 to 1:48,000) by the L'SGS afid the California Division of Mines and Geolcgy, have been dgitized and 
are being edited for compilation at 1: 100,000 scale. Digitizing of the geologic maps has been done manually in 
GSMAP and ARCANFO, and by author scanning (using the Reston GIs-lab Tectmnics scanner) followed by 
conversion to ARCIINFO. Editing to conform with compilation base scale and topographic contour 
representation is in initial stages. Digital images of the eight 71/2' quadrangle segments of the 1:100,Wscale 
composite topographic base were prepared by NMD, Menlo Park, as individual ARCIINFO files, by scanning 
(Scitex) and conversion to ARCtINFO. 

Preliminary field investigations in the summer of 1990 indicate that in:ertonguing of similar marine sedimentary 
facies is common in the marine sequence that ranges from late middle Miocene to early P l imne  in age, and in 
various places, includes units assigned to the Monterey, Modelo, Castaic, Towsley, Repetto, and Pico 
Formations. Many of these units have been established on the basis of fossil ages; however, all include 
lithokies representing deposition on submarine fans and quieter deep marine environments. Sedimentological 
study of the fans might yield a beater undersianding of the fault distribution and i.listory on which late Pliocene 
and younger deformation has been imposed. 

Structural significance of stratigraphic position, abundance, and spatial distribution of sills 

Map relationships established in the Point Dume quadrangle (Campbell and others, 1970), the Malibu Beach and 
Topanga quadrangles (Yerkes and Campbell, 1980), and manuscript .mapping by USGS and CDMG geologists in 
adjacent parts of the Santa Monica Mountains suppport the concIusion that major extensional tectonic activity 
was accompanied by basaltic and andesitic volcanism, beginning in middle middle Miocene time. (This coincides 
with the "basin-inception phase" of the evolution of Ulc Los Angeles basin, as  described by Yerkes and others, 
1965). Although Conejo volcanism ceased by late middle Miocene time, the extznsional deformation continued, 



probably episodically, into late hiIIwne (and possibly Pl iwne)  time. Sub~equently, the st:- fidid appears to 
have k n  reoriented so that d;formation of the late Fleistocene a d  Holocene deposits (as well as c o n t e q r a r y  
seismic and aseismic deformation) indicates crustal shortening dominated by north-ovm-south reverse faulting. 

Several relationships suggzst that early phases of the extensional deformaticn (e.g., the detachment faulting) 
occurred in close association with intrusive activity related to the emplecement of the Conejo Volcanics (middle 
Miocene). Dikes and sills of basalt and ar.desite intrude the sedimentary strata that underiy the extrusive 
volcanic strata. Sills and sill-like irregular bodies are largest and most abundar-t in the Vaqueros a d  Tcpanga 
Canyon strata, and the w m  largest, thickest and most abundant where they are stratigrapbically iess 'h 
several hundred feet beneath the base of the Conejo Volcanics. The basal strata of the Conejo Volcanics include 
pillow breccias and aquagens tuffs together with intercalated marine siltstone and volcaniclastic sandstone; cIear 
evidence of subaerial extmsive activity is lacking. These relations suggest there m y  have been no significant 
e p i d e  of uplift and subaerial erosion in:en.ened between !he close of n?ar;ne sedimentation (as represented by 
the Topanga Canyon Formation) and the outbreak of Conejo submarine volcanism. A pssible alternative to 
subaerial erosion as the origin c.f the unconformity st the base of the Conejo Volcanics is tectonic removal by 
detachment faulting on a low-angle surface, psrhaps lecally offset by high-angle faults. Because the pressure 
balance that permits sills to farm (see McBirney, 1963, p. 465) would also reduce frictional resistance to low- 
angle faulting, the timing and extent of detilchaent faulting evidenced by the emplacement of the Tuna, Zuma, 
md Malibu Bowl thrust sheets may have been directly affected by episodes of intrusive activity as represented 
by the dikes and sills. 
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1. Crone and McKeown received funds to purchase VibroseisTM seismic-reflection data across the fault systems 
that define the boundaries of the Reelfoot rift. These funds are part of the Loma Prieta earthquake relief funds 
that were specifically dedicated to studies in the New Madrid seismic zone (NMSZ). 

2. Ellis began (a) investigating the potential for utilizing pre-existing small-diameter boreholes for conducting 
shallow hydraulic-fracturing stress measurements in regions around the NMSZ, and (b) developing plans for 
modifying existing slim-hole hydraulic-fracturing equipment for wireline operations. 

3. Collins continued processing selected samples of well cuttings from Dow Chemical #1 Garrigan drill hole 
for analysis of insoluble residues. 

4. Dart continued work on final versions of computer-generated subcrop, structural contour, and isopach maps 
of units within the Paleozoic section of the Upper Mississippi Embayment. In addition, he continued acquisition 
of existing drill-hole data, and updated the existing data base of drill-hole stratigraphic information as needed. 

5. Diehl continued petrographic and scanning electron microscope (SEM) studies of drill core from the Dow 
Chemical #1 Garrigan drill hole and of drill cuttings from the Dow Chemical #1 Wilson drill hole. 

6. Swolfs continued analyses of structural features in the Dow Chemical #1 Garrigan drill hole. 

7. Cecil continued analysis and interpretation of potential field data to clarify structural relations across the 
Frontal Wichita fault system (FWFS) in the area of the Meers fault, southwest Oklahoma. In addition, she 
measured magnetic susceptibility and density (with Lee-Ann Bradley, BGRA) of handsamples collected in the 
field as well as drill cores (loaned from Ken Luza, Oklahoma Geological Survey) from holes adjacent to the 
Meers fault. 

8. Collins began examination of thin sections and handsamples of core (on loan from Ken Luza, Oklahoma 
Geological Survey) from holes drilled adjacent to the Meers fault. 

9. Ellis continued to evaluate and examine data on stress and the distribution of stress in south-central 
Oklahoma, and it's relationship to geologic structure and seismicity in the region of the FWFS. 

10. Madole continued analysis of regional reconnaissance and detailed local studies of Quaternary alluvial 
stratigraphy in the vicinity of the Meers fault, southwestern Oklahoma. 

11. As part of a USGS Gilbert Fellowship (FY 90-91), Crone and Michael Machette (BGRA) made 
preparations for field studies of two historic intraplate earthquakes in Australia that produced surface ruptures. 
The fieldwork is being conducted from August 19-October 13, 1990. 



RESULTS 

1. (Crone and McKeown) To date, efforts to identify and characterize seismic-source zones in the New Madrid 
region have concentrated on the areas of abundant microseismicity, which are primarily in the interior of the 
Reelfoot rift. The earthquake potential of the major fault zones along the margins of the rift is unknown, even 
though these zones are prominent structural discontinuities that likely extend through the upper crust. Assessing 
the earthquake potential of these faults is very important because the epicenter of an earthquake on one of these 
faults could be only 25 km away from Memphis, Tenn., the largest population center in the region. Furthermore, 
the microseismicity in the New Madrid region shows a weak alignment of epicenters along the southeastern 
margin of the rift, which may be evidence that these faults are capable of generating damaging earthquakes. 

In the NMSZ, seismic-reflection data are the best (and commonly the only) means of identifying and 
characterizing deep, potentially seismogenic structures, because structural features in competent bedrock are 
concealed by a thick sequence of poorly consolidated Mesozoic and Cenozoic sedimentary rocks. These studies 
seek to characterize the structure of, and to document the amount and timing of, movement on the fault systems 
that bound the Reelfoot rift by interpreting about 126-line-miles of newly acquired seismic-reflection data. The 
procurement process for these data is nearly complete, and specific lines have been tentatively identified for 
purchase. Efforts will focus on the faults along the southeastern margin of the rift because of the hazard posed 
by earthquakes on these faults to the city of Memphis. 

2. (Ellis) Coritacts were made with personnel from State geological surveys in the area surrounding the NMSZ 
to search for existing small-diameter boreholes drilled for engineering or minerals exploration purposes, and to 
obtain contacts with drilling, mining, or quarry operators. Early feedback is encouraging in that such boreholes 
may exist in certain localities or that drilling activities resulting in potentially usable boreholes occur in areas of 
interest. An agreement was reached for the use of a small logging truck that can be outfitted to support shallow 
wireline hydrofrac measurements using existing slim-hole equipment. 

3. (Collins) The insoluble residues of samples from 47 depth intervals from the Dow Chemical #1 Garrigan drill 
hole show no distinctive changes in the mineralogy or proportion of insoluble minerals that might serve as a tool 
for stratigraphic correlation. A special effort was made to treat the samples in a manner that would preserve 
soluble evaporite minerals such as gypsum, anhydrite, and phosphate fossil fragments. No evaporites have been 
found. Brachiopod fragments are currently being identified by M.E. Taylor (Br. of Paleontology and 
Stratigraphy, USGS). Identification of these fossils may provide the only stratigraphic correlation tool for the 
Garrigan drill hole. 

Rock-fragment residues indicate cyclic transgressive and regressive events (see fig. 1). Insoluble minerals imply 
that the sedimentary units in the Garrigan drill hole were deposited in a near-shore, shallow, slightly reducing 
marine environment. 

4. (Dart) Additional new drill-hole data were acquired and the existing Upper Mississippi Embayrnent drill-hole 
stratigraphic information data-base was updated. Work on the generation of a series of subcrop, structural 
contour, and isopach maps is nearing completion. This series will include approximately 32 maps, 29 of which 
are geologic interpretations of stratigraphic units of Paleozoic age and older that show a good correlation with 
interpreted units from seismic-reflection profiles. 

5. (Diehl) Vertical fractures in the Dow Garrigan flaser-bedded sequence are crosscut by stratabound epigenetic 
mineralized fronts. Both the fractures and mineral fronts are rich in authigenic ferroan calcite. The mineral 
fronts contain coarse-grained pyrite, sphalerite, galena, and micron-sized particles that contain combinations of 
Au, Ag, Cr, Cu, Ni, or rare earth elements. Geochemical analyses by M.B. Goldhaber (Br. Igneous Processes, 
USGS) show an increase of total sulfur from c = 0.01 weight %S in unaltered rock up to 1.05 weight %S in the 
mineral fronts. This trace mineralization indicates at least local migration of metalliferous fluids with the 
Reelfoot rift sediments. 

Deformation of stylolites within the Dow Garrigan and Dow Wilson rock samples was accompanied by 
mineralizing fluids which deposited sphalerite, pyrite, thorite, and other rare earth minerals. 



Barite and anhydrite occur as intergranular pore-filling cements and as fracture-filling minerals in the basal 
arkose in the Dow Wilson drill hole. Geochemical analyses by M.B. Coldhaber will determine if these sulfate 
minerals are evaporitic in origin or epigenetic. 

6. (Swolfs) The Dow Chemical #1 Garrigan drill hole (AR-36; Dart, 1990) is the deepest hole drilled into the 
Blytheville Arch, a structurally uplifted feature centered in the Reelfoot rift of the Upper Mississippi Embayment. 
Computed Carm diplogs and accompanying electric logs have been used to establish major structural boundaries 
and discontinuities in the rock column (fig. 1). The deepest structural unit, 2.754-3.581 km (T.D.) subsea, is 
composed of mudstones and claystones dipping about 20" to the east and southeast. Two unoriented cores (C#3 
- 3.394 km; C#2 - 3.028 km) recovered from this interval revealed a mineralized low-angle fault at 3.4 km and 
a pervasive calcite-fiued vein set inclined at about 10" to the core axes. Diplog data enabled the orientation of 
core C#2 and the determination of the strike and dip of the high-angle vein set as N. 40" W. and 80" SW. (J.R. 
Howe, written commun., 1982). 

-- 
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Figure 1. Generalized lithologies in the Dow Chemical 11 Garrigan 
drill hole compiled by D.S. Collins. Depth intervals 
start and end at 0.754 and 3.534 km, respectively. Each 
interval represents 18 m of cuttings spaced about 61 m 
apart. 

The boundary near 2.754 km is a transitional one where dips decrease upward for about 21 m from 25" to less 
than 10" while maintaining a southeasterly dip direction. This feature may represent draping across a fault or 
dome. The top of the feature is to the west-northwest. This transition corresponds with an abrupt change in 
lithology (depth interval 34, fig. 1) from mudstone to siltstone. The interval between 2.754 and 1.748 km (depth 
intervals 18-33, fig. 1) is composed primarily of shallow-dipping (< 10") interbedded sequences of siltstone and 
shale (flaser?) deposits. Oriented core C#l (2.349 km) contains two major sets of calcite-filled veins (Swolfs 
and others, 1990). Set #1 (N. 41" E.) is not observed in either core C#2 or core C#3. Set #2 in core C#l 
strikes N. 35" W. and may correlate with the vein set observed in cores C#2 (N. 40" W.) and C#3. A fault 
located at 2.327 km has been identified on all available electric logs and has been characterized by a gas show 
during drilling (Howe and Thompson, 1984). 

The section of mudstones above 1.748 krn (depth intervals 10-17, fig. 1) is the site of a major drill-hole collapse 
just prior to coring @#I (J.R. Howe, oral commun., 1990). Structural information of the logged section above 
this depth is sparse and incomplete. 

415 



7. (Cecil) Analyses of gravity, ground magnetic and VLF (very low frequency) electromagnetic data from 
several traverses across the Meers fault are completed. The potential field data suggest several features that may 
have bearing on the seismic potential of the Meers fault and other faults in the FWFS. These features include 
apparent splaying of the Meers fault beyond the end of the Holocene scarp (control of the northwest extent of 
rupture?), the presence of a dike-like body along approximately half of the Meers fault (mechanical influence 
on the rupture process?), considerable variability in the amount of offset of magnetic basement along the length 
of the Holocene rupture of the Meers fault (inhomogeneities that may influence the rupture process?), and 
possible definition of large blocks within the Wichita uplift (influence on stress distribution along the FWFS and 
within the Wichita Mountains?). 

Lee-Ann Bradley completed dry and saturated density measurements on drill-core samples from wells adjacent 
to the Meers fault and from handsamples of exposed igneous rocks collected in the Wichita Mountains. The 
measured density values are generally typical of the rock types measured. Cecil measured magnetic susceptibility 
of the core samples. The susceptibility of the dike-like body is in the range of Roosevelt Gabbros measured 
elsewhere in the Wichita uplift. The susceptibility values and depths to different lithologies determined from the 
cores have been incorporated into the magnetic models across the Meers fault. 

8. (Collins) Initial examination of handsamples and thin sections of the drill core adjacent to the Meers fault 
indicates that the dike-like body, interpreted from aeromagnetic data to be immediately south of the Holocene 
rupture, is a meta-gabbro or possible meta-andesite that shows a great deal of shearing and alteration. 

9. (Ellis) Least-stress gradients, as reported in a 1973 study utilizing oil well hydraulic-fracturing treatment data, 
indicate a possible zone of relatively high stress magnitude in the south-central part of the State of Oklahoma. 
This apparent high stress zone corresponds spatially with the intersection of the FWFS and the McClain County 
fault zone, which in turn may represent the southern extension of the Nemaha uplift. The distribution of least- 
stress magnitudes in this zone is similar to the reported pattern of stress distribution near the intersection of 
artificial fractures in laboratory photoelastic experiments. The McClain County fault zone, near it's intersection 
with the FWFS, is also the site of elevated levels of contemporary seismicity, suggesting a possible relationship 
between seismicity, stress, and the intersection of major crustal fault zones that is consistent with the intersection 
theory for intraplate earthquakes. 

10. (Madole) Preliminary correlation of alluvial units along East Cache Creek with units in the Red River valley, 
one of which contains the 620-ka Lava Creek B volcanic ash, supports the middle Pleistocene age previously 
assigned to the Porter Hill Alluvium of the Meers area (Madole, 1986, 1988). The Porter Hill Alluvium is 
apparently younger than 620 ka, but is significantly older than 130 ka. The amount of vertical displacement of 
the Porter Hill Alluvium on the Meers fault near Canyon Creek, a tributary to East Cache Creek, is 
approximately the same as the displacement of Holocene alluvium (Crone, 1990), indicating that the recurrence 
interval on this fault is very long. 
11. Crone and Machette conducted about 2 months of fieldwork in central Australia as part of their Gilbert 
Fellowship. In September, they excavated several trenches across the scarps formed during the 1988 Tennant 
Creek earthquakes (M, 6.3-6.7), Northern Territories, and the single scarp that formed during the 1986 Marryat 
Creek earthquake (M, 5.8), South Australia. These earthquakes produced thrust-fault scarps. Crone and 
Machette are collaborating with J.Roger Bowman (Australian National University, Canberra) who is studying 
the seismicity associated with both earthquakes. Samples collected during the fieldwork will be submitted for 
thermoluminescence (TL) dating (John Prescott, University of Adelaide, Australia; Steven Forman, University 
of Colorado, Boulder), Electron Spin Resonance (ESR) dating (Kazuhiro Tanaka, Central Research Institute 
of Electric Power Industry, Abiko, Japan; Hugh Millard, Branch of Isotope Geology, USGS, Denver), and 
Uranium-trend dating (Dan Muhs and John Rosholt, Branch of Isotope Geology, USGS, Denver). 
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Investigations 

1. Post-earthquake investigations were undertaken in the San Francisco Bay area 
after the October 17, 1989, Lama Prieta, earthquake. Follow-up field 
investigations have been conducted during the past year. The damage 
assessment was funded through the University of Colorado under an NSF 
Quick Response Research Grant. Direct field observations were made from 
one day after the earthquake to a week later, when the transition to 
reconstruction occurred. This data is being upgraded, edited and analyzed. 

Continued investigations of damage in the Marina District of San Francisco, 
California. Critically damaged structures in the Marina District of San 
Francisco, California were analyzed in detail and a sample of other buildings 
throughout the study area that sustained moderate or light damage were 
evaluated. Field observations of damage, post-earthquake damage 
evaluations, documented engineering analyses, and field verifications of each 
structure were used to determine the degree of damage and its distribution. 
Structural type and building attributes affecting building resiliency (e.g. 
building footprint, framing system, age, height) were analyzed. Evidence of 
maintenance-related aspects which affect the structural integrity of buildings 
(e.g. dry rot, insect damage) were included in the analyses. Critically 
damaged building were examined for previous changes in structural integrity 
(e.g. post construction alteration of building framing systems, structural 
upgrade, or seismic retrofit). 

3. Preparation of the geologic map-report for the Anchorage B-8 SE quadrangle 
Alaska, has begun and awaits field checking; further geologic interpretation 
is underway, as well as the beginning of text preparation which is intended to 
include extensive surficial geologic information that benefits from the ongoing 
studies of gradients of lateral moraines. This work aided correlation of 
geologic map units, both within this area and with type or reference deposits 
elsewhere in the region. 



4. A continuous research study of the surficial geologic manifestations of the 
Chilean Tectonic Subduction Zone which 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. 

5. Focal-mechanism solutions and their distribution in Alaska and the Aleutian 
Islands for 889 earthquakes, which took place from 1927 through 1989, are 
being cataloged. A focal-mechanism parameter catalog is being prepared for 
publication. 

6. A focal-mechanism distribution map for Alaska and the Aleutian Islands is 
being prepared for publication. 

7. Post-earthquake study of rnb(Lg) = 5.2 southeastern Illinois earthquake of 10 
June, 1987. 

8. Continued study of relations among seismicity, tectonism and, hydrothermal 
regime in the west moat of the Long Valley caldera, California. 

9. Continued study of relations among seismicity, tectonism, and hydrothermal 
regime in Chile. 

10. Initiated analysis of temperature and gamma-ray logs in a line of shallow (200 
m) holes that cross the Imperial fault near El Centro, California with the 
objective of studying the hydrothermal effects of the Imperial Valley 
earthquake of October 15, 1979. 



Results 

1. 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.). 

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. 

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. 

For the Anchorage B-8 SW quadrangle, Alaska, map units have been 
described, interpreted, and map preparation and regional geologic framework 
aspects of the text almost completed prior to the impending technical review. 

Stratigraphic interpretation of emerged and submerged tidal deposits 
southeast of downtown Anchorage, Alaska has resulted in the near completion 
of the pre-review stage of a USGS Bulletin presently entitled, The Girdwood 
Member of the Twenty Mile River Formation - late Holocene silt and Deal 
straticraphy. Turnagain Aram and vicinity, southcentral Alaska (Bartsch- 
Winkler, CMR). 

A surficial geologic map of the Eklutna River drainage basin, Municipality of 
Anchorage, is nearing completion as reinterpreted from existing manuscripts 
and maps all for inclusion in a WRD, Alaska District, report on new 
Anchorage area water supplies. 

Paper entitle, Evidence in intertidal de~osits. Isla Chloe. southern Chile. for 
relative change in sea level during the late Holocene, was completed, 
reviewed, and has received Director's approval. Intended for publishing in 
symposium volume by the International Sedimentological Congress (Bartsch- 
Winkler, CMR). Oral presentation of same material given at their August 
1990 Congress, Nottingham, England (Bartsch-Winkler CMR). 



8. Reinterpretation of some early, provision surficial geologic maps and detailed 
airphoto interpretation of sectors of the Bulkana A-1 and Nebesna B-6 
quadrangles, Alaska has been completed in cooperation with the Branch of 
Alaska Geology. 

9. Paper entitled utilitv of intertidal peat and silt seaue for determining 
~arthauake recurrence intervals. upper Cook Inlet. Southern Alaska, was 
completed and is being revised following technical review (Bartsch-Winkler 
CMR). 

10. A preliminary analysis of precision temperature and gamma-ray logs in the 
MLGRAP #1 and #2 wells, Long Valley caldera, California has been open- 
filed along with the data (Diment and Urban, 1990a, b). 

1 1  Due to lack of funds, shut down bosehole geophysics lab in Golden and 
dispersed equipment among the Survey's needy. Gave logging truck to DOE 
(Sandia National Laboratory). Wrote an operations manual for the truck and 
logging system for Sandia (Urban and Diment, 1990a, b). 

A preliminary analysis of precision temperature and natural gamma-ray logs 
obtained in 1980-81 in the line of shallow holes that crosses the Imperial 
Fault near El Centro, California indicates that: (1) temperature were 
noticeably depressed in the vicinity of the fault implying that water had flowed 
down the shallow part of the fault for a considerable period prior to the 1979 
earthquake; and (2) elevated isotherms indicate that water is flowing up at El 
Centro which is near a seismic lineament that may be an extension of the 
Superstition Mountain fault. These results have been reported in an abstract 
(Urban and Diment, 1990b). Analysis is continuing in an effort to derive a 
suitable correction for the slight artesian flow observed in some of the holes. 

13. An evaluation of a contractors' performance in digitizing the South Carolina 
Net earthquake data was completed. The results are reported in an 
administrative report. The report covers accessing the computer tapes, 
programs to read and plot the earthquake data, plots of the channels at 
various scales, and problems encountered. 

14. The temperatures and thermal conductivity data for several drill holes in 
central Chile have been assembled and partially 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. 



Because of a lack of knowledge and understanding concerning the relation between 
North American mid-plate seismicity and the local and regional tectonic regimes, the 
occurrence of a moderate-sixed earthquake anywhere in the Eastern United States presents 
an important opportunity for study. The 10 June 1987 southeastern Illinois shock was such 
an event and the opportunity was not missed as several post-earthquake response teams 
converged on the epicentral region. Results from the combined efforts of the U.S.G.S. and 
the Center for Earthquake Research and Information (CERI), Memphis State University 
include: 

15. Accurate locations of the later (1-1/2 to 5-1/2 days after the mainshock) 
aftershock foci which define a very compact cylindrically-shaped volume 0.8 
km wide, 1.7 km long, and 3 km high. Duration magnitudes for those 
aftershocks range from -0.18 to 2.27. 

16. Composite focal mechanism solutions determined from 47 events which 
exhibit a mix of reverse faulting motions (74% of the composite aftershocks) 
and main shock-like strike-slip movements. nodal planes of the reverse 
mechanisms strike throughout the northeast quadrant and have moderate dip 
angles. Strike-slip nodal planes are subvertical, striking northwest and 
northeast similarly to nodal planes of the main shock focal mechanism 
solution. P-axes from all solutions are easterly to east-southeasterly in 
azimuth and subhorizontal in plunge. 

17. Selection of the northeast striking nodal plane as the preferred fault plane for 
the main shock focal mechanism solution based on the aftershock focal 
mechanism solutions and the northeast-trending aftershock zone. 

18. A strong suggestion that the seismic potential of the host Wabash Valley zone 
may be greater than previously realized. It has MMI VII recurrence rates 
comparable to the New Madrid zone and, also similarly to that large zone, it 
has been the locus of earthquake-induced liquefaction affects. 
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Rates of soil development in coastal and interior California as they relate to slip-rate 
studies in selected areas 

Resu l t s  

Data available from other USGS programs allowed an analysis of how rates of soil 
development vary over spatial and temporal scales. Results of studies in the southern 
Great Basin and Mojave semiarid regions indicate a 10 fold decrease in rates from the 
Holocene to Pleistocene. As many as six field and laboratory parameters indicate 
such significant temporal variation in the region. In comparison, such ten-fold 
differences were also found by Harden and Busacca in studies of soils in central 
California where soils receive about 3 to 4 times the annual precipitation. Temporal 
variation in rates is compllexly related to climatic history, fluxes of dust, erosional 
history, weathering, and internal soil processes related to soil hydrology. In arid 
regions, soil genesis may be dorninatetl by dust flux in initial stages of soil develop- 
ment (represented in data by Holocene chronoseqraences) and by changes in soil 
hydrology and erosion in later stages. In central California, soil genesis may be 
dominated by weathering and clay formation initially, with soil hydrology and 
erosion again being important in later stages of soil development. 

In contrast to the 10-fold temporal variation in  rates of soil development, rates 
within each the southern Great Basin-Mojave region and central California vary by 
an order of 2 or  3. Within each region, therefor, the spatial variation in rates 
appears to be less significant than temporal variation. Between regions, however, 
rates also vary significantly, by as much as a factor of 10 to 50. The implications of 
such an analysis are that dated soils must be studied within any region that requires 
correlation and dating by soils. Further research must identify boundaries of such 
regions within which rates are similar and between which rates vary significantly. 

Harden, Jennifer W., 1990. Soil development on stable landforms and implications for 
landscape studies. Geomophology voi. 3, p. 391-398. 
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Investigations 
This program is focused on the specification of representative time his- 

tories for future large New Madrid earthquakes at target sites of Memphis, 
Tennessee and St. Louis, Missouri. This will be accomplished by a combina- 
tion of deterministic and probabilistic techniques for the generation of time 
histories. 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 deterministic program which specifies the rupture time history on a fault 
plane and then generates time histories by summing Green's functions, has 
been completely rewritten into three separate programs. The first specifies 
the spatial distribution of moment release on the fault together with the time 
of the initiation of moment release on each fault subelement. The second pro- 
gram computes the distance and azimuth from each point on the fault plane 
to the target site. Finally, the third program sums the Green's functions, 
accounting for the varying radiation pattern of different elements of the fault 
plane. 

This rewrite of an existing program was made to facilitate the use of 
inversions for moment release on fault planes available in the literature for 
actual large earthquakes. Thus the California earthquake can be transported 
to the eastern U. S. Another use is to use the output of the second program 
as the input of a program to sum random process theory time histories from 
the fault subelements to simulate ground motion near a large fault. 
2. Model verification is underway to develop time histories for St. Louis from 
large New Madrid earthquakes, at present an Mw = 7.5 1812 earthquake 265 
km from St. Louis. Focal mechanisms of recent earthquakes are used to con- 
strain the fault model. A smaller, magnitude 6.0 earthquake will also be 
modeled. This modeling is prompted by current, rabid interest in ground 
motions due to New Madrid earthquakes. 



3. On September 26, 1990, an mL = 4.6 earthquake occurred 175 km south- 
southeast of St. Louis near ~ a ~ e k i r a r d e a u ,  Missouri. This earthquake was 
well recorded at the IRIS station at Cathedral Cave, Missouri. Using P-wave 
first-motion data, and well as the Very Broad Band channel data reprocessed 
into a 15-100 WWSSN seismogram, a seismic moment of 2.0- 3.0 Et22 dyne- 
cm was estimated by fitting complete synthetic histories obtained by 
wavenumber integration. Using this seismic moment, it was observed that 
the peak horizontal ground velocities at a distance of 176 km, agreed with the 
predictions of Ou and Herrmann (1990) for this seismic moment. Thus the 
introduction of modern instrumentation and the occurrence of a fortuitous 
earthquake are leading to verified ground motion estimation models for the 
region. 
Publications 
Ou, G.-B. and R. B. Herrmann (1990). Estimation theory for strong ground 

motion, Seism. Res. Letters 61, 99-107. 

Ou, G.-B. and R. B. Herrmann (1990). A statistical model for peak ground 
motion from local to regional distances, Bull. Seism. Soc. Am. 80, (in press, 
December 1990). 
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THE PALEOLANDSLIDES IN LAKE WASHINGTON 

This investigation is studying 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. The slides 
represent significant geohazards and may have been triggered by seismic 
events. Geomorphic features interpreted to be landslide head-scarps and 
terraced and hummocky topography are present in the adjacent upland area. 
Sonar confirms the presence of tilted blocks and chaotic bathymetric 
features in some near-shore areas around Mercer Island. There are trees on 
the landslides. These trees died due to drowning when the landslides 
collapsed into the lake. By radiocarbon analyses and tree-ring dating we 
a're determining the dates of the landslides. The crossdating of the trees 
at different locations will establish the relative timing of different 
individual slides. 

Preliminary efforts confirmed the location of the slides and established 
the presence of trees on the various slides. In addition, underwater 
methodologies were developed to obtain increment cores with a hydraulic 
system and for obtaining wedge sections from the trees with enough volume 
of wood for radiocarbon analyses. 

Field sampling and surveys were conducted in the spring of 1990 to gain 
further information about the landslides in Lake Washington. The surveys 
were conducted using side-scanning sonar, depth recorder, and SCUBA diving. 
The surveys indicated multiple lobes of landslides at two locations. 
Another purpose of the side-scanning sonar survey is to aid in locating 
trees. In some portions of this preliminary survey the trees show up very 
well. In addition to taking 12 mrn diameter cores from the trees we also cut 
wedges from the lower sides of the trees. These wedges provide enough 
material for radiocarbon dating and will generally preserve the outer rings 
better than a core sample. 

Southeast of Mercer Island (Figure 1) detailed surveys indicate four 
distinct lobes. Radiocarbon dating indicates there may be three different 
events in this area. Radiocarbon dates for samples from this area are 1170 
RYBP (+/-501, 1870 RYBP (+/-60), and 2840 RYBP (+/-60). West of Mercer 
Island there appear to be two different landslides. The surveys indicate a 
landslide with trees on it near the shore and a second landslide farther 
out, deeper and also with trees. ~adiocarbon measurements support the 
hypothesis of two events in this area as shown on the map in Figure 1. 
Several samples are submitted for radiocarbon analysis from each area, 
south and west of Mercer Island. The results will be integrated with tree- 
ring crossdating to determine dates for the landslides. 

TREE-RING DATING 

Absolute crossdating has been established between six trees, all Douglas 
fir [Pseudotsuga rnenziesii (Mirb.) Franc01 from slides A and B southeast of 
Mercer Island.   his dendrochronological crossdating indicates parts of 



Figure 1: 
Bathymetric 
map of Lake 
Washington 
in Seattle, 
Washington. 
Landslide 
sites and 
radiocarbon 
dates shown 
for each 
slide area, 



lobes  A and B probably were emplaced a t  t h e  same t ime.  The samples i nc lude  
t h e  o u t e r  r i n g s  of t h e  remains of t h e  t r e e s  but  some o u t e r  wood, e s p e c i a l l y  
sapwood, may have decayed away. The c ros sda t ing  shows a l l  ou t e r  r i n g s  
wi th in  27 yea r s  of each o t h e r  except  f o r  SMA-1 which extends 52 yea r s  
beyond t h e  o u t e r  year  of any o t h e r  sample. Tree SMA-1 was not rooted  and i s  
a  r e l a t i v e l y  f a s t e r  growing t r e e  with wider r i n g s  than  t h e  o the r  f i v e .  The 
o t h e r  f i v e  were rooted  and a  radiocarbon d a t e  f o r  one of t h e  rooted t r e e s  
i s  1870 RYBP (+ / -  6 0 ) .  There i s  another  radiocarbon d a t e  from a  rooted  t r e e  
on s l i d e  A of 1170 RYBP (+/ -  50) but  t h i s  t r e e  i s  a  western redcedar [ T h u j a  
plicata Donn ex  D .  Don] and has so  few r i n g s  and such uniform growth t h a t  
it does not  r e l i a b l y  c ros sda te  with any o t h e r  t r e e  samples.  The remaining 
t r e e  samples from t h i s  a r ea  do not appear t o  c r o s s d a t e  with t h e  f i r s t  
group. We thus  have a  245-year " f loa t ing"  chronology ending around 1870 
RYBP from t h i s  l o c a t i o n .  F loa t ing  means t h a t  it i s  not  abso lu t e ly  da t ed  t o  
t h e  exac t  yea r .  

A second s e t  of t r e e s  i s  t e n t a t i v e l y  c ros sda ted  and cont inuing  ana lyses  
a r e  underway t o  t e s t  t h e s e  r e s u l t s .  I f  s u b s t a n t i a t e d  t h i s  s e t  w i l l  form 
another  f l o a t i n g  chronology of 289 years  i n  l eng th .  It i s  crossda ted  wi th  a  
sample having a  radiocarbon d a t e  of 1155 RYBP (+/ -  4 0 ) .  This s e t  on ly  
comprises 5  samples from two d i f f e r e n t  t r e e s .  

The c ros sda t ing  i s  based on annual r i n g  widths f o r  t h e  most p a r t  bu t  
width of latewood and q u a l i t a t i v e  comparisons of latewood d e n s i t y  a r e  a l s o  
used f o r  comparison. In  s e v e r a l  i n s t ances  t h e r e  a r e  f i r e  s c a r s  i n  t h e  
samples and t h e s e  c r o s s d a t e  i n d i c a t i n g  f i r e s  i n  t h e  s t a n d  t h a t  i n j u r e d  
s e v e r a l  t r e e s  s imultaneously.  

SONAR RESULTS TO DATE 

Pre l iminary  sonar  surveys a s  noted above a r e  of g r e a t  use i n  l o c a t i n g  
t h e  t r e e s .  Surveys sou theas t  of Mercer I s l a n d  and west of Mercer I s l a n d  
helped d e l i n e a t e  t h e  bottom topography and t h e  a r e a s  with t r e e s .  Improved 
ins t rumenta t ion  would produce more d e t a i l e d  topography and ind iv idua l  tree 
l o c a t i o n s .  With t h e  naviga t ion  information t h e  p o s i t i o n  can be reoccupied 
and inc rease  t h e  d i v e r s '  a b i l i t y  t o  l o c a t e  and sample t r e e s .  Underwater 
v i s i b i l i t y  i s  l i m i t e d  and much time i s  spent  looking f o r  t r e e s  r a t h e r  t han  
sampling. B e t t e r  t r e e  l o c a t i o n s  would g r e a t l y  i n c r e a s e  d i v e r  e f f i c i e n c y  i n  
ob ta in ing  samples which i s  a  l i m i t i n g  f a c t o r  i n  r e s u l t s  t o  d a t e .  

SUMMARY 

Present  r e s u l t s  i n d i c a t e  a  p o s s i b i l i t y  of seven d i f f e r e n t  l a n d s l i d e s  
tending  t o  c l u s t e r  i n t o  t h r e e  t imes over t h e  p a s t  3,000 yea r s .  Some of t h e  
l a n d s l i d e  lobes  may have r e s u l t e d  from t h e  same event  o r  be simultaneous 
over cons iderable  d i s t a n c e .  A s  sample p r o d u c t i v i t y  i nc reases  and 
radiocarbon d a t e s  a r e  forthcoming t h e  d i s t r i b u t i o n  i n  t ime and space w i l l  
be reso lved  and r e l a t e d  t o  o the r  s i m i l a r  s t u d i e s  i n  t h e  reg ion .  
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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 finalize the 
documentation of seismic data from the Loma Prieta earthquake, (b) 
Investigate the feasiability of using high-resolution-shallow reflection 
methods to map landslides from the Lorna Prieta earthquake. (c) to field 
the high-resolution seismic reflection system with personnel to investigate 
potential earthquake source zones in the Mississippi embayment area. (d) 
to finalize the Puget Sound site response analysis, and (e) to investigate 
the seismic environs of Mesa Verde National Park and the Pueblo Grande Park 
in Phoenix, Arizona. 
Field Laboratory Efforts 

(a The field calibrations, site locations, seismometer orientations 
and world time have been corrected on al.1 Lorna Prieta earthquake data. The 
data set is approximately 2 gigi-bytes in size are available in VAX format 
at the Golden facility. The data 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. 
(b) Five reflection profiles were run near the Summitt area on a suspected 
landslide from the Lorna Prieta earthquake. The data has been preliminary 
analysed which indicate that the method may have mariot. Futher analysis is 
necessary. 
(c) Seismic reflection profiles were made on the Bootheel Lineament which 
indicated gentle warping with maximum structural relief of about 20m 
beneath strands of the lineament. Eight seismic reflection profiles were 
made on the Crittenden County fault to help define the substructure in that 
area. The preliminary analysis has shown the data to be of high quality. 
Analysis is in progress. Five seismic reflection lines were run the the 
Crowley's Ridge, Arkansas area. The data are of high quality and are being 
analysed. 



(dl The microearthquakes near Seattle have provided the best 
spectral ratio data to date. Because of funding limitations and project re- 
direction, data were recovered from only six sites. The data from the six 
sites have been analyzed an documented in a report. The report has been 
peer reviewed and will be part of a USGS journal report. 
(e) The seismic field effort at the Pueblo Grande ruins and at the Mesa 
Verde Park for the USGS/NPS preservation team project is near completion. 
The data are now being analyzed. 
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Investigations 

In this study, the overall objective 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. A neotectonic map is 
being constructed of the subducting oceanic plate, accretionary wedge, and adjacent continental 
shelf basins to identify the styles and areal extent of deformation. We are trying to identify and 
date discrete deformational events and relate them to the distribution of earthquakes on the 
subducting oceanic plate and in the subduction zone. 

The GLORIA side-scan sonar map from the U.S.G.S survey of the EEZ off Oregon and 
Washington is serving as the base for the neotectonic map. We have acquired photographic prints 
of the bathymetry (i.e., older NOAA pre-SeaBeam bathymetry which was used for the GLORIA 
mosaics) from the U.S.G.S in Menlo Park, CA, for our base. All digital data obtained from the 
extensive and comprehensive 1989 SeaMARC-IA side-scan sonar survey off central and northern 
Oregon have been processed and adjusted to overlay the SeaBeam bathymetry acquired on 
previous cruises aboard the R/V ATLANTIS-I1 during 1987- 1988. Numerous mosaics (scales 
ranging from 1: 10,000 to 1:50,000) of the side-scan images have been completed for the survey 
area; they are being used to construct the neotectonic map. Approximately 1,000 km of the 2,000 
km of 144-channel multichannel seismic reflection lines collected off central and northern Oregon 
in 1989 have been processed in the form of migrated time sections by our colleagues at the Hawaii 
Institute of Geophysics. Both of these Oregon surveys were funded by the National Science 
Foundation, Ocean Drilling Program, in a separate study of the continental slope and adjacent 
abyssal plain (44' 30' to 45' 20' N latitude). 

