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Southern California Seismic Arrays

Cooperative Agreement No. 14-08-0001-A0613

Clarence R. Alien and Robert W. Clayton
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91125 (818-356-6912)

nvestigations

This semi-annual Technical Report Summary covers the six-month period 
from 1 October 1988 to 31 March 1989. The Cooperative Agreement's purpose is 
the partial support of the joint USGS-Caltech Southern California Seismo- 
graphic Network, which is also supported by other groups, as well as by direct 
USGS funding to its own employees at Caltech. According to the Agreement, the 
primary visible product will be a joint Caltech-USGS catalog of earthquakes in 
the southern California region; quarterly epicenter maps and preliminary 
catalogs have been submitted as due during the Agreement period. About 250 
preliminary catalogs are routinely distributed to interested parties.

Results

During the reporting period, the joint Caltech-USGS Southern Califor­ 
nia Seismographic Network located 5,218 events (Fig. 1), including 140 of 
magnitude 3.0 and larger. Ten of these were of magnitude 4.0 or larger. The 
three most significant events were: (l) An ML 5.0 earthquake in the Santa 
Monica Bay on 19 January 1989, (2) an ML 4.9 event under Pasadena on 3 
December 1988, and (3) an ML 4.8 event in the North Palm Springs area on 