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. Pre-existing NOAA SeaBeam bathymetry off Oregon is becoming available in both 
published and pre-published form; it is being used to trace structures across the margin in this 
study. SeaBeam data, with the exception of some pre-1984 data along the deformation front, will 
remain classified off Washington. On the other hand, the Oregon bathyrnetry is unclassified, and it 
is extremely useful in tracing structures with seafloor expression between seismic reflection lines. 
Additional SeaBeam data are currently being collected by NOAA's vessel SURVEYOR along the 
south-central Oregon margin; it will be used in our study as soon as it is processed by NOAA in 
early 1991. All available seismic reflection records, both single-channel and multichannel, are 
being used to construct the neotectonic map of the Cascadia subduction zone. We still need to 
acquire larger copies of the seismic reflection records (than those displayed in the EEZ Atlas) from 



the U.S.G.S survey of the EEZ off Oregon and Washington to more clearly identify faults. 

Gravity cores collected during the side-scan survey in 1989 were opened and logged at the OSU 
College of Oceanography Core Repository. We are exploring the appropriate biostratigraphic and 
radiocarbon methods of dating the several turbidite events displayed in each core. 

An ATLANTIS-IVALVIN cruise was conducted September 14-28,1990 on the central and 
northern Oregon margin and abyssal plain. We were invited to conduct an ancillary study of 
selected fault zones by one of our colleagues from the University of California at Santa Cruz, who 
was the principal investigator of a separate study, and chief scientist of the cruise. Chris 
Coldfinger made one ALVIN dive on a NW-trending strike-slip fault that cuts the abyssal plain and 
intersects the accretionary wedge. Laverne Kulm made one ALVIN dive in a faulted zone in an 
older portion of the accretionary prism. Four gravity cores were collected in the vicinity of the 
fault in an attempt to constrain the age of the fault. Precision depth records were made across other 
suspected fault zones in the abyssal plain. 

Results 

Neotectonic Map of the Accretionary Wedge and Adjacent Abvssal Plain Offshore Oregon and 
Washineton 

The neotectonic map presently being constructed utilizes all available seismic reflection data, 
SeaMARC side-scan, GLORIA side-scan, and SeaBeam bathymetry data. GLORIA imagery and 
SeaBeam bathyrnetry allow correlation of seismic structures over the map area, and they have been 
used to locate structural terminations, tear faults, changes in structural style and structural trends. 
The map will also show the relative ages of structures, constrained where possible by core samples 
and sedimentation-rate calculations. 

Northwest-trending faults previously revealed with SeaMarc-1A side-scan (faults A, B, and C, 
described by Kulm et al., 1989; Appelgate et al., 1989; Goldfinger et al., 1989) have been traced 
landward through the accretionary wedge, up to 120 krn along trend from the deformation front off 
central Oregon. Offset structures indicate left-lateral separation, the same as offset channels 
observed on the abyssal plain (Appelgate et al., 1989; Goldfinger et al., 1989). The seismic 
reflection style of these faults is also consistent with primarily strike-slip motion (i.e. lack of a 
consistent vertical sense of motion, near vertical dip, and flower structures). The length of these 
faults, and the involvement of both the subducting Juan de Fuca plate and the accretionary wedge 
suggest that they may represent segmentation boundaries in the Cascadia subduction zone. 

Further examination of the detailed structure of fault A (45' 10' N latitude) with high-resolution 
side-scan imagery has revealed two additional seafloor channels offset in a left-lateral sense by 
fault A. With three offset features on the abyssal plain, and several more on the continental slope, 
we plan to calculate an approximate slip rate using dated cores collected near the fault in 1989 and 
1990. 

Examination of the "mud volcano" (Kulm et al., 1989; Appelgate et al., 1989; Goldfinger et al., 
1989) using multi-channel seismic records and 2 km swath width side-scan show this structure not 
to be a mud volcano at all, but a north-plunging anticline. Apparently the structure evolved as a 
pressure ridge across a right step in the left-lateral fault A. Seismic reflection profiles suggest that 
the basement is offset by this structure. A previous ALVIN submersible survey in 1988 
established that methane-rich fluids are venting from the pressure ridge, and that live 
chemosynthetic clams occur over much of it's southern flank. Fault A is actively venting fluids as 
documented by the abundant chemosynthetic animals. Fluids from the anticline contain a high 3 ~ e  
content (23%) which suggests the fluids are derived from the basaltic slab of the subducting plate. 



A second NW-SE trending fault (fault B) was imaged in side-scan on the abyssal plain to the south 
at 44' 52' N latitude. This fault crosscuts the base of a smaller "mud volcano" which is similar in 
appearance to the one associated with fault A, and is characterized by an escarpment that extends at 
least 5 km seaward from the base of the deformation front. Seismic records suggest that it also is a 
north-plunging pressure-ridge anticline across a right step in the fault. A multichannel seismic 
record across the fault suggests that fault B, like fault A, is a major fault zone with apparent 
basement offset. 

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 km seaward of the initial deformation front. Its orientation is now 
confirmed to be NW-SE, and it offsets the deformation front left-laterally. Displacement of the 
thick stratigraphic section appears to extend upward 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. 

Detailed study of SeaMARC side-scan images reveals that a second set of NE-trending faults 
intersect and offset the deformation front between 44'40' and 45' 00' N. This set of faults is much 
less well developed than the NW faults, and it has not, as yet, been traced more than 1-2 km into 
the accretionary wedge. Crosscutting relations with the northwest faults have not yet been 
determined. 

Northwest-trending folds associated with faults A, B, and C have been identified in the 
accretionary wedge using seismic records and SeaBeam bathyrnetry. These folds, like the faults, 
are active structures deforming the seafloor. Further work should define the relationship of these 
folds to the strike-slip faults and to the dominant N-S structural grain of the accretionary wedge. 

Submersible Investi~ation~ 

ALVIN dives in September 1990 focused on the intersection of fault A with the deformation front. 
Direct observation of the scarp revealed a terraced, steep scarp, sloping 30'- 40°, thinly draped by 
hemipelagic sediment. No fresh breaks in the sediment cover were observed, however, this 
condition is also noted at the master decollement, and is explained by the high sedimentation rate, 
as well as erosion by relatively fast-moving currents as observed from ALVIN. Direct observation 
of the intersection of this fault with the deformation front (marginal ridge) shows that the fault is 
expressed as a series of splays in the initial ridge, and that the splay faults are sites of active fluid 
venting. Venting fluids have provided carbonate cement to the fault zones, creating hard brittle 
zones of unknown dimension within the accretionary wedge. Rock samples from these zones with 
abundant slickensides and mullions were recovered on several dives, suggesting that at least part of 
the accretionary wedge, at its seaward limit, is capable of brittle failure. 

Two cores taken on the abyssal plain in 1989, seven km seaward of the deformation front at 44' 
5 l', were found to contain ten distinct sand turbidites of probable Holocene age. These are the 
first cores from this area found to contain turbidites. These cores will be dated using radiocarbon 
and biostratigraphic methods, and compared to those used by Adams (1990). Adams has 
proposed that the presence of nearly identical turbidite sequences in channels with different source 
areas is evidence for regional triggering of turbidity currents, produced by great earthquakes. In 
order to test the hypothesis that these turbidites are the result of great Holocene earthquakes, our 
cores will be compared to those from Cascadia Channel, studied by Adams. If the turbidites found 
in our cores are derived from sources on the adjacent accretionary wedge, and if they can be 
correlated with those studied by Adams, this would strongly support his hypothesis. Because 
local sources for our turbidites are located 120 km south of the Columbia River, the source of the 



Cascadia Channel turbidites, a correlation would require a regional trigger for both turbidite 
sequences. Four additional cores were taken in September 1990, along the base of the continental 
slope, in order to further test this hypothesis. 

Reports 

The following abstract was submitted to the Annual Meeting of the American Geophysical Union, 
San Francisco, CA which describes the research conducted during the first nine months of this 
NEHRP project: 

Goldfinger, C., MacKay, M.E., Kulm, L.D., and Yeats, R.S., Neotectonics and Possible 
Segmentation of the Juan de Fuca Plate and Cascadia Subduction Zone off Central Oregon: 
EOS (submitted). 

Additional results, which were reported earlier, are as follows: 

Appelgate, T.B,, Kulm, L.D., Embley, R.W., Fox, C.G., 1989, Surficial structure of the 
central Oregon convergent margin: results from a SeaMARC-1A sidescan sonar survey: EOS, 
v. 70, p. 1345. 

Goldfinger, C., Appelgate, T.B., Kulm, L.D., and Yeats, R.S., 1989, Sidescan sonar imaging 
of probable active faults on the Juan de Fuca plate adjacent to the central Oregon continental 
margin: EOS, v. 70, p. 1329. 

Kulm, L.D., Appelgate, T.B., and Fox, C., 1989, Sidescan survey of structures and fluid vent 
sites on the central Oregon margin and subducting Juan de Fuca plate: EOS, v. 70, p. 1345. 
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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 the accumulation and release of strain 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 paleoseismology and neotectonics in regions of active faulting. Our 
research will apply paleoseismologic studies to important problems on three different levels: (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, and (3) study the time-space distribution of strain accumulation and release in the upper crust on a 
regional (province-wide) scale. Project members are R.C. Bucknam, A.J. Crone, K.M. Haller, and M.N. Machette. 

INVESTIGATIONS 

1. Bucknam continued photographic monitoring of the short-term natural degradation of the 1983 Borah Peak fault 
scarps using precision close-range photogrammetry that was initiated in 1985. 

2. Haller and Machette started compiling a digital data base of Quaternary faults in the Western United States. Their 
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). 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°x2" quadrangle mapping in Utah by BGRA 
personnel (Anderson, Barnhard, Bucknam, Machette, Nelson, and Personius) and on previous mapping by Bamhard 
(Elko 1°x2"), Wallace (Winnemucca 1°x2"), and Bell (Reno 1°x20) in Nevada. This leaves the Ely, Lovelock, and 
Millett 1°x20 quadrangles in Nevada as our main mapping objectives. We will be cooperating with personnel of the 
Nevada Bureau of Mines (John Bell and associates) and the Center for Neotectonics (Steve Wesnousky and 
associates). 

3. Bucknam, Machette, and Crone completed mapping (1:24,000 scale) of the surficial geology associated with 
Holocene faulting along the east flank of the Fish Springs Range in western Utah. 

4. Crone and Machette, as part of a USGS Gilbert Fellowship (W 90/91), spent about one half of the reporting 
period preparing for field studies of two historic Australian intraplate earthquakes that produced surface ruptures. 
Fieldwork is being conducted from August 19 to October 15,1990. 

RESULTS 

1. Preliminary interpretations 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 the sequence of 
events indicates that Lake Bonneville probably had a strong influence on the temporal distribution of surface- 
rupturing earthquakes on this fault during the latest Quaternary. S~aphica-&i9aonspin the trench provide evidence 
of four surface-rupturing events that postdate the high stand of Lake Bonneville. The inferred timing of these events 
indicates a temporal clustering of surface ruptures on the Fish Springs fault & latest Pleistocene to early Holocene 



time. The proposed tjming~clusters two or three earthquakes in a 3,000- to 4,000-year time interval shortly after the 
catastr~phic fall of Lake Bonneville to the level of the Provo shoreline. 

2. PIaller and Machette completed most of the field reconnaissance of late Quaternary faults in the Ely, Nevada, 
1°x20 quadrangle. Data are k ing  compiled from aerial photographs at a scale of 1:24,000 for publication at 
1:250,000. In addition, the fault data are being digitized in BGRB's GIS Laboratory using ARCINFO software. 

Most of the late Quaternary range-front normal faults in the Ely 1Ox2O quadrangle flank the east side of the major 
mountain blocks in the sheet, and preliminary morphologicall comparison between scarps on alluvium in this 
quadrangle and scarps of known age in Utah illdicates that there are no Holocene surface ruptures on the faults in the 
Ely quadrangle. The east half of the quadrangle is dominated by latest Pleistocene (10-30 ka) faulting and the west 
half by older faulting. Faults in the east half of the Ely I0x2O quadrangle are expressed by nearly continuous scarps, 
either on bedrock or on alluvium. One of the most recendy active structures, the 100-km-long fault on the east side 
of the Schell Creek Range, is characterized by younger faulting (-15 ka) along the middle part of the fault and older 
faulting at its ends. The entire length of the fault has had numerous faulting events prior to the most recent ones; 
however, the timing of these events cannot be estimated with any accuracy. It appears, at this time, that other faults 
in this half of the quadrangle have had faulting events roughly contemporaneous with those along the Schell Creek 
Range. In contrast, the faults in the west half of the quadrangle are characterized by discontinuous scarps, most of 
which are on bedrmk. Those scarps that are on alluvium are subdued, and faulting only displaces the oldest deposits 
along the range front, which are assumed to predate the most recent pluvial episode. 

3. The 1983 scarp from the Borah Peak, Idaho, earthquake has been monitored by close-range photogrammehy 
for nearly 5 years, from Bctober 1985 to May 1990. Glose-range photographs have been taken twice a year, in the 
fall and in the late spring. Analysis of those photographs shows that the scarp at the monitoring site retreated an 
average of 70 mm between October 1985 and October 1989, with over half of the retreat occurring between October 
1985 and May 1986. This relatively large amount of retreat occurred during a winter with unusually high latc winter 
precipitation. Generdly below-normal winter precipitation since then has precluded testing the possible associalion 
of high winter and spring precipitation with an increased rate of scarp retreat. Definitive association of the rate of 
scarp retreat with climatic factors will require a long-term commitment to the monitoring, which will be possible 
using the low-cost procedures developed for this study. 

4. Crone and Machette conducted about 2 months of fieldwork in Central Australia as part of their Ciilberr 
Fellowship. In September, they excavated several trenches across the scarps that formed during the 1988 Tennant 
Creek earthquakes (I'd, 6.3-6.7), Northern Territories, and the single scarp that formed during the 1986 Marryat Creek 
earthquake (M, 5.8)- South Australia. These earthquakes produced thrust faulting. The main objective of this study 
is to identify and date prehistorical ruptures on these faults. Crone and Machette are collaborating with J. Roger 
Bowman (Australian National University, Canbema, Australia), who is studying the seismology of both earthquakes, 
Samples collected during the fieldwork will be submitted in FT 91 for TL dating (John Prescort, University of 
Adelaide, Australia; Steven Forman, University of Colorado, Boulder), ESR dating (Kmuhi1.0 Tanka, Central 
Research Institute of Electric Power Industry, Abiko, Japan; Hugh Millard, Isotope Geology, USGS-Denver) and U- 
trend dating (Dan Muhs and John Rosholt, Isotope Geology, USGS-Denver). 

Crone, A.J., 1990, Late Quaternary tectonism and intraplate seismicity in the central interior of the United Stales 
[abs.]: Earthquake Seismology Symposium, Perth, Western Australia, September 5-7, 1990. 

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

Machette, M.N., Bersonius, S.F., Nelson, A.R., 1990, Paleoseismology of the Wasatch fault zone, U.S.A. [abs.]: 
Earthquake Seismology Symposium, Perth, Western Australia, September 57,1990. 

Machette, M.N., Personius, S.F., Nelson, A.W., Schwxtz, D.P., and Lund, W.R., in press, 7be Wasatch fault 
zone, Umh-Segmentation and history of Holocene earthquakes: J o m d  of Structural Geology, 23 ins. y., 5 
figs, 4 tables. 
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Investigations 

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 datasets played back, processed, and archived: 
Aftershocks of the 17 October 1989 Loma Prieta earthquake. 

2. Datasets exported: 
Imperial Valley, California, 1979 aftershocks - Institut de Physique du globe de Paris 

Reports 

Mueller, C., and Glassmoyer, G., 1990, Digital recordings of aftershocks of the 17 October 
1989 Loma Prieta, California, earthquake: U.S. Geological Survey Open-File Report 
90-503, 147 p. 
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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 o f  coeismic changes in sea level in central Oregon 

Coring in several inlets on the eastern side of Coos Bay, central Oregon, revealed no evidence 
of sands that might have been deposited by tsunamis, such as those that might be expected 
following a large regional earthquake. These inlets are directly exposed to the wide, central part 
of Coos Bay, and if a large tsunami entered the bay it is very likely that sand would be deposited 
on the edges of these inlets. One or two peaty layers were encountered in cores adjacent to the 
forested sides of the inlets. At the most exposed site, fine pebbly sand beds were found at several 
levels in cores. But the sand beds were interbedded with mud units, and they did not directly 
overlie the peaty units. These sand beds are probably storm surge deposits because there is no 
evidence of sudden submergence prior to their deposition. A similar search for tsunami deposits 
in protected inlets in the northern South Slough arm of Coos Bay encountered either sequences 
containing no sand or sequences containing so much sand that possible tsunami deposits could not 
be distinguished from tidal sand deposits. The thick sand beds in these sequences limited core 
depths to 2-3 m; except in one core, only a single buried peaty soil was found in northern South 
Slough. 

Detailed coring in Shinglehouse Slough in eastern Coos Bay and at our Winchester Creek site 
in southern South Slough shows that the buried peat between 50 and 100 cm depth at both sites 
lies on an abrupt unconformity, probably representing at least 0.5 m of emergence. The same 
stratigraphic relations are found at several other sites, suggesting the possibility of an uplift event 
of regional extent. A single 14c age from the Shinglehouse Slough site suggests the unconformity 
may be >lo00 years old. In contrast, detailed coring at 3 new sites in central South Slough shows 
that the buried peat at 50-100 cm depth has an abrupt upper contact and a gradational lower 
contact, like the contacts on most of the deeper peaty soils at sites in southern South Slough. 



Thus, our most recent studies suggest that buried peaty soils of at least two different origins occur 
at the same depth at different sites in the Coos Bay area. 

New sites with multiple buried peaty soils have been investigated in South Slough. 
Collaborative coring with four Japanese scientists (Yoko Ota (Yokohama State Univ.), Masatomo 
Umitsu (Nagoya Univ.), Kaoru Kashima (Kyushu Univ.), and Yoshiaki Matsushima (Kanagawa 
Prefectural Museum)) along transects in the Talbot Creek marsh in the southeastern part of South 
Slough revealed a sequence of 6 buried peaty soils, much like those at Winchester Creek, 2 km to 
the southwest. Only 2-3 buried soils were found in similar transects at two marshes in central 
South Slough. Sedimentologic, diatom, and AMS 14c analyses of 7-cm diameter cores collected 
from the Talbot Creek marsh and from one of the central South Slough marshes should allow 
detailed correlation of these sequences. Such correlations are needed to determine whether all 
peaty soils were buried following coseismic events and, for those soils determined to have been 
submerged coseismically, whether coseismic events were regional or local. 

Long core transects at two new sites in the Siuslaw River estuary confirm that sea level rise 
along this part of the coast has been gradual for the last 2000 years. A uniform, 2-to-4-m thick 
peat unit is widely distributed in South Inlet, on Cox Island, and in the mouth of the North Fork 
of the Siuslaw River. Sudden regional subsidence events of >0.3-0.5 m can be precluded in this 
area for at least the last 2000 years. 

Late Quaternary deformation rates indicated by fluvial terraces in central Oregon 

Personius is continuing to analyze fluvial terraces for evidence of late Quaternary deformation 
in the Oregon Coast Range. Radiocarbon analyses of Holocene terraces on the Umpqua, Smith, 
SiusIaw, 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 (TE) 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. A manuscript 
summarizing these studies is being prepared. 

Differential uplift o f  the Oregon Coast Range 

A manuscript summarizing Rhea's study of river valley and drainage basin morphology has 
been reviewed and is about to be submitted to Geomorphology. Evidence from changes in long 
profile, gradient, gradient index, pseudo-hypsometric integral, valley incision, and sinuosity 
fractal dimension for rivers in western Oregon supports an hypothesis of differential uplift within 
the Oregon Coast Range. Rivers were separated into three regional groups; those in the western 
Coast Range, the eastern Coast range, and the Klamath and Cascade Ranges. The general shape 
of the long profiles within the Klamath and Cascade Ranges were similar, as were those within 
the eastern Coast Range. Profiles for rivers within the western Coast Range show a greater 
diversity of form. Pseudo-hypsometric integrals for the western Coast Range have a wide scatter, 
whereas those for the eastern Coast Range and Klamath and Cascade Ranges have a narrow range. 
These observations suggest that deformation within the Klamath and Cascade Ranges is more or 
less spatially uniform but that deformation within the Oregon Coast Range is more variable. 
Valley entrenchment and high sinuosity suggest ongoing and concentrated uplift in the central 
western Coast Range. Generalizations about the morphometry within each regional group do not 
hold for the central Coast Range near 44.5ON where the Yaquina and Marys Rivers are located. 



Differences in the morphometry of the Yaquina and Marys Rivers support a hypothesis that the 
central Coast Range is the locus of coastal synclinal tilting. 
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Investigations 

Tom Bodle completed a masters thesis entitled "The Relation of Earthquake Inten- 
sity to Surface Geology and Elevation in Western Washington State". Approximately 4000 
intensity reports were analyzed from a shallow, M= 5.5 earthquake in 1981 and the 59 km 
deep M= 6.5 SeattleITacoma earthquake of 1965. Chi-squared tests were performed to 
check the association between geology and intensity and the results were mixed. For both 
earthquakes site geology was found to contribute significantly to the variation in earth- 
quake intensity for the region around Olympia, WA. However, in the Seattle region, a 
significant dependence of intensity on geology was evident in the 1981 data but not in the 
1965 data. One possible reason for the lack of a dependent relation in the 1965 data, 
favored by Bodle, is the ambiguity of questions in the questionnaire distributed in the 
Seattle region in 1965. 

This year we have shifted the emphasis of the research to an investigation of histori- 
cal earthquakes before 1928. The goal is to reestimate epicenter locations, focal depths 
and magnitude of early earthquakes from a library search of available earthquake reports. 
We are reviewing existing earthquake catalogs including Holden (1898), Earthquake His- 
tory of the US, Bradford (1935), Townley and Allen (1939), Rasmussen (1967), Berg and 
Baker (1963), Milne (1956). We are reviewing all significant earthquakes before 1928 by 
compiling existing isoseismal . maps, collecting reports to allow construction of new 
isoseism al maps, and reviewing reports of foreshocksl aftershocks. The presence of aft- 
ershocks may be a usefui discriminant of earthquake depth in the northwest. 

The following represents material examined so far: 

Review of The Oregonian; A subject index (1850-1910) to the Oregonian created by 
Leslie Scott (Oregonian Editor during that period) allowed us to conveniently locate arti- 
cles. This listing was referenced by Berg and Baker, but not by Rasmussen. We have 
transcribed all the articles verbatim; they will form an appendix to our final report and be 
available to future investigators. 

Review of various newspapers for articles on specific earthquakes. All reports found have 
been transcribed verbatim, and will be available in our final report. 

Review of Washington Standard articles referenced by Rasmussen. 

Review of Washington Historical Quarterly for articles of interest. 



Articles found of interest include reports of drowned forests in the Columbia Gorge 
(communicated to Robert Schuster (USGS)), and a second-hand contemporaneous 
account of the 1872 Ribbon Cliffs landslide. 

The most interesting result we have had to date concerns an earthquake which 
occurred on May 1, 1882, that was reported to have intensity I11 in Portland by both 
Rasmussen and Berg & Baker but which appears to have been much stronger than previ- 
ously believed. Accounts of this event in the Oregonian indicate that it was felt over a 
very considerable area, from Salem, Oregon to Port Townsend, WA with the strongest 
shaking in Astoria where reports indicate damage to crockery etc. on store shelves and 
considerable damage to plaster also. This earthquake apparently caused widespread alarm 
in Portland, although no damage was reported. We plan to report this earthquake at the 
December AGU meeting. 

Publications 
Bodle, T, The Relation of Earthquake Intensity to Surface Geology and Elevation in 

i'v'estern Washington State, masters thesis. Geophysics Program, University 
of Washington, Seattle, WA, 1990. 

Abstracts 
Bodle, T, The Relation of Earthquake Intensity to Surface Geology and/or Elevation in 

Western Washington State, Fourth Annual NEHRP Workshop, Seattle WA, 
April 16-19, 1990. of Washington, Seattle, WA, 1990. 
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Investigations 

1 .) Considerable effort continues on the editorship of USGS Professional Paper 1560 
"Evaluating Geologic Hazards in the Pacific Northwest". During this period the 
introductory chapter was written. 
2.) Programming to permit analysis of the Whittier Narrows data obtained from 
Sprengnther digital recorders using existing programs is now complete and the processing 
and analysis phase of this project is underway. 

Reports 

Rogers, A.M., Kockelman, W.J., Priest, G.R., and Walsh, T.J., in press, Assessing and 
Reducing Hazards in the Pacific Northwest, in "Evaluating Geologic Hazards in the Pacific 
Northwest", U.S. Geological Survey Professional Paper , 60 ms pages. 
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INVESTIGATION: 

The objective of the project is to derive seismic velocity models in different parts of the basin, charac- 
terize site effects and compute strong ground motion due to a hypolhetical earthquake using semi- 
empilical simulation technique. 

RESULT: 

During the first year of the project, seismic velocity structures in different parts of the basin were 
derived by waveform modeling of small to moderate size earthquakes. Site effect was also studied by 
analyzing recordings of small aitershocks of the Whittier Narrows, Califomia earthquake and the NTS 
seismograms recorded in the basin. Three papers (Sen 1990; Sen and Abrahamsson 1990; Saikia, Sen 
and Helmberger 1990) have been submitted for publication. 

During the second year of the project, the following tasks are being carried out: 

(1) Modeling of SII and SV waveforms of strong motion data from the largest (M=5.3) aftershock of 
the Whittier Narrows, California earthquake so as to derive the best fitting source parameters. 

(2) Modeling of strong motion data from the Pasadena earthquake to derive the best fitting source 
parameters. 

(3) Calibration of the simulation technique by forward modeling of the Whittier Narrows, Califomia 
earthquake. 

(4) Prediction of strong ground motion from a hypothetical moderate size earthquake in Los Angeles 
Basin. 

As an example, we show in Figure (1) (taken from Yoshimura and Saikia 1990), the results of 
waveform modeling of tangential seismograms from October 4, 1987 aftershock of the Whittier Nar- 
rows, California earthquake. The figure shows a comparison between the recording and synthetic 
seimsograms for the best fitting source model. The objective was to derive the best fitting source 
parameters for this aftershock so that these recordings can be scaled and used later as empirical source 
functions in the simulation of strong ground motion due to a hypothesized earthquake in the Los 
Angeles basin. The one-dimensional model derived earlier (Sen 1990) was used to compute synthetic 
seismograms using wavenumber integration technique. The best fitting point source has a strike of 
145' , dip of 60' , a rake of 148' and a moment of 1.1X 1 p  dyne-cm. 

Next, we computed strong ground motion from a hypothetical magnitude 7.0 earthquake in the Los 



Angeles Basin. A semi-empirical Green's function summation method was used. The records from the 
largest aftershock of the Whittier Narrows earthquake were used as empirical source functions and the 
model Sen (1990) was used to compute generalized ray theory Green's functions. Figure 2(a) shows 
the location of the postulated fault, the dimensions of the fault being length=30 km width=15 krn. The 
following source parameters were used: dip = 3 0 ' ~  , strike= 270' , rake = 90' , moment= 2.6X 10% . 
The peak ground accelerations (average of two horizontals) for a particular slip distribution is ahown in 
Figure 2(c). Currently, the sensitivity analysis is being carried out for a suite of slip distribution, rup- 
ture velocity and rise time. 
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F i g u r e  1. R e s u l t s  (Yoshirnura and S a i k i a ,  1990) from waveform modeling 
of SH seismograms of t h e  October  4 ,  1987 a f t e r s h o c k  of t h e  
W h i t t i e r  Marrows, C a l i f o r n i a  ea r thquake .  



Fold and Thrust Belt 

Figure  2 ( a ) .  Locat ion of t h e  h y p o t h e t i c a l  f a u l t  used i n  t h e  ground motion 
s imula t ion  i s  shown by hatched r ec t ang le .  The f i g u r e  is  taken 
from Hauksson (1990). 
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Angeles . 
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Investigation 
The primary objectives of this project are: 
[ I ]  Refine the characterization of gravelly soils which liquefied beneath the 

Pence Ranch during the 1983 Borah Peak, Idaho earthquake (Stokoe et all 1988; 
Harder, 1988). Fully characterize sediments at two additional gravelly sites (Goddard 
Ranch and Larter Ranch) which also liquefied. 

[2] Since there are no generally accepted guidelines for evaluating the 
susceptibility of soils which contain significant amounts of gravel, apply simplified 
liquefaction susceptibility procedures developed for sands to these gravelly sites, 
evaluate the usefulness of each procedure and propose guidelines for the future 
application of these procedures to gravelly soils in other parts of the world. 

[3] Perform laboratory cyclic testing on 6-in. (1 5-cm) diameter reconstituted 
gravel specimens to determine Gmax, the variation of modulus with strain amplitude 
and number of cycles of loading, and the threshold strain at which pore pressure 
generation is initiated. 

[4] Develop a dynamic model from the results of the field and laboratory 
investigations com bined with the limited amount of published data. Evaluate 
liquefaction susceptibility analytically at each site using both the cyclic stress and 
cyclic strain approaches, 

Results 
In August 1990, we conducted a variety of field investigations at the Pence 

Ranch, Goddard Ranch and Larter Ranch liquefaction sites. The field work included 
drilling, seismic testing, trenching, test pit excavations, in situ density and permeability 
testing, and sampling. Drilling consisted of 24 CPT soundings, 10 SPT boreholes, and 
11 BPT soundings. Load cell measurements were made during several of the SPT 
tests. We will use the load cell data for energy calibration of the drill rig equipment. 
Downhole seismic tests were performed in one of the SPT boreholes at each site. 
Surface wave testing using the SASW method were conducted using hammers and 
bulldozers as sources. With the bulldozers, we were able to have geophone spacing 
ranging up to 160 ft (50 m). SASW testing was conducted along 12 arrays. The 
SASW method requires no boreholes and thus is well-suited for undisturbed testing of 
gravel. Trenches were excavated across the lateral spread near the hay yard at 
Pence Ranch and the gravel bar at Goddard Ranch. in these trenches, we logged the 
sediment profile, made descriptions of fissures, noted the structural relationship 
between sediment units and fissuring, and collected materials for radiometric dating. 



In test pits excavated at all three sites, we conducted a total of 7 large ring density 
tests, 10 sand cone density tests, and 13 open-end permeability tests. The ring 
density tests were conducted using a 4-ft (1.2-m) diameter ring in the loose to dense 
gravels encountered within 6 ft (2 m) of the ground surface. Permeability testing was 
performed under contant-head conditions using 4-in. (1 0-cm) and 1 2-in. (30-cm) PVC 
pipes. A few intact samples of the gravelly soils were collected at the Pence Ranch 
and Goddard sites using an epoxy-based resin. These epoxy samples will be cut, 
polished and examined to define grain-to-grain structure. Bulk samples were 
collected with the aid of a backhoe, just below the water table in the loosest zones. 
About 4000 pounds (1800 kg) of gravelly soil samples were collected and transported 
to Austin. These samples will be used to accurately define grain size and construct 6- 
in. (15-cm) diameter gravelly specimens for laboratory cyclic testing. The large 
resonant column/torsional shear device to test these rconstituted gravelly specimens is 
presently under construction here at the University of Texas. 

Data reduction during September involved the construction of a three- 
dimensional model of the soils underlying the Pence Ranch near the hay yard, ibiis 
model is based on 10 CPT soundings, a trench excavated across the major fissure, 
and borehole sample data. A plan view of the region modeled, CPT test locations and 
trench excavation are shown in Fig. 1. CPT soundings were discretized into five units: 
1) silty sand cap, 2) gravelly soil with qc < 50 tsf, 3) gravelly soil with 50 < qc < 100 tsf, 
4) gravelly soil with 100 < qc e 250 tsf, and 5) gravelly soils with qc > 250 tsf (Note: 1 tsf 
= 95.8 kPa). A perspective view of the discretized CPT soundings is shown in Fig. 2. 
Continuous logs of CPT tip resistance and fiction ratio are shown with discretized 
layering along the CP1-CPC alignment in Fig. 3. With the aid of a recently developed 
solid modelling program developed by Mr. Norman L. Jones (1990), each unit 
boundary was approximated using interpolation and extrapolation contouring 
techniques. A fence diagram of the region modeled is shown in Fig. 4. The 
relationship of the water table to the stratigraphy is shown in a series of cross sections 
in Fig. 5. Much of the loosest zone, qc < 50 tsf, lies below the water table. In the 
vicinity of. CP2 and CPE the silty sand cap is over a meter thick. This thick cap, located 
so close to the water table and the loosest material, makes this area most vulnerable 
to liquefaction and provides an explanation for the location of the major fissure. 

The model described in the preceding paragraph will be useful in correlating 
the other in situ tests conducted near the hay yard at Pence Ranch. Similar models 
will be developed for the Goddard Ranch and Larter Ranch sites. 

REFERENCES 

Harder, Jr., Leslie F., (1988), "Use of Penetration Tests to Determine the Liquefaction 
Potential of Soils During Earthquake Shaking," Ph.D. Dissertation, University of 
California, Berkeley, 565 p. 

Jones, Norman L., (1990), "Solid Modelling of Earth Masses for Application in 
Geotechnical Engineering," Ph.D. Dissertation, The University of Texas at Austin, in 
preparation. 

Stokoe, K.H., II, Andrus, R.D., Rix, G.J., Sanchez-Salinero, I., Sheu, J.C., and Mok, W.J., 
(1988), "Field Investigation of Gravelly Soils Which Did and Did Not Liquefy During 
the 1983 Borah Peak, Idaho, Earthquake," Geotechnical Engineering Report GR87- 
1, Civil Engineering Dept., The University of Texas at Austin, 206 p. 



CP1 CPA 

+CPI 
D 

l EGEND 

Silhi 

- 

Trench --, 

/ + CP2* 
CPE 

-. . . 

PF 

I Sand Cap 

WPA 

4 
Major 
Fissure 

u ~ r a v e l l ~ ,  qcc'50 tsf 
Gravell!,, 50 < qc< 100 tsf 
Gravelly, 100 < q,< 250 tsf 
Gravelly, q,s 250 tsf 

.$ 
CPF CPB# 

+ C P 3 !  CPG 

0 
cp% 0 4 20 ft 

CPC 

Fig. 1 Plan View of the Region Modeled Fig. 2 Perspective View of Discretized 
Near the Hay Yard with Locations CPT Soundings Used in the 
of CPT Soundings, Trench Model 
Excavation, and Major Fissure 

CPl CP2 CPB CP3 CPC 

Meters Major Direction of Meters 

LEGEND Cone Penetration Sounding 

Sitty Sand Cap 

Gravelly, qcc 50 tsf 
Gravelly, 50 < qc< 100 tsf 

Gravelly, 100 < qc< 250 tsf 

Gravelly, qc> 250 tsf 

Fri i ion Ratio Tip ~esistance 

Fig. 3 Cross Section Along the CP1-CPC Alignment with Continuous Logs of CPT Tip 
Resistance and Friction Ratio 

45 4 



LEGEND 

Silty Sand Cap 1 
r-1 Gravelly, qc< 50 tsf 

Gravelly, 50 < qC< 100 t ~ f  
Gravelly, 100 < q,c 250 tsf 

Gravelly, qc> 250 tsf 

Fig. 4 Fence Diagram of Stratigraphy within the Region Modeled 

Water Table 
Elevation 

A Major 

LEGEND 

Silty San 
Gravelly, 
Gravelly, 
Gravelly, 
Gravelly, 

Zone 

Fig. 5 Cross Sections of Region Modeled Showing the Relationship of the Wal 
Table to the Stratigraphy. 



Resonant Frequencies of Sedimentary Basins: 
Applications to Seismic Risk Evaluation 

Contract USGS 14-08-0001 -GI787 

J.A. Rial & N. G. Saltzman 

The University of North Carolina at Chapel Hill, Geology ~epartment, Mitchell Hall, 
CB#33 15, Chapel Hill, NC 27599-331 5; Tel: (919)9664553 

E-mail: jar@antipode.geosci.unc.edu 

INVESTIGATIONS: 
Development of analytic and numerical methods to determine the natural frequencies of 
oscillation of three-dimensional models of sedimentary basins. 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 
Analytically derived formulas to compute the eigenfrequencies of three-dimensional ellipsoidal 
sedimentary basins were described in a recent paper ( Rial, 1989). For an ellipsoidal basin the 
eigenfrequencies of the most readily excited, high frequency bouncing-ball mode of oscillation 
(Mode 11) were shown to be given by: 

f = f o {  (2n,+l)+(l/rr)l(n,+1R)Bl+(ny+lR)B21 1 (1) 

P1 = A ~ c c o s ( ~ - ~ H / R ~ )  O S p l I ~  

P2 = Arccos ( 1 - 2 H/R2 ) 0Sp2S7c  

with # P 2  and n,, ny,nz =0, 1,2,3, ... 
R1 and R2 are the principal radii of curvature at the deepest point of the basin, whose 
geometrical center coincides with the origin of cartesian coordinates. $o = v/4H, where H is the 

basin's maximum depth at x=y=z=O, and v is the wavespeed in the sediments. We have 
computed the eigenvalues of arbitrarily shaped basins by the EBK or Poincare section method 
described in our previous report ( Vol XXX; see also Keller, 1985; and Rial and Ling ,1990). 
Table I compares results of the eigenvalues obtained using the Poincare' section method and 
the analytic solutions given by equation (1). Table I is for a triaxial ellipsoid and Tables I1 and 
I11 show results for nonseparable basins of cosine and gaussian shapes. Relative discrepancies 
between results for which there is an analytic solution are less than a fraction of 1% in most 
cases. Slightly larger discrepancies are due to the fact that the analytic results of equation (1) 
were obtained under the condition of paraxiality (Rial, 1989), i.e., valid for rays confined to the 
neighborhood of the basin's minor axis. The analytic results given by (1) should deteriorate as 
the eigentrajectory of the mode corresponds to initial rays with increasingly greater angles with 
the vertical. In general, and as expected, the discrepancies between analytic and EBK results 
decrease rapidly for modes with nZ 2 1. 

Table I1 shows results for a gaussian shaped basin. Table 11 includes an 



eigenfrequency upper bound, provided by the analytic results of an ellipsoid that has the same 
maximum depth as the gaussian and the same principal curvatures there. We use the 81611 
ellipsoid of Table I and construct the embedding gaussian from it. Since the total volume of 
the ellipsoid is smaller than that of the gaussim basin thus constructed, its eigenfrequencies 
must be an upper bound for the eigenfrequencies of the gaussian. Again, note that as the modes 
are confined closer to the axis ( as n, increases ) all results tend to agree, since the 
eigenfrequencies of the vertical higher overtones under a given site do indeed depend on the 
local curvatures under the site, and not on the global geometry and/or extent of the basin. 

Table III further illustrates results obtained for a cosine shaped basin. Again the 
upper bound eigenvalues are for an ellipsoidal basin that shares the same maximum depth and 
curvatures with the cosine basin. For any arbitrary basin it is useful, when applicable, to 
determine the analytic upper bound of the eigenvalues by constructing an embedded ellipsoid 
and calculating its eigenfrequencies by the use of formula (1) as suggested above. 

To complement the EBK results and to obtain independent checks on the results, we 
used the variational K-S (Kutler and Sigillito, 1985) method, extended to three dimensional 
mixed boundary value problems. This method uses sums of basis functions to approximate the 
eigenmodes of a basin model. The coefficients of the basis functions in the sum are chosen so 
that they minimize the a-priorila-posteriori eigenvalue error bounds. Codes for solution of the 
SH modes for three-dimensional basins of ellipsoidal, cosine, and gaussian shapes, using 
polynomial basis functions, have been developed. 

The number of basis functions required to obtain the results presented here varied 
from 9 to 49 for two dimensional problems. For three dimensional problems, 64 basis functions 
were used although as many as 125 were required for high overtones. Table IV shows that our 
implementation of this method in two dimensions reproduces the Bard and Bouchon (1985) 
data without difficulty. 

Table V shows eigenfrequencies for three-dimensional ellipsoids of different 
geometries obtained with the K-S method. The eigenfrequencies and eigenfunctions of an 
ellipsoid-shaped basin can be used as a good check because the analytic solutions are known. 
The results of the K-S method are in good agreement with the analytic results and with the 
results obtained with the Poincare section method. 

Two types of error affecting the K-S results are numerical error and errors due to 
insufficient or inappropriate basis functions. Not much is known about the former, which is 
responsible for the occasional case where the K-S eigenfrequency range was very small and the 
true eigenfrequency was outside the K-% eigenfrequency range. The latter results in very large 
K-S eigenfrequency ranges. In our experience, this occurred mostly in the computation of 
higher modes and the approximate eigenvalues were nevertheless still very close to the true 
eigenvalues. 

Current Effort 
Since we have used independent analytical and numerical methods, our results can probably be 
used with confidence. The Poincare' section method is the easier to implement, and extensions 
to compute the eigenfunctions too ape presently under development, based on a method 
described by De Leon and Heller (1984). Also, its application to obtain the full elastic response 
of two-dimensional, arbitrarily shaped basins has been implemented and is presently being 
tested. The most severe limitation of the Poincare' method is the inherent instability of any ray 



TABLE I 
81611 ellipsoidal basin 

 MODE^ Poineare Analytic flfo 

(0 0 0) 1.094940 1.0931 93 (**) 
(100) 1.177267 1.172980 
(0 10) 1.2079% 1.199794 
(1 1 0) 1.307962 1.279580 
(0 0 1) 3.093924 3.093193 
(1 0 1) 3.173971 3.172980 
(0 1 1) 3.206025 3.199794 
(1 1 1) 3.284894 3.279580 
(0 0 2) 5.094031 5.093193 
(102) 5.171327 5.172980 
(0 1 2) 5.203112 5.199794 
(1 1 2) 5.282981 5.279580 
(2 0 0) 1.263693 1.252766 
(2 0 1) 3.255558 3.252766 
(0 2 1) 3.318910 3.306395 
(2 2 2) 5.474055 5.465967 

TABLE n 
Eigmfrsquenciw of a gawian-shaped 
Lmii which b the spme principal 
curv~~res  and depth rt x=y=O as an 8b/1 
ellipsoid. The ellipsoid is of lesser volume 
thpn the gaussian basin and tangent to it at 
x=y=O. -If. The g~ussian basin is described 
bytheformula z = - ~ [ ~ x ~ [ - c n ~ - ~ ~ ~ ]  
whae H is the maximum depth and a and $ 
are Comtants. 

Upper Bound 
MODE Poincare (8/6/1 Ellipsoid) 
(0 0 0) 1.092325 1.093193 
(1 1 1) 3.277253 3.279581 
(2 0 0) 1.245022 1.252766 
(0 2 0) 1.295846 1.306395 
(2 2 0) 1.437640 1.465967 
(0 3 0) 1.396581 1.412996 
(3 3 0) 1.603512 1.652354 
(4 4 0) 1.754662 1.838741 
(5 5 0) 1.926742 2.025128 
(6 6 0) 2.084287 2.21 151 5 

(*) Modes are described ES integers (nx ny %) 

(**)All values of the eigenfrequencies in this and in Tables II IU and N arc for the dimensionless quantity f 4 ,  whae f is the eigenfrequency of the barin 
and fo = v/4H, where v is the wavespeed in rhe sediments and H is the m i m u m  thickness of the ellipsoidal basin.which occurs at x=y=O. 

TABLE I11 

Eigenfrequencies of a cosine-shaped 
basin which has the same principal 
curvatures and depth at x=y=O as an 
4f.311 ellipsoid. The ellipsoid is of lesser 
volume than the cosine basin and tangent 
to it at x=y4, z=-H. The cosine basin is 
described by the formula 
zl=-W2[Cos(n:~a)+Cos(rry/b)] 
where H is the maximum depth and a and 

b the semiwavelengths 

MODE 

(0 0 0) 

(1 0 0) 

(0 1 0) 

(1 1 0) 

(001) 

(0 0 2) 

(2 0 0) 

(2 2 0) 

(2 2 2) 

Poincare 

1.186797 

1.338769 

1.394101 

1.541755 

3.187218 

5.187632 

1.489901 

1.889084 

5.929370 

Upper Bound 

(41311 Ellipsoid) 

1.188604 

1.349465 

1.40495 1 

1.565812 

3.188604 

5.188604 

1.510327 

1.943020 

5.943020 

TABLE IV 

Comparison of results of the K-S method 
with numerical results reported by Bard 

and Bouchon (1985) for a two-dimensional 
cosine-shaped basin. 

Aspect ratio 
(WL) F-K(*) K-S Bard & 

Bouchon 

(*) Faber-Krahn minimum eigenvalue estimates 
for vibrating membranes 
Faber, G (1923) Sitz. Bayer. Akad. Wiss.169-72. 

fiahn. E. (1924 ) Math. Ann., 94.97-100. 



TABLE V 
Eigenfrequencies (flfo) for several ellipsoids 

Geometry 
(axes ratios) K-S 

Analytic 
1.188604 
1.510327 
1.621298 
1.943003 

MODE 
(000)  
(2 0 0) 
(0 2 0) 
Q 2 0) 

method 
1210 
1.566 
1.710 
2.048 

( 1  min 1 (A,, - k*) I A,, 1 6 ZTjcicj I mij qcj = e2 

n 

tracing scheme. The ray tracing method also becomes difficult to use in those cases where there 
exist strong symmetries in the basin's geometry that produce strongly periodic ray trajectories 
that do not fill the modal volume. Fortunately, it is for those highly symmetric, highly 
degenerate cases for which the variational Kuttler and Sigilito (1985) or K-S method seems to 
work best. Extension of the K-S method to computation of eigenfrequencies and eigenfunctions 
in general three dimensional and fully elastic problems is underway. 

The figure in the next page shows a result were both the EBK and the K-S methods have been 
used to determine selected SH resonant modes in an ellipsoidal three-dimensional basin. 



A resonant mode of oscillation 
of a model of an ellipsoidal basin filled with sofi sediments -light color- imbedded in hard rock -dark 
color-. The relative dimensions of the basin's semiaxes are in the ratio 41311. This is but one of a large 
number of frames computed to create an animated sequence that shows the oscillations of the ground in 
real time on a computer monitor. 
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INVESTIGATIONS 

The objective of this pro'ect is to provide com uter graphia services (such as 
access to Geographic In ! orrnation System (GI i' ) software) to USGS geological 
hazards investigators. These services include (I) consultation on digital spatial 
data base design and data ac uisition, (2) training in the use of GIs methods, (3) 
assistance in the assembly of ? arge spatial data sets, and (4) research into 
advanced spatial data analysis topics. 

Specific investigations conducted during the re ortin eriod were (1) San 
Francisco Bay area digital spatial data sets, ( 2 )  l'!acific%rthwest geological 
hazards data base, (3) seismotectonic map of the Mississi pi embayment, (4) 
Meers Fault, Oklahoma geologic map, and (5) ARC/INF user interface 
development. 

8 
RESULTS 

Sun Francisco data la ers were constructed 
for three 30' a, and Stockton v in the San Francisco 

data files usin ARC/INFO GIs 
digital spatial % ata base being 
data base already contains 
railroads, electrical transmission 

30' X 60' quadran les 
Santa Cruz). In a % dition, 

hypsometric contours of the San Jose 30' X 60' quadrangle and geology of 
selected uadrangles in the Loma Prieta area have been added to the data base. 
The data % ase has been made available to USCS-sponsored studies of the San 
Francisco Bay area, including mapping of damaged structures in San Francisco 
and seismic response in Los Gatos, Santa Cruz, and Monterey County. 

Pac#c Northwest -- Augmentation of the eologic hazards data base of Puget 
Sound continues with the addition of hy % rography and transportation data 
layers for Hoquiam, Port Townsend, and Victoria 30' X 60' uadrangles. The 2 geology of the Seattle and southern half of the Tacoma 30' 60' quadrangles are 
currently in the data base. The digital linework of the geologic contacts of the 
Port Townsend geologic map (Pessl and others, 1989) has been obtained from 
Western Mapping Center for conversion into ARC/INFO files. Completion of 
the northern half of the Tacoma quadrangle geolo y and combining the newly- 
acquired base data sets will permit construchon o an entirely digital geologic 
map of the southern Puget Sound. 

P 



Mississippi Embayment -- In FY91, seismic haz~rds  research begins anew in the 
New Madrid seismic zone and surrounding ht ississippi embayment. One new 

ro'ect is construction of a seismotectonic map of the Mississippi embayment 
Pwheeler, this volume) utilizing GIs technology and digital spatial data. The 
seismotectonic ma will ortray numerous thematic data sets, such as seismicity, 

eology, depth to EecirocK, and liquefiable sediments, on base data layers.' 
buring the reporting period, 1:100,000-scale DLG data for six 30' X 60' 
quadran les, 1:24,000-scale DLG data for several hundred 7 1 2' quadrangles, i 7 
and 1:25 ,000-scale Digital Elevation Model (DEM) data were obtained for an 
area encompassing the New Madrid seismic zone. 

M e u s  Fault -- Maps of aeromagnetic and gravity anomalies of the Meers Fault 
area of Oklahoma (Cecil, unpublished data) required a digitized overlay of 
geologic contacts and map ed faults. Unfortunately, the only available map of K the faults and contacts in t e study was published without scale or projection; in 
addition, the scale varied unevenly across the map resulting in registration errors 
of hundreds of meters. Thus, the digitized linework was also distorted and 
could not be registered with the computer-generated aeromagnetic and gravity 
anomaly maps. Elimination of much of the distortion was possible by employing 
the GIs technique of piece-wise adjustment ("rubbersheeting") and by using 
township corners common to the geologic map and a scale-stable USGS 
greenline. 

ARC/INFO User Interface - Users of a powerful GIs  software such as ARC/INFO 
are typically overwhelmed by the hundreds oi commands available and by the 
extensive training eriod required to become a proficient user. Several currently F available ARC/IN 0 user interfaces (ARCSH ELL, ALACARTE, and MAPX) are 

the complicated process 

assist the occasional AR 
digital spatial data. 
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Invest iqat ions 

1. Geology and relative ground motion, Wasatch area, Utah: 

Ar~~lysis of geologic and geophysical data from 43 sites in 
the Salt Lake Valley continues; writing of interpretive reports 
progresses as time can b e  borrowed from other projects. Studies 
involve comparisons of alluvium-to-rock spectral ratios in two 
period bands (0.2-0.7 sec, and 0.7-1.0 sec) with geologic 
parameters characterizing basin f i l l ,  including thickness of key 
stratigraphic intervals, degree of cementation of materials, 
shear-wave velocity, and other parameters correlative with site- 
dependent aspects of ground response (John Tinsley, Kenneth King, 
Rob Williams). 

2. Regional Evaluation of Liquefaction 

A. Monterey Bay Lowland and vicinity. Following the Lorna 
Prieta earthquake, an exhaustive study of lateral spreading 
ground failures in natural deposits of the Salinas and Pajaro 
rivers and coastal estuaries was initiated with personnel from 
the Branch of Engineering Seismology and Geology helping to 
address the geotechnical aspects and personnel from the Branch of 
Geologic Risk Assessment helping to address the relevant ground 
motion parameters; Tinsley and Dupre provided mapping and 
stratigraphic analyses of the lateral spreading ground failures. 
The immediate goal was to evaluate the USGS liquefaction hazard 
mapping (scale 1:62,500) published by Dupre and Tinsley (1980) 
conducted according to the methodology of Youd and Perkins 
(1978) .  Additional goals included evaluating the in-situ 
properties of deposits that failed, in contrast to adjacent 
deposits that did not incur ground failure, to learn more of the 
suites of properties of materials that can produce the 
destructive effects of liquefaction. The US literature is sparse 
with respect to studies of lateral spreads. This study is 
reported elsewhere in this volume by Tinsley, Holzer, and Bennett 
in the section dedicated to the Loma Prieta earthquake. 

B. L o s  Angeles and vicinity. A cooperative working 
agreement was concluded late this fiscal year with the Planning 
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Department of the City of Los Angeles supporting publication of 
USGS liquefaction hazard mapping at a scale of 1:24000, including 
the surficial geology, shallow groundwater data, and derivative 
hazard maps. This will complete the release of data mustered in 
support of the regional liquefaction mapping published in Tinsley 
and others (1985). The work will be in digital form, enabling 
revisions and updates to be made relatively easily. Also, a 
ground shaking hazards map of the Los Angeles 7.5' quadrangle 
produced using the methodology of Rogers and others (1985) is in 
progress. 

Results: 

1. The Salt Lake Valley ground response study has been stalled 
owing to a substantial investment of field time in the studies of 
the effects of the Loma Prieta earthquake and to a lack of 
funding specifically aimed at these ground response studies. The 
Wasatch area work should be progressing more rapidly, now that 
the Loma Prieta field studies are complete. 

2a. The Monterey Bay area's liquefaction susceptibility mapping 
(Dupre and Tinsley, 1980) was robust with respect to lateral 
spreadinq ground failures, settlements, and sand "boils". The 
success of the mapping stems principally from two aspects: the 
mappers enjoyed ( 1 )  a thorough understanding of the stratigraphy 
o f  the fluvial and eolian systems in question, developed in the 
course of two Ph. D. dissertations and, ( 2 )  the benefits of 
hindsight and reports of liquefaction~accompanyinq the 1906 
earthquake and its aftershocks. The 1906 earthquake was about 60 
time greater in terms of energy release and probably was at least 
4 times greater in terms of duration of strong ground motion, 
compared to the recent Loma Prieta event. Moreover, the Lorna 
Prieta earthquake followed 4 dry winters and the 1906 San 
Francisco earthquake followed a rather wet spring, so hillslopes 
and soils were much closer to being water-saturated in 1906 
compared to 1989. 

2b. Labor has been retained to assist with the revisions, 
compilations, and digititation of the maps showing liquefaction 
hazards in the City of Los Angeles. 
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1. Dupre, W. R .  and Tinsley, J. C . ,  1990, Geologic controls on 
liquefaction-induced ground failure in the Monterey Bay Area, 
California, during the Loma Prieta earthquake: Geological 
Society o f  America Abstracts with Programs, v. 22, no. 7, p .  
A188. 
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INVESTIGATIONS 

Research under this Contract concentrates on using data collected during the 
Whittier Narrows earthquake for studies on the nature of the source rupture. Theoretical 
formulation, software development, and extensive inversion of strong motion data are 
being carried out. 

RESULTS 

We have completed theoretical formulations and software development, and are in a 
process in performing extensive data inversion. We have overcome an important numerical 
difficulty with the inversion of large data sets and large number of model parameters. 
Typically, this type of inversion problem often involves the inversion of 1000 x 1000 
matrices. This not only requires enormous amount of computer time, but also is very 
unstable numerically because of the ill-behaved matrices for which numerical accuracy is 
quickly lost as the dimension of the matrix becomes large. We have formulated the 
inversion by method of recursive processing. This cuts down the dimension of the 
matrices to about 100 x 100 (i.e., 1% of the original size) and significantly improves both 
on the speed(by a factor of 50 times) and on the accuracy. Presently, we have prepared 
strong motion data from different sources. Correction for the site effects is being carried 
out. 

As we are gathering the Whittier Narrows strong motion data, we have also carried 
out a related research. Recordings from more than 100 free-field strong motion 
instruments in a region of 100 km x 100 km surrounding the 1987 Whittier Narrows 
epicenter are used to study the dependence of Richter magnitude on site conditions and 
local geology. A multitude of sites are involved, including basin sediments of different 
thickness, unconsolidated alluvium and fluvial deposits, consolidated sedimentary rocks, 
and basement rocks. The acceleration is integrated to give displacement. Upon an 
appropriate bandpass filtering, simulated Wood-Anderson records are obtained. ML 
values of the Whittier Narrows earthquake are determined for all these free-field strong 
motion stations. Distribution of these ML values, which range from 5.35 to 6.92, clearly 
reflects the site conditions and the local geology: high ML values outline the deep Los 
Angeles basin and the San Fernando basin, and low ML values are found over the Santa 
Monica Mountains and the San Gabriel Mountains. There is a positive correlation of the 
ML value with the basin depth. The source radiation effect on ML is not apparent perhaps 
because the Richter magnitude is based on the maximum displacement amplitude instead of 
the amplitude of the P or S arrival. The propagation path effect on the Richter magnitude is 
included in the A0 term given by Richter. At large distance over regions of pronounced 
lateral inhomogeneity, the A0 values given by Richter cannot adequately account for the 



propagation effect and some errors on ML result. However, the average ML value (5.95) 
approaches the published magnitude of 5.9 for the Whittier Narrows earthquake. A better 
ML scale should measure the total equivalent energy of the displacement record with an 
appropriate site correction factor. 
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Investigations 

Reconnaissance mapping ofthe Willamette Valley at1:100,000 scale has been 
completed, and the results will be included in a USGS professional paper on 
earthquake hazards in the Pacific Northwest. Faults and folds deforming late 
Cenozoic alluvial deposits have been identified. 

In July, 1990, a core hole through the alluvial deposits at the 
intersection of Interstate 5 and the Santiam River was 1ogged.b~ Ken Werner and 
Tom Popowski of OSU and Dave Weatherbee of USGS. The hole was funded by the 
Oregon Department of Transportation. The cores, along with those of two earlier 
holes at Sublimity and Corvallis, are being stored at OSU for future study. 

Results 

1. Proto-Willamette River and the North Santiam tectonic basin 
A structure contour map of the base of unconsolidated late Cenozoic 

sediments in the southern Willamette Valley resulted in the recognition of the 
main channel of the proto-Willamette River. Figure 1 shows the subcrop of this 
channel beneath late Pleistocene outwash gravels of the Rowland Formation. The 
main channel is filled with sand and gravel deposits in contrast to the rest of 
the valley which is underlain by fine-grained overbank deposits ("blue clay" of 
water-well drillers). The overbank deposits are alluvial, not lacustrine as 
previously believed, as based on the presence of soil zones with rootlets in 
growth position, wood fragments, and the absence of laminations characteristic 
of lacustrine sediments. 

The main channel, as marked by coarse clastic sediments and a low point 
in cross-valley profiles, enters the valley near Springfield, as do the present 
Willamette and McKenzie rivers. However, the channel is east of the present 
Willamette River. Northeast of Albany, the channel follows the North Santiam 
River, flowing northeast rather than southwest, as the North Santiam now does, 
and exits the North Santiam basin via a water gap occupied by an underfit stream, 
Mill Creek, east of Salem. A second channel underlies the present Willamette 
River north of Albany and extends west of Salem Hills, and enters the northern 
Willamette Valley at Salem; however, this channel lacks the coarse clastic 
deposits of the channel in the North Santiam basin. A subsidiary gravel-filled 
channel enters the southern Willamette Valley at Lebanon (ancestral South Santiam 
River) . 



The longitudinal profile of the base of the ancestral Willamette River 
channel shows evidence of deformation (Figure 2). The profile rises over the 
axis of the Harrisburg anticline in the underlying Eugene Formation (Figure 3). 
The profile also rises across a subsurface southeastern extension of the Salem 
Hills (Shelburn uplift), drops in the North Santiam basin, and rises across the 
Waldo Hills in the Mill Creek gap. The North Santiam basin is thereby identified 
as a tectonic basin, and the hills to the north and south are anticlinal uplifts 
(Figure 3). 

The structure of the North Santiam basin has been mapped using structure 
contours on the top of the Columbia River Basalt Group (CRBG). This contact is 
preserved in the subsurface of the North Santiam basin and the Northern 
Willamette Valley and in the surface beneath volcanic and volcaniclastic rocks 
of the western Cascades (Sardine Formation). Where the top of the CRBG is not 
present, as in the Salem Hills and western Waldo Hills, isopachs of the CRBG 
were used to estimate the altitude of the top of the CRBG based on the known 
altitude of its base. 

As a result, two previously unrecognized faults were mapped: the Mill 
Creek fault (MCF, Fig. 3) at the southern range front of the Waldo Hills and the 
Waldo Hills frontal fault on the north, following a prominent northeast-trending 
lineation. Separation on the Waldo Hills frontal fault decreases northeastward 
toward the Mt. Angel fault, discussed below. 

2. Woodburn earthquakes and the Mt. Angel fault 

In August, 1990, six small earthquakes with m, = 2.0, 2.5, 2.4, 2.2, 2.4, 
and 1.4 were recorded by the IRIS/OSU broadband seismic station in Corvallis 
(COR, epicentral distance 68 km) and the Washington Regional Seismograph Network 
and shown to be located beneath the town of Woodburn in the northern Willamette 
Valley (Nabelek et al., 1990; Figure 4). Hypocenters are at a depth of about 
29 km. These events occurred at the same place as three events in the 1980's 
with m, 5 1.7. The similarity of waveforms for the six earthquakes indicates 
essentially identical locations and mechanisms, so the spread of locations on 
Figure 4 is probably not real. The preferred composite focal mechanisms 
indicates right-lateral strike-slip faulting with a small normal component on 
a plane striking N-S and dipping steeply west. 

The location and composite mechanism suggest that the seismicity is related 
to the Mt. Angel fault which cuts CRBG and overlying alluvial deposits, described 
in the previous NEHRP summaries of technical reports (Yeats, 1990). The Mt. 
Angel fault has been considered as part of the Mt. Angel-Gales Creek lineament, 
although proprietary seismic lines and structure contours on the top of CRBG do 
not show a connection between the Mt. Angel fault at Woodburn and the Gales Creek 
fault at Newberg, to the northwest (Figure 5). 

The Mt. Angel fault is the southernmost of several zones of seismicity on 
northwest to north-northwest trending right-lateral faults; other zones include 
the Portland basin east of the Portland Hills-Clackamas River lineament (Yelin 
and Patton, preprint) and the St. Helens Seismic Zone (Weaver and Smith, 1983). 
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Figure 1. Facies map of pre-late Pleistocene outwash deposits in the southern Willamette Valley showing channel 
'% of proto-Willamette River and a side channel at Lebanon of the proto-South Santiam Rlver. Note that channel 

facies extends east of Salem Hills whereas another channel with predominantly fine-grained sedipent fill extends 
west of Salem Hills, the course of the modern Willamette River. 
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Figure 2. A. Longitudinal profile of modern Willamette River. B. Longitudinal profile of the base of the 
proto-Willamette River channel. Note deformation at Harrisburg anticline, Shelburn uplift, Waldo Hills uplift, 
and North Santiam River basin between the Shelburn and Waldo Hills uplift. Channel west of Salem Hills is also 
upwarped. 



Figure 3 .  S t r u c t u r e s  i n  s o u t h e r n w i l l a m e t t e  Val ley  deforming a l l u v i a l  sediments 
of l a t e  Cenozoic age .  HA, Harr isburg a n t i c l i n e ;  OwCF,  O w l  Creek f a u l t ;  MCF, M i l l  
Creek f a u l t ;  WHU, Waldo H i l l s  u p l i f t .  
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EXPLANATION F-7 - Geologic contact. 
Concealed fault. Ball and bar on downthrown side. 

111111111 Seismic line section. 
LOCATION MAP 

--+-- Location of cross section and constraining water wells. 

Figure 4 .  M t .  Angel f a u l t ,  nor thern  Willamette Va l l ey ,  showing r e c e n t  
ear thquakes near  Woodburn. C-C '  i s  l i n e  of c r o s s  s e c t i o n  shown by Yeats  (1990 ,  
p .  5 3 4 ) ,  and B-B'  l o c a t e s  se i smic  l i n e s  shown by Yeats (1990,  p .  5 3 5 ) .  



Figure 5. Gales Creek-Mt. Angel structural zone and Portland Hills-Clackamas 
River structural zone. 

475 



lntraplate Stress and Deformation 

Mary Lou Zoback 
U. S. Geological Survey 
Branch of Seismology 

345 Middlefield Road, Mail Stop 977 
Menlo Park, CA 94025 

(41 5) 329-4760 

Investigations 

1. Analysis of anomalies in the regional stress field which may be responsible 
for localizing intraplate seismicity. 

2. Continued analysis of dipmeter logs from the Puget Sound and surrounding 
region. State of stress in the Cascade region is being investigated by analysis 
of vent alignments on recently published USGS maps of Quaternary volcanic 
vents. The regional state of stress is being inferred from a combined 
interpretation of the breakout data, earthquake focal mechanism data and from 
the vent alignments. 

3. Continued compilation and upgrading of a global stress database being 
maintained at Menlo Park on a commercial database management system, 
dBase IV. 

Results 

1. Analyses of tectonic correlations in regions of intraplate seismicity invariably 
show a correlation with "continental rifts" or crustal zones with a history of 
extensional tectonics. A localized stress anomaly in the vicinity of a major 
crustal rift in Brazil, the Paleozoic Amazonas rift suggest a possible source of 
this correlation. Two moderate earthquakes (mb 5.1-5.5) in central Brazil have 
occurred in the past 25 years along the northern margin of the E-W trending 
Amazonas rift. These thrust events indicate N-S compression, a 90" local 
stress rotation relative to a general E-W maximum horizontal stress observed 
throughout the rest of the South American plate. The locations of these events 
and the inferred compression perpendicular to the axis of the rift suggest a 
causal relationship. Gravity data indicate an enormous (about 100 km wide) 
lower crustal dense body beneath this rift. Preliminary finite element modeling 
(with Randy Richardson at Univ. of Arizona) indicate that this dense "rift pillow" 
is capable of generating a compressive stress field perpendicular to the axis of 
the rift. Since both gravity and seismic refraction data indicate that lower crustal 
rift pillows are a common feature of modern and ancient rifts, we plan to extend 
the modeling to constrain the magnitude of the induced compression and also 



to investigate the stress effect for rifts with a variety of orientations with respect 
to the contemporary regional stress field. 

2. The state of stress withing the brittle crust in the Puget Sound basin and 
surrounding region region is characterized by NNE compression, not NE to 
ENE compression as would be inferred from convergence (subduction) of the 
Juan de Fuca plate. While strain may be accumulating on the subduction zone 
beneath this region, earthquake focal mechanisms (up to 20 km depth), 
wellbore breakouts (sampling the upper 2-3 km), and Quaternary geologic 
structures (primarily E-W trending anticlines) are all consistent with the NNE 
maximum compressive stress direction within the crust. Earthquake hazard 
related to this NNE compression and ongoing deformation of the upper crust 
can not be ignored in the assessment of earthquake risk in this region. 

3. Currently more than 5000 stress data points reside in the World Stress Map 
database. Slightly more than half of the data come from earthquake focal 
mechanisms, roughly 30% come from wellbore breakout analysis, 10% from in- 
situ stress measurements and 10% from fault slip studies and volcanic vent 
alignments. The entire database will be release on floppy diskettes by the 
National Geophysical Data Center (NOAA) in early 1991. 

Reports and Publications 

Zoback, M. L. and Zoback, M. D., 1989, Tectonic stress field of the continental 
United States: Geological Society of America Memoir 172, p. 523-539. 
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Introduction 

This s tudy i s  a  demonstrat ion p r o j e c t  f o r  es t imat ing  earthquake economic losses 
t h a t  r e s u l t  f rom 1  i f e l  i n e  f a i l u r e .  L i f e 1  i n e  earthquake v u l n e r a b i l  i t y  model i n g  
s p e c i a l i s t s ,  working together  w i t h  the  l i f e l i n e  operators i n  t h e  Eve re t t  area, 
have developed seismic model s  t o  determine 1  i f e l  i ne  vul  nerab i  1  i t  i es t o  seismic 
hazards. Three earthquake events, rep resen ta t i ve  o f  t he  Eve re t t  area, w i  11 be 
def ined and t h e  corresponding hazard l e v e l s  w i l l  be est imated f o r  t h e  Evere t t  
v i c i n i t y .  Based upon the  seismic hazards and 1  i f e l  i n e  vu lnerab i  1  i t y  models, 
1  i f e l  i n e  responses t o  each o f  t h e  th ree  earthquake events w i l l  be est imated. 
Then, economic l o s s  p r e d i c t i o n s  t o  the  Evere t t  business community w i l l  be made. 
The l o s s  p r e d i c t i o n s  w i l l  ' i nc lude 1  i f e l  i n e  r e p a i r  cos ts  and l o s s  o f  business 
oppor tun i t y  cos ts  i ncu r red  by both the  1  i f e l  i n e  operators and t h e  community 
served by t h e  1  i f e l  ines.  P red i c t i ons  w i l l  be made f o r  i n d i v i d u a l  1  i f e l  i n e  system 
f a i l u r e  e f f e c t s  and the  e f f e c t  o f  combined l i f e l i n e  system outages. 
A d d i t i o n a l l y ,  l o s s  m i t i g a t i o n  recommendations w i l l  be made t o  the  l i f e l i n e  
operators.  

Everett Geography and Seismicity 

Evere t t  has been chosen as the  study area because Eve re t t ' s  s i z e  and l o c a t i o n  
and the  recent  i n t e r e s t  i n  t h e  s e i s m i c i t y  o f  the  Puget Sound area. Located about 
20 m i l e s  n o r t h  o f  Seat t le ,  Eve re t t ' s  popu la t ion  i s  about 70,000. As shown by 
the  map i n  F igure  1, Evere t t  i s  bounded on the  west by the  Possession Sound and 
on t h e  n o r t h  and east  by t h e  Snohomish River .  The l i m i t e d  number o f  l i f e l i n e  
paths i n t o  Eve re t t  p rov ide  f o r  re1  a t i v e l y  simple 1  i f e l  i n e  models. A1 though the  
1  i f e l  i n e  models a re  s t r a i g h t  forward, Eve re t t ' s  moderate s i z e  a l lows t h e  models 
t o  be rep resen ta t i ve  o f  l i f e l i n e  f a c i l i t i e s  i n  l a r g e r  c i t i e s .  

The two bes t  documented earthquakes i n  t he  Puget Sound area occurred i n  1949 and 
1965 w i t h  respec t i ve  magnitudes o f  7.1 and 6.5. Both o f  these earthquakes 
occurred a t  depths o f  more than 50 k i lometers  beneath the  Puget Sound reg ion  i n  
t he  Juan de Fuca P la te .  Recently, a t t e n t i o n  has a lso  focused on t h e  p o t e n t i a l  
f o r  l a r g e  subduction earthquakes about 100 k i lometers west o f  t h e  Puget Sound 
area a t  t he  boundary between the  o v e r l y i n g  North American P l a t e  and t h e  Juan de 
Fuca Plate.  Although l a r g e  shal low earthquakes have occurred i n  t he  Cascade 
mountain range east o f  t he  Puget Sound region,  a  consensus has n o t  been reached 
on the  1  i ke1 ihood o f  l a r g e  shal low earthquakes i n  t h e  Puget Sound reg ion .  

For deep events i n  the  San Juan de Fuca p l a t e ,  r e t u r n  per iods o f  10, 35 and 110 
years have been est imated f o r  magnitude 6.0, 6.5 and 7.0 earthquakes. Return 
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p e r i o d s  f r om about 300 t o  1000 years  have been es t ima ted  f o r  subduct ion even ts  
west o f  t h e  Puget Sound area which cou ld  exceed magnitude 8.0. 

Everett Li fel ines 

There a r e  s i x  d i f f e r e n t  1  i f e l  i n e  ca tego r i es :  power, t r a n s p o r t a t i o n ,  water,  sewer, 
n a t u r a l  gas and communications. Power i s  p rov i ded  by t h e  Snohomish County 
P u b l i c  U t i l i t i e s  D i s t r i c t .  Power i s  generated a t  t h e  B o n n e v i l l e  Dam, l o c a t e d  
on t h e  Columbia R i ve r ,  about 250 k i l o m e t e r s  sou th  o f  E v e r e t t .  Because t h e  power 
system i n  E v e r e t t  i s  b a s i c a l l y  a  d i s t r i b u t i o n  system, i t  i s  expected t h a t  t h e  
power system i n  E v e r e t t  w i l l  be r e l a t i v e l y  r e s i l i e n t  t o  earthquake hazards. 

Because E v e r e t t  i s  bordered on t h e  west by  t h e  Possession Sound, t h e r e  i s  n o t  
any access t o  E v e r e t t  f r om  t h e  west. The Snohomish R i v e r  l i m i t s  n o r t h e r n  and 
eas te rn  access t o  and f rom E v e r e t t  t o  I n t e r s t a t e  5 and Highway 529 on t h e  n o r t h  
and Highway 2  t o  t h e  eas t .  Because t h e  Snohomish R i v e r  forms a  d e l t a  w i t h  
p o t e n t i a l  poor  s o i l  c o n d i t i o n s  i n  t h e  r eg ions  t o  t h e  n o r t h  and eas t  o f  E v e r e t t ,  
t h e  t r a n s p o r t a t i o n  r o u t e s  th rough  these reg ions  may be vu lne rab le  t o  ear thquake 
generated hazards. E v e r e t t  can be accessed f rom t h e  sou th  by e i t h e r  I n t e r s t a t e  
5, Highway 99 o r  by one o f  severa l  su r f ace  s t r e e t s .  

E v e r e t t ' s  wa te r  i s  ob ta i ned  f rom Lake Chaplain,  a  man made l a k e  about 30 
k i l o m e t e r s  eas t  o f  E v e r e t t .  The wate r  i s  t r e a t e d  a t  a  t rea tment  p l a n t  
immediate ly  south o f  Lake Chapla in  and then  p i ped  th rough  one o f  f o u r  
t r ansm iss i on  p i pes  i n t o  E v e r e t t .  For  many o f  t h e  wa te r  s e r v i c e  zones, t h e r e  a re  
redundant t r ansm iss i on  sources. However, f o r  t h e  h i g h e r  s e r v i c e  zones, t h e  
Evergreen Way pump s t a t i o n  i s  a  key system component. The main t r ansm iss i on  
1  i n e s  f r om t h e  wate r  t r ea tmen t  p l a n t  a t  Lake Chapla in  a re  a1 so c r i t i c a l  system 
components. 

I n  a d d i t i o n  t o  p r o v i d i n g  water,  t h e  C i t y  o f  E v e r e t t  P u b l i c  Works Department a l s o  
i s  r e s p o n s i b l e  f o r  wastewater t rea tment .  The wastewater t rea tment  p l a n t  i s  
l o c a t e d  i n  t h e  n o r t h e a s t  p a r t  o f  E v e r e t t  on t h e  eas te rn  bank o f  t h e  Snohomish 
R iver .  A l though t h e r e  a re  a  few key pump s t a t i o n s ,  such a  pump s t a t i o n  j u s t  west 
o f  t h e  t r ea tmen t  p l a n t ,  t h e  wastewater c o l l e c t i o n  system i s  ma in l y  g r a v i t y  f ed .  

Na tu ra l  gas i n  p i p e d  i n t o  E v e r e t t  f rom Northwest P i p e l i n e s  i n  Clearv iew,  
Washington by Washington N a t u r a l  Gas. The supp ly  main i s  a  12 i n c h  d iamete r  
welded s t e e l  p i p e  cons t ruc ted  i n  t h e  1950's. Flow i s  c o n t r o l l e d  th roughou t  t h e  
E v e r e t t  d i s t r i b u t i o n  network w i t h  r e g u l a t o r  s t a t i o n s .  A l l  h i g h  p ressure  l i n e s  
a re  e i t h e r  welded s t e e l  o r  p l a s t i c .  The l o w  p ressure  1  ines ,  some o f  which a r e  
s t i l l  c a s t  i r o n ,  a r e  g r a d u a l l y  be ing  rep laced  by e i t h e r  welded s t e e l  o r  p l a s t i c  
p ipe .  

The p r ima ry  l o c a l  phone s e r v i c e  p r o v i d e r  i n  E v e r e t t  i s  GTE. Long d i s t a n c e  c a l l s  
a re  d i s t r i b u t e d  f rom c e n t r a l  o f f i c e s  t o  t h e  a p p r o p r i a t e  l o n g  d i s t a n c e  p r o v i d e r ' s  
POP ( " P o i n t  o f  Presence").  There a re  severa l  a l t e r n a t e  r o u t e s  between ad jacen t  
US West Communications and GTE's E v e r e t t  s e r v i c e  area. 

Everett Economy 

The two major  i n d u s t r i a l  complexes a re  Boeing's 747 assembly p l a n t  and a  S c o t t  
Paper m i l l .  Both Boeing and S c o t t  a re  p a r t i c i p a t i n g  i n  t h e  s tudy  and w i l l  
p r ov i de  es t imates  as t o  how l i f e l i n e  outages would a f f e c t  t h e i r  ope ra t i ons .  



Using the information provided by Boeing and Scott ,  in conjunction with specific 
economic data from the 1 i f e l  ine operators and general economic data obtained from 
various governmental sources, the economic impact for  the en t i re  Everett business 
community will be estimated in monetary terms. 

Project Compl e t i  on 

I t  i s  anticipated that  the project's resul ts  and findings will be completed i n  
early 1991. 
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Objectives 

The objectives during the second year o f  t h i s  pro ject  were t o  perform 
f i e l d  ambient v ibrat ion measurements and laboratory data analyses on 30 t o  50 
typ ica l  highway bridge spans along in te rs ta te  highways 1-5, 1-205, and 1-405 
between Everett, Washington and Salem, Oregon. The purpose was t o  determine 
the fundamental frequencies and t o  estimate the modes o f  v ibrat ion f o r  a 
representative sample o f  bridge spans along these in te rs ta te  highways. 

Bridge Spans Analyzed 

The bridge spans tha t  were analyzed were chosen t o  re f l ec t ,  as closely as 
possible, the actual d i s t r i bu t i on  o f  bridge span type and length f o r  the 1,000 
bridges along 1-5, 1-205, and 1-405 i n  western Washington State and northwest- 
ern Oregon. The 53 bridge spans tha t  were analyzed are sumnarized i n  Table 1. 
These spans included 2 steel  g i rder  spans, 2 reinforced concrete T-beam spans, 
9 reinforced concrete slab spans, 19 reinforced concrete box-girder spans, and 
21 prestressed concrete girder spans. For safety reasons, only underpasses 
wi th  wide sidewalks were chosen f o r  f i e l d  ambient v ib ra t ion  measurements. The 
t r a f f i c  along 1-5, 1-205, and 1-405 was deemed t o  be t o  heavy t o  permit safe 
measurements on highway overpasses. Wide sidewalks were necessary t o  f a c i l i -  
t a te  safe access t o  the bridge span without disrupt ion o f  vehicular t r a f f i c .  

F ie ld  Measurements 

For each bridge span tha t  was analyzed, f i e l d  ambient v ibrat ion measure- 
ments were taken using eight signal transducers: s i x  seismometers and two 
accelerometers. The signal output from these e ight  transducers was ampl i f ied 
and then recorded on an FM tape recorder. For safety reasons, a l l  transducers 
were placed on the bridge sidewalks. The i n i t i a l  configurations o f  these 
transducers were as shown i n  Fig. l a  f o r  each bridge span. Because the 
ver t i ca l  d i rec t ion  was assumed t o  be the most f l e x i b l e  f o r  each bridge span, 
three seismometers were oriented i n  tha t  d i rec t ion  w i th  one a t  midspan, one a t  
a quarter point, and one a t  a support. I n  order t o  cover the f u l l  range o f  
potent ia l  bridge frequencies i n  the ve r t i ca l  direct ion, the two accelerometers 
were also oriented i n  the ve r t i ca l  d i rec t ion  w i th  one a t  midspan and one a t  
the quarter point. Two seismometers were oriented i n  the transverse d i rec t i on  
with one a t  midspan and one a t  the quarter point. The longi tudinal  d i rec t i on  
was assumed t o  be the least f l e x i b l e  and only one seismometer (located a t  
midspan) was oriented i n  the longi tudinal  direct ion. Af ter  completing the 
measurements on the 21 prestressed c ~ n c r e t e  g i rder  spans, the configuration o f  
the accelermeters was changed as shown i n  Fig. 1b. 
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Preliminary laboratory analyses o f  the prestressed concrete g i rder  data 
indicated very l i t t l e  di f ference between the signal outputs o f  the ve r t i ca l  
seismometers and accelerometers. Thus the accelerometers were moved (as 
depicted i n  Fig. Ib) t o  the support (wi th  one oriented i n  the transverse 
d i rect ion and one i n  the longi tudinal  direct ion) t o  obtain new information on 
the bridge span responses a t  t h i s  location. 

Laboratory Data Analyses 

Laboratory analyses o f  the data recorded i n  the f i e l d  are current ly  being 
conducted. I n  these analyses, the recorded signal output from each transducer 
i s  played back through a spectrum analyzer and a fas t  Fourier transformation 
(FFT) i s  performed. The f i n a l  resul ts  are p lo t s  o f  s ignal amplitude versus 
frequency from which the frequencies of the bridge span a t  the given location 
and i n  the given d i rec t ion  can be read d i rec t ly .  These analyses also include 
comparisons o f  phase and coherence between pa i rs  o f  transducer signals. These 
comparisons a id  i n  estimating the mode shape associated wi th  each fundamental 
frequency. The f i n a l  resu l ts  o f  these laboratory data analyses w i l l  be 
presented i n  the A p r i l  1991 Sumnary o f  Technical Reports. 

TABLE 1. BRIDGE SPANS MEASURED AND ANALYZED UNDER AMBIENT VIBRATION LOADING 

TREET U-XIN 

Re i nforced 



TABLE 1. (cont inued) 

BRIDGE TYPE 

Reinforced 
Concrete 
Box-Gi rde r  

BRIDGE 
NUMBER 

5/596 

5/418 

405/17 

BRIDGE NAME 

5/419 

5/596 

405/57 S 

405/17 

5/418 

5/419 

405/50 N 

405/50 S 

405/50 N 

405/50 S 

405/57 S 

BRIDGE 
LENGTH, 
f e e t  

TOTAL 
NO. 

SPANS 

SPAN 
NO. 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

4 

SPAN 
LENGTH, 
f e e t  

4 

1 

1 

4 

1 

4 

2 

3 

4 

2 

3 

2 

3 

3 

3 

3 

4 

NE 185TH STREET U-XING 

BRIDGEPORT WAY U-XING 

BENSON ROAD U-XING 

CARLYLE ROAD U-XING 

NE 185TH STREET U-XING 

NE 124TH STREET U-XING 

BENSON ROAD U-XING 

BRIDGEPORT WAY U-XING 

CARLYLE ROAD U-XING 

NE 72ND PLACE U-XING 

NE 72ND PLACE U-XING 

NE 72ND PLACE U-XING 

NE 72ND PLACE U-XING 

NE 124TH STREET U-XING 

45.00 

54.00 

59.28 

59.28 

60.46 

68.00 

75.33 

75.33 

78.00 

78.00 

78.00 

87.50 

87.50 

90.50 

97.81 

102.70 

111.00 

249.66 

293.56 

276.92 

317.00 

249.66 

442.00 

276.92 

293.56 

317.00 

417.62 

429.40 

417.62 

429.40 

442.00 

4 

3 

112.00 

143.00 



TABLE 1. (continued) 
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a. I n i t i a l  Configuration 
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b. Revised Configuration 

Legend: 0 v e r t i c a l  seismometer - longitudinal seismometer 
I transverse seismometer 

X v e r t i c a l  accelerometer 
: longitudinal accelerometer 
-- v e r t i c a l  accelerometer 

FIGURE 1. PLAN VIEW OF BRIDGE DECK SHOWING CONFIGURATIONS OF MEASUREMENT TRANSDUCERS 
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Investigations 

1. Monitoring nail quadrilaterals after the 1989 Loma Prieta earthquake. 

2. Continued investigation of the Quaternary history of the San Andreas fault in the 
Coachella Valley, with special emphasis on structure and stratigraphy. 

Results 

1. Data recorded at small-aperture nail quadrilaterals across both the San Andreas fault and 
newly formed dominantly extensional cracks to the southwest of the fault were reanalyzed 
using programs and generous help of M. Lisowski. The new analyses, using a variation-of- 
coordinants procedure, result in slightly different amounts of fault/crack motions than 
reported in the last semi-annual technical report. The two sites on the San Andreas fault, 
near the southeast and northwest ends of the aftershock zone, both showed about 5f2 mm of 
right-lateral component of postseismic slip; sites across dominantly extensional cracks in 
the Summit Road area showed from 4 to 1Bf.2 mm of left-lateral component of postseismic 
slip. However, these new afterslip values do not change the basic conclusion that the lack 
of tectonic coseismic surface rupture associated with the Loma Prieta earthquake was not 
followed by large postseismic slip. 

Paleomagnetic samples were run through a cryogenic magnetometer by J. Boley for analysis 
of magnetostratigraphy and study of tectonic rotations in the Indio Hills. Analysed 
samples are from sites in the southeast and central parts of the Indio Hills. The two sites 
were reported on in 1987 from preliminary data sets (Ryrner, Boley, and Weldon, EOS, v. 87, 
p. 1507). The new data sets give a greater number of sample locations for both sites and 
extend the stratigraphic range of the southeastern section. Preliminary checks of the data 
indicate that the inferred tectonic rotations reported in 1987 are valid. Furthermore, the 
extended stratigraphic range of the southeastern section indicates at least one magnetic 
reversal within the Matayama revered chron that will aid in more precise determination 
of stratigraphic age of the deposits. 

Reports 

Rymer, M.J., 1990, Near-fault measurement of postseismic slip associated with the 1989 Lorna 
Prieta, California, earthquake: Geophysical Research Letters, v. 17, no. 10, p. 1789-1792. 



INVENTORY AND POST-EARTHQUAKE FUNCTIONALITY OF EMERGENCY 
RESPONSE RESOURCES: FIRE SERVICE OPERATIONS IN THE PUGET SOUND 

AREA 

Award Number 14-08-000 1-G1693 

Charles Scawthorn, S.E. 
EQE Engineering, Inc. 

595 Market Street 
San Francisco, CA 94105 

(4 15) 495-5500 

and 

Jane Preuss, Urban Regional Research, Seattle, WA 981 01 
Kevin Coppersmith, Geomatrix, San Francisco CA 941 105 

Objective. This is the second of a three part program to estimate post-earthquake 
emergency response demand and capacity in the Puget Sound Area. Year One developed 
estimates of damage to f i r e  stations within urban portions of the Puget Sound area. 
Estimated impacts on post-earthquake functionality of the Puget Sound area's f i r e  service 
were made, particularly vulnerable facilities which might be cost-effectively upgraded 
wcre identified, and a methodology for  application elsewhere were developed. Year Two's 
objective is to estimate post-earthquake emergency response demand in the Puget Sound 
Arcn. The focus is upon the City of Seattle to (1) utilize seismic hazard information, (2) 
select a Pilot Project Area and inventory a high-hazard class of building, and (3 )  based on 
the inventory, select several examples of this building class and develop vulnerability 
functions for  estimation of damage and collapse. Lastly, (4) estimate damage for  this 
high-hazard building class. 

YEAH ONE RESULTS 

Post-Earthauake Functionalitv. Historically, damage to stations and  other critical 
facilities has impaired post-earthquake functionality. Fire 'stat ions have sustained damage 
in thc 1906 San Francisco, 1925 Santa Barbara, 1933 Long Beach, 1964 Alaska, 1971 San 
Fcrnnndo, 1983 Coalinga, 1984 Morgan Hill, and 1989 Loma Prieta (San Francisco) 
earthquakes. The 1987 Whittier earthquake resulted in demolition orders fo r  two f i re  
stations (just as two were demolished following the 1983 Coalinga earthquake). Unless 
specially reinforced, the large open ground/floor apparatus areas and doors make f i re  
stations, as a structural type particularly vulnerable, to lateral forces. Prior to 1976, the 
Uniform Building Code did not identify f i r e  stations as requiring special reinforcement 
for  earthquake forces. A survey of f i r e  stations in the Puget Sound Region indicates a 
largc number of older f i r e  station structures (Figure 1). Facilities were cataloged, and 
rated as to their seismic vulnerability. Utilizing the estimated ground motions a t  each site 
due to specific scenario earthquake events, damage and likely loss of functionality of the 
f i r c  service, the residual capacity has been estimated, as displayed in Figure 2. 



Part icularly Vulnerable Facilities. Based upon the  results of the inventory process, there 
are  a f e w  areas where relativley high concentrations of severe impacts indicate fu r the r  
engineering review to determine if seismic retrofi t  action is required. These areas are  
downtown Seattle, and  downtown Tacoma, and  a r e  depicted in Figure 2. 

General Methodolonv. A general methodology which can be used as a prel iminary 
assessment tool f o r  ascertaining the general vulnerability of a part icular  f i r e  station to  
ear thquake damage has been developed. T h e  survey f o r m  has been adapted f r o m  the 
ATC-21 Rapid Visual Screening o f  Buildings for potential Seisnzic Hazards: A Handbook, 
and  ATC-22 A Handbook for Seismic Evaluation o f  Exis t ing Buildings, a n d  is intended fo r  
use by non-engineers. For regions of relatively low-seismicity, the ground motion 
parameters a re  estimated based upon the 1988 edition o f  NEHRP Recomnzended Provisions 
for tlte Development o f  Seismic Regulations for New Buildings. This methodology can be 
used by f i r e  departments throughout the U.S. as a f irst  order method to estimate the  need 
f o r  a seismic retrofi t  program. 

YEAR TWO 

Ear thauake  Hazards Maw. In year two, the project focuses on the ci ty of Seattle, i n  a 
program to synthesize available seismic hazard information fo r  shaking, liquefaction, 
landslide, tsunami and  seiche, and building vulnerability into an  ear thquake hazards map. 
A mapping i n  the  San Francisco Bay Area, by the Association of Bay Area Governments 
(ABAG, 1987) has proved to very useful to local governments, and a similar synthesis is 
nccded i n  the Seattle Area. 

Pilot Proiect 
selected, and  
rise building 

Area. Based upon the results of this mapping, a Pilot Project Area will be 
one high-hazard class of building inventoried (a reinforced Concrete mid- 
is the preliminary choice). Even relatively new but non-ductile reinforced 

concrete (RC) buildings can sustain severe damage, as illustrated by the  near-collapse and 
total loss of the Olive View hospital in  the 1971 San Fernando event, or the  similar great 
damage to  the County Services Building in the 1979 Imperial Valley event. Thus,  
buildings of relatively "modern" vintage (ie, 1960's or '70's) as well as buildings of the 
in ter -war  years, may still be seismically very vulnerable. The Pioneer 
Square/Duwamish/West Seattle area,  an  industr ial  a rea  in south central  Seattle, is the 
prel iminary Pilot Project Area, to be confirmed in  the initial stages of the project. 
Vulnerability functions of this building class a re  being developed using techniques 
previously developed by the  Principal Investigator. 

Damage Estimation in Pilot Proiect Area. Using the vulnerability functions developed, an  
estimate will be made as to the damage in  the Pilot Project Area, for  this  high-hazard 
building class. 

Imwlications of Results. The  projected th i rd  year of this s tudy would extend the methods 
a n d  f indings  of the Pilot Project Area to the  majority of the city of Seattle, to provide a n  
estimate of building damage and collapse. This damage estimate, including the demands 
f o r  f i r e  a n d  trapped victim response, would f o r m  the  basis fo r  estimation of emergency 
response demand. This  would be compared against post-earthquake functionali ty ( the 
f i rs t  year f indings) to determine the net  shortfal l  in emergency response, fo r  a major 
Puget Sound earthquake.  
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Wasatch Front and lntraplate Recurrence 

David P. Schwartz 
Branch of Engineering Seismology anf Geology 

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

Menlo Park , CA 94025 
(41 5) 329-5651 

The objective of the project is to define earthquake recurrence models for intraplate 
extensional environments. Work focuses on evaluating the degree to which 
recurrence on fault segments is time dependent or Poisson, quantifying periods of 
quiescence between active cycles on faults, and evaluating temporal clustering on 
adjacent fault segments during active cycles. This information forms the basis for 
formulating approaches for long-term forecasting, including probabilistic analysis, 
of intraplate normal faults. 

Results 

Available Wasatch fault zone (WFZ) paleoseismologic data for the past 6 ka have 
been used to estimate 50- and 100-year Poisson and time-dependent probabilities 
for a M 7 earthquake along the WFZ. Five of the six' active fault segments have 
produced M 7 events during an earthquake sequence that began about 1.4 ka and has 
continued to about 300 years ago. Only the Brigham City segment, with an elapsed 
time of 3.6 ka, has not had an event during this most recent temporal cluster. The 
occurrence of 15 to 17 M 7 events during the past 6 ka, yields 50- and 100-year 
Poisson probabilities (P50 and Pioo ) of 0.12-0.13 and 0.22-0.25, respectively, for an 
event anywhere along the WFZ. Within the current active sequence the average 
repeat time of 183-220 years (5-6 events in 1.1 ka) and the 75-400 interval 
between successive events yields Poisson probabilities of P50 0.16-0.24 and P ~ o o  
0.29-0.42. Poisson probabilities provide no information on the location of the next 
WFZ event. Time-dependent conditional probabilities are based on the geologic 
behavior of individual fault segments. For some segments (Salt Lake, Provo), l 4 C  

estimates of repeat times are quasi-periodic and proportional to slip per event and 
the long-term slip rate (about 1 mmlyr). Other segments (Brigham City, Nephi, 



Weber(?)) appear to release accumulated slip in two relatively closely spaced (<I  ka) 
earthquakes followed by longer intervals. Therefore, no one single recurrence model 
appears to be appropriate for all segments. The most recent faulting episode on the 
Brigham City segment occurred as two events, 3.6 40 .25  and 4.8 4-0.25 ka ago, 
with 1.5-2 m slip per event. The direct recurrence time estimate is 3-4 ka per 

' episode (3-4ml (1 mmlyr)) and the 50- and 100-year conditional probabilities are 
0.03 and 0.07, respectively. For comparison, 100 year probabilities for the other 
Wasatch segments, based on their segment-specific recurrence times, are less than 
0.02. Rupture of the Brigham City segment would complete the current active 
sequence along the WFZ. 

Nishenko, S.P. and Schwartz, D.P., Preliminary estimates of large earthquake 
probabilities along the Wasatch fault zone, Utah (abs): Submitted to Fall 1990 AGU. 



Fault Segmentation: San Andreas Fault System 

David P. Schwartz, Thomas E. Fumal, Karin E. Budding, and Ray J. Weldon 
Branch of Engineering Seismology and Geology 

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

Menlo Park , CA 94025 
(41 5) 329-5651 

The objective of the project is to quantify the behavior of the San Andreas fault 
between Tejon Pass and San Bernadino, and in the Santa Cruz mountains, and of the 
Rodgers Creek fault, with regard to segmentation, recurrence, slip rate, and slip per 
event. These parameters form the basis for long-term earthquake forecasting. 

Results 

1. San Andreas fault-Wrightwood, CA. a) Four trenches were excavated during June 
and July, 1990. These were extensions of deep trenches originally excavated across 
the secondary fault zone at the site in 1988. and allowed us to trace and correlate 
deep stratigraphic units between the main and secondary fault zones. b) 
Digitizing of all trench logs made to date has been initiated This will enable us to 
retrodeforrn the faulted and folded stratigraphic sequence and place tighter 
structural and stratigraphic constraints on the approximately twelve events that we 
have tentatively identified for the past 1300 years of record at this site. c) High- 
precision radiocarbon dates from the University of Washington have been obtained 
for the upper four peats at the site. The ages of these peats bracket the third and 
fourth most recent events at Wrightwood. Using the new dates and the historical 
record, our best estimates of the timing of the four most recent events at 
Wrightwood are: AD 1857, 1812, 1670-1720, and 1525-1630. These differ from the 
earthquake chronology at Pallett Creek, 25 km to the north, reported by Sieh and 
others (1989). Our dates suggest a more regular recurrence, with interevent times 
of less than 200 years. 



2. San Andres fault-Santa Cruz mountains. Investigations have continued on the 
comparison between 1906 and 1989 surface fracturing. We have studied the 
accounts of 1906 faulting, the geomorphology of the fault zone, and a trench across 
the fault. 1906 fracturing between Lexington Reservoir and San Juan Bautista was 
poorly described; no documented right lateral surface faulting along this fault 
segment was reported, and it is unclear whether any occurred. However, analysis of 
aerial photographs asnd surface mapping show that, except for a 6-km-long section 
of the fault across landslide-controlled slopes west of Los Gatos Creek, the San 
Andreas fault zone has a well-defined, geomorphically young surface trace through 
the Santa Cruz mountains. Trenching near the south end of the 1989 aftershock zone 
exposed displaced late Holocene ponded alluvial deposits. The San Andreas fault zone 
in the Santa Cruz mountains appears to be characterized by features that indicate 
recent, repeated strike-slip surface faulting in contrast to 1989. If the Loma Prieta 
event occurred occurred on a rupture surface continuous with the surface trace, 
downdip segmentation and a variable mode of strain release (deep and shallow) are 
required. Alternatively, the source of the 1989 event may not have been the main 
San Andreas fault. 

3. Rodgers Creek fault zone. Seismicity data show a seismic gap along the Rodgers 
Creek fault between Santa Rosa and San Pablo Bay. Initial results of paleoseismic 
investigations within the gap, using offset channels in late Holocene deposits as 
piercing points, indicate a minimum slip rate of 2.1 to 5.8 mm/yr for the past 1300 
years. The preferred range for the m a x i m u m  recurrence interval is 248 to 679 
years. A debris flow and gully at the site have been offset 2 +o.s, -0.2 rn during the 
most recent event. Historical seismicity data indicate a minimum elapsed time of 
182 years since the most recent event. Ten new charcoal samples from trenches 
excavated in April 1990 have been submitted for accelerator mass spectrometry 
dating. 

Budding, K.E., Schwartz, D.P., and Oppenheimer, D. H., Slip, rate, earthquake recurrence, 
and seismogenic potential of the Rodgers Creek fault zone, northern California: 
initial results (submited to Geophysical Research Letters, August, 1990). 

Fumal, T. E., Weldon, R.J., and Schwartz, D.P., 1990, Recurrence of large earthquakes 
along the San Andreas fault at Wrightwood, California (abs): Seismological Research 



Letters, v. 61, no.1, p. 44. 

Schwartz, D.P., and Prentice, C. S. 1990, Surface fractures in the Lorna Prieta area, 
CA: 1906 and 1989 (abs): Seismological Research Letters, v.1 no.1, p.16. 

Schwartz, D.P. and Ponti, D.J. (editors), 1990, Field guide to neotectonics of the San 
Andreas fault system, Santa Cruz mountains, in light of the 1989 Loma Prieta 
earthquake: U. S. Geological Survey Open-File Report 90-274, 38 pp. 



Earthquake Hazards S tud ie s ,  Metropol i t a n  Los Angel es- 
Western Transverse Ranges Regi on 

R .  F. Yerkes 
Branch of Western Regi ona1 Geol ogy 

345 Mi ddl e f i  el d Road MS 975 
Men1 o Park, CA 94025 

Inves t i  ga t i  ons and resul t s  

1. H i s t o r i c  ear thquakes ( W .  H .  K. Lee and Yerkes 1. This  work r eces sed  i n  
f a v o r  of ( 2 )  bel ow. 

2. Geol ogi c s t u d i e s  (P. K. Showal ter ,  C.  M. Wentworth, and Yerkes ). Open 
f i l e d  d i g i t a l  map of 1400 exp lo ra to ry  well s d r i l l e d  i n  t h e  Los Angel es 
1:100,000 quadrangl e, with accompanying tab1 e of geol ogi c d a t a ,  as a p r ecu r so r  
t o  a d i g i t a l  geo logic  map o f  t h e  quadrangle,  p a r t  of t h e  Southern C a l i f o r n i a  
Study Un i t  (NGM Task 1.2.4).  

Canpl e t ed  t o  review s t a g e  f ul 1-col o r  di gi t a l  geol ogi c map of the Thousand 
Oaks 1 :24,000 quadrangl e,  i ncl udi ng di gi  t a l  records of expl o r a t o r y  well s and 
f o s s i l  loca l  i t ies,  as f i rs t  element o f  t h e  d i g i t a l  geo logic  map of t h e  Los 
Angel es 1 :loo, 000 quad. D i  gi  t a l  f i l  es f o r  t h e  adjoi  ning Cal abasas  1 :24,000 
quad a r e  about ha1 f compl e t ed ,  and compilat ion of t h e  next- in-order  Canoga 
Park 1 : 24,000 quad near1 y canpl e ted .  

Reports 

Yerkes , R . F . , and Showal ter ,  P. K. , 1990, Prel  iminary map of expl o r a t o r y  
well s showing bottolwhol e geology and o i l  f i  el d s ,  Los Angel es 1 :100,000 
quadrangl e, southern Cal i forn i  a: U.S. Geol ogi cal Survey Open F i l e  Report 
90- 



Expert Synthesis and Translation of Earthquake Hazard Results 
-A Book for Non-Scientists in the Wasatch Front Region 

14-08-0001-G1671 

W. J. Arabasz and D. R. Mabey 
Department of Geology and Geophysics 

University of Utah 
Salt Lake City, Utah 84 1 12- 1 183 

(801) 581-6274 

Investigations 

This "implementation" project is part of the culmination of recent NEHRP focus on 
Utah's Wasatch Front region. The goals of the project have been: (1) to coordinate with the 
scientific investigators who have worked in the Wasatch Front earthquake-hazards program-in 
order to develop a synthesis of important technical information, (2) to produce intennediate- 
level summaries from those discussions, and finally, (3) to "translate" the technical information 
into a book on the earthquake threat in Utah for non-scientists. The book has been designed to 
appeal to (i) the general public (who must encourage and support elected and appointed 
officials to make decisions on implementing earthquake-hazard-reduction measures), (ii) teach- 
ers and students, and (iii) decision-makers themselves. 

Results (April 1-September 30, 1990) 

Revision and completion of "Consensus Documentw-A Guide to Reducing Losses from 
Future Earthquakes in Utah-(task 2). This document summarizes available technical 
information on the earthquake threat in Utah and was distributed at the Sixth Annual 
Wasatch Front Earthquake Conference (Salt Lake City, June 11-12, 1990). 

Successful negotiations with the Utah Geological and Mineral Survey (UGMS) for pro- 
duction support and publication of our book as a so-called "trade title" (task 3) for gen- 
eral readership in Utah. Contributing support from the UGMS will enable printing of a 

. , . I  * . I  

high-quality book for public appeal, yet allow a significantly reduced retail price. 
(Agreement by the University of Utah Press to co-publish the book with the UGMS is 
still pending.) 

Ongoing collection of resource materials, illustrations, and writing as part of completion 
of draftscript. 

( 'Vote: During the report period, a no-cost extension was requested and granted for this 
award. The project completion date is June 30, 1991 .) 



NEAR-SURFACE LITHOLOGIC AND SEISMIC PROPERTIES 

J.F. Gibbs 
W.B. Joyner 

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

345 Middlefield Road, MS 977 
Menlo Park, California 94025 
415/329-5631 or 415/329-5640 

Measurements of seismic velocity and attenuation to determine the effect of local geology 
on strong ground motion and to aid in the interpretation of seismic source parameters. 

Results 

1. A program has begun to measure seismic velocities in boreholes at U.S.G.S. strong 
motion stations that recorded the Loma Prieta earthquake of 17 October 1989. To 
date most of the sites have been permitted for drilling and a drilling contract is being 
finalized. We anticipate drilling and logging approximately 15 sites over the next year. 

2. The study being conducted from data obtained at Gilroy strong motion stations 1 and 
2 is continuing. Besides borehole Q, measurements at station 2 (10.2 _+ 3.2) in last 
report, the spectral decay parameter K has been determined from records of the Coyote 
Lake earthquake ML = 5.9 of 6 August 1978 and the Loma Prieta earthquake ML = 
7.1 of 17 October 1989. Spectral trends are nearly linear (between 2-20 Hz) for 
recordings at station 1 (rock) and at station 2 (alluvium) for the Coyote Lake earth- 
quake. The resulting Kappa values are 0.02117 and 0.06620 respectively. For the 
Loma Prieta earthquake the spectrum from recordings at station 1 has a linear trend 
but at station 2, the spectrum has a pronounced sage between 6 and 9 Hz. The 
resulting Kappa values are 0.05758 at station 1 and 0.05714 at station 2 with the slope 
constrained between 2-20 Hz. 

Revorts 

No reports this period. 



The I m p l e m e n t a t i o n  o f  an Ear thquake Hazard M i t i g a t i o n  
Program i n  S a l t  Lake County:  Phase I 1  

C o n t r a c t  Number: 14-08-0001-G1797 

I n v e s t i g a t o r s  : Gary Madsen, Loren Anderson, 
and G e r o l d  Barnes 

U tah  S t a t e  U n i v e r s i t y ,  Logan, U tah  84322-0730 

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

T h 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  d e v e l o p  an e a r t h q u a k e  
hazard  preparedness program f o r  Sal t Lake County i n v o l v i n g  pub l  i c  o f f i c i  a1 s,  
community groups,  and t h e  g e n e r a l  p u b l i c .  The program i s  b e i n g  des igned  t o  
c r e a t e  h e i g h t e n e d  awareness o f  ea r thquake  prob lems,  g e n e r a t e  p u b l i c  acceptance 
o f  e a r t h q u a k e  h a z a r d  r e d u c t i o n  programs, and e s t a b l i s h  an ea r thquake  haza rd  
m i t i g a t i o n  p l a n  f o r  t h e  coun ty .  We have a l r e a d y  accompl ished t h r e e  p r i m a r y  
t a s k s :  1)  a s s e s s i n g  ea r thquake  haza rd  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  c o u n t y ,  2 )  assess ing  p u b l i c  awareness and u n d e r s t a n d i n g  o f  ea r thquake  
hazards ,  and 3 )  d e v e l o p i n g  an e d u c a t i o n a l  program f o r  Sal  t Lake community g roups .  
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  t a s k s  a r e :  
4)  imp lemen t ing  t h e  e d u c a t i o n  program w i t h  m a t e r i a l s  des igned  f o r  t h r e e  d i s t i n c t  
aud iences ( v o l u n t e e r  o r g a n i z a t i o n s ,  t h e  bus iness  community, and l o c a l  government 
o f f i c i a l  s )  , and 5 j e v a l u a t i n g  t h e  program's e f f e c t i v e n e s s .  

R e s u l t s :  

A c t i v i t i e s  d u r i n g  t h e  l a s t  s i x  months have been d i r e c t e d  toward  p r e s e n t i n g  
t h e  ea r thquake  e d u c a t i o n  v i d e o t a p e  t o  numerous S a l t  Lake Val 1 ey pub l  i c  o f f i c i  a1 s,  
community groups and t h e  g e n e r a l  p u b l i c .  The v i d e o t a p e  was des igned  t o  c r e a t e  
h e i g h t e n e d  awareness o f  ea r thquake  prob lems i n  S a l t  Lake County,  g e n e r a t e  pub l  i c  
acceptance and s u p p o r t  f o r  ea r thquake  r i s k  r e d u c t i o n  programs, and t o  f u r t h e r  
promote h a z a r d  mi t i g a t i o n  p l a n n i n g  among p u b l  i c  o f f i c i a l s .  Two methods were 
employed t o  p r e s e n t  t h e  v i d e o t a p e .  The f i r s t  was t o  deve lop  t e n  c o p i e s  wh ich  
c o u l d  be checked o u t  f r o m  t h e  S a l t  Lake County P l a n n i n g  D i v i s i o n  O f f i c e s .  T h i s  
was f a c i l i t a t e d  b y  newspaper a r t i c l e s  i n  t h e  D e s e r t  News and S a l t  Lake T r i b u n e  
which  i d e n t i f i e d  t h e  c o n t e n t s  o f  t h e  v i d e o  and where i t  was a v a i l a b l e  f o r  check 
o u t .  D u r i n g  a s i x  month p e r i o d  i t  was checked o u t  by numerous groups i n c l u d i n g  
i n d i v i d u a l  f a m i l i e s ,  chu rch  groups,  schoo ls ,  ne ighborhood community groups,  
bus inesses ,  h o s p i t a l s ,  r e a l t o r s ,  p u b l i c  o f f i c i a l s ,  and community c o u n c i l s .  I n  
a l l ,  o v e r  t h i r t e e n  hundred persons v iewed t h e  v i d e o  t h r o u g h  t h i s  c h e c k - o u t  
method. 

The second method was t o  p e r s o n a l l y  show t h e  v i d e o  t o  a  b road  r a n g e  o f  
community, p r o f e s s i o n a l  and government groups.  These i n c l u d e d  t h e  U tah  A d v i s o r y  
Counci 1  on I n t e r g o v e r n m e n t a l  Re1 a t i o n s ,  Cache County emergency preparedness 
seminar,  t h e  T h i r t y - S e c o n d  Annual Conc re te  Conference,  t h e  S a l t  Lake County 
Commissioners and t h e  S a l t  Lake C o u n c i l  o f  Governments. Responses t o  t h e  v i d e o  
have been v e r y  encourag ing .  Numerous c o p i e s  a1 so have been d i s s e m i n a t e d  t o  o t h e r  
p r o f e s s i o n a l s  who a r e  , i n c o r p o r a t i n g  t h e  v i d e o  i n t o  t h e i r  e d u c a t i o n a l  p rograms.  



As a  r e s u l t  o f  t h e  w idesp read  acceptance and use o f  t h e  v i d e o  t h r o u g h o u t  
S a l t  Lake County, i t  was f e l t  i t  was i m p o r t a n t  t o  produce a n o t h e r  one wh ich  wou ld  
have a  l a r g e r  s t a t e w i d e  f o c u s .  A t  t h i s  t i m e  we have been a b l e  t o  secu re  s t a t e  
s u p p o r t  f r o m  t h e  O f f i c e  o f  P l a n n i n g  and Budget and t h e  U tah  G e o l o g i c a l  and 
M i n e r a l  Survey f o r  t h i s  expanded e f f o r t .  
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Obiective: 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. 

Summarv of Research : Information has been collected within the Pacific Northwest 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. Interviews were completed 
during summer 1990 with officials from 17 local chapters of different professional associations, and 
with 27 architects and structural engineers. 

Summarv of Results: The direct impact upon seismic safety of professional recommendations about 
building design is mediated by variation in practice reflective of differing personal philosophies, 
experience, training, and sensitivity to earthquake risks. Various public and private regulatory 
mechanisms help to avert poor seismic design practice of which the major factors are code 
enforcement and liability considerations. The indirect impact through the influence of various chapters 
of professional associations is important as a conduit for technical information, but the earthquake 
network in the Pacific Northwest is too fluid to have sustained policy impact in stimulating change in 
state or local policy. 

The key policy issue stemming from this research is the prospective role of the design professions in 
enhancing local earthquake risk reduction. The research findings concerning the relationship between 
codes and practice suggest substantial change in seismic safety would not occur -- even if warranted by 
new evidence concerning increased risk -- without requisite code revisions and governmental adoption 
of new codes. Given this situation, the code ultimately becomes a restriction on the extent to which 
efforts to alter or extend professional practice will enhance earthquake risk reduction. The clear 
implication is that professional practice is most effectively altered by adopting appropriate seismic 
building code provisions and by strengthening existing code provisions. 
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The Washington D i v i s i o n  o f  Geology a n d  E a r t h  R e s o u r c e s  (DGER) 
i s  a c t i v e l y  i n v e s t i g a t i n g  e a r t h q u a k e  h a z a r d s  statewide, a n d  
p r e s e n t l y  r e c e i v e s  f u n d i n g  f rom t h e  N a t i o n a l  E a r t h q u a k e  Hazard  
R e d u c t i o n  Program (NEHRP) t o  c o n d u c t  e a r t h q u a k e  h a z a r d  m i t i g a t i o n  
s t u d i e s .  DGER h a s  c o n c e n t r a t e d  i t s  e a r t h q u a k e  p rogram on mapping 
Q u a t e r n a r y  d e p o s i t s  i n  t h e  P u g e t  Sound r e g i o n  s u b j e c t  t o  
s e i s m i c a l l y - i n d u c e d  g r o u n d  f a i l u r e ,  a n d  on i n c r e a s i n g  t h e  p u b l i c ' s  
a w a r e n e s s  o f  e a r t h q u a k e  h a z a r d s  i n  Washington s t a t e .  

A main f o c u s  d u r i n g  t h i s  l a s t  y e a r  was t h e  deve lopment  o f  
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  maps f o r  King County,  t h e  most  
p o p u l o u s  c o u n t y  i n  Washington s t a t e .  G e o t e c h n i c a l  b o r i n g  d a t a  
( S t a n d a r d  P e n e t r a t i o n  T e s t  b low c o u n t s ,  g r a i n  s i z e  c u r v e s ,  a n d  
f i e l d  d e s c r i p t i o n s )  are b e i n g  compi led  from p u b l i c  d a t a  s o u r c e s  
s u c h  as t h e  King County B u i l d i n g  a n d  Land Development a g e n c y  a n d  
t h e  Washington Depar tment  o f  T r a n s p o r t a t i o n .  These  d a t a  w i l l  be 
u s e d  t o  e v a l u a t e  t h e  l i q u e f a c t i o n  p o t e n t i a l  o f  v a r i o u s  Q u a t e r n a r y  
d e p o s i t s  t h a t  c a n  b e  mapped r e g i o n a l l y .  DGER s t a f f  a l s o  p r o v i d e  
a d v i c e  a n d  p r e l i m i n a r y  e v a l u a t i o n s  o f  l i q u e f a c t i o n  a n d  
s e i s m i c a l l y - i n d u c e d  l a n d s l i d e  p o t e n t i a l  t o  o t h e r  l o c a l  government  
a g e n c i e s  i n  t h e  P u g e t  Sound r e g i o n .  

A s t u d y  o f  l i q u e f a c t i o n  i n  t h e  c i t y  o f  P u y a l l u p  w a s  p e r f o r m e d  
d u r i n g  t h i s  l a s t  y e a r .  L i q u e f a c t i o n  f e a t u r e s ,  i n c l u d i n g  s a n d  
blows a n d  l a t e r a l  s p r e a d i n g ,  c a u s e d  by  t h e  1949 ( M  7 . 1 )  a n d  1965 
( M  6 . 5 )  e a r t h q u a k e s  were w i d e l y  r e p o r t e d  t h r o u g h o u t  t h e  P u g e t  
Sound r e g i o n .  P r e c i s e  l o c a t i o n s  o f  l i q u e f a c t i o n  phenomena t h a t  
o c c u r r e d  i n  P u y a l l u p  d u r i n g  t h e s e  e a r t h q u a k e s  h a v e  b e e n  o b t a i n e d  
t h r o u g h  r e c e n t  i n t e r v i e w s  w i t h  a number o f  l o n g t i m e  r e s i d e n t s .  
S t a n d a r d  P e n e t r a t i o n  T e s t  (SPT) d a t a  a n d  g r a i n  s i z e  a n a l y s e s  
o b t a i n e d  f rom g e o t e c h n i c a l  b o r i n g s  n e a r  t h e s e  s i tes  a l l o w e d  
d e l i n e a t i o n  o f  t h r e e  p o t e n t i a l l y  l i q u e f i a b l e  s o i l  u n i t s .  P u y a l l u p  
was a t  t h e  same h y p o c e n t r a l  d i s t a n c e  ( 6 5  km 2 2  km) from b o t h  t h e  
1949 a n d  1965 e a r t h q u a k e s .  L i q u e f a c t i o n - r e l a t e d  phenomena were 
commonly r e p o r t e d  f o r  t h e  1949 e a r t h q u a k e ,  b u t  o n l y  a  s i n g l e  s i t e  
o f  s a n d  blow a c t i v i t y  was r e p o r t e d  f o r  t h e  1965 e v e n t .  The 
c r i t i c a l  peak g round  a c c e l e r a t i o n s  (PGAfs) r e q u i r e d  t o  c a u s e  



l i q u e f a c t i o n  f o r  M 6 . 5  a n d  M 7 . 1  e a r t h q u a k e s  were b a c k - c a l c u l a t e d  
from t h e  g e o t e c h n i c a l  b o r i n g  d a t a .  These  c r i t i c a l  PGA's r a n g e d  
from 0 . 1 0  g  t o  0 . 2 0  g  f o r  t h e  l i q u e f i a b l e  s o i l  u n i t s  i n  q u e s t i o n .  
Dur ing  t h e  1965 e a r t h q u a k e  a PGA o f  0 .08  g  w a s  measured  a t  b o t h  
Tacoma a n d  S e a t t l e ,  which are a t  h y p o c e n t r a l  d i s t a n c e s  o f  65 km 
a n d  67 km, r e s p e c t i v e l y .  These  measured  PGAfs are less t h a n  t h e  
minimum c r i t i c a l  PGA ( 0 . 1 0  g )  e s t i m a t e d  f rom t h e  SPT d a t a  a n d  
s i e v e  a n a l y s e s .  I t  w a s  c o n c l u d e d  t h a t  t h e  1965 e a r t h q u a k e  d i d  n o t  
p r o d u c e  t h e  g r o u n d  a c c e l e r a t i o n  a n d  d u r a t i o n  o f  s t r o n g  s h a k i n g  
n e c e s s a r y  t o  c a u s e  l i q u e f a c t i o n  i n  P u y a l l u p .  T h i s  s t u d y  p r o v i d e s  
some v a l i d a t i o n  o f  t h e  methodology t h a t  w i l l  be employed i n  
e v a l u a t i n g  l i q u e f a c t i o n  p o t e n t i a l  t h r o u g h o u t  t h e  P u g e t  Sound 
r e g i o n .  

I n c r e a s i n g  t h e  p u b l i c ' s  a w a r e n e s s  o f  e a r t h q u a k e  h a z a r d s  i n  
Washington s t a t e  i s  a n  i m p o r t a n t  a c t i v i t y  w i t h i n  DGER, as t h e  
D i v i s i o n ' s  p r i m a r y  c h a r t e r  i s  t o  d i s s e m i n a t e  g e o l o g i c  i n f o r m a t i o n  
t o  t h e  p u b l i c .  T h i s  mandate  i s  o f t e n  c a r r i e d  o u t  by  t h e  d i r e c t  
r e s p o n s e  o f  t h e  D i v i s i o n ' s  g e o l o g i c a l  s t a f f , t o  o r a l  o r  w r i t t e n  
i n q u i r i e s  by members o f  t h e  p u b l i c .  I n f o r m a t i o n  C i r c u l a r  85, 
"Washington S t a t e  E a r t h q u a k e  Hazards" ,  i s  t y p i c a l l y  s e n t  as p a r t  
o f  t h e  r e s p o n s e  t o  q u e s t i o n s  r e g a r d i n g  e a r t h q u a k e s  a n d  seismic 
h a z a r d s ,  a n d  o v e r  3000 c o p i e s  o f  I n f o r m a t i o n  C i r c u l a r  8 5  were 
d i s t r i b u t e d  d u r i n g  t h e  l a s t  y e a r .  DGER a l s o  m a i n t a i n s  a 
comprehens ive  p u b l i c  l i b r a r y  on t h e  g e o l o g y  o f  Washington s ta te ,  
a n d  i s  e x p a n d i n g  t h e  r e f e r e n c e  s e c t i o n  p e r t a i n i n g  t o  e a r t h q u a k e -  
r e l a t e d  t o p i c s .  

Besides t h e  t e c h n i c a l  p u b l i c a t i o n s  a n d  maps p r o d u c e d  a n d  
d i s t r i b u t e d  b y  t h e  D i v i s i o n ,  t h e  q u a r t e r l y  Washington G e o l o g i c  
N e w s l e t t e r  p r o v i d e s  a v e h i c l e  f o r  d i s s e m i n a t i n g  e a r t h q u a k e  
i n f o r m a t i o n .  On a v e r a g e ,  one  a r t i c l e  on a n  e a r t h q u a k e - r e l a t e d  
t o p i c  i s  p u b l i s h e d  i n  e a c h  i s s u e ,  as w e l l  as a  l i s t i n g  o f  a l l  new 
l i b r a r y  a c q u i s i t i o n s .  DGER s t a f f  p r e p a r e d  a one  p a g e  summary o f  
" E a r t h q u a k e  T i p s "  which w a s  p u b l i s h e d  i n  t h e  Thurston/Mason 
C o u n t i e s  t e l e p h o n e  book,  a n d  w i l l  b e  i n c l u d e d  i n  phonebooks f o r  
P i e r c e ,  K i t s a p ,  a n d  Lewis C o u n t i e s .  

A s e c o n d  avenue  f o r  i n c r e a s i n g  p u b l i c  a w a r e n e s s  o f  e a r t h q u a k e  
h a z a r d s  h a s  b e e n  t h e  D i v i s i o n ' s  p a r t i c i p a t i o n  a n d  p r e s e n t a t i o n s  a t  
t e c h n i c a l  workshops  a n d  m e e t i n g s .  A l s o ,  DGER s t a f f  g i v e  
i n f o r m a t i o n a l  t a l k s  on t h e  P a c i f i c  Nor thwes t  e a r t h q u a k e  p o t e n t i a l  
a n d  e a r t h q u a k e  h a z a r d  r e d u c t i o n  t o  r e q u e s t i n g  o r g a n i z a t i o n s  a n d  
b u s i n e s s e s .  F i n a l l y ,  DGER s t a f f  o r g a n i z e d  t h e  4 t h  Annual  NEHRP 
Workshop on E a r t h q u a k e  Hazards  i n  t h e  P a c i f i c  Nor thwes t  t h a t  was 
h e l d  o n  A p r i l  17-19, 1990,  i n  S e a t t l e ,  a n d  a t t e n d e d  by  o v e r  300 
p e o p l e .  By c o n t i n u i n g  t o  p r o v i d e  t i m e l y  a n d  a c c u r a t e  g e o l o g i c  
i n f o r m a t i o n  t o  t h e  p u b l i c ,  DGER w i l l  c o n t r i b u t e  t o  e a r t h q u a k e  
h a z a r d  m i t i g a t i o n  i n  Washington s t a t e .  
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I n v e s t i g a t i o n s  

The Global  Seismograph Network (GSN) p r e s e n t l y  c o n s i s t s  o f  11 SRO/ASRO, 
12 DWWSSN, 8 1  WWSSN and 7  I R I S - I  t ype  reco rd ing  s t a t i o n s  l o c a t e d  i n  58 
c o u n t r i e s  and i s l ands  th roughout  t he  world.  The p r ima ry  o b j e c t i v e  o f  t h e  
p r o j e c t  i s  t o  p rov ide  h i g h - q u a l i t y  d i g i t a l  and analog se ismic data f o r  
fundamental earthquake i n v e s t i g a t i o n s  and research, enhancing t he  Un i t ed  
S ta tes  c a p a b i l i t i e s  t o  de tec t ,  l o c a t e  and i d e n t i f y  earthquakes and 
underground nuc lear  exp los ions  i n  suppor t  o f  t e s t  ban issues. Technica l  and 
ope ra t i ona l  suppor t  i s  p rov ided  as funds pe rm i t  t o  keep t he  GSN ope ra t i ng  a t  
t h e  h i ghes t  percentage o f  r e c o r d i n g  t ime poss ib le .  Th i s  suppor t  i nc l udes  
ope ra t i ona l  suppl  i es ,  replacement pa r t s ,  r e p a i r  se rv i ce ,  m o d i f i c a t i o n s  o f  
e x i s t i n g  equipment, i n s t a l l a t i o n  o f  systems and o n - s i t e  maintenance, 
t r a i n i n g  and c a l i b r a t i o n .  A  s e r v i c e  c o n t r a c t  p rov ides  t echn i c i ans  t o  
per form the  suppor t  requi rements as w e l l  as spec ia l  p r o j e c t s  such as o n - s i t e  
no i se  surveys, s i t e  p repara t ions ,  and eva lua t i on  and t e s t i n g  of 
se ismo log ica l  and r e l a t e d  ins t rumenta t ion .  

On-s i te  S t a t i o n  Installation/Matinenance 

1. ANMO - Albuquerque, New Mexico - F i ve  mainenance v i s i t s .  
2. BCAO - Bangui, Cen t ra l  A f r i c a n  Republ ic  - One maintenance v i s i t .  
3. CCM - Cathedrz l  Caves, M i ssou r i  - I R I S - I  i n s t a l l e d .  
4. MAT0 - Matsushiro,  Japan - I R I S - I  i n s t a l l e d .  
5. Due t o  reduced p r o j e c t  f und ing  cons idera t ions ,  maintenance v i s i t s  have 
been c u r t a i l e d  du r i ng  t h i s  per iod .  The systems a t  Bogota (BOCO), Columbia, 
and Lembang (LEM), Indonesia,  have had ca tas t roph i c  f a i l u r e s  and w i l l  remain 
i n o p e r a t i v e  u n t i l  fund ing  i s  a v a i l a b l e  f o r  maintenance o r  replacement o f  t he  
c u r r e n t  system a t  those l o c a t i o n s .  

Resu l ts  

The Global  Seismograph Network con t inues  w i t h  a  combined t o t a l  o f  111 
WWSSN/SRO/ASRO/DWWSSN/IRIS-I s t a t i o n s .  The main e f f o r t  o f  t h i s  p r o j e c t ,  as 
fund ing  permi ts ,  i s  t o  f u r n i s h  t h e  types o f  suppor t  a t  a  l e v e l  needed t o  
keep t he  GSN a t  t he  h i g h e s t  percentage o f  ope ra t i ona l  t ime  i n  o rde r  t o  
p rov ide  the  improved geographica l  coverage w i t h  analog and d i g i t a l  data f rom 
h i g h l y  s e n s i t i v e  sho r t - pe r i od  and broadband se ismic sensor seismograph 
systems. Seventy- f ive WWSSN s t a t i o n s  have been conver ted f rom photographic  
r eco rd ing  t o  thermal record ing .  T h i r t y - e i g h t  s t a t i o n s  opera te  w i t h  s i x  
components. F i ve  s t a t i o n ,  BKS, FVM, GSC, HON and LUB, con t i nue  w i t h  
photographic  record ing .  The seven IR IS - I  s t a t i o n s  a r e  Albuquerque, 



New Mexico; Kipapa, Hawaii ; Matsushiro,  Japan; Cathedral  Caves, M i ssou r i  ; 
Harvard, Massachusetts; C o r v a l l  i s ,  Oregon; and Pasadena, Cal i f o r n i a .  
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I n v e s t i g a t i o n s  

U.S. S e i s m i c i t y .  Data from t h e  U.S. Se i smic  Network (USSN) a r e  used t o  
o b t a i n  p r e l i m i n a r y  l o c a t i o n s  and magnitudes of s i g n i f i c a n t  e a r t h q u a k e s  
throughout  t h e  Uni ted  S t a t e s  and t h e  world. 

R e s u l t s  

A s  a n  o p e r a t i o n a l  program, t h e  USSN o p e r a t e d  normal ly  th roughout  t h e  r e p o r t  
pe r iod .  Data were recorded  c o n t i n u o u s l y  i n  r e a l  t ime  a t  t h e  Na t iona l  Ear th -  
quake I n f o r m a t i o n  C e n t e r ' s  (NEIC) main o f f i c e  i n  Golden, Colorado. A t  t h e  
p r e s e n t  t i m e ,  80 channe l s  of SPZ d a t a  a r e  be ing  recorded  a t  Golden on 
d e v e l o c o r d e r  f i l m .  T h i s  i n c l u d e s  d a t a  t e l e m e t e r e d  t o  Golden v i a  s a t e l l i t e  
from both  t h e  Alaska Tsunami Warning Cen te r ,  Palmer,  Alaska,  and t h e  P a c i f i c  
Tsunami Warning C e n t e r ,  Ewa Beach, Hawaii. A r e p r e s e n t a t i v e  number of SPZ 
channe l s  a r e  a l s o  recorded  on H e l i c o r d e r s  t o  g i v e  NEIC r e a l - t i m e  moni to r ing  
c a p a b i l i t y  of t h e  more a c t i v e  s e i s m i c  a r e a s  of t h e  Uni ted  S t a t e s .  I n  addi-  
t i o n ,  18 channe l s  of LPZ d a t a  a r e  recorded i n  r e a l  t ime on m u l t i p l e  pen 
H e l i c o r d e r s .  

Data from t h e  USSN a r e  i n t e r p r e t e d  by r e c o r d  a n a l y s t s  and t h e  s e i s m i c  read- 
i n g s  a r e  e n t e r e d  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 t andby  p e r s o n n e l  t o  moni tor  s e i s m i c  a c t i v i t y  i n  t h e  Uni ted  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  s u p p o r t  t h e  
Alaska Tsunami Warning Center  and t h e  P a c i f i c  Tsunami Warning S e r v i c e .  A t  
t h e  p r e s e n t  t ime ,  a l l  e a r t h q u a k e s  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 u s i n g  t h e  "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  s u c h  
!\lEIS p u b l i c a t i o n s  a s  t h e  "Pre l iminary  Determinat ion of E p i c e n t e r s "  and t h e  
"Earthquake Data Report  .I1 

Development i s  c o n t i n u i n g  on a n  Event De tec t  and Ear thquake Locat ion System 
t o  p rocess  d a t a  g e n e r a t e d  by t h e  USSN. We e x p e c 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 s e  d u r i n g  1990. A t  t h a t  t i m e ,  t h e  u s e  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 s c o n t i n u e d .  Ray Buland and David Ketchum 
have been doing t h e  developmental  programming f o r  t h e  new system. A VAX 
3800 w i l l  be used a s  t h e  primary computer of t h e  Event De tec t  and Ear thquake 
Loca t ion  System. 



Five  s t a t i o n s  of o u r  p i l o t  VSAT Network have had new equipment i n s t a l l e d  t o  
use  t h e  new U.S. Na t iona l  Seismic  Network VSAT system wi th  t h e  Master E a r t h  
S t a t i o n  l o c a t e d ' i n  Golden, Colorado. Three of t h e  s t a t i o n s  a r e  t h e  former 
KSTN s i t e s  a t  McMinnville, Tennessee,  S t .  Regis F a l l s ,  New York, and Black 
H i l l s ,  South Dakota, which a r e  now o p e r a t e d  by t h e  Branch of Global Se i s -  
mology and Geomagnetism. The f o u r t h  s i te  i s  t h e  former AFTAC Array n e a r  
Boulder ,  Wyoming, and t h e  f i f t h  s i t e  i s  a t  what was fo rmer ly  t h e  Newport 
Observa to ry ,  Newport, Washington, which i s  no l o n g e r  a manned s i t e .  I n  
a d d i t i o n ,  VSAT1s have been i n s t a l l e d  a t  t h e  Albuquerque Seismic  Labora to ry  
and a t  t h e  former World Wide s i t e  a t  Bergen Park,  Colorado. 
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I n v e s t i g a t i o n s :  --- 
1. The process o f  s e l e c t i o n  o f  s t r uc i u i *es  t o  be recommended f o r  s t rong-mot ion  

i n s t r u m e n t a t i o n  has con t inued  i n  Orange County, Hawai i ,  and Puget Sound 
( S e a t t l e ) ,  Reno (Nevada), and Puerto Rico, Th i s  e f f o r t  has a l s o  been ex- 
ended t o  S a l t  bake C i t y .  

2. The process t o  des ign  i n s t r u m e n t a t i o i  schemes f o r  se l ec ted  s t r u c t u r e s  has 
cont inued.  Permi ts  f o r  a  s t r u c t u r e  i n  Orange County, C a l i f .  have been ob- 
t a i ned .  Cur ren t  e f f o r t s  a r e  be ing  made t o  o b t a i n  p e r m i t s  f o r  s t r u c t u r e s  
i n  Hawai i  and S e a t t l e .  

3. The process o f  imp lementa t ion  o f  i n s t r u m e n t a t i o n  f o r  those s t r u c t u r e s  f o r  
which i n s t r u m e n t a t i o n  schemes have been designed has been completed i n  
Anchorage, Alaska and Orange Co~ti-tty, C a l i f o r n i a .  The s t rong-mot ion  
r e c o r d i n g  systems i n  t h e s e  b u i l d i n g s  a r e  now o p e r a t i o n a l .  

4 .  Non-des t ruc t i ve  dynamic t e s t i n g  o f  Salt+ Lake C i t y  and County B u i l d i n g  i s  
t o  be c a r r i e d  o u t  p r o g r e s s i v e l y  t g  eva lua te  t h e  dynamic c h a r a c t e r i s t i c s  o f  
t he  b u i l d i n g  b e f o r e  and a f t e r  be i ng  r e h a b i l  i t a t e d  by base i s o l a t i o n .  

5. The min imal  i n s t r u m e n t a t i o n  i n  a  b u i l d i n g  i n  Alharnbra, southern C a l i f o r -  
n i a ,  has been upgraded t o  c o n t a i n  ex tens i ve  i n s t r u m e n t a t i o n  t o  a c q u i r e  
s u f f i c i e n t  da ta  t o  s tudy  complete response modes o f  t h e  b u i l d i n g .  A s e t  
o f  r eco rds  i s  ob ta ined  d u r i n g  t h e  Uplands earthquake. Th i s  w i l l  be com- 
pared w i t h  t h e  W h i t t i e r  (October 1, 1987) ear thquake da ta  which was code- 
t ype  - 

6. . Agreements have been made w i t h  LJCk,W t o  conve r t  t h e  w ind-mon i to r ing  system 
i n  t h e  Theme B u i l d i n g s  i n  Los Wngeies ( p r e v i o u s l y  f i nanced  by MSF) i n t o  a  
s t rong-mot ion m o n i t o r i n g  systerrl, PI ans  a r e  be ing  made t o  implement t h e  
convers ion.  

7. S tud ies  o f  r eco rds  o b t a i n e d  F r o m  instr i jr isented s t r u c t u r e s  a r e  c a r r i e d  ou t .  
I n  p a r t i c u l a r ,  t h e  t-ecords ob ta ined  d u r i n g  t h e  October 1, 1987 W h i t t i e r  
Narrows earthquake f r o m  1100 N i l s h i r e  Finance B u i l d i n g  (Los Angeles),  t h e  
Bech te l  B u i l d i n g  (Norwalk] ,  and t h e  Sarrta Ana R i ve r  B r i dge  (base - i so l a ted )  
a r e  be ing  i n v e s t i g a t e d .  Papers and o p e n - f i l e  r e p o r t s  a r e  prepared. 

8. S tud ies  o f  r e c o r d s  ob ta ined  from ins t rumented  s t r u c t u r e s  d u r i n g  t h e  Octo- 
ber  17, 1989 Lorna P r i e t a  earthquake a r e  c a r r i e d  ou t .  I n  p a r t i c u l a r ,  
Transamerica B u i l d i n g  i n  San Franc isco  and P a c i f i c  Park Plaza i n  Emery- 
v i l l e  have been i n v e s t i g a t e d ,  Papers are  prepared. 



R e s u l t s :  -- 
1, The Hawai i  commit tee on s t r o n g  m o t i o n  i n s t r u m e n t a t i o n  o f  s t r u c t u r e s  has 

completed i t s  d e l i b e r a t i o n s  and a  d r a f t  r e p o r t  i s  b e i n g  prepared.  

2. A f i n a l  r e p o r t  o f  t h e  Puget Sound ( S e a t t l e )  a d v i s o r y  commit tee f o r  st rong-,  
mo t ion  i n s t r u m e n t a t i o n  has been completed.  

3. Papers r e s u l t i ~ i g  f rom s t u d y  o f  r e c o r d s  o b t a i n e d  f r o m  s t r u c t u r e s  a r e  p r e -  
pared. 

4. An i n v i t e d  t a l k  g i v e n  on Seismic M o n i t o r i n g  o f  S t r u c t u r e s  a t  t h e  NCEER, 
B u f f a l o ,  New York ( A p r i l  1990).  

5. I n v i t e d  t a l k s  on r e c o r d s  f r o m  s t r u c t u r e s  g i v e n  i n  T a i p e i  and Tokyo. 

6. I n v i t e d  t a l k  on s t r u c t u r a l  i n s t r u m e n t a t i o n  and d a t a  g i v e n  a t  U.C. B e r k e l e y  
on A p r i l  30, 1990. 

7 ,  I n v i t e d  t a l k  on s t r u c t u r a l  response r e c o r d s  t o  be g i v e n  i n  ASCE Congress 
i n  November 1990 (San F r a n c i s c o ) .  

Repor ts  : - 
Gel e b i  , M e ,  1989, Seismic m o n i t o r i n g  o f  s t r u c t u r e s - - 0 b J e c t i v e s  and ana lyses  o f  

r e c o r d s  f rom s t r u c t u r e s :  U.S.-Japan Panel ,  (Wind and Seismic E f f e c t s ) ,  
May 1989. 

C e l e b i ,  M e ,  and Safak,  E., 1990, Study o f  ea r thquake  r e c o r d s  f rom s e l e c t  t a l l  
b u i l d i n g s :  completed i n v i t e d  paper f o r  T a l l  B u i l d i n g s  Conference, Novem- 
b e r ,  1990. 

C e l e b i ,  M., Safak,  E., and Youssef, N., 1990, Coupled t o r s i o n a l  response o f  a  
un ique  b u i l d i n g :  Proceedings,  N a t i o n a l  Conference on Earthquake Engineer -  
i n g ,  4 th ,  Palm Spr ings ,  C a l i f o r n i a .  

C e l e b i ,  M., 1990, Types o f  s t r u c t u r a l  damage, i n  E f f e c t s  o f  t h e  Loma P r i e t a  
ea r thquake  on t h e  Mar ina D i s t r i c t ,  San F ranc isco ,  Ca .: U.S. Geo log ica l  
Survey Open-F i le  Repor t  90-253. 

C e l e b i ,  M., and Safak,  E., 1990, Study o f  ear thquake r e c o r d s  f rom s e l e c t  t a l l  
b u i l d i n g s :  T a l l  B u i l d i n g s  Conference, Hong Mong, November 1990 ( i n v i t e d  
paper)  = 

Ce leb i ,  M., and Safak, E., 1990, Recorded se ism ic  response o f  Transamerica 
B u i l d i n g  ( P a r t  I - D a t a  and P r e l i m i n a r y  A n a l y s i s ) ,  paper i n  rev iew.  

Safak, E., and C e l e b i ,  M., 1990, Recorded se ism ic  response o f  Transamerica 
B u i l d i n g  ( P a r t  I I - S y s t e m  I d e n t i f i c a t i o n )  , paper i n  rev iew.  

C e l e b i ,  M., and Safak,  E., 1990, Recorded se ism ic  response o f  P a c i f i c  Park 
P laza  ( P a r t  I - D a t a  and Pre ' l i rn inary  A n a l y s i s ) ,  paper i n  rev iew.  



Safak, E., and C e l e b i ,  M., 1990, Recorded se ismic  response o f  P a c i f i c  Park 
P laza ( P a r t  11-System I d e n t i f i c a t i o n )  , paper i n  rev iew.  

C e l e b i ,  M., and Safak, E., 1991, Recorded responses o f  two  t a l l  b u i l d i n g s  
dub ing  t h e  10117/1989 Lorna P r i e t a  ( C a l i f o r n i a )  earthquake: ASCE S t r u c -  
t u r e s  Congress, A p r i l  29-May I ,  1991, I n d i a n a p o l i s ,  Ind iana ,  i n v i t e d  
paper. 

Safak, E., and C e l e b i ,  M., 1990, Analyses o r  recorded responses o f  two  h i g h -  
r i s e  b u i l d i n g s  t o  Loma P r i e t a  main shock, paper i n  rev iew.  
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Investigations 

1. Effects of Earth structure on NEIC reporting services. The NEIC now 
uses broadband data to routinely compute parameters such as depth from 
differential arrival times, radiated energy, and arrival times of late- 
arriving phases. To assure the accuracy of source parameters derived from 
waveforms, we are developing corrections for the effects of wave propagation 
in the Earth. 

2. Use of differential travel-time anomalies to infer lateral hetero- 
geneity. We are investigating lateral heterogeneity in the Earth by 
analyzing differential travel times of phases that differ in ray path only 
in very narrow regions of the Earth. Because such phases often are 
associated with complications near the cusp or caustic, their arrival times 
cannot be accurately read without special consideration of the effects of 
propagation in the Earth as well as additional processing to enhance 
arrivals. 

3. Use of body wave pulse shapes to infer attenuation in the Earth. In 
previous work, we developed techniques to determine the depth- and 
frequency-dependence of attenuation in the Earth. Resolution of this 
frequency dependence requires analysis of a continuous frequency band from 
several Hz to tens of seconds as well as consideration of the contributions 
of scattering and slab diffraction to apparent broadening of a pulse. We 
are now in the process of documenting Q for surface events and for events at 
different depths. 

Results 

1. Effects of Earth structure on source parameters. Body waves that touch 
internal caustics in the Earth are distorted in a way that can be mathemati- 
cally corrected by Hilbert transformation. The correction for this pulse 
distortion has generally not been recognized in the practice of record 
interpretation. We are evaluating the effect on phases that are commonly 
read by analysts and the possible effect on tomographic inversions which 
take reported arrival times of body waves on face value. 



2. Use of differential travel-time anomalies to infer lateral hetero 
geneity. We have developed a source-deconvolution technique that resolves -- 
differential travel times of body waves near cusps and caustics. Applica- 
tion of this algorithm to PKP waves sampling the inner core suggests that 
regional velocity variations exist within the upper 200 km of the inner 
core. The regional variations are consistent with those obtained from 
global inversions of absolute PKP times. We are reading high-quality 
arrival times of PCP and branches of PKP, corrected for propagation effects. 
This accumulation of data can be used to determine if propagation phenomena 
have biased the catalog data which have been used to derive models of 
lateral heterogeneity. 

3. Use of body wave pulse shapes to infer attenuation in the Earth. The 
frequency-dependent Q model of Choy and Cormier (1987) has been crucial to 
the practical implementation of some algorithms that are used to compute 
source parameters. It was incorporated into the semi-automated version of 
the algorithm of Boatwright and Choy (1986) for use by the NEIC in computing 
radiated energies of earthquakes with mb > 5.8. This Q model also provided 
the crucial attenuation correction in the technique described by Choy and 
Boatwright (1988) and Boatwright and Choy (1989) which derives acceleration 
spectrum from far-field broadband data. We are now attempting to separate 
intrinsic attenuation from scattering in waveforms. We synthesize waveforms 
using a method that simultaneously models causal attenuation and source 
finiteness. Under the assumption that intrinsic attenuation can be 
described by minimum phase operators, we can attribute discrepancies in 
the waveforms to scattering. 
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Investigations ---- 

1. Relocate instrumentally recorded U o S a  earthquakes using the method of 
joint hypocenter determination (JHD) or the master event method, using sub- 
sidiary phases ( ~ g ,  S, Lg) in addieion to first arriving P-waves, using 
regional travel-time tables, and expressing the uncertainty of the computed 
hypocenters by means of confiderlce ellipsoids on the hypocentral coordin- 
aceso 

2. Evaluate the implications of elae reirised hypocenters on regional 
tectonics and seismic risk in f i e  UoSa 

3. Use JHD to study foreign earthquake sequences that have unusual 
potential to shed light on issues that are imporcant to seismic-hazards 
analyses in the U.S, 

Results 

D. W. Gordon continues to investigate seismotecfonic relationships in the 
Northern Great Plains region (lat 37' N e - ~ 4 9 "  M e p  long 94" W.-105' We), on 
the basis of the available earthquake data and an evolving plate-tectonic 
model of the Precambrian basemen&, The laode1 characterizes the region as a 
collage of fazult-bounded teararres ; a~nolrag which ,  are Archean microcontinents , 
accreeed vol.canic-arcs, ini:racratonfc secii~lacntairy basins, and an aborted 
continental rift (S i rns ,  Po KO, 1990, i12Sj  &o%ogical Survey MkP 1-1853-A). 
Sets of northwest- and northeast-trending Precambrian wrench faults, some of 
which were evidently reactivated in the Plianerozoic, crisscross the region. 

The historical data base covering the xegion spans about 130 years and, 
excluding foreshocks and af tershoeks, contains about 200 earthquakes 
(Plaximu~n Intensity 111 or larger, and/or mb 3 - 0  or larger), The regional 
catalog is approximately complete at the magnitude (mb) 3.5 level for the 
period since 1900. On average, sli6cks o.f t h i s  s i z e  or larger occur in the 
region every 1.5 years, Earthquake reporting in the region was very 
i.ncousisterat before 1900; ahorat tvco-.thi.rds of the events listed i.n the 
regional catalog represent the period siuce 1925. The largest historic 
earthquakes in the region have had mag-i~ktudea in the  5.0 to 5.5 range. 

Due to imprecise epicenters and focal. depths, one-to-one correspondence 
between individual earthquakes and f a u 1 . t ; ~  csu seldoril be established. 



However, the overall distribution of seismicity exhibits remarkable spatial 
agreement with the principal Precambrian faults and suture zones in the 
region. For example, the distribution of epicenters of a dozen light shocks 
in South Dakota and northeastern Nebraska suggests that they are associated 
with the Reservation fault, a northwest-trending Precambrian fault reacti- 
vated in the Phanerozoic. The relatively well-located epicenters of about 
20 minor to light earthquakes are concentrated along similar, northwest- 
striking, faults in south-central South Dakota. In general, with few 
exceptions, clusters of epicenters coincide with areas of significant 
basement structure. 

Macroseismic data from earthquakes in the region suggest that the 
Precambrian terranes and associated crustal structures have a significant 
influence on isoseismal patterns. Relatively broad suture zones between 
terranes seem to control the configurations of isoseismals, in that seismic 
intensity apparently falls off more rapidly across suture zones than it does 
within terranes. In some cases. Precambrian wrench faults sharply define 
the boundaries of meizoseisrnal zones. Isoseismals of well-observed shocks 
show great complexity. In isoseismal maps of widely felt earthquakes 
occurring in the past six decades, lobes of anomalously high intensity tend 
to follow the axes of major elongate structural elements such as the 
Midcontinent Rift System. 
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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 a n d a r d  g l o b a l  t r a v e l - t i m e  t a b l e s  t o  
l o c a t e  ea r thquakes .  

2. Arrival-Time Data. Coord ina te  p lann ing  f o r  an  I n t e r n a t i o n a l  Seismo- 
l o g i c a l  Observing Per iod  (IS0P)--a t ime  i n t e r v a l  d u r i n g  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. Ear thquake Locat ion i n  I s l a n d  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  ea r thquakes  i n  i s l a n d  a r c s .  

4. Subduct ion Zone S t r u c t u r e .  Develop t echn iques  t o  i n v e r t  s e i s m i c  t r a v e l  
t i m e s  simu1,taneously f o r  e a r t h q u a k e  l o c a t i o n s  and subduc t ion  zone s t r u c t u r e .  

R e s u l t s  

1. Travel-Time Tables .  The s t a n d a r d  t r a v e l - t i m e  t a b l e s  used by se ismologi-  
c a l  a g e n c i e s  such  a s  t h e  N a t i o n a l  Earthquake In format ion  Center  ( N E I C )  i n  
Golden, Colorado, USA, and t h e  I n t e r n a t i o n a l  Se i smolog ica l  Cen t re  (ISC) i n  
Newbury, U.K., a r e  t h e  J e f f r e y s  and Bul len  t a b l e s  pub l i shed  i n  1940. These 
t a b l e s  were developed over  t h e  p e r i o d  1930-1939, making use  of r e p o r t e d  
a r r i v a l  t imes  of s e i s m i c  phases  a t  a s p a r s e  g l o b a l  network of s t a t i o n s  f o r  
which t ime keeping was f r e q u e n t l y  n o t  r e l i a b l e .  

Although t h e  l i m i t a t i o n s  of t h e s e  t a b l e s  ( J e f f r e y s  and Bul len ,  1940) ,  
e s p e c i a l l y  i n  t h e  proper  i d e n t i f i c a t i o n  of l a t e r  a r r i v i n g  c o r e  p h a s e s ,  have 
been recognized  f o r  some t ime ,  no o t h e r  t a b l e s  p rov ide  such a complete 
r e p r e s e n t a t i o n  of t h e  P, S ,  and c o r e  phases .  A major e f f o r t  t o  improve 
P-wave t r a v e l  t imes  was made i n  1986 based on t h e  u s e  o f  w e l l - t i n e d  under- 
ground n u c l e a r  e x p l o s i o n s  a s  w e l l  a s  ea r thquakes  ( H e r r i n ,  1968). Subse- 
q u e n t l y ,  a number of s t u d i e s  were made t o  t r y  t o  improve knowledge of S 
t i m e s ,  e i t h e r  d i r e c t l y  (Ha les  and Rober t s ,  1979; Randal l ,  1971) o r  v i a  P-S 
d i f f e r e n t i a l  t i m e s  (Uhrhammer, 1971).  

The ISC has  b u i l t  up a major d a t a  b a s e  of t h e  s t a t i o n  r e a d i n g s  used i n  
e s t a b l i s h i n g  ea r thquake  l o c a t i o n s .  Th i s  d a t a  set now e x t e n d s  over  more t h a n  
20 y e a r s  (1964-1988) wi th  over  6 m i l l i o n  a r r i v a l - t i m e  r e a d i n g s  a t  n e a r l y  



3,000 seismic stations. This set of arrival times has been made available 
in digital form, originally o~ magnetic t a p e  and recently for the period 
1964-1987 on CD-ROM. Although the geographic distribution of stations is 
somewhat patchy and most sources occur in a limited number of seismic zones, 
the cumulative data set gives a good coverage of the in~erior of the Earth. 
The ISC data has played an important role in the development of recent Earth 
models such as PKEM (Dziewonski and Anderson, 1981) and in studies of the 
lateral heterogeneity of the Earth (see e.g. Inoue et al., 1990). 

With the extensive ISC data set for a period where station time can be 
determined accurately, it is feasible to construct a set of travel-time 
tables for the major seismic phases with greater precision than Jeffreys and 
Bullen (1940) could attain. In 1987, the International Association of 
Seismology and the Physics of the Earth's Interior (IASPEI) requested its 
Subcommission on Earthquake Algorithms to propose a suitable set of table 
times for use in global earthquake location. Kennett and Engdahl (1990) 
describe the progress which has been made in the generation of such tables 
and presents a set of summary tables for the main seismic phases. The 
primary form of the tables is a computational algorithm. 

2. Arrival-Time Data. Participated in Workshop on Seismological Instru- 
mentation and Data Analysis in Africa at the IASPEI/ICL/U~~SCO Regional - 
Assembly in Nairobi, Kenya. Presented paper on the International Seismo- 
logical Observing Period (ISOP) in Africa. ISOP is a specific time interval 
designated for enhanced international cooperation in the collection and 
dissemination of observatory measurements from the global seismographic 
network. The ISOP project is sponsored jointly by IASPEI, by the IUGG 
Inter-Association Commission on the Study of the Earth's Deep Interior 
(SEDI), and by the Inter-Union Commission on the Lithosphere (ICL). The 
primary goal of ISOP is to strengthen the international infrastructure that 
supports current seismological practice and increase the cooperation among 
nations that operate seismological observatories. 

Measurements reported by the existing global network and compiled by 
agencies such as the ISC are providing new information about earthquakes and 
Earth structure of fundamental importance to the Earth Sciences. A goal of 
the ISOP 5s to collect improved sets of observatory data; in particular, the 
ISOP will encourage the measuremenc and reporting of high-frequency later- 
arriving phases from specific earthquakes selected for detailed observation 
by cooperating stations during a fixed ISOP period. Toward this goal, 
current reporting practice by African observatories will be reviewed and 
plots of arrival-time data reported to the ISC presented. 

The deployment of advanced digitally recording instrumentation provides an 
unprecedented opportunity to enhance the methods of seismogram interpreta- 
tion and seismic parameter extraction through implementation of digital 
processing methods at seismic observatories worldwide. It must be ensured 
that this new information will be available to the seismological community 
at large. It is believed that thfs purpose is best served with an ISOP that 
promotes the development toward increased on-site analysis at digital 
stations. Examples of how interaxtive processing of digital data can be 



accomplished on low-cost PC's at African digitally recording stations were 
presented. 

Improvements in seismology require truly international cooperation, and the 
educational aspects of seismological practice form one of the goals of the 
ISOP. Thus, workshops will be needed to train analysts in ISOP procedures 
and to introduce them to modern techniques and applications of the data. 
Participants will thus benefit from theoretical results and practical 
experience that are of direct relevance to their own work. Participation of 
African countries in ISOP workshops is anticipated. 

3. Earthquake Location in Island Arcs and 
4. Subduction Zone Structure. In the particular case of the NW pacific, 
results of P delay-time tomography do not show sufficient resolution in the 
down-dip direction of subduction zones to provide a conclusive answer to the 
question of slab penetration. An attempt was made to improve the resolution 
in the down-dip direction by the incorporation of pP phases. Van der Hilst 
and Engdahl (1990) showed that: (1) pP waves sample Earth structure that is 
not adequately sampled by the direct phases (e.g., shallow structure below 
back-arc regions); (2) pP rays are oblique to rays of direct P, which is 
especially important when the latter sample mantle structure only in 
selected directions; and (3) pP data give better constraints on focal depth. 

It is important to note that the ISC delay times of phases other than P may 
not be consistent with ISC hypocentral parameters which are determined from 
direct P travel times. In addition, if there are few stations at regional 
distances (e.g. in the case of the Izo Bonin and Mariana subduction zones), 
part of the slab signal will be removed from the ISCINEIC P data and will be 
mapped into the (mis)location of the earthquakes. In the present study, pP 
and P phase data were used to relocate ISC hypocenters prior to the actual 
tomographic inversion. Both for the relocation and for the inversions, 
IASP91 was used as the reference model, which is more appropriate for the 
mantle beneath the NW pacific than the Jeffreys-Bullen model. This reduces 
reference model artifacts in the tomographic images. With the relocated 
earthquakes, the IASP91 model, and approximately 2,300,000 P and 70,000 pP 
delay times (1964-1989) computed for the new hypocenters, linearized tomo- 
graphic inversions were performed. The relocation procedure and present 
images of the subduction zone below the NW Pacific are addressed. Differ- 
ences between inversions of P and pP data, and of P delay times only, are 
focused on. Important conclusions are: (1) The reduction of the data vari- 
ance due to relocation in the IASP91 model is of the same order of magnitude 
as reductions typically obtained upon 3D inversion. (2) Due to relocation, 
the new P data contain more information about subduction zones than the 
original ISC data. As a consequence, velocity perturbations associated with 
subducted lithosphere have higher amplitudes (4-5 percent) than in previous 
studies (3 percent). (3) The spatial resolution in the tomographic images 
improved significantly due to incorporation of pP data and the "smearing" of 
anomalies in the direction of P rays is decreased. (4) High P-wave velocit- 
ies are imaged in the lower mantle below the Japan and Kurile subduction 
zones. (5) In contrast to results of earlier inversions of ISC P delay 
times using ISC hypocenters, with the present method no high velocities are 
imaged in the lower mantle below the Izo Bonin and Mariana subduction zones. 
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Kennett, B.L.N., and Engdahl, E. R., 1990, Travel times for global earth- 
quake location: Geophysical Journal International (submitted). 

Van der Hilst, R. D., and Engdahl, E. R., 1990, On the use of PP and pP data 
in delay time tomography: . Geophysical Journal International 
(submitted). 
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Investigations 

Engineering development to improve the quality of seismic instrumentation. 

Results 

As part of a contract with Sandia National Laboratories, a series of 
evaluation tests was conducted on the Guralp CMG-3s borehole sensor system. 
This study is aimed at identifying noise levels and the sources of noise 
within this instrument system. The data has been analyzed and an Open-File 
Report of the results has been written and is being reviewed. 

A study of potential error sources in analyzing data obtained from 
side-by-side seismometer evaluations has been completed. These error 
sources include sensor misal ignment, numerical precision in the data 
processing, and model appl icabi 1 i ty. An Open-Fi le Report describing this 
study has been written and released. 

A set of Teledyne BB-13 sensors is undergoing evaluation in the Albuquerque 
Seismological Laboratory vault. These measurements have revealed excessive 
noise in the system amplifiers, which the manufacturer is currently 
attempting to reduce. 
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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  ea r thquakes  w i t h i n  t h e  
United S t a t e s  and t h e  c i rcum-Pac i f i c  reg ion .  

2. Development of an o p e r a t i o n a l  methodology t o  p rov ide  r a p i d  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  e a r t h q u a k e s .  

R e s u l t s  

l a .  Ana lys i s  of seismograph network d a t a ,  ea r thquake  c a t a l o g s  from 1727 t o  
1982, and p a l e o s e i s m i c  d a t a  f o r  t h e  c e n t r a l  and e a s t e r n  United S t a t e s  by 
Nishenko and B o l l i n g e r  (1990) i n d i c a t e  t h a t  t h e  Poisson p r o b a b i l i t y  of a  
damaging ea r thquake  (magnitude > 6.0) o c c u r r i n g  dur ing  t h e  nex t  30 y e a r s  i s  
a t  a  moderate t o  h igh  l e v e l  ( 0 . 7  t o  0.6) ( s e e  t a b l e  1) .  When d i f f e r e n c e s  i s  
s e i s m i c  wave a t t e n u a t i o n  a r e  t aken  i n t o  account ,  t h e  c e n t r a l  and e a s t e r n  
Uni ted S t a t e s  has  approximately  two-thi rds  t h e  l i k e l i h o o d  of C a l i f o r n i a  t o  
produce an  e a r t h q u a k e  wi th  comparable damage a r e a  and s o c i e t a l  impact 
w i t h i n  t h e  next  30 y e a r s .  

lb .  As a  consequence of t h e  magnitude 7.1 Loma P r i e t a  ear thquake of 17 
October 1989, t h e  Working Group on C a l i f o r n i a  P r o b a b i l i t i e s  was reconvened 
t o  review and, a s  n e c e s s a r y ,  r e v i s e  t h e  f i n d i n g s  of t h e  1988 Working Group 
r e p o r t  (WGCEP, 1988) f o r  t h e  San Franc i sco  Bay Region. The Bay Area Working 
Group r e p o r t  (WGCEP, 1990) now e s t i m a t e s  t h a t  t h e  chances f o r  one o r  more 
l a r g e  ea r thquakes  i n  t h e  San Franc i sco  Bay r e g i o n  i s  about  0.67 d u r i n g  t h e  
n e x t  30 y e a r s .  

l c .  Study of h i s t o r i c  g r e a t  ea r thquakes  a l o n g  t h e  Peru subduc t 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  t h e  s i z e  of e v e n t s  d u r i n g  t h e  l a s t  400 
y e a r s .  Modified M e r c a l l i  i n t e n s i t y  and tsunami wave h e i g h t s  f o r  e a r t h q u a k e s  
i n  t h i s  c e n t u r y  a r e  compared w i t h  t h e  29 October 1746 and 20 October 1687 
ea r thquakes  by Beck and Nishenko (1990).  The g r e a t  1746 even t  o c c u r r e d  
a long  t h e  same segment of t h e  subduc t ion  zone a s  t h e  24 May 1940 (M-8) and 
17 October 1966 (MW 8.1) ea r thquakes ,  and i s  e s t i m a t e d  t o  have a  magnitude 
(MW) of 8.8 on t h e  b a s i s  of t h e  r a t i o  of n e a r - f i e l d  tsunami wave h e i g h t s  
( u s i n g  t h e  1746 and 1966 e v e n t s ) .  The 1687 even t  probably  rup tured  t h e  3 
October 1974 (MW 8.1) segment a s  w e l l  a s  t h e  a d j a c e n t  segment t o  t h e  s o u t h  
where t h e r e  i s  a t  p r e s e n t  a  gap between t h e  1942 and 1974 r u p t u r e  zones.  I n  
c o n t r a s t  t o  t h e  s i m p l e ,  s i n g l e  a s p e r i t y  n a t u r e  of 20th  Century e a r t h q u a k e s ,  



t h e s e  o l d e r  and l a r g e r  events  may r ep re sen t  mu l t i p l e - a spe r i t y  rup tu re s  a long  
t h e  Peru subduct ion zone. 

2. Work dur ing  FY90 concent ra ted  on i d e n t i f y i n g  and ,implementing method- 
o l o g i e s  f o r  t h e  a c t u a l  computation of ear thquake e f f e c t s .  While we used t h e  
algorthms of Everenden and Thomson (19881, t h e r e  i s  no reason  why o t h e r  
ground motion algorthms cannot be used a s  they become a v a i l a b l e .  The 
primary problem encountered dur ing  t h e  f i r s t  year  i s  not  wi th  t h e  ground 
motion models, but r a t h e r  with t h e  a v t i i l a b i l i t y  of d i g i t a l  geo logic  maps 
wi th  s u f f i c i e n t  res .o lu t ion  t o  provide a s o c i a l l y  u s e f u l  product .  Local s i t e  
geology p lays  an important  ro le  I n  modifying ground motion and must be taken  
i n t o  account.  For FY91 we a r e  planning t o  i n t e g r a t e  t he  ground motion 
algorthms wi th  a Geographic Information System (GIs), The GIS provides  t h e  
necessary  geologic  d i g i t a l  da ta  base with s u f f i c i e n t  r e s o l u t i o n  a t  a v a r i e t y  
of s c a l e s  f o r  our needs* 

Reports 

Beck, S., and Nishenko, Se P . ,  1990, Va r i a t i ons  i n  t h e  mode of g r e a t  
ear thquake rup tu re  a long the  c e n t r a l  Peru subduct ion zone: Geophysical 
Research L e t t e r s ,  v. 1 7 .  

Everenden, J. F., and Thomson, J, Me, 1988, P r e d i c t i v e  model f o r  important 
ground motion parameters a s s o c i a t e d  wi th  l a r g e  and g r e a t  ear thquakes:  
U.S. Geological  Survey B u l l e t i n  1838. 

Nishenko, S. P., and Bo l l i nge r ,  6 .  A , ,  1990, Forecas t ing  damaging e a r t h -  
quakes i n  t h e  c e n t r a l  and e a s t e r n  United S t a t e s :  Science,  v. 249, p. 
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Working Group on C a l i f o r n i a  Earthquake P r o b a b i l i t j e s ,  1988, P r o b a b i l i t i e s  of 
l a r g e  ear thquakes  occur 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-file Report,  88-398, 62 p. 
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Investigations 

Continued work in support of the Eurasian Seismic Studies Project. 

Results 

Following receipt of an export license, equipment was ordered for a broadband 
seismograph system to be installed at  an observatory near Garni, Armenia, 
U.S.S.R. The system being assembled is a somewhat modified Soviet version 
of the IRIS/USGS broadband seismographs being deployed in the Global 
Seismograph Network. It will consist of STS-VBB seismometers with 24-bit, 20 
sample per second encoding, GS-13 short-period seismometers with 16-bit, 100 
sample per second encoding, and an IRIS/USGS type of data acquisition and 
recording system, except that nine-track tape drives will be used in place of 
cartridge recording. Twelve channels of data will be recorded: three- 
component short period in a triggered mode, three-component broadband in 
a continuous mode, plus long-period and very long-period signals derived from 
the broadband data channels. All of the data will be locally accessible from the 
data buffer which has sufficient capacity to store at least 24 hours of 
continuous broadband data. A PC-based data processing system to be furnished 
with the seismograph system will provide station personnel with the capability 
to capture and store events of interest for off-line analysis. A site visit to the 
Garni Observatory was made in September to survey available facilities and 
complete plans for training and installation. 

In a reciprocal arrangement, the USSR side is preparing to install a borehole 
seismograph system at the Albuquerque Seismological Laboratory. A 12-inch 
borehole has been completed successfully, and contracts have been awarded for 
construction of a small building and for a 220 volt, 50 Hz power system. A 
meeting was held in Moscow during September to complete plans for the 
installation scheduled for November. 



Digital Data Analysis 
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Investigations 

1. Moment Tensor Inversion. Apply methods for inverting body phase wave- 
forms for the best point-source description to research problems. 

2. Other Source Parameter Studies. Apply methods for inverting body phase 
waveforms for distributed kinematic and dynamic source properties. 

3. Aftershock Source Properties. Examine mainshock and aftershock source 
properties to study the mechanics of aftershock occurrence. 

4. Broadband Body-Wave Studies. Use broadband body phases to study lateral 
heterogeneity, attenuation, and scattering in the crust and mantle. 

5. Earthquake Recurrence Statistics. Use earthquake recurrence statistics 
and related parameters to better understand the earthquake cycle and study 
how they can be used for prediction and forecasting purposes. 

6. Earthquake Location Studies. Study techniques for improving the robust- 
ness, honesty, and portability of earthquake location algorithms, and 
participate in the construction and implementation of new standard travel- 
times for routine earthquake location. 

7. NEIC Monthly Listing. Contribute both fault-plane solutions (using 
first-motion polarity) and moment tensors (using long-period body-phase 
waveforms) for all events of magnitude 5.8 or greater when sufficient data 
exists. Contribute waveform/focal-sphere figures of selected events. 

Results 

1. Moment Tensor Inversion. A Professional Paper on the 1983 Coalinga 
earthquake has been published. In our contribution we demonstrate, using 
a time-dependent moment-tensor inversion algorithm, that the strike of the 
fault plane rotated clockwise by approximately 10' during rupture. May 1990 
was notable for the large number of unusual earthquakes. We are studying 
several of these earthquakes (in the Alaska Peninsula, Sakhalin Is., 
southern Sudan, and Romania) using the digitally recorded long-period and 
broadband body waves. A study of structural complexity in seismogenic zones 
using earthquake mechanism catalogs is underway. The differences in 



I V .  1 

mechanism f o r  nea rby  e a r t h q u a k e s  a r e  q u a n t i f i e d  and compared t o  t h e  d i f f e r -  
ences  expec ted  based on t h e  u n c e r t a i n t i e s  i n  t h e  moment-tensor sol:t?.ons, 
I n  a r e a s  where t h e  d i f f e r e n c e s  exceed t h o s e  expected we h y p o t h e s i z e  t h a t  
t h e s e  d i f f e r e n c e s  a r e  due t o  v a r i a t i o n s  i n  t h e  o r i e n t a t i o n  of t h e  f a u l t  
s u r f a c e ( s ) .  

2 .  Other  Source Parameter  S t u d i e s .  L i n e a r  and n o n l i n e a r  methods of wave- 
form i n v e r s i o n  a r e  being implemented t o  de te rmine  t h e  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  e a r t h q u a k e s .  k e s u i t s  from a  r e c e n t  n o n l i n e a r  i n v e r s i b n  of t e l e -  - 
s e i s m i c  P-waveforms and strong-motion d a t a  r ecorded  f o r  t h e  1978 Tabas ,  
I r a n ,  e a r t h q u a k e  sugges t  t h a t  t h i s  even t  r u p t u r e d  most ly  w i t h i n  t h e  upper  15 
km of t h e  c r u s t  and o c c u r r e d  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  s u b e v e n t s .  
I n  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 h e  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 t h e  f a u l t  h a s  been a p p l i e d  t o  broadband t e l e s e i s m i c  waveform 
d a t a  r ecorded  f o r  t h e  October 1989 Loma P r i e t a  ea r thquake .  The same 
procedure  i s  a l s o  being employed i n  t h e  s t u d y  of s e v e r a l  r e c e n t  l a r g e  
e a r t h q u a k e s  a long  t h e  Mexico s u b d u c t i o n  zone. 

3 .  Afte r shock  Source P r o p e r t i e s .  Work i s  c o n t i n u i n g  on t h e  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  d e r i v e d  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  e v e n t s .  

4 .  Broadband Body-Wave S t u d i e s .  A d a t a  s e t  of r e l a t i v e l y  broadband s h e a r -  
wave d a t a  h a s  been assembled f o r  t h e  purpose  of s t u d y i n g  deep d i s c o n t i n u i t -  
i e s  i n  t h e  E a r t h .  Another d a t a  s e t  h a s  b e i n g  assembled f o r  t h e  purpose  of 
i d e n t i f y i n g  n e a r - r e c e i v e r  s c a t t e r i n g  of s e i s m i c  waves. Software f o r  b o t h  
s t u d i e s  i s  be ing  developed.  While t r y i n g  t o  r e c o v e r  broadband ground 
d i sp lacement  we d i s c o v e r e d  t h a t ,  when deconvolving an ins t rument  r e s p o n s e ,  
u n l e s s  one e x p l i c i t l y  t a k e s  i n t o  accoun t  t h e  p r o p e r t i e s  of t h e  f i l t e r s  be ing  
used,  e i t h e r  b i a s  o r  i n c r e a s e d  u n c e r t a i n t y  i n  t h e  r e s u l t s  can be i n t r o d u c e d ,  
e s p e c i a l l y  when t a k i n g  i n t e g r a l  measures of t h e  d isplacement  p u l s e .  A new 
op t imal  method f o r  deconvolving t h e  i n s t r u m e n t  r e sponse  h a s  been deve loped  
t h a t  avo ids  t h e  p i t f a l l s  i n h e r e n t  i n  t h e  methods c u r r e n t l y  used. 

5. Ear thquake Recurrence S t a t i s t i c s .  A paper  has  been submi t t ed  f o r  
p u b l i c a t i o n  i n  which t h e  " g e n e r i c , "  c h a r a c t e r i s t i c  ea r thquake ,  r e c u r r e n c e  
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 h a s  been extended t o  p r o v i d e  a 
marg ina l  d i s t r i b u t i o n  f o r  r e c u r r e n c e  i n t e r v a l s  which i s  independent  of t h e  
u n c e r t a i n t y  i n  t h e  median r e c u r r e n c e  i n t e r v a l .  This  pe rmi t s  t h e  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  v a l u e  f o r  t h e  c o n d i t i o n a l  ea r thquake  f o r e c a s t  prob- 
a b i l i t y .  

6. Ear thquake Loca t ion  S t u d i e 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 g roup ,  tau-p t r a v e l  t ime programs were provided on a  UNIX p l a t f o r m .  
Subsequen t ly ,  t h e  tau-p package was modif ied  t o  suppor t  t h e  g e n e r a t i o n  of a  
r e f e r e n c e  E a r t h  model. The s o f t w a r e  h a s  been updated t o  i n c l u d e  t h e  most 
c u r r e n t  proposed IASPEI E a r t h  model, and t h e  number of t r a v e l - t i m e  b ranches  
has  been doubled.  Work i s  c u r r e n t l y  be ing  done on making t h i s  code more 
a c c e s s i b l e  ( i e .  c l e a n e r  u s e r  i n t e r f a c e ,  documentat ion,  s p e c i a l i z e d  code t o  
run on v a r i o u s  computers) .  A j o u r n a l  a r t i c l e  on t h e  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 a v e l - t i m e  r e s i d u a l s  has  been submi t t ed  f o r  p u b l i c a t i o n .  
The r e s u l t s  a r e  l e a d i n g  t o  t h e  development of new a l g o r i t h m s  u s i n g  r o b u s t  



estimation techniques. In this work the statistics of travel-time 
residuals, which are well known, are being applied directly in the location 
algorithm. This has lead to improving the meaningfulness of the estimated 
errors in the locations and in earthquake magnitude. The estimated errors 
in the earthquake origin time are now being examined. A study of the 
statistics of later arriving phases will also be undertaken. 

7. NEIC Monthly Listing. Since January 1981, first-motion fault-plane 
soluzons for all events of magnitude 5.8 or greater have been contributed - 

to the Monthly Listings. Since July 1982, moment-tensor solutions and 
waveform/focal-sphere plots have also been contributed. In the last six 
months, solutions for approximately 93 events have been published. An atlas 
of European seismicity is in preparation. A special map showing the seis- 
micity of the New Madrid region was made for a member of Congress. A 
complete compilation of Mediterranean Sea seismicity is being prepared. 

Reports 
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America (submitted). 

Buland, R. P., and Nishenko, S. P., 1991, Preferred earthquake forecasts and 
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America (submitted). 
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squares waveform inversion of strong motion and teleseismic records to 
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Society of America (submitted). 

Sipkin, S. A., 1990, Use of seismic-source-parameter catalogs to determine 
the roughness of a seismogenic zone [abs.]: Abstracts, ESC Workshop 
on Earthquake Source Mechanism and Seismotectonics, Madrid, Spain. 
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Sipkin, S. A., and Needham, R. E., 1990, Kinematic source parameters of the 
2 May 1983 Coalinga earthquake determined by time-dependent moment- 
tensor inversion and an analysis of teleseismic first motions, in The 
Coalinga, California, earthquake of May 2, 1983: U.S. ~ e o l o ~ i c x  
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S e i s m i c i t y  and Tec ton ics  

Wi l l i am Spence 
Branch of Global  Seismology and Geomagnetism 

U.S. G e o l o g i c a l  Survey 
Denver F e d e r a 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  

S t u d i e s  c a r r i e d  o u t  under t h i s  p r o j e c t  f o c u s  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  e a r t h q u a k e s ,  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 E a r t h  s t r u c -  
t u r e .  S t u d i e s  i n  p r o g r e s s  have t h e  f o l l o w i n g  o b j e c t i v e s :  

1. Explore  t h e  consequences of t h e  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 o f  
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).  

2. Determine t h e  t e c t o n i c  consequences a t  t h e  wes te rn  U.S. caused by 
h e a t i n g  of t h e  s t a l l e d  F a r a l l o n  p l a t e .  

3. Desc r ibe  t h e  e v o l u t i o n  of a f t e r s h o c k  series of t h e  g r e a t  1957 A l e u t i a n  
a r c  ea r thquake  (wi th  T. Boyd and E. R. Engdahl) .  

4. Descr ibe  t h e  e v o l u t i o n  of t h e  a f t e r s h o c k  s e r i e s  of t h e  g r e a t  1974 Peru 
ea r thquake  ( w i t h  Char ley  Langer) .  

R e s u l t s  

1. 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  mant le  t y p i c a l l y  have d i p s  i n  t h e  
range  40-70°, g i v i n g  a n  average  di'p i n c r e a s e  i n  t h e  mant le  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  l e n g t h .  These 
zones  of s h a r p  d i p  i n c r e a s e s  ( s l a b  bends) have n o t  been g i v e n  much a t t e n t i o n  
because g e n e r a l l y  they  l a c k  l a r g e  e a r t h q u a k e s .  This  i s  i n  s h a r p  c o n t r a s t  t o  
t h e  w e l l - s t u d i e d  zones of bending benea th  o c e a n i c  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  e a r t h q u a k e s .  It has  been no ted  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 r m i n a 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  primary f o r c e  t h a t  c a u s e s  s h a l l o w ,  
subduc t ion  ea r thquakes .  The mant le  s l a b  bend a c t s  a s  a  p i v o 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 deep ly  subducted p l a t e .  I n  t h i s  s t u d y ,  we model 
t h e  s t r e s s  d i s t r i b u t i o n  i n  t h e  mant le  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  t h e  observed l a c k  of e a r t h q u a k e s  i n  t h e  mant le  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 duc- 
t i l e  p o r t i o n  of t h e  s l a b  bend i s  more than  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 s u b d u c t i o n  zone,  the reby  producing much of t h e  
s t r e s s  t h a t  u l t i m a t e l y  w i l l  be r e l i e v e d  by a subduc t ion  s t y l e  ea r thquake .  



2. Because t h e  Laramide Rockies were eroded t o  a  l a r g e l y  f e a t u r e l e s s  
s u r f a c e  by about  40 Ma, e x p l a n a t i o n s  a r e  needed f o r  t h e  modern e l e v a t i o n s  
and t e c t o n i c  c h a r a c t e r  of t h e  Rockies ,  t h e  Colorado P l a t e a u ,  and t h e  Basin  
and Range. Taking t h e  s u b - h o r i z o n t a l  F a r a l l o n  p l a t e  t o  have remained i n  
p l a c e  a f t e r  t h e  Laramide orogeny and t o  have been warmed by t h e  u n d e r l y i n g  
a s t h e n o s p h e r e  l e a d s  t o  t h e  r e q u i r e d  e x p l a n a t i o n s .  One consequence of  warm- 
i n g  of t h e  F a r a l l o n  p l a t e  i s  t h e  t r e n d  towards h igher -mel t ing  p o i n t  volcan- 
i c s  t h a t  d e r i v e  from t h e  F a r a l l o n  p l a t e .  The p r e s e n t  low v e l o c i t y  zone of 
t h e  upper  mantle i s  t h e  r e l i c t  F a r a l l o n  p l a t e .  The 90-km-thick p l a t e  under- 
went expans ion  due t o  t h i s  h e a t i n g  and t o  t h e  fo rmat ion  of p a r t i a l  me l t  
w i t h i n  t h e  p l a t e .  Th i s  expans ion  and t h a t  due t o  h e a t i n g  of t h e  o v e r l y i n g  
p l a t e  l e d  t o  i s o s t a t i c  u p l i f t  of  abou t  1.8 km, w i t h  abou t  3 / 4  of t h i s  u p l i f t  
due  t o  expans ions  of t h e  F a r a l l o n  p l a t e .  The u p l i f t e d  w e l t  h a s  tended t o  
g r a v i t a t i o n a l l y  s p r e a d  westwards s i n c e  about 20 Ma. 

3 .  A f t e r s h o c k s  of t h e  1957 A l e u t i a n  I s l a n d s  ea r thquake  a r e  be ing  r e l o c a t e d  
and magnitudes a r e  be ing  de te rmined .  T e c t o n i c  i n t e r p r e t a t i o n s  of t h e  space-  
t i m e  e v o l u t i o n  of a f t e r s h o c k  s e r i e s ,  i n c l u d i n g  t h e  v igorous  sequence n e a r  
t h e  A l e u t i a n  t r e n c h ,  a r e  i n  p r o g r e s s .  

4. A f t e r s h o c k s  of t h e  1974 Peru  e a r t h q u a k e  a r e  be ing  r e l o c a t e d  t o  v e r i f y  
f o c a l  d e p t h s  and t h e  space- t ime development of t h e  a f t e r s h o c k  s e r i e s ,  a s  
p r e v i o u s l y  determined u s i n g  a n o t h e r  v e l o c i t y  model and a n o t h e r  l o c a t i o n  
a l g o r i t h m .  

R e p o r t s  
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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 

Investinations 

One hundred and sixty-five earthquakes in the United States and Puerto Kico, 
were canvassed by a mail questionnaire for felt and damage data during the 
period April 1, 1990 to September 30, 1990. Seventy-two of these earth- 
quakes occurred in California, 52 in Alaska, and 40 in eighteen other 
states, and 1 in Puerto Rico. 

Compilation is proceeding on the Professional Paper "Seismicity of the 
United States, 1568-1989" with an estimated completion date of December 
1990- 

The Earthquake Data Base System (EDBS) managed by Glen Reagor has added new 
catalogs and improved the worldwide coverage of earthquake data. 

Results 

Five earthquakes caused minor damage during this period--three in California 
and two in Washington. All were intensity VI with damage consisting of 
cracked chimneys, broken windows, minor cracking of plaster or dry wall, and 
the fall and breakage of some glass objects in stores and homes. 

The EDBS has been updated through the current PDE and through March 1990, 
Monthly Listing. Eight new catalogs have been added to the EDBS and the 
Canadian, catalog updated through 1987. 

The new catalogs are: 

DNAG - 

GREAT - 
INDIA - 
ITALY - 
MEAST - 
PERU - 
SISRA - 
WCAFR - 

Decade of North American Geology, 1500-1985 covering North and 
Middle America. 
Magnitude 7.0 or larger earthquakes, worldwide, 1904-1977. 
Felt earthquakes for the Indian Peninsula, 1939-1900. 
Earthquakes in Italy and adjacent areas, 1400 B.C.-1984. 
Earthquakes in the Middle Eastern Countries, 1900-1983. 
Instrumentally located earthquakes in Peru, 1900-1984. 
Earthquakes in the Andrean Mountains Countries, 1471-1981. 
Earthquakes in continental West Africa and adjacent oceanic 
areas, 1615-1984. 



The EDBS is continuing to be highly used as a data source by engineering 
firms, scientists, architects, law firms, universities, and by individuals 
for personal research. 

United States Earthquakes, 1985 (Bulletin) is in press. USE, 1986, has been 
compiled and a manuscript is in progress. 

Reports 

Highland, L. M., Stover, C. W., Hopper, M. G., Thenhaus, P. C., and 
Algermissen, S. T., 1990, Intensity studies, in Rymer, M. J., and 
Ellsworth, W. L., eds., The Coalinga, ~aliforxa, earthquake of May 2, 
1983: U.S. Geological Survey Professional Paper 1487, p. 349-358. 



Global Seismicity Mapping 

Susan K. Goter 
Branch of Global Seismology and Geomagnetism 

U.S. Geological Survey 
Denver Federal Center 

Box 25046, Mail Stop 969 
Denver, Colorado 80225 

(303) 236-1506 

Investigations 

1. State Seismicity Maps. Produce and distribute seismicity maps on 
shaded, elevation-tinted state map bases. 

2. U.S. Seismicity Map. Produce and distribute a full-color seismicity map 
of the United States on a shaded, elevation-tinted map base. 

Kesults 

1. State Seismicity Maps. The aim of the state seismicity maps is to pro- 
vide the most complete picture possible of where earthquakes have occurred 
historically in relation to geographic, geomorphic, and cultural features. 
This is accomplished by selecting or compiling an earthquake database that 
is then plotted and printed on a shaded, elevation-tinted base map. 

Since this project began in 1988, state seismicity maps have been completed 
for California, Hawaii, and Alaska. Work is currently underway to produce a 
similar map for the state of Utah. This map will display earthquakes that 
occurred between 1884 and 1989. Although the magnitude threshold for 
earthquakes plotted on the map varies throughout the historical record, the 
lower magnitude cut-off for earthquakes that occurred after 1962 is 2.5. 
Epicenter symbol sizes plotted on the map are scaled into four magnitude 
categories. Earthquakes that occurred since 1975 are distinguished on this 
map from earlier events by the intensity of color of the epicentral symbol. 

The resulting full-color maps are distributed to the research community 
worldwide, as well as to each high school in the state covered by the map. 

2. U.S. Seismicity Map. Work is currently underway on a full-color 
seismicity map of the United States. The map is expected to be produced at 
a scale of 1:3.5 million on an Albers Equal Area map base. 

The resulting maps will be distributed to the research community worldwide 
and will be available for purchase. 

Goter, S. K., 1990, Seismicity of ~ t a h ,  1884-1989 (in preparation). 
Goter, S. K., 1991, Seismicity of the United States (in preparation). 
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Date Processing, Golden 

Robert B. Park 
Branch of Geologic Risk Assessment 

U.S. Geological Survey 
Box 25046, MS 966, Denver Federal Center 

Denver, CO 80225 
(303) 236-1638 

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 12/70, 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 
(1 1/70), RT1 1(LS19s) 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. 



National Earthquake Information Service 

Waverly J. Person 
Branch of Global Seismology and Geomagnetism 

U. S . Geological Survey 
Denver Federal Center 

Box 25046, Flail Stop 967 
Denver, Colorado 80225 

(303) 236-1500 

Investigations and Results 

The Quick Epicenter Determinations (QED) continues to be available to 
individuals and groups having access to a 300- or 1200-baud terminal with 
dial-up capabilities to a toll-free WATS number or a commercial telephone 
number in Golden, Colorado. It is also accessible via GEONET and public 
TYMNET. The time period of data available in the QED is approximately 3 
weeks (from about 2 days behind real time to the current PDE in production). 
The QED program is available on a 24-hour basis, 7 days a week. From 
April 1, 1990, through September 30, 1990, there have been 8,954 logins to 
the QED program. A daily QED message, 7 days behind real time, is 
transmitted to 22 different agencies in the U.S. and throughout the world 
via electronic mail, including a scientific bulletin board operated by 
Dr. Francis Wu at the State University of New York at Binghamton. This 
bulletin board is accessible by anyone who is connected to BITNET. The 
daily QED message is also distributed to another 13 agencies via U.S. 
government communications (VADATS/DTS/AUTODIN), including worldwide 
distribution on the communications system of the World Meteorological 
Organization. 

NEIS is making extensive use of electronic mail for data acquisition. Data 
are now being received via GEONET, TYMNET, internet, BITnet, DECNETISPAN and 
uucp on a regular basis. Agencies sending data to NEIS via electronic mail 
include the following: 

U.S. Bureau of Reclamation, Denver 
Geological Survey of Canada, Ottawa 
Geological Survey of Canada, Sidney, BC 
Universidad Autonoma de Mexico, Mexico City 
Universidade de Sao Paulo, Brazil 
University of Bergen, Norway 
Instituto Nazionale di Geof isica, Rome, Italy 
Centro Cultura Scientifica Ettore Maj orana, Erice, Sicily 
Centre Seismologique Euro-Mediterraneen, Strasbourg, France 
University of Thessaloniki, Greece 
Kandilli Observatory, Istanbul, Turkey 
Harvard University, Cambridge, MA (Centroid, Moment Tensor Solutions) 
Graefenberg Observatory, Germany 



I n  a d d i t i o n ,  t h e  f o l l o w i n g  a g e n c i e s  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 
U S ~ S I C a l i f o r n i a  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  U n i v e r s i t y ,  Cleveland,  Ohio 
North I l l i n o i s  U n i v e 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  p r o c e s s  of being e s t a b l i s h e d  
wi th  t h e  Bureau C e n t r a l  Sefsmologique F r a n c a i s e  i n  France.  

Tel.egraphic d a t a  a r e  now being exchanged w i t h  t h e  USSR on most l a r g e r  ea r th - -  
quakes.  The Sovie t  d a t a  a r e  being r e c e i v e d  from t h e  C e n t r a l  Se i smolog ica l  
Observa to ry ,  ~ b n i n s k ,  under t h e  a u s p i c e s  of t h e  World Data Center  system. 
Our d e s i g n a t i o n  as 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 ' s  Republ ic  of China v i a  t h e  American Embassy c o n t i n u e  
t o  be r e c e i v e d  i n  a  v e r y  t i m e l y  manner and i n  t ime f o r  t h e  PDE p u b l i c a t i o n .  
We c o n t i n u e  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 t h e  S t a t e  Se i s -  
molog ica l  Bureau of t h e  P e o p l e ' s  Republ ic  of China. The B u l l e t i n s  wi th  
a d d i t i o n a l  d a t a  a r e  now being r e c e i v e d  by f loppy  d i s k  i n  t ime f o r  t h e  
Monthly, 

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 t h e  L a t i n  American 
coun t rPes  on a  more t i m e l y  b a s i s .  The i n c r e a s e d  a v a i l a b i l i t y  of t e l e f a x  i s  
p e r m i t t i n g  much more i n t e r a c t i o n  w i t h  L a t i n  American c o u n t r i e s  t h a n  i n  t h e  
p a s t  . 
We have r a p i d  d a t a  exchange ( a l a r m  quakes) wi th  Cen t re  Seismologique 
European-Mediterranean (CSEM), S t r a s b o u r g ,  F rance ,  and I n s r 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 t e 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 g e o p h y s i c a l  l a b o r a t o r y  i n  Papee te ,  French 
P o l y n e s 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  even t  i n  t h e  P a c i f i c  reg ion .  

The Elonthly L i s t i n g  of Ear thquakes  i s  up t o  d a t e .  As of September 30,  1990, 
t h e  Monthly L i s t i n g  and Ear thquake Data Report  (EDR) have been completed 
through May 1990. The t o t a l  number of e v e n t s  pub l i shed  f o r  t h e  pe r iod  
~ e c e m b e r  1989 th rough  May 1990 was 8,050. The number of e v e n t s  l o c a t e d  f o r  
1989 Was 14,604. By comparison,  f o r  1970 o n l y  4 ,353  e v e n t s  were pub l i shed  
i n  t h e  PDE f o r  t h e  e n t i r e  year .  Radia ted energy,  moment t e n s o r ,  P-wave 
f i r s t - m o t i o n  and broadband dep th  s o l u t i o n s  con t inue  t o  be determined by t h e  
USGS when p o s s i b l e  and pub l i shed  E n  the  Monthly L i s t i n g  and EDR f o r  any 
ea r thquake  having a n  mb magr~j.tarde - > 5 -8. Cent ro id  moment t e n s o r  s o l u t i o n s  



contributed by Harvard University continue to be published in the Monthly 
Listing and EDR. Waveform plots are being published for selected events 
having mb magnitudes - > 5.8. 
The Earthquake Early Alerting Service (EEAS) continues to provide informa- 
tion on recent earthquakes on a 24-hour basis to the Office of Earthquakes, 
Volcanoes and Engineering, scientists, news media, other government agenc- 
ies, foreign countries, and the general public. 

Fifty releases were made from April 1, 1990, through September 30, 1990. In 
the United States, the most newsworthy earthquake was a magnitude 4.6 quake 
in Cape Girardeau, Missouri, on September 27. This was because of the pre- 
diction of a major earthquake in the New Madrid area on December 4, 1990. 
The most significant foreign earthquakes were: 

Date 
April 5, 1990 
April 18, 1990 
April 26, 1990 
May 20, 1990 
May 24, 1990 
May 24, 1990 

Magnitude 
7.4 MS 
7.4 MS 
6.9 MS 
7.2 MS 
6.8 MS 
7.0 MS 

Country 
Mariana Islands 
Minahassa Peninsula 
Qinghai Province, China 
Sudan 
Sudan 
Sudan 

The main shock on May 20 is believed to be the largest earthquake ever 
recorded in the Sudan and the second largest in the East African rift 
system. 

Date 
May 30, 1990 
May 30, 1990 
June 14, 1990 
June 20, 1990 
July 6, 1990 
July 13, 1990 
July 16, 1990 

Magnitude 
6.4 MS 
6.7 mb 
7.0 MS 
7.7 MS 
5.8 mb 
5-6 mb 
7.8 MS 

Country 
Peru 
Romania 
Panay, Philippine Islands 
Western Iran 
Java 
Hindu Kush Region 
Luzon, Philippine Islands 

Reports 

Monthly Listing of Earthquakes and Earthquake Data Reports (EDR); six 
publications from December 1989 through May 1990. Compilers: 
W. Jacobs, P. Chang, J. Minsch, R. Needham, W. Person, B. Presgrave, 
W. Schmieder . 

Preliminary Determination of Epicenters (PDE); 26 weekly publications 
from April 5, 1990 through September 26, 1990, 36-90, numbers 11-90 
through 36-90. Compilers: W. Jacobs, P. Chang, J. Minsch, R. Needham, 
W. Person, B. Presgrave, W. Schmieder. 

Quick Epicenter Determination (QED) (daily): Distributed only by electronic 
media. 

Person, Waverly J., Seismological Notes: Bulletin of the Seismological 
Society of America, v. 80, no. 3, July-August 1989; v. 80, no. 4, 
September-October 1989; v. 80, no. 1. 



Monthly L i s t i n g  of Ear thquakes ,  i n  S e i s m o l o g i c a l  Research L e t t e r s ,  E a s t e r n  
S e c t i o n ,  SSA, v. 61,  no. 1 ,  =mary-March 1990; v. 61,  no. 2 ,  Apr i l -June 
1990 ( M i c r o f i c h e ) :  Compilers:  W. J a c o b s ,  P. Chang, J. Minsch, Re  
Needham, W. Person ,  B. P resgrave ,  W. Schmieder. 

Pe r son ,  Waverly J . ,  Ear thquakes ,  i n  Ear thquakes  and Volcanoes,  v. 21, 
no. 3 ,  January-February  1 9 8 9 ; v .  2 1 ,  no. 4 May-June, July-August , 
September-October 1989. 



Seismic Review and Data Services 

James N. Taggart 
Branch of Global Seismology and Geomagnetism 

U. S. Geological Survey 
Denver Federal Center 

Box 25046, Mail Stop 969 
Denver, Colorado 80225 

(303) 236-1506 

Investigations 

This project distributes copies at cost of filmed seismograms from the 
Worldwide Standardized Seismograph Network (WWSSN), the Canadian Standard 
Network (CSN), and various stations with historical (pre-1963) records. In 
addition, the project receives and processes the original WWSSN analog 
seismograms for photography, and afterward returns them to the stations. 

Results 

Six hundred station-months of WWSSN seismograms were processed during fiscal 
year 1990. The seismograms were received from the stations, reboxed, 
stamped, collated, sent to the contract photographer, returned from the 
photographer, and mailed back to the stations after the films passed quality 
control requirements. Problems with the old government-owned camera and 
photographic contractor's employee turnover caused delays through much of 
the year. Copies of CSN seismograms on 35mm reels were received on schedule 
from the Geological Survey of Canada. No films of historical seismograms 
were added to the archives this year. 

The number of active stations in the WWSSN continues to decline, partly as a 
result of the replacement of the 1960 vintage analog seismographs with 
modern broadband digital systems. The quality of the recent data from the 
active WWSSN stations is still very good because these stations are operated 
by well-trained staffs. Many of the closed or inactive stations were beset 
with financial, political, or cultural encroachment problems. 

Seven standing orders for WWSSN microfiches and one standing order for CSN 
monthly station reels were received this year. We also received 45 special 
orders, ranging from a few to several thousand filmed seismograms. Approxi- 
mately 550,000 filmed seismograms were copied and distributed to fill the 53 
orders. 



CornpuEer and Data Ana lys i s  S e r v i c e s  

Madeleine Z i rbes  
Branch of  Global  Se i sn~o logy  and Geomagnetism 

U. S o  Geolog ica l  Survey 
Denver F e d e r a l  Center  

Box 25046, Mail  Stop 967 
Denver, Colorado 80225 

(303) 236-1506 

Invesc  i g a t i  ons  - - -- - .. - -- ---- - 

l a  NEIC Monthly L i s t i n g *  C o n t r i b u t e  waveform d a t a  f o r  a l l  e v e n t s  of -- 
n~agnil-ude 5 ,8  o r  great; 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 Suppor t .  Develop,  d i s t r i b u t e ,  and s u p p o r t  FORTKAN 
programs t o  a c c e s s  network-day t a p e s  and s t a t i o n  t a p e s .  

3 s  SEED Suppor t .  Develop, d i s t r i b u t e ,  and s u p p o r t  s o f t w a r e  f o r  t h e  
s t a n d a r d  f o r  t h e  Exchange of Ear thquake Data (SEED) fo rmat .  

4 ,  - Event Tape Produc t 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 
a- - 

t a p e s ,  

Event GD--MOM P r o d u c t j  on and DJf s t r i h u t i o r b ,  Produce and d i s t r i b u t e  even t  5 ------____- - -- 
CD~-S9PI d a t a c  

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 i l t r i b u t e d  t o  t h e  Mont'n1.y L i s t i n g s ,  USGS f a u l t - p l a n e  and rnoment 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 i n c o r p o r a t e d  i n t o  t h e  f o c a l  
s p h e r e  p l o t s ,  

2:, Necu~oi-k Day Tape Suppor t ,  iTOKTKL4N s o f t w a r e  t o  read and e x t r a c t  digi . taJ  --- ---- ---- - - --- 
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 h e  r e s e a r c h  community worldwide, Users  
a r e  suppor ted  on a  v a r i e k y  of computers ,  

SEED Suppor t ,  A new Standard f o r  t h e  Exchange of Ear thquake Data (SEED) 3 * L-_.--___" 
ha..; been c r e a t e d  and t a p e s  a r e  now be ing  produced (1988 t o  p r e s e n t )  and 
d i s t r ib i r ' ced  by t h e  Albuquerque Seisroic Labora to ry .  FORTIMI s o f t w a r e  has  
been developed t o  read and ex t rac 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  a n d  
t h i s  s o f t w a r e  i s  being made a v a i l a b b e  t o  t h e  r e s e a r c h  community. 

4 J  Event Tape fQroduction and D i s t i - i b u t i o n ,  Event t a p e s  have been prodrrced 
----, -- .----- 

from network day t a p e s  f o r  d a t a  from 1980 th rough  February  1987 f o r  a l l  
e v e n t s  w i t h  magnitude 5,5 o r  g r e a t e r i .  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,  a1 ong w i t h  a wa\reform c a t a l o g  t h a t  p rov ides  a  v i s u a l  
d i s p l a y  of %he d a t a  a v a i l a b l e  f o r  each e v e n t ,  



5. Event CD-ROM Production and Distribution. Data from the event tapes are 
reformatted and sent to a CD-ROM mastering facility for replication. Six 
volumes have been produced, covering 1980 through May 1986. The CD-ROMs are 
being distributed to over 200 Universities across the United States and 
geophysical research institutes worldwide. Retrieval software, SONIC (C) 
and CDRETRV (FORTRAN), has been developed for the IBM/pC/AT/386 compatibles 
and distributed. It allows easy access to the digital data. 



General Earthquake Observa t ion  System (6EOS) 
General A n a l y s i s  and Playback Systems (CAPS) 

Roger D. Borcherd t  
Branch o f  Eng ineer ing  Seismology and Geology 

U.S. Geolog ica 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 gh -  
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  wide v a r i e t y  of 
a c t i v e  and pass ive  se ismic  exper iments.  

2. Develop PC-based c a p a b i l i t i e s  f o r  f i e l d  r e t r i e v a l ,  p rocess ing ,  and a r c h i -  
v a l  of l a r g e  volumes o f  GEOS data.  

3. Conduct Euras ian Seismic S tud ies  Program. 

Resu l t s  

1. The f o l  l ow ing  des ign  m o d i f i c a t i o n s  f o r  new GEOS systems have been t e s t e d  
and a r e  be ing  implemented i n  c o n s t r u c t i o n  o f  55 new systems: 

a.) Expanded d a t a  b u f f e r  ( 1  M/sampSe) des ign  b y  M. Kennedy. 
b.) Extended g a i n  w i t h  improved no i se  f o r  a m p / 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, 

Inc .  
d.) Sof tware d r i v e r s  f o r  mag tape c o n t r o l l e r  b y  6. Maxwell. 
e.) Sof tware f o r  RS 232 f o r  use i n  s a t e l l i t e ,  r ad i o ,  and te lephone t e l e -  

me t r y  and da ta  t r a n s f e r  t o  f i e l d  computer b y  G. Maxwell.  
f .) Software 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  be ing  pursued by G. Maxwell. 
g.) Complet ion o f  t h e  55 new GEOS u n i t s  . i s  expected by February 1991. 

2. 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 oge the r  w i t h  f i e l d  
suppo 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  execu t ion  o f  
severa l  exper iments  w i t h i n  t h e  l a s t  year,  i n c l u d i n g  exper iments  a t  Park- 
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,  and 
ground response i n v e s t i g a t i o n s  i n  Marina D i s t r i c t ,  San Franc isco.  High 
f i d e l i t y  dense se ismic  a r r a y  has been i n s t a l l e d .  

A p o r t a b l e ,  h i g h - r e s o l  u t  i o n ,  dense 3-dimensional  a r r a y  c o n s i s t i n g  o f  12 
s i t e s  w i t h  three-component , 1.0 h e r t z  seismometers has been i n s t a l  l e d  i n  
and around a 2-dimensional  t unne l  w i t h  i t s  l o n g e s t  dimension be ing  200 m 
a t  t h e  Garn i  Observatory,  Armenia. The s i t e s  a r e  ar ranged i n  a nes ted  



t r i p a r t i t e  c o n f i g u r a t i o n  w i t h  expanding i n t e r s t a t i o n  spac ings near  60, 
120, 240, and 480 meters.  S i gna l s  a r e  r o u t i n e l y  recorded  a t  200 sps on 
t i m e  synchron ized GEOS reco rde rs  w i t h  maximum s i gna l  r e s o l u t i o n  o f  96 
dB. Simultaneous r e c o r d i n g  v i a  pc-based da ta  a c q u i s i t i o n  system i s  
coupled t o  GEOS reco rde rs  and pe rm i t s  synchron ized d i g i t i z a t i o n  and s imu l -  
taneous tape  p layback and a n a l y s i s  c a p a b i l i t y .  Data p layback completed 
f o r  t h e  t i m e  p e r i o d  June 27-Ju ly  25, 1990 has y i e l d e d  reco rd i ngs  o f  com- 
p l e t e  t u n n e l  a r r a y  f o r  about 1-3 events  pe r  day, i n c l u d i n g  t e l e s e i s m i c  
events ,  r e g i o n a l  a f t e r shocks  o f  t h e  Spi  t a k  earthquake , and h igh- f requency  
l o c a l  even ts  a t  a d i s t a n c e  o f  8-10 km f rom t h e  tunne l .  Data examples f o r  
a l o c a l  and a r e g i o n a l  even t  a r e  shown i n  F i gu re  1. 

Reports 

Borcherd t ,  R.D., Ce leb i ,  M., F i l s o n ,  J., I y e r ,  H.M., Johnston, M., Mooney, W., 
Rogers, A., 1989, A program f o r  Large Array Seismic Observat ion (LASO): 
U.S. Geo log ica l  Survey  A d m i n i s t r a t i v e  Repor t ,  116 p .  

Borcherdt ,  R.D., Langer, C., F i l  son, J.R., Simpson, D.W., Glassmoyer, G., 
Andrews, M., and Cranswick, E., 1990, On t h e  r u p t u r e  zone and e f f e c t s  o f  
l o c a l  g e o l o g i c  c o n d i t i o n s  on damages and ground mot ions f o r  t h e  Armenian 
earthquakes o f  December 7, 1988: Na t i ona l  Conference on Earthquake Engi -  
neer ing ,  4 th ,  Palm Spr ings,  C a l i f . ,  1990, Proceedings. 

F i l s o n ,  J. Borcherd t ,  R., Cranswick, E., Hakhverdian, L., Amirbekian, R., 
Aharonian, V., Sa fa r ian ,  K., Calagian, H., Hapoian, G., and Mor i ,  J., 
1990, I n s t a l l a t i o n  and f i r s t  r e s u l t s  o f  a dense 3-dimensional  a r r a y  a t  
Garni , Armenia: EOS, i n  press. 

(See p r o j e c t s  Borcherd t  e t  a7 ., 9910-02089, 9910-02689; 
I y e r ;  McGarr; F l e t che r ;  Boa twr igh t ;  Muel l e r ;  and L i u  

f o r  a d d i t i o n a l  r e p o r t s  based on GEOS da ta  sets.)  
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N a t i o n a l  St rong-Hot ion Network: Data Process ing 

A.G. Brady 
Branch o f  Eng ineer ing  Seismology and Geology 

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 

(41  5) 329-5664 

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

1. Processing da ta  f rom t h e  Loma P r i e t a  earthquake, i n c l u d i n g  t h e  determina-  
t i o n  o f  l ong -pe r i od  l i m i t s .  

2. Sof tware improvements f o r  PC network i n  va r i ous  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 log ing  a l l  s t rong-mot ion reco rds  f rom t h e  coopera t i ve  network operated 
by USGS f o r  1988. 

Resu l t s  

1. D i g i t i z i n g  and p rocess ing  o f  t h e  r eco rds  f rom Loma P r i e t a  con t inues .  
D i g i t i z a t i o n  i s  complete on reco rds  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 ,  and two accompanying tapes,  a r e  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  dam- 
age o f  t h e  Bay Br idge  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 subrou t ines  i n  t h e  accelerogram process ing program have been stream- 
l i n e d  and those  p a r t s  dependent on c u r r e n t  USGS hardware have been separ-  
a ted 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 tached  t o  a  CDROM o f  s t r ong  mot ion  uncor rec ted  da ta  i s  i n  p repa ra t i on .  

3. The annual r e p o r t  d e s c r i b i n g  a l l  s t rong-mot ion reco rds  recovered i n  a  
s i n g l e  year i s  c a l l e d  a  "Ca ta log  o f  U.S. Geolog ica l  Survey Strong-Mot ion 
Records, 19--"  and i t s  Table 1 l i s t s  a l l  impor tan t  parameters o b t a i n a b l e  
from t h e  o r i g i n a l  r eco rd :  ear thquake ep i cen te 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 du ra t i on .  The 1988 c a t a l o g  i s  i n  p repa ra t i on .  

Reports lTapes 

Brady, A.G., and Mork, P.N., 1990, Loma P r i e t a ,  C a l i f o r n i a ,  earthquake October 
18 (GMT) 1989, processed s t rong-mot ion  records ,  volume 2: a  tape  
a v a i l a b l e  f rom NGDC, NOAA, Boulder,  Colorado. 



National Strong-Notion Network: Engineering Data Analysis 

A.G. Brady 
Branch o f  Engineer ing Seismology and Geol ogy 

345 M i d d l e f i e l d  Road, MS 977 
Men1 o  Park, Cal i f o r n  i a  94025 

(41  5) 329-5664 

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

B u i l d i n g s  and dams w i t h  ex tens i ve  i n s t r u m e n t a t i o n  t r i g g e r e d  reco rds  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  ins t rumented w i t h  21 da ta  
channels o f  acce le ra t i on .  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 f rom t h e  reco rde rs  peaked a t  0.39, 0.26, and 0.08 g, respec- 
t i v e l y .  These reco rds  were s tud ied  f o r  de te rm ina t i on  o f  t h e  l ong -pe r i od  con- 
t e n t  rema in ing  r e l a t i v e l y  no i se - f r ee .  

Records from t h e  Loma P r i e t a  earthquake a r e  compared w i t h  r eco rds  f rom e a r l i e r  
ear thquakes a f f e c t i n g  t h e  dam. 

Resu l t s  

A comparison o f  t h e  F o u r i e r  amp l i tude  spec t ra  o f  t h e  l e f t  abutment, 243" corn- 
ponent, w i t h  t h a t  o f  a  r e fe rence  t r a c e  from t h e  same f i l m ,  processed i n  t h e  
same way, shows t h a t  these spec t ra  have b a r e l y  merged a t  p e r i o d s  as l ong  as 40 
sec, a  t ime  i n t e r v a l  equal  t o  t h e  d i g i t i z e d  reco rd  l eng th .  A t  a  pe r i od  of 10 
sec, equal  approx imate ly  t o  t h e  es t imated  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  magnitude between these  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 ns t ruments  assoc ia ted  w i t h  t h i s  dam 
remain remarkably  coherent .  Having d isp lacement  amp l i tudes  o f  12 cm, t h e  
e r r o r s  remain l e s s  than  1 cm, i n  accordance w i t h  es t ima tes  o f  d isp lacement  
accuracy made f rom d i g i t i z a t i o n  t e s t s .  There i s  a  s i g n i f i c a n t  change i n  t h e  
n a t u r a l  f requenc ies f rom one event  t o  t h e  nex t ,  w i t h  magnitudes 5.8, 6.2, and 
7.1. 

Repor ts  

Brady, A . G . ,  and Fedock, J.J., 1990, Ana l ys i s  o f  s t r o n g  mo t i on  records  from 
Leroy Anderson Dam, c e n t r a l  Cal i f o r n  i a :  U.S. Geological Survey Open-File 
Report 90-480, 74 p. 
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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 RSX-1 lM+ 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 last six months of FY90 included resuming the installation of 
network hardware and software for linking Branch members' PCs and Macintosh 
microcomputers to the VAXes. This work is being done for terminal emulation, file 
transfer and shared disk and plotter capabilities. Wol-k was done in conjunction with 
Office scientists to collect and map seismic and other earth science instrumentation and 
marker stations in the Bay Area. Wide Area Network connection software was installed 
on Office computers for access to Internet for use of electronic mail and other functions. 
The project joined in planning the reorganization of Office computer facilities and joined 
in the reorganization and upgrade of computer systems within the Branch. 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 possible. 

RESULTS 

As a result of these and previous investigations, the project has: 



Connected all Branch members microcomputers to the Local Appletalk network for 
access to VAXes and shared resources, 

Completed collecting a database of seismic and other stations in the Bay Area and 
California, and compiled maps of that data, 

Installed network software on Office computers for use of scientists needing access to 
Internet and electronic mail, and access to VAX resources from Unix machines, 

Completed plans for reorganization of Office computing, including transferring 
ownership of the Office VAX 11/785 to Seismology Branch, and insuring that all Office 
scientists will have access to computer resources, 

Joined with ESG Branch members in the completion of plans and ordering of new 
equipment for replacement of old computer technology with the latest in minicomputer 
processing and storage systems. 

The project managed and maintained the OEVE VAX 11/785, and 

Managed, maintained, updated Branch and Office computer system hardware and 
software. 

REPORTS 

None 
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Invest inations 

1. Analyses of seismic recordings obtained from instrumented structures during the Oc- 
tober 17, 1989 Loma Prieta earthquake. 

Results 

1. 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 
analyses of data from two of the buildings, the pyramid-shaped 60-story Transamerica 
Building and the tree-winged (Y shaped) 30-story Pacific Park Plaza building have 
been completed. Analyses for the remaining structures are in progress. 

Reports 

Celebi, M., and Safak, E., 1990, Recorded response of Transamerica Building: Part I- 
Data and preliminary analysis, Journal of Structural Engineering, ASCE, sub- 
mit ted for publication. 

Safak , E., and Celebi, M., 1990, Recorded response of Transamerica Building: Part 11- 
System identification, Journal of Structural Engineering, ASCE, submitted for 
publication. 

Celebi, M., and Safak, E., 1990, Recorded response of Pacific Park Plaza: Part I- Data 
and preliminary analysis, Journal of Structural Engineering, ASCE, submitted 
for publication. 

Safak , E., and Celebi, M., 1990, Recorded response of Pacific Park Plaza: Part 11- 
System identification, Journal of Structural Engineering, ASCE, submitted for 
publication. 

Safak , E., and Celebi, M., 1990, Analyses of recorded responses of two high-rise build- 
ings to Lorna Prieta main shock, Special Issue, Bull. Seis. Soc. Am., 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. 
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(415) 329-5606 

INVESTIGATIONS 

Tectonic modeling of the San Francisco Bay Region. 

RESULTS 

A numerical iterative method has been developed to find quasistatic flow fields with 
a nonlinear creep law. No results have been found yet. Planned work is described below. 

The long-term average state of stress in a region around a strike slip fault will be 
examined in a thermoplastic model. The stress fluctuation in an earthquake cycle will be 
ignored. A nonlinear temperature-dependent creep law with parameters appropriate to the 
material at different depths will be used throughout a two-dimensional cross secton through 
the fault. In addition, stress will be limited on the fault by a small constant coefficient 
of friction. Boundaries will move with plate velocities. The coupled problem of material 
flow and heat flow will be solved to find velocity, stress, and temperature throughout the 
2-D cross section. The calculation will provide stress as a function of depth on the fault, 
reduction in shear stress approaching the fault due to basal traction, and heat Aow as a 
function of position on the surface. A symmetric region around a strike slip fault will be 
modeled first, and then perhaps the evolution of the slabless window after the passage of 
the Mendocino triple junction will be modeled. 



Ground Motion Prediction for Critical Structures 

D. M. Boore 
W. B. Joyner 

Branch of Engineering Seismology and Geology 
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345 Middlefield Road, MS 977 
Menlo Park, California 94025 

Investigations: 

1. Develop equations for the ground motion at soil sites in ENA. 

Results: 

Equations giving ground motion as a function of magnitude and distance at rock sites 
in the central and eastern United States were recently published by Atkinson and Boore 
(1990). We have extended their work to a generic, deep soil site (soil thickness greater than 
60 m). We first used a "quarter-wavelength" approximation first proposed by Joyner and 
Fumal to derive frequency-dependent amplification factors. We then computed theoretical 
ground motions for a suite of distances and magnitudes, using the stochastic model (e.g., 
Joyner and Boore, 1988). Finally, we used a two-stage regression to determine coefficients 
of the attenuation relation. We anticipate that these equations will find use in constructing 
probabilistic ground-shaking maps. 

Reports: 

Atkinson, G. M. and D. M. Boore (1990). Recent trends in ground motion and spectral 
response relations for North America, Earthquake Spectra 6, 15-35. 

26 September 1990 



ANELASTIC WAVE PROPAWION 
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4 151329-56 19 

Investigations 

Interpretation of strong-motion and aftershock recordings of the Lorna Prieta earthquake 
of October 17, 1989, with respect to influence of local geologic deposits and crustal structure 
on ground motions in the San Francisco Bay region. 

Results 

Damage and consequent loss of life in the S m  Francisco Bay region, from the h m a  Prieta, 
California, earthquake of October 17, 1989, was concentrated in areas underlain by thick 
sections of fill, bay mud, and alluvium. Recordings of strong ground shaking generated by 
the earthquake show that in general the amplitude and duration of peak acceleration, 
velocity and displacement increase with decreasing firmness of the geologic deposits, with 
the increases for horizontal motion in general exceeding those for vertical motion. The 
largest amplifications with respect to the mean for sites on rocks of the Franciscan Complex 
consistently occur for the radial component of horizontal motion. Spectral ratios show the 
existence of predominant site periods with peak amplifications over narrow period bands of 
up to 15 for some sites on alluvium and bay mud. Short duration and coherent transverse 
motions on rock sites in the San Francisco-Oakland area are consistent with relatively 
simple short-duration source-time functions inferred from teleseisrnic data. Theoretical 
amplitude distributions calculated for a 10-layer anelastic model suggest that the dominant 
coherent transverse bedrock motion observed in the San Francisco-Oakland area exceeded 
previously derived empirical relations due to the wide-angle reflection of SH from the base 
of a relatively shallow (25 km) continental crust. Consistency between model results and 
observed dominant transverse motions suggest that the amplification effects of soft soil 
deposits and the efficient reflection of seismic energy from the base of the earth's crust were 
major contributors to levels of ground motion sufficient to cause damage to vulnerable 
structures and consequent loss of life in the cities of San Francisco and Oakland at distances 
near 100 b. Intensity increments ascribed for soft-soil sites with respect to sites on 
Franciscan rocks for the Loma Prieta earthquake are consistent with those predicted using 
1906 California earthquake observations and low-strain amplification measurements. 



Reports 

Borcherdt, R.D., and Donovan, N.C., 1990, Geosciences overview, ir~ Loma Prieta 
Earthquake Reconnaissance Report, Earthquake Spectra, suppl. v. 6, 448 p. 

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: Bulletin of the Seismological Society 
of America, v. 80, p. 889-912. 

Borcherdt, R.D., 1990, Influence of local geology on ground motions generated by the Loma 
Prieta earthquake of October 17, 1989: International Symposium of Safety of Urban 
Life and Facilities, Proceedings, Tokyo Institute of Technology, Tokyo, Japan. 

Borcherdt, R.D., and Glassmoyer, G., 1990, Local geology and its influence on strong 
motion: National Conference on The Lorna Prieta Earthquake - One Year Later, 
Proceedings, Bay Area Regional Earthquake Preparedness Project, Oakland, CA. 

Hough, S.E., Simpson, D., Lerner-Lan, A., Friberg, P.A., Busby, R., Shengold, L., Tuttle, M., 
Field, E.H., Jacob, K.H., Pacheco, J., Estabrook, C., Peterson, M., Johnson, D.H., 
Borcherdt, 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, ~IJ Loma Prieta Earthquake Reconnaissance Report, Earthquake Spectra, 
suppl. v. 6, 448 p. 

Hough, S.E., Friberg, P.A., Busby, R., Field, E.F., Jacob, K.H., and Borcherdt, R.D., 1990, 
Sediment induced amplification - A possible factor in the collapse of the Nimitz 
freeway during the October 17, 1989 Loma Prieta (CA) earthquake: accepted by 
Nature. 
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Investirzations 

1. Analyze recordings of Loma Prieta aftershocks from a dense array deployed in 
Sunnyvale (Santa Clara valley) shortly after the mainshock. Determine the charac- 
teristics of short-period surface waves produced by these aftershocks. Model the 
waveforms of the aftershocks and the mainshock for sites in the Santa Clara val- 
ley using 2-D and 3-D finite difference codes. Assess importance of short-period 
surface waves to seismic shaking in sedimentary basins. 

2. Develop methods to discriminate anelastic from scattering attenuation. Apply 
these methods to recordings of earthquakes in New York State, South Africa and 
southern California. 

3. 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 

1. Slowness analysis of a M4.4 aftershock of the Lorna Prieta earthquake using the 
Sunnyvale dense array indicates that surface waves dominate the seismograms for 
times greater than 7 sec after the S-wave. These surface waves produced the 
peak amplitude of the seismograms for periods of 2 sec and longer and account 
for the increased duration of shaking at the Sunnyvale site relative to stations at 
similar distances on rock. 2-D finite difference simulations for the Santa Clara 
valley demonstrate how these surface waves can be generated by conversion of 
S-waves incident on the edge of the valley. Strong motion records of the Loma 
Prieta mainshock indicate that surface waves produced the peak velocities and 
displacements for some sites in the Santa Clara valley. 



2. Scattering attenuation in the crust is estimated by measuring the increase with dis- 
tance of high-frequency energy in the coda relative to that in the direct wave. 
Anelastic attenuation is determined from the relative time decay of low and high- 
frequency energy in the coda. These procedures invoke the energy flux model of 
coda. Using these methods, the attenuation of 3-15 Hz Lg waves in New York 
State (A=100-350 km) is found to be caused equally by anelastic and scattering 
attenuation. The attenuation of local S-waves in South Africa (A=5-80 krn) is 
found to be dominated by scattering. Anelastic attenuation is determined to be 
stronger for southern California than for New York and South Africa. 

3. A model of complex rupture is developed that explains why cX2 spectral fall-offs 
are typically observed for earthquake displacement spectra. This model assumes 
that the high-frequency energy of an earthquake is produced by sub-events with a 
self-similar distribution of source radii. These sub-events are themselves earth- 
quakes, containing their own sub-events. Stress on the fault is assumed to be a 
self-similar function. I find that the exponent y of the high-frequency fall-off o-y 

equals 2+1.5q, where q is the dependence of static stress drop do on source 
radius R ,  such that A o  = Rq.  Constant stress drop scaling (q=0) leads to 
spectral fall-offs. I also show that constant stress drop scaling leads to b-values 
of one, for aftershocks occurring on a single fault. 

Reports 

Frankel, A., S. Hough, P. Friberg, and R. Busby, Analysis and modeling of waveforms 
of Lorna Prieta aftershocks recorded on a dense array in Sunnyvale, California, 
EOS Trans. Amer. Geophys. Union, in press. 

Frankel, A., A. McGarr, J. Bicknell, J. Mori, L. Seeber, and E. Cranswick, Attenuation 
of high-frequency shear waves in the crust: measurements from New York State, 
South Africa, and southern California, J. Geophys. Res., in press. 

Frankel, A., Mechanisms of seismic attenuation in the crust: scattering and anelasticity 
in New York State, South Africa, and southern California, submitted to J. Geo- 
phys. Res., 1990. 

Frankel, A., High-frequency spectral fall-off of earthquakes, fractal dimension of com- 
plex rupture, b-value, and the scaling of strength on faults, submitted to J. Geo- 
phys. Res., 1990. 
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Investigations 

Installation of a vertical seismic array at Winfield Scott School in the Marina District 
of San Francisco: Amplification of earthquake ground motions occurs where sediment 
overlies bedrock. The consequence can be catastrophic as in the Loma Prieta earthquake 
of 1989 in the Marina District of San Francisco where water-saturated artificial-fill sand 
was liquefied by motions amplified by a thick section of estuarine deposits of sand and 
clay. Following the earthquake, the U.S. Geological Survey drilled a hole to 91 m depth 
at Winfield Scott School at Beach and Divisadero Streets. This site was chosen because 
of the locally heavy damage sustained to structures, pavement, and public works nearby. 
The soil stratigraphic and engineering properties have been determined from soil samples; 
in situ seismic velocities have been determined from a downhole velocity logging experiment 
(Kayen et  al. 1990). A vertical seismic array consisting of three seismometers, one in 
bedrock (hydrothermally altered Franciscan serpentine) at 88 m depth, one in Pleistocene 
clay (Old Bay Mud) at 30 m depth, and one located at the surface, is being installed 
at the school site; local site amplification effects will be studied by analyzing earthquake 
seismograms recorded by the array. 

Results 

The 88-m depth seismometer has been emplaced in the borehole drilled for soil 
investigation; the surface seismometer has been installed at a distance of 2 m from the 
well head. A separate hole, 30 m deep, has been drilled and cased for the intermediate- 
depth seismometer, which as of September, 1990, has yet to be installed. Each seismometer 
consists of three orthogonally-oriented Mark Products L-22D geophones having a natural 
period of 0.5 s. Because the tilt angle cannot exceed 1.5 degrees for a reasonable coil 
movement, the horizontal geophones of the downhole units are mounted on a device that 
can be leveled to 0.1 degrees after emplacement. Local earthquakes (e.g., Atherton Peak, 
east of Watsonville, M = 3.0, A = 117 km; North of Fremont, M = 2.8, A = 46 km; a.nd 
Halls Valley M = 3.6, A = 89 km) have been recorded at 200 samples/s on a GEOS digital 
recorder which triggers on a horizontal component of the seismometer located in bedrock. 
Compared to motions recorded in bedrock, the peak amplitude of the seismograms recorded 
at the surface are amplified by a factor of 3. 



References Cited 

Kayen, R. E., Liu, H.-P., Fumal, T. E., Westerlund, R. E., Warrick, R. E., Gibbs, J. F., 
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Investigations 

1. Seismic data recorded locally, both on the surface and underground, are analzed and 
modeled to gain insight into the seismic source process, especially with regard to source 
scaling. 

2. Following the October 1989 Loma Prieta earthquake a four-station network of GEOS 
digital event recorders was operated at the San Francisco International Airport (SFO) to 
determine the response of various sites there to strong ground motion, especially that of the 
Loma Prieta mainshock. 

Results 

Fault slip during an earthquake entails a reduction in sheer stress acting on the fault from 
an initial value a, to a final value o,. Denoting the average frictional stress resisting fault 
slip as a, , the overshoot is defined as (0,-a,)/(a,-0,). An assumption common to many 

seismic analyses is an overshoot equal to zero; i.e., a, = a, . In contrast, a technique for 
can be used to show that (or-o,)/(a,-or) - - 112. Laboratory observations of strke-slip 

failure (Lockner and Okabo, 1983)support this conclusion, although the laboratory data 
show considerable scatter. With regard to source scaling, the extensive ground motion 
dataset for the 1987 Coalinguq earthquake sequence (McGarr et al., 1990) was recently 
reanalyzed to highlight changes in scaling as a function of seismic moment. In esence, 
below the seismic moment M,, corresponding to the scaling transition, the source radius 

scales as M,'", whereas, above this transition one finds the commonly assumed 

constant-stress-drop scaling for which the source radius scales as M,'". 

2. During the first week of November 1989, the period of operation for the SF0 network, 
three large aftershocks with magnitudes M of 4.2, 4.3, and 4.8 were recorded at all four 
stations, one of which is colocated with the CSMIP strong ground motion recorder of SFO. 
By comparing aftershock ground motion from site to site, we tentatively conclude that the 



peak ground motion of the mainshock (29 cm/s on the east-west component) recorded at 
the CSMlP station was probably typical for SFO, most of which is situated on alluvium, 
partly natural and partly manmade. The thickness of the alluvium varies from nearly zero 
at one GEOS station up to about 150 m. The thickness and composition of the alluvial 
column beneath a station conditions its seismic response, of course. Compared to the 
"bedrock" site, the stations situated on alluvium show spectral ratios in the frequency 
based 0.5 to 3 Hz of as much as 6. 

References 
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Lorna Prieta 

Investigations 
We have examined surface geologic and electric well log (E-log) data from the Loma 

Prieta area in an attempt to resolve the timing and nature of recent displacements on the San 
Andreas - Zayante fault system and possible interactions between the San Andreas and 
Zayante faults . In order to determine the age of the fault motions we studied growth 
sediments within the Purisima Formation that were deposited contemporaneous with fault 
movements. 

Present  Results 
Evidence for recent deformation is present in the surface geology of the Lorna Prieta 

area. Figure 1, which is generalized from Brabb (1989), shows that the Pliocene Purisima 
Formation is deformed into the Glenwood and Scotts Valley Synclines where the Purisima 
Formation enters bends in the San Andreas-Zayante fault system. This geometry is 
consistent with material moving through left handed (counterclockwise) bends in right lateral 
faults, and suggests that the San Andreas and Zayante faults were active during the Pliocene. 

We have undertaken detailed stratigraphic correlation sedimentary sequences 
between the Pierce, Light and Blake wells (Section B-B', Figure 1) in order to study the 
vertical component of deformation within the Zayante fault zone. Correlating these data to 
water-well logs (Muir, 1972), and surface and subsurface geologic data (Clark and Rietman, 
1973) suggests that the Purisima Formation, and perhaps the Santa Margarita Sandstone, are 
encountered in these wells (Figure 2). Using techniques presented below, cross section B-B' 
( Figure 2) can be interpreted to indicate that the Zayante fault was very active during the 
lower Pliocene to upper Miocene (?) and was reactivated in the upper Pliocene at about 
horizon 9 time (Figure 2, compare Light to Blake data). A close examination of the thickness 
changes in the sequences between the Pierce to Light wells indicates that differential or 
relative vertical motions associated with deformation on a fault between the two wells 
initiated at about horizons 5 to 6 time, or during the upper Pliocene (also see Figure 5). We 
have called this fault informally the Pleasant Valley branch of the Zayante fault system. As 
the Pleasant Valley fault was active while the Purisima Formation was being deposited it is a 
growtlz or contemporaneous fault, in direct analogy with expansion faults in the Gulf of Mexico 
(Thorsen, 1963; Tearpock and Bischke, 1991). 

These relationships suggest a new method for studying the fine details of the growth or 
contemporaneous faulting. In a pre-growth or stable tectonic environment change in vertical 
thicknesses (Ad) of the sedimentary sequences between wells will be everywhere small 
(Figure 3). If the age of the strata are known, then a (Ad/t)/t diagram can be constructed, 
which is acceleration. If age date or time information is lacking, then distance domain or 
(Adldl) diagrams can be constructed, where the depth (d 1) is taken relative to the structurally 
higher well. Therefore, in a pre-growth environment the accelerations in the sedimentation 
rate are everywhere small. 

In an unstable or growth environment two wells, not on strike of each other, will exhibit 
larger changes in the thicknesses of the sedimentary sequences (Figure 4), and larger 
accelerations (or deaccelerations) in the sedimentation rates. In Figure 5 we plot the vertical 
changes (Ad) in the sedimentary sequences between the Pierce and Light wells relative to 
their corresponding correlative sequences in the structurally higher Pierce well, or on a Ad/d 
diagram. This diagram shows that a pre-growth or stable environment existed between Pierce 
and Light prior to the deposition of horizon 6 (upper Pliocene). The younger vertical motions 
may have continued at nearly constant rates into the present, as shown by the change in 
topography across the fault (Figure 5). A similar diagram constructed for the Light and Blake 
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wells (Figure 6) suggest the following growth history or vertical deformation path. 
Deformation paths are obtained by integrating the Ad/d diagram and can be shown to be 

Deformation Path = In (1 + Ad/d) 
This approach indicates that the Zayante fault experienced large vertical displacements near 
the base of the Pliocene (horizons 17 to A, Figure 2) which deaccelerated during the middle 
Pliocene (at about horizon 9), and then grew more rapidly during the upper Pliocene and lower 
Pleistocene. Therefore, the Zayante fault appears to have experienced vertical displacements 
as well as strike-slip displacements, which is consistent with the Loma Prieta focal 
mechanisms solution and geodetic data (McNalley et al., 1989). Total relative uplift rates 
since the upper Pliocene are small however, and are on the order of 200 m/2 x lo6 yrs = 0.1 
mm/yr between the Pierce and Blake wells. 

Our regional studies of the Zayante fault indicate that strike slip displacements along 
most portions of this fault are much larger than the dip slip displacements. However, even in 
the case of pure strike slip a regional slope (i.e. undulations) on the pre-growth or basement 
surface will create vertical displacements between the laterally displacing fault blocks. Well 
log data i s  able to resolve any vertical displacements resulting from lateral or dip slip motion 
and determine the onset and duration of structural deformation. 
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E f f e c t s  of the Lorna P r i e t a  E a r t h q u a k e  on S t r e a m  
C h a n n e l  G e o m e t r y  N o r t h  of P a  jaro Gap 

Project  No. 14-08-0001-GI866 

Deborah R .  Harden 
Department of Geology 

San Jose S t a t e  University 
1 Washington Square 
San Jose, CA 95192 

Detailed f i e l d  surveys of two small basins crossing t h e  
San Andreas Faul t  north of Pajaro Gap were made i n  oreder t o  
evaluate  poss ib le  e f f e c t s  of the  Loma P r i e t a  Earthquake on 
stream channel geometry. Fern Canyon and M i l l  Canyon a r e  
small t r i b u t a r i e s  t o  the  Pajaro River located approximately 8 
k m  NE of Watsonville. Both flow across  the  ac t ive  t r a c e  of 
the  San Andreas Fault  (Sarna-Wojcicki and others ,  1 9 7 6 )  
Topographic maps a t  a  1:500 sca le  with 2 '  contour i n t e r v a l s ,  
a s  well  a s  longi tudina l  stream p r o f i l e s  with precis ion of 
0 .5 ' ,  were made with a  theodol i te  and EDM.during Feb.-April, 
1 9 9 0 .  Permanent reference monuments were es tabl i shed  so  t h a t  
these  channels can be resurveyed following s ign i f i can t  runoff 
events,  which a r e  probably required i n  order t o  e f f e c t  
channel changes following subt le  gradient  changes caused by 
the  earthquake. 

Fern Canyon formerly flowed W S W  d i r e c t l y  across t h e  
Faul t  between two compressional r idges I t  was subsequently 
ponded i n  t h e  l i n e a r  va l ley  e a s t  of t h e  r idges and then 
d iver ted  NW around t h e  northern r idge .  Following the  1989 
earthquake, ponded water appeared a t  t h e  head of t h e  
abandoned lower canyon of Fern Canyon. I n  addi t ion,  2 zones 
of semilinear,  subpara l le l  cracks 20  m long with 1-2 cm of 
SE-side up r e l i e f ,  but with no discernable  l a t e r a l  
displacement, were observed a t  t h e  base of t h e  r idges 
approximately 2 months a f t e r  the  earthquake. 

Fern Canyon's overa l l  gradient  ( .130)  f l a t t e n s  t o  0.030 
f o r  200 meters upstream of the  f a u l t .  A 0.8-m nick point  
marks t h e  f a u l t  t r ace ,  followed by a  shor t  (18-m) f l a t  reach 
( 0 . 0 1 4  gradient )  . The canyon i s  then deeply inc ised  i n t o  a  
headward-incising channel through t h e  compressional r idge .  
The completed topographic maps a r e  current ly  being used as  
base maps f o r  a  de ta i l ed  map of low t e r r a c e s  and gravel bars  
present on the  upstream s i d e  of t h e  f a u l t .  Grain s i z e  
analys is  and r e l a t i v e  dat ing techniques a re  being used t o  
c o r r e l a t e  and est imate the  ages of these  deposi ts ,  i n  order  
t o  determine possible  earthquake-related deposi t ion.  

M i l l  Canyon a l s o  shows evidence of drainage d is rupt ion  
along t h e  f a u l t  zone. A former channel of M i l l  Creek i s  
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preserved i n  a  small a l luv ia ted  f l a t  N of t h e  present  incised 
channel. Because of capture by a  headward-eroding t r i b u t a r y ,  
the  M i l l  Creek channel present ly  shows apprarent l e f t - l a t e r a l  
o f f s e t  across  t h e  f a u l t .  F ie ld  observations ind ica te  t h a t  
the  d is rupt ion  of t h i s  drainage probably re su l t ed  from 
lands l ide  a c t i v i t y ;  t h e  former channel l i e s  downslope of a  
l a rge  complex of lands l ide  scarps.  No changes i n  water l eve l  
or  cracks were observed i n  t h i s  drainage following the  1989 
earthquake. Data reduction and map compilation f o r  M i l l  
Creek a re  s t i l l  i n  progress .  

Reference Cited 
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Loma Prieta Aftershocks: Joint 3-D Structure 
and Hypocenter Inversion for Source Dynamics 

T.V. McEvilly, B. Foxall, and A, Michelini 
Seismographic Station, University of California, Berkeley, CA 94720 

INTRODUCTION 
We seek an improved interpretation of the complex structure of the Loma Prieta source region, and an 
improved understanding of the complex dynamics of the source itself, by the application to the aft- 
ershock sequence of analysis techniques developed during the last three years in our research program 
at Parkfield. These techniques are based in part upon an efficient and highly accurate ray-tracing algo- 
rithm for fully three-dimensional media ( e.g., Cerveny etal., 1985), which is used in joint inversion 
for velocity structure and hypccenter parameters (Michelini and McEvilly, 1990). The velocity model is 
parameterized in terms of B-splines, which applies smoothness constraints directly on the model. The 
improved hypocenter locations allow smdy of the intricacies in the faulting geometry and mechanics of 
the aftershock sequence. Of particular importance is the fact that the 3-D location results provide the 
necessary source geometry and takeoff angle required for high-precision study of the source mechan- 
isms of the aftershocks with either first motions or by moment-tensor inversion. 
From October 18 (about 24 hours after the mainshock) to December 1, 1989, we operated an array of 
five temporary stations in the epicentral region. These stations each record six components of ground 
motion - three high-gain velocity channels and three components of acceleration from FBA instruments 
- all at 200 samples per second per channel. The network acquired on-scale data from both the large 
aftershocks and from small events, in order to study point- and extended-source mechanisms, using 
associated small events as empirical Green's functions to describe the propagation paths in studying 
rupture histories of the larger aftershocks. Subsequent to our deployment, the IRIS Instrument Center 
at Lamont, coordinating with our operations, deployed a number of PASSCAL recording instruments 
(also with high- and low-gain channels) at various sites. 

INVESTIGATIONS 
1) Modeling studies: 

Development of fully 3-dimensional P- and S-velocity models for the aftershock region. 
e Relocation of the mainshock, aftershocks, and "background" seismicity through the models. 

Determination of focal mechanism solutions of selected events. 
Interpretation in terms of the complex crustal structure of the region. 

2) Study of the source dynamics of the aftershock sequence using the 3-D structure and the wide 
dynamic-range data set. 

RESULTS 
We have completed processing and archiving the data collected by the small-aperture UCB Santa Cruz 
Mountains network. The accelerograms and seismograms for each aftershock are collected as 3- 
component event gathers in simple IEEE binary files. Time corrections for each remote station have 
been completed. The small dimensions (30x15 krn) of the network probably precludes use of the S 
arrival times read from these seismograms to compute an S velocity model for the hypocentral zone. 
These data will be used to perfom detailed investigations of the source dynamics of selected larger aft- 
ershocks. It is hoped that these data can be made available through IRIS. 
We have completed the inversion of a set of selected CUSP aftershock data to obtain a 3-D P velocity 
model of the Santa Cruz Mountains hypocentral region (24 km wide by 64 km along SAF strike). The 
Loma Prieta mainshock and aftershocks that occurred in October and November, 1989 for which 
CUSP phase data are available have been relocated through the 3-D model. In addition, we have relo- 
cated the ML2 1.5 earthquakes contained in the CUSP catalog for our model area for the period, 1984 
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- Oct 17, 1989. Focal mechanism solutions have been computed for selected events contained within 
spatially and temporally defined alignments and groups of earthquakes. We are presently in the final 
stages of a detailed integrated interpretation of the velocity structure, geology and seismicity distribu- 
tion and mechanisms. This is providing a relatively detailed qualitative description of the mechanics of 
the 1989 sequence in terms of interaction among the components of the complex fault system within 
the hypocentral zone, the local stress field, and, in particular, juxtaposition of large-scale rock masses 
at hypocentral depths. It is this last, vitally important aspect of the description of the hypocentral zone 
that is uniquely afforded by the relatively well resolved 3-D velocity structure that has resulted from 
this investigation. 
The reliability of the P velocity model (Figures 1 and 2) is indicated by the remarkably close correla- 
tion between the shallow velocities and surface geology (Figure 1); for example, thick (-4 km; see, 
e.g.,  Aydin & Page, 1984, Fig.3) Eocene marine sediments that outcrop immediately to the SW of the 
San Andreas Fault correlate closely with a velocity "low" that is elongated along strike in the upper 4 
km of the model (Figures 1 and 2). The velocity model also correlates closely with the regional grav- 
ity map. 
The seismicity distributions before and after the Loma Prieta mainshock that result from relocation 
through the 3-D model (Figures 1 and 2) are similar to those previously described by Dietz and Ells- 
worth (1990) and Seeber and Armbruster (1990), although the significantly improved resolution of the 
3-D locations allow more confident interpretation of these data in terms of faulting. The position of 
the seismic gap within which the Loma Prieta earthquake nucleated and of the restraining bend in the 
SAF, and the complex pattern of faulting within this zone - in particular the junction of the SAF with 
the Sargent fault - appear to be intimately related to large-scale, high-velocity rock masses on each side 
of the SAF that come into contact at hypocentral depths here. We are presently in the final stages of a 
detailed analysis of these relationships. 
The focal mechanism of the mainshock computed using the 3-D locations and first motions recorded at 
close-in CALNET stations is shown in Figure 3. Note that all the data points are consistent with the 
solution. This pure thrust mechanism is in general agreement with that of the first of two mainshock 
sub-events tentatively proposed by Romanowicz and Lyon-Caen (1990), based upon modeling of very 
broadband teleseismic body wave data. This observation has lead us to examine the source dynamics 
of the Loma Prieta sequence in terms of slip partitioning. This work is continuing. 
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Papers in preparation 
W. Foxall, A. Michelini, A. Lomax, T.V. McEvilly, and P. Williams, 

The Loma Prieta earthquake: Structural heterogeneity and source complexity, to be submitted to 
Bull. Seis. Soc. Am., 1990. 

LOMA PRIETA: GEOLOGY AND P-VELOCITY at Z=2 KM 
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Figure 1. Plan view plots of the epicentral area which was object of the 3-D joint velocity 
and hypocenters inversion: a) schematic geologic map; b) velocity section at 2 km depth 
with the relocated aftershocks that occurred in October and November 1989 (solid circles), 
the relocated background seismicity in the period 1984-0ct 17,1989, (circles with inner 
cross) and the relocated main shock (solid square). For reference, the y-axis is along the 
San Andreas Fault. 
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LOMA PRIETA SW-NE 
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Figure 2. Vertical cross sections of the velocity model across the San Andreas Fault (SAW 
with the relocated aftershocks (small solid circles), the background seisxnicity (circles with 
inner cross) and the main shock (large solid circle in the section y= -4 km). The y-axis is 
approximately along the SAF. 
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Figure 2 (continued) 
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+ + COMPRESSION 

Figwe 3. Fault plane ,solution of the main shock. The take-off angles at the focus are 
calculated using the 3-D model. 
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Post-Lana P r i  e t a  earthquake i nves ti g a t i  ons: Geol ogy and t e c t o n i  c f rarnework 
o f  southwestern San Franc isco Bay Region 

*R.J. McLaughl in,  J.C. C la r k ,  E.E. Brabb, E.J. H e l l e y  
Branch o f  Western Regional Geol ogy 

345 M i  ddl e f i  e l  d Rd., MS 975 
Menlo Park, CA 94025 

FTS 459-4945 - McLaughl in 
FTS 459-5140 - Brabb 
FTS 459-4947 - H e l l e y  
(412) 357-5622 - C la rk  

I n v e s t i  g a t i  ons Undertaken: 

Geolog ic  mapping f o r  t h i s  p r o j e c t  began 2 yea rs  p r i o r  t o  t h e  Loma P r i e t a  
earthquake, as p a r t  o f  t h e  San Jose 1 :100,000 mapping p r o j e c t  under t h e  
Nat iona l  Mapping program o f  t h e  o f f i c e  o f  Regional Geology. A t  t h e  t i m e  o f  
t h e  earthquake i n October 1989, geo log ic  mapping i n Laure l  7 1/2 ' quadrangl e 
had j u s t  been completed and was be ing  prepared f o r  o p e n - f i l i n g .  The geology 
o f  Lana P r i  eta 7 1/2 ' quadrangle had been a1 ready pub1 i shed  i n  1988. The 
Lana P r i e t a  earthquake occur red  i n  October, 1989, and i t s  ep icen te r ,  a l ong  
w i t h  most sur face de fo rmat ion  f o r t u i t o u s l y  occur red  i n  t h e  Lana P r i  e ta ,  
Lau re l ,  and Los Gatos quadrangles. I n  1990, we have re-mapped t h e  geology o f  
most o f  t h e  Los Gatos quadrangl e, i n  coopera t i  on w i t h  a nunber o f  t o p i c a l  
post-earthquake i n v e s t i g a t i o n s  undertaken w i t h i n  t h e  U .S.G.S., and through 
ex t ramura l  U.S.G.S. and o t h e r  o u t s i d e  funded p r o j e c t s .  Mapping o f  t h e  r e g i o n  
no r theas t  and southwest o f  t h e  San Andreas and Sargent f a u l  t s  i s  essen t i  a1 l y  
canpl ete, and bedrock mapping i n  progress i n  t h e  n o r t h e r n  one- four th  o f  t h e  
quadrangl e shoul d be compl e ted  i n 1991. A c t i  ve f a u l  t s  such as t he  B2rrocal  
and Shannon f a u l  t s ,  across which sho r ten ing  occur red  d u r i n g  t h e  October 1989 
earthquake, w i l l  be examined i n  some d e t a i l .  

Resu l t s  o f  I n v e s t i  g a t i  ons: 

1. The bedrock t r a c e  o f  t h e  main San Andreas f a u l  t - t h a t  i s ,  t h e  f a u l  t which 
jux taposes  Franc iscan  basement near o r  a t  t h e  su r f ace  on t h e  nor theas t ,  w i t h  
an unexposed (2  5km) deep, magnet ic basement t o  t h e  southwest, i s  c o n s i s t e n t l y  
no r t heas t  o f  geomorphica l ly  y o u t h f u l  t races  o f  t h e  San Andreas f a u l t  zone. 
A l l  o f  t h e  1906 su r f ace  f a u l  t s  i n  a d d i t i o n  t o  a lmost  a1 1 o f  t h e  c r a c k i  ng and 
deformat ion associ a ted  w i t h  t h e  Lana P r i  e t a  earthquake, occur red  i n  t h e  b l ock  
southwest o f  t h e  main bedrock t r a c e  o f  t h e  f aul t, wi t h  t h e  excep t ion  o f  
deformat i  on a1 ong t h e  Sargent  f a u l t  near E l  sman Reservo i r ,  and coseismic 
deformat ion a long  t h e  Bzrrocal-Shannon f a u l t  zone i n  Los Gatos. Th i s  suggests 
t h a t  much o f  t h e  upward-propagat ing deformat ion assoc ia ted  w i t h  t h e  Lana 
P r i  e t a  even t  may have been d e f l e c t e d  southwestward, away f rom t h e  s teep 
southwest-di  ppi  ng  Franc iscan  basement, i n t o  t h e  t h i c k e r ,  s o f t e r  T e r t i a r y  and 
Neogene sect ions on t h e  hanging w a l l  s i d e  o f  t h e  San Andreas and Sargent 
f a u l t s .  

" I nves t i  ga t i on  Coord ina to r  
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2. Much o f  t h e  area immedi a t e l y  no r t heas t  o f  t h e  San Andreas f a u l  t i n  t h e  map 
area c o n s i s t s  o f  a  s e c t i o n  o f  moderate ly  t h i c k ,  h i g h l y  deformed 1 a t e  Mesozoic 
and e a r l y  T e r t i  a r y  rocks.  The rocks i n  t h i s  s e c t i o n  i n c l  ude middl  e  and 1 a t e  
J u r a s s i c  ophi  01 i t i c  rocks, L a t e  J u r a s s i c  t o  E a r l y  Cretaceous and L a t e  
Cretaceous deep w a t e r  c l  as ti cs, and mar i  ne Eocene t o  Miocene deep wa te r  
s t r a t a .  These rocks  comprise a f a u l t  b lock  bounded and imb r i ca ted  by  s teep 
southwest-di  ppi  ng f aul t s  wi t h  compl ex h i s t o r i e s .  A l l  o f  t h e  southwest-di  ppi  ng 
f a u l t s  a r e  superposed on t h e  low-angle Coast Range f a u l  t, which everywhere 
juxtaposes t h e  F ranc i  scan C m p l  ex wi t h  rocks o f  t h e  Coast Range ophi  01 i t e  and 
Grea t  V a l l e y  sequence. Most movement on t h e  Coast Range f a u l t  pre-dated t h e  
e a r l y  Eocene and i ncl  uded compressional and ex tens iona l  deformat i  on. L a t e r  
steep t o  moderate ly  1  ow-angl e  southwest-d ipp ing f a u l  t s  i n c l u d e  reverse  o r  
t h r u s t  f au l  t s  w i  t h  components o f  s t r i  ke- sl i p  (such as t h e  Sargent, Ber roca l  , 
and Shannon f a u l  t s )  and 1 ow-angl e  normal f a u l  t s .  The notmal f a u l  t s  a re  
somewhat 01 der, o r  cogenet i  c  w i  t h  t h e  compressional f a u l  t s .  Across- fau l  t 
d i  f f  erences i n Mi ocene s t r a t i  graphy, and K-Ar d a t i  ng o f  potass i  c  hydrothermal 
a1 t e r a t i  on a1 ong t h e  Sargent  and Berrocal  f a u l  t s  suggest t h a t  t h r u s t i  ng was 
i n i  ti a ted  about 17-18 Ma, a t  about  t h e  t ime o f  passage o f  t h e  Mendoci no tri p l  e  
j u n c t i o n .  Sane o f  these f a u l t s  have y o u t h f u l  geomorphic express ion ( t h e  
Sargent 1, o r  exh i  b i t  e v i  dence o f  Qua te rna ry  and younger a c t i  v i  t y  ( t h e  Shannon ) 
and thus a r e  a c t i  ve. More p rob l  m a t i  c  a r e  wes t -nor thwes t -  t r e n d i  ng f aul ts o f  
t h e  same system i n c l u d i n g  t h e  Hooker Gulch f a u l t  (which repea ts  and t h i c k e n s  
t h e  s t r a t i  g raph ic  s e c t i o n  i n  t h e  same sense as t h e  Sargent f au l  t ) ;  t he  S i e r r a  
Azul -Soda Spr ings f aul t, which jux taposes  d i f f e r e n t  F ranc iscan  rocks  and t h e  
Coast Range oph i  01 i te ;  and t he  L imeki 1  n Canyon f aul  t, which juxtaposes 
d i f f e r e n t  u n i t s  o f  t h e  Franc iscan  cunplex and has some geomorphic 
expression. A l l  o f  these f a u l t s  appear t o  have pos t -m idd le  Miocene reverse-  
and s t r i k e - s l i p  ccmponents. However, o n l y  t h e  Sargent,  Berrocal ,  and Shannorr 
f a u l  t s  exh i  b i  t y o u t h f u l  gemorphol  ogy and ( o r  1 unequi vocal e v i  dence o f  
Qua te rna ry  o f f s e t s .  

3. The t h i c k  s e c t i o n  o f  J u r a s s i c  oph io l  i t e  and L a t e  Mesozoic, Eocene and 
Miocene rocks o f  t h e  S i e r r a  Azul s t r u c t u r a l  b lock  no r theas t  o f  t h e  San Andreas 
f au l  t, i s bounded on t h e  no r theas t  by t h e  Soda Sp r i  ngs, S i e r r a  Azul , and 
Berrocal  f a u l  t s .  The rocks w i t h i n  t h e  S i e r r a  Azul b lock  bear s t r ong  
l i t h o l o g i c  a f f i n i t i e s  and a r e  s i m i l a r  i n  age t o  rocks  i n  t h e  Nacimiento 
s t r u c t u r a l  b l ock  southwest o f  t h e  S a l i  n i a n  b lock .  The S i e r r a  Azul rocks  a r e  
1 argel  y d i  s s i m i l  a r  t o  rocks o f  equi  val e n t  a 9  across t h e  San Andreas-Cal averas 
f a u l t  system i n  t h e  D i a b l o  Range. The excep t i ons  a re  a fau l t -bounded b lock  o f  
Eocene rocks  a l  ong t h e  eas t  s i d e  o f  t h e  San Andreas f a u l  t near Tres Pinos; an 
o f f s e t  f a u l  t-bounded p a r t  o f  t h e  Franc iscan  Permanente t e r r a n e  near Chalome 
and Go1 d H ill ; and another  i sol a ted  area o f  d i  s t i  n c t i  ve Eocene mari  ne s t r a t a  
near D e v i l  s  Den and t he  P o i n t  o f  Rocks. R e s t o r a t i  on o f  d i s p l  aced Cenozoic 
v o l c a n i c  rocks and hydrothermal systems a1 ong t h e  San Andreas-Cal averas- 
Hayward f aul t system pe rm i t s  about 190 km o f  Miocene and younger ( s i nce  8- 12 
Ma) r i  gk t - s l  i p on t h e  Cal averas-Hayward f aul t system. A f t e r  01 i p c e n e  and 
younger s l i p  on t h e  San Andreas f a u l t  a r e  res to red ,  several  hundred k i l ome te rs  
o f  addi ti onal Pre-San Andreas (p robab ly  d e x t r a l  ) s t r i  ke-sl  i p i s requ i  r e d  t o  
a l i  gn t h e  S i  e r r a  Azul -Tres P i  nos-Chal m e - D e v i l  s  Den s e c t i  ons w i t h  t h e i r  
apparent c o n t i n u a t i o n  i n  t h e  Nacimiento b l  ock. 
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Stressing Processes Leading to and Following the Loma Prieta Earthquake 

J. R. Rice (PI) and R. Dmowska 
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(617) 495-3445 

Issues: 

1. What constraints can we place on postseismic stress transfer onto the still locked San 
Francisco peninsula segment of the San Andreas fault and onto the Hayward and Calaveras faults? 
If there is measurable postseismic deformation with which to constrain relaxation properties in the 
lower fault zone and lower crust, where should that deformation be easiest to detect? 

2. Are there plausible models for precursory deformation in the hypocentral regions of either 
the Lake Elsman earthquakes or the main Loma Prieta shock that produce deformation patterns at 
the earth's surface consistent with the reported geodetic and borehole strain anomalies? 

3. Could the inferred locally deep locking depth, as delineated by the spatial distribution of 
pre-Lama Prieta micro-seismicity (Olson, 1990), and coincident with the Loma Prieta hypocenter, 
be resolved in the pre-earthquake geodetic data? 

Approach: 

We are using the finite element method to study 3D modlels of stressing and deformation 
associated with the Loma Prieta earthquake. Our primary computational tool is ABAQUS, a 
general purpose finite element code that allows incorporation of various material properties 
including elastic and Maxwell viscoelastic. Solution of such 3D problems generally requires use of 
a supercomputer, to which access is provided by the NSF on Cray X M P  and Cray 2 computers at 
the National Center for Supercomputer Applications, University of Illinois at Urbana-Champaign. 

In our preliminary work, we adopted a simplified model in which the Loma Prieta rupture 
surface was vertical and the focal mechanism was pure strike slip (Linker and Rice, 1990). Those 
assumptions allowed us to take advantage of sym.metry and analyse only one quadrant of the fault 
model. In our present work, we include fault dip and oblique slip to more accurately represent the 
Loma Prieta rupture. This added complexity reduces the symmetry of the problem so that we 
must, in general, analyse all four quadrants of the model, thus increasing the computation time by 
at least a fac'tor of four. However, in doing analyses with linear Maxwell material models, we 
make use of superposition and analyze only two quadrants, treating the strike slip and dip slip 
source components separately, and then add the two solutions to generate the solution to the 
oblique slip problem. This procedure reduces computation time and also cuts down on memory 
requirements and the size of output files. 

Discussion and Preliminary Results: 

Issue 1. In our model of postseismic stress transfer and deformation, the upper and middle 
crust are represented by an elastic layer, the hotter lower crust by a viscoelastic layer, and the 
mantle by a much more creep resistant viscoelastic layer. The San Andreas fault is represented by 
a thin layer in which the deep aseismic region is viscodastic while the shallower region is either 
locked or slipped coseismically and then lacked pig.  I). The coseismic slip is imposed via a 
transformation strain. In the present work all viscoelastic properties are taken as linear Maxwell. 
Coseismic slip produces stress throughout the body. With the passage of time, the viscoelastic 
lower fault and lower crust deform in response to those stresses. This relaxation results in time 
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varying stresses and displacements. In all of the work discussed here, we have ignored the effects 
of the creeping zone along the San Andreas fault and consider only models that are symmetric 
along strike about the epicenter. 

We have few a priori constraints on appropriate material relaxation times 5 (see Closing 
Discussion), and one aim of our work is to provide the background for constraining them from 
geodetic measurements. Thus far we have focused on two extreme models: #1) The relaxation 
time, $, for the material of the lower fault zone, down-dip from the now relocked seismic rupture 
zone, 1s much much less than for the adjacent material of the lower crust. #2) Lower fault zone t, 
equals lower crust . t In generating so utions of stressing and deformation over the entire earthquake cycle, one seeks 
solutions that are steady state in the sense that consecutive earthquakes yield identical stress and 
deformation histories. Generally, this "preconditioning" of the model is done by subjecting the 
model to repeated characteristic earthquakes until the solution becomes periodic. In the case of the 
Loma Prieta earthquake, this strategy may be difficult to attain with any confidence. 

Several workers have argued that the Loma Prieta earthquake is not a characteristic event for 
this segment of the San Andreas fault (Anderson, 1990; Segall and Lisowski, 1990). Perhaps 
then, in the most general treatment of the postseismic effects of the Loma Prieta earthquake, one 
should first precondition the model with a sequence of 1906 earthquakes, if indeed the 1906 event 
is characteristic for the region. 

In our work, we have avoided this complication, to the degree possible, by limiting our models 
to those with linear material properties. This restriction allows us to use superposition, so that our 
solution variables, stress and displacement, are those that should be added to the time histories that 
would have been present in the absence of the Loma Prieta earthquake. The effective t, inferred by 
fitting geodetic data to such a linear model must, however, be understood to physically reflect the 
response of a nonlinear creep process to stress changes resulting from the Loma Prieta earthquake. 

We present results from two simulations. In the first, to examine the stress field resulting from 
the Loma Prieta earthquake after substantial relaxation has occurred, we approximate relaxation of 
the lower crust and lower fault by assigning a low shear modulus to those regions. In the second, 
to examine the time history of the displacement field that develops during relaxation, linear 
viscoelastic material properties are assigned to the lower crust and lower fault. 

In the elastic model, the low shear modulus assigned to the lower crust and lower fault is 
chosen to be 1% of the value that is assigned to the remainder of the crust and fault zone, 30,000 
Mpa. Poisson's ratio is likewise chosen for the relaxing regions so that the bulk modulus is 
uniform. The faulting parameters are those determined to best fit the observed geodetic data with a 
single dislocation, dip = 64 degrees, strike slip = 1.7 m, reverse slip = 1.2 m, depth extent of 
rupture 5 to 17.5 km (Lisowski et al., 1990a). In an effort to smooth out the irregularity in the 
solution that results from the coarseness of the finite element mesh, we taper the imposed 
transformation strain to zero in the outermost elements of the rupture zone while adjusting the 
nominal transformation strain so that the net moment remains constant. In addition, the shear 
modulus in those outermost elements is set to the same 1% value of shear modulus that is assigned 
to the relaxing regions. 

We summarize our observations from this first simulation in terms of changes in the strike slip 
component of shear traction on the San Andreas fault along the San Francisco peninsula, vertically 
averaged in the seismogenic layer. 

Both the coseisrnic and additional postseismic stress changes are largest close to the end of the 
rupture zone, 20 to 40 km from the epicenter. Here, postseismic deformation may result in 
additional stress transfer that is comparable to the coseisrnic stress change. However, the 
finite element mesh that we are currently using is too coarse to resolve details in the stress field 
within this region. 

The ratio of postseismic to coseismic stress change increases with distance from the end of the 
rupture. As noted by Rice and Gu (1983), this tendency occurs because dislocation-induced 
stresses in a plate with shear-free base fall off more slowly with distance than for a competent 
half space. 
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Beyond about 30 km from the NW end of the rupture, about 50 h from the epicenter, the 
effect of the Loma Prieta rupture on the strike slip component of shear traction is less than 1 
bar, even after substantial relaxation in the lower fault zone and lower crust has ocurred. 

The predicted values of strike slip shear traction are listed in the following table. 

Horizontal Shear Traction at 6 km Depth Induced by the Loma Prieta Earthquake 
on Vertical Plane Coincident with San Andreas Fault along the San Francisco Peninsula: 

Distance along strike from epicenter 38 km 51 km 71 km 
Coseismic 0.77 bars 0.23 bars 0.07 bars 
Fully relaxed lower fault zone 1.09 bars 0.41 bars 0.12 bars 
Fully relaxed lower crust 1.43 bars 0.67 bars 0.25 bars 

The time scale to attain the fully relaxed limits is many times the presently unknown t, and 
therefore, may be impractically long compared to recurrence intervals. 

In our second simulation, which includes linear Maxwell viscoelastic material properties, only 
the lower fault is allowed to relax, i.e. model #1 at times before significant relaxation of the lower 
crust has occurred. As in the previous example, the fault dip is 64 degrees and the rupture extends 
over the depth interval from 5 to 17.5 km. The imposed transformation strain differs slightly from 
the previous example in that the equivalent slip vector corresponds to 1 m of strike slip and 1 m of 
reverse slip. Furthermore, the transformation strain and shear modulus are uniform in the rupture. 

Since the coseismic rupture does not extend to the earth's surface, we have greater confidence 
in the computed surface displacement field near the rupture than we do in the computed shear 
tractions near the rupture that were discussed previously for the elastic model. We present 
computed displacement profiles at four positions along strike corresponding approximately to the 
middle of the Loma Brieta rupture (x3=0), its NW end (x3=L/2), one rupture length from mid- 
rupture (x3=L), and one rupture length from the NW end of the rupture (x3=3L/2). The first and 
third positions correspond, respectively, to the approximate locations of the USCS and Stanford 
GPS linear arrays, which extend a few tens of km either side of the San Andreas fault. 

In Figure 2, we plot fault parallel displacement versus distance from the fault trace for two 
times following the earthquake. The coseismic displacement profiles are indicated by the solid 
curves and profiles at times equal to 5t, and 20t, are indicated by the dotted and dashed curves, 
respectively . 

According to the example presented here, postseismic deformation will be greatest in the region 
within one rupture length of the San Andreas fault and within about 20 km of the NW end of the 
Loma Prieta rupture. Though not plotted on the figure, the displacement profiles for 1 t, esentially 
overlie the coseisrnic profiles. Therefore, we can safely conclude that postseismic deformation 
resulting from deep fault slip, as included in our model, will not yield detectable signals until at 
least 5 ~ .  

Issue 2. Anomalous changes in deformation rate have been reported to precede the Loma 
Prieta earthquake (Lisowski et al., 1990b; Johnson et al., 1990). The timing of these changes 
coincides approximately with the first of two M 5 Lake Elsman foreshocks (June 1988, August 
1989) whose hypocenters are about 10 km NW from the main shock hypocenter. We are testing 
the hypothesis that the observed anomalies were associated with deformation in the vicinity of 
either the Lake Elsman or Loma Prieta hypocenters. 

The predicted coseismic strain at the earth's surface resulting from the Lake Elsman events, 
based on dislocation models, is less than any change that could been detected on the existing 
deformation instruments. Therefore, if the observed anomalies indeed resulted from slip at 
hypocentral depths, then that slip must have been in addition to the amount released coseimically in 
the foreshocks, and may have greatly exceeded it. 
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Our procedure involves imposing a transformation strain of specified orientation in the 
hypocentral regions and comparing the resulting deformation at the earth's surface to that observed 
as the anomalous signal. To date, we have no results to report. 

Issue 3. The distribution of micro-earthquakes that occurred prior to the main shock as well 
as the depth of the main shock hypocenter and its aftershocks, indicates that the Loma Prieta 
rupture was the sight of a locally depressed locking depth (see for example Olson, 1990). Tse et 
al. (1985) have shown, theoretically, that a localized deepening of the base of the locked region, in 
a fault zone that otherwise slips freely, can cause an elevated stress concentration there. We are 
testing whether such variation in locking depth might have been detectable geodetically. 

The deep fault, below the locked depth indicated by the pre-shock microearthquake 
distribution, was presumed to be vertical in a first analysis of this issue (Rice, 1990). The 
preliminary conclusion is that the signature at the earth's surface of the locally deepened locked 
patch would have been too subtle to detect. This conclusion, however, is sensitive to the degree of 
relaxation in the lower fault and lower crust, an issue that is addressed further in item 1 and again 
in the last section of this report. 

Closing Remarks: 

It is important to emphasize that our conclusions regarding Issues 1 and 3 will be strongly 
dependent on our choice of values for q. In the case of Issue 1, both the magnitude and time scale 
of postseismic stress transfer and deformation will depend directly on q. Similarly, in the case of 
Issue 3, the magnitude of any geodetic signature of nonuniform locking depth along strike will 
depend on the degree to which the lower crust is relaxed. Our primary route to constraints on 5 
must come from fitting our model predictions to whatever postseisrnic deformation is recorded in 
the region. We also attempt to constraint, by considering laboratory derived constitutive 
parameters in conjunction with estimates of the geotherm. In addition, we consider earlier 
estimates of based upon 2D models that are intended to represent the entire seismic cycle (Li and 'E Rice, 1987; ares and Rice, 1988). 
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Figure 1. Schematic view of one quadrant of the finite element model for the region around Lorna 
Prieta. The fault dip in this mesh is 90 degrees, but those discussed in the text employ a dip of 64 
degrees. The fault is represented by a thin layer of elements. Coseismic slip is imposed via a 
transformation strain. The upper portion of the crust and the mantle are elastic. Both the lower 
region of the fault, above the Moho, and the lower portion of the crust are viscoelastic and so can 
relax the coseisrnic stress. 
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Figure 2. Fault parallel displacement on the earth's surface versus distance from the fault trace for a model in which the viscoelastic lower region of the fault v 
Y is allowed to relax. For this simulation, the fault dip is 64 degrees, the imposed coseismic transformation strain corresponds to 1 m of strike slip plus 1 m P- 

of reverse slip, and the rupture extends from 17.5 to 5 km in depth. The solid curves represent the coseismic displacement field while the dotted and dashed (D 
rt 

curves represent the displacement field at times 5tr and 20t, after the earthquake. a) at the epicenter (x3=0), b) at the NW end of the rupture (x3=L12), c) at P, 

one rupture length from the epicenter (x3=L), (d) at one rupture length fmm the NW end of the rupture (x3=3L/2). Figures (a) and (c) correspond, 
respectively, to the approximate locations of the USGS and Stanford GPS linear arrays, which extend a few tens of km either side of the San Andreas fault. 
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Objective 

Surface deformation due to slip in the earth's crust is typically 
interpreted using the well-known dislocation method. Here, we employ an 
alternative approach in which slip regions are approximated by planar zones 
of prescribed stress drop (rather than relative displacement, i.e., 
dislocation). By applying this approach to the observed coseismic geodetic 
data associated with the 1989 Loma Prieta, California, earthquake, we are 
able to obtain estimates for the slip induced stress drop and moment, and 
the critical energy release rate at the termination of rupture. 

Results 

The Loma Prieta event is modeled as shear slip of an inclined 
elliptical crack embedded in an elastic half-space. The shear stress drop 
is assumed to be uniform with a component AT along the strike and a 

S 

component AT along the dip direction of the fault. The resulting slip is d 
calculated using the method of Lee et al. [1987]. Normal relative 
displacement over the fault plane, which tends to occur because of the free 
surface, is constrained to be zero. A fairly large set of forward searches 
was performed to find the model parameters that give a best fit to the 
observed coseismic geodetic data [Prescott, personal communication, 19901 
subject to the constraint that the fault geometry agrees roughly with the 
aftershock locations [USGS staff, 19901. 

Except for two lines lpl - lp2 and lpl - brush 2, most of the data are 
consistent with a right-lateral slip. In addition, a reverse dip slip is 
required. The fit of the preferred model to the geodetic data without these 
two lines is provided in Table 1. The mean misfit is 57 mm. The mean 
misfit to all data (including lpl - lp2 and lpl - brush 2) is 91 mm, 40% 
larger than for the case excluding these two lines. We suspect that these 
two lines are affected by local surface cracking and they are neglected in 

this study. The surface center of the best model is at x = 121' 48' 30" 
0 longitude and y = 37 3' 10" latitude, about 5 km east of the main shock 

location. The inclination angle (downdip), the depth of the fault center, 

the fault length, and the fault width are about 72O, 11 km, 55 km, and 20 
km, respectively. The shear stress drops determined by minimizing the 
difference between the observed and predicted surface deformation are Ars = 
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1.1 MPa and Ard = 1.4 MPa. The calculated geodetic moment is 2.5 x 1019 Nrn. 

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 b 

- 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 [c ] = 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 1019 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 Hodel to Geodetic Data 

STATION - STATION Observed 
(mm> 

Calculated Residual 
(mm) (mm) 

Geodolite Line Len~th Changes - 

american 
american 
biel 
biel 
biel 
bmt rf 
butano 
llagas 
loma use 
allisan 
eagle rk 
lomaclwr 
I P ~  
chamber 
gilroy 
1Pl 
canada 
fairview 
gilroy 
gilroy 
P 3 
P 3 
~5 
P 7 

GPS East 

hamil ton 
loma use 
eagle rk 
loma use 
mindego 
loma use 
eagle rk 
sheeprm2 
mindego 
lomancer 
lomancer 
pr6 
lP4 
vargo 
j uan 
vargo 
sargent 
gilroy 
sargent 
sheeprm2 
P 4 
P 5 
P6 
P8 

1 ~ 1  allison 34.8 + 5.9 
I P ~  eagle un 225.2 5 11.8 
I P ~  hamil ton 65.6 k 7.0 
IPl brush 2 41.3 2 15.6 

GPS North 

I P ~  allison -110.6 + 3.8 
IPl eagle un -205.4 k 5.6 
I P ~  hamilton -106.6 + 2.6 
1 ~ 1  brush 2 -229.2 2 4.6 

GPS UD 

I P ~  allison -105.5 + 33.4 
IPl eagle un -211.8 + 24.7 
I P ~  hamil ton -114.4 + 25.5 
I P ~  brush 2 -40.0 2 27.8 

Total Mean Misfit - - - - - - -  ( rms) - 47.0 mm 

Observed Changes are given with the conventions: Post-Seismic value - - 
Preseismic value, and station B - Station A. 

587 
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Investigations 

1. Development of a new method for inverting earthquake ground motion data to infer 
rupture behavior. 

2. Location of heterogeneities in the crust responsible for scattering of waves observed in 
recordings of aftershocks of the 1986 North Palm Springs earthquake. 

Results 

1. In collaboration with John Boatwright of the USGS, we are developing a new method 
for inverting earthquake ground motions. In order to achieve better resolution of the 
earthquake rupture process, investigators have introduced progressively more realistic 
constraints' on the solution obtained from ground motion inversion. Solutions have 
been sought having propagating features (Mendez and others,, 1990), for example. In 
our work we seek to introduce causality rigorously as a dynamic constraint. In 
particular, we wish to obtain earthquake rupture models parameterized in terms of 
stress distributions on the fault and fault constitutive laws, such that if these derived 
quantities are used in an initial-value simulation of dynamic rupture (using, for 
example, the method of Das, 1980), the initial-value simulation produces ground 
motions that agree with the observed motions from which the stress distribution and 
constitutive laws were derived. We accomplish this in the following manner. We use 
Das's algorithm, with a modification to allow slip-weakening of the fault material, as 
a time-stepping data modeling program. The usual procedure in such a simulation is, 
at a particular time step and point on the fault, to calculate the load on that point due 
to the waves radiated from all other points at all previous times. This load and the 
known fault compliance specify a linear relation between stress change and slip that 
must be satisfied at the point. Usually, a particular point on this linear curve is 
selected by specifying a slip-weakening relation, and solving for the single point in the 
stress-slip domain that satisfies both the unloading curve and the slip-weakening law. 
In our method, we do not impose a slip-weakening law; rather, we determine how far 
the point on the fault slips based on the requirement that the radiated motions fit the 
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observed ground motion data. From this requirement we can derive (rather than 
assume) a slip-weakening curve for the fault material. 

In collaboration with Masahiro Iida of the University of Tokyo, we have extended the 
method of Spudich and Miller (1990) to attempt to identify heterogeneities in the crust 
responsible for scattering seismic waves. The extension of the method we are using is 
similar to that used by Lynnes and Lay (1989), except that we allow non-isotropic 
scattering as well as isotropic scattering, and we do not use semblance as our measure 
of scatterer amplitude. Our data set consisted of digital recordings of aftershocks of 
the 1986 North Palm Springs, California, earthquake, which occurred in a geologically 
complex zone of the San Andreas fault system where the fault zone consists of the 
Mission Creek and Banning faults (see Figure). Station SMC was emplaced near the 
Morongo Valley fault. The Figure shows a plot of the power (in arbitrary units) of 
waves scattered from the surface scatterers in the region near SMC. Also shown are 
the surface traces of the major faults of the region. The power peak lies near the 
junction of the Morongo Valley fault and the Mission Creek fault, and the peak is 
elongated parallel to the Mission Creek fault. This power distribution may suggest that 
the faults themselves are scattering considerable energy, although this interpretation is 
very preliminary because we are still trying to determine the significance of this (and 
similar) images. 
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Investigations 

1. A map at scale 1:62,508) scale, describing the distribution, location, and nature of 
liquefaction-related effects, including sand volcanos, lateral spreads, land settlements, 
and damage to works of man is in preparation. Ground failures were mapped in 
reconnaissance fashion using analyses of aerial photographs (scale 1:6000) and 
extensive in-field examination of most areas with a nearby free-face in the weeks 
following the Loma Prieta main shock. 

2. Field study of 11 lateral spreading failures including detailed mapping, sampling of . 
extruded sand, cone penetrometer and piezocone penetrometer studies (with John 
B. Berrill and Roger Vreugdenhil (University of Canterbury, Christchurch, New 
Zealand), standard penetrometer studies of key subsurface intervals, geologic facies 
associations and amount and distribution of lateral displacement was completed by 
mid-September, 1990. Samples are being processed in the sediment laboratory to 
enable proper classification and analysis of the data according to methods commonly 
used in engineering practice. These studies emphasize the facies of the alluvial 
plains of the Salinas and Pajaro Rivers, in Santa Cruz and Monterey Counties, 
California. Studiks were taken in failed and in adjacent non-failed material, to 
facilitate comparisons among in-situ properties of the sediment subjected to 
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essentially identical levels of ground motion. These studies also 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 Loma 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 constitute 
the principal scientific thrusts of this investigation. 

3. Several sites have been located which may afford good potential to evaluate 1906 and 
earlier earthquakes using paleoliquefaction evaluation techniques. Chronically high 
ground water tables in most areas affected by liquefaction limit trench exposures to 
shallow depths, unless dewatering measures can be implemented successfully. 

Results 

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 10/17/89 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 Salinas 
rivers, especially in tidewater reaches where groundwater is within 1 to 2 meters of the 
ground surface year-round and the effects of prolonged drought on groundwater levels is 
minimal. In contrast to 1906, when wet soil moisture conditions contributed to widespread 
hillslope flow failures, in 1989, few if any slope failures related to liquefaction were 
reported. Intensity of liquefaction effects decreases upstream, as the fluvial deposits 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 lateral 
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. 

The cone penetrometer studies facilitated rapid subsurface reconnaissance of lateral spread 
ground failures, and enabled us to identify key fluvial facies associations relative to the 
ground failures. Channel, levee, and point-bar deposits were most susceptible to failure; 
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vertically accreted floodplain deposits, especially those containing appreciable clayey silts 
and clays generally did not exhibit failure. 
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I NVESTI GAT1 ONS 

1. Conti  nued mappi ng of o f f -  fau l  t s u r f  ace f r a c t u r e s  t h a t  occurred above t h e  
nor thern  end o f  t h e  subsur f  ace r u p t u r e  zone dur i  n g  t h e  Lana P r i  e ta  earthquake. 
2. Canpari son o.f crack geometry and sense o f  s l  i p  t o  under ly ing  bedrock 
geology and regional  topographic slope. 
3. Anal y s i  s o f  d i  spl acement vec to r  data t o  d i  s c r i  mi  nate between tec ton i  c and 
g r a v i t a t i o n a l  d r i v i n g  fo rces .  

RE SULTS 

Many sur face f r a c t u r e s  i n  t h e  Summit Road-Sky1 and Ridge area o f  t he  Santa 
Cruz Mountains apparent ly  r e s u l t e d  f r a n  bedding-plane f a u l  t i n g  w i t h i n  t h e  
fo l  ded T e r t i  a ry  s t r a t a  t h a t  under1 i e  t he  area. Fractures common1 y occur i n  
1 a t e r a l l y  con t i  nuous NW- t rend ing  zones and have cons i s ten t  d i sp l  acenent 
vectors, an observat i  on suggest i  ng t h a t  they are n o t  re1 ated t o  near-sur f  ace 
slope f a i l  ure. Most f r a c t u r e s  are c l  osely a l igned 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 bedding deviates from t h e  o v e r a l l  trend. For  
same f r a c t u r e  sets, d isp l  acanent vectors l i e  very c l  ose t o  bedding planes, and 
most o f  t he  f rac tu res  show downdi p movement. Sane f r a c t u r e s  f o l  1 ow p rev ious l y  
mapped bedrock f a u l  t s ,  and one f r a c t u r e  s e t  c l  osel y f 011 ows t h e  a x i s  o f  t h e  
Laurel Ant i  c l  i ne  f o r  several k i  1 m e t e r s .  

Most cracks are  extensional , w i  t h  a subordi nate component o f  v e r t i  cal 
d isp l  acanent. Near ly  two- th i rds  o f  t h e  f r a c t u r e s  have a component o f  1 e f t  
s l  ip ,  whereas most o f  t h e  r e s t  exhi b i  t ri ght-1 a te ra l  d i  sp1 acement; on1 y 5% o f  
measured cracks show pure extension.  La te ra l  moti  on (bo th  1 e f t  and r i g h t  
s l  i p )  o f  most f rac tures  can be adequately expl a i  ned by  consi der i  ng 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  respect t o  l o c a l  bedding and topography. 

Two d i  f f e r e n t  model s can descri  be the  sense o f  1 a te ra l  movement on t h e  
f rac tu res .  I n  t h e  f i r s t ,  pure d i  p - s l i  p f au l  t i n g  occurs on under ly ing  bedding 
p l  anes . Latera l  moti  on resu l  t s  i f a crack t r e n d  devi ates somewhat from t h e  
s t r i  ke of bedding as i t propagates through the  o v e r l y i n g  c o l l  uv i  um. I f  t h e  
devi a t i  on i s i n  a c l  ockwi se sense, 1 e f t - 1  a tera l  d i  spl acement occurs on the  
s u r f  ace f rac tu re ;  countercl  ockwise devi a t i  ons resul t i n r i  ght-1 atera'l 
d i  spl acements. This  model p r e d i c t s  t he  proper sense o f  d i  spl acement f o r  more 
than 60% o f  t h e  f r a c t u r e s  s tud i  ed. The o ther  model ass m e s  t h a t  d isp l  acanents 
are con t ro l  1 ed on l y  by 1 ocal s l  ope d i  r e c t i  on; 1 a te ra l  components o f  moti on 
occur where f r a c t u r e s  are ob l i que  t o  t h e  l o c a l  slope. Th i s  model exp la ins  
most observed 1 a tera l  d i  spl acements on f rac tu res  w i  t h  downs1 ope d i  spl acment 
vectors.  A canbinat ion o f  d i p - s l i p  f a u l t i n g  on bedding planes and downslope 
moti on coul d expl a i  n t h e  o r i  e n t a t i  on and sense o f  s l  i p  on most s u r f  ace 
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rup tures  i n  the Summit Road-Sky1 and Ridge a rea .  However, a small but 
si gni f i c a n t  por t i  on of t h e  f r a c t u r e s  f 011 ow o r  pa ra l l  el mapped structures and 
have di spl acements i n c o n s i s t e n t  wi t h  gravi  ty -dr i  ven processes .  These may be 
re f1  e c t i n g  a t e c t o n i c  component of deformation. 
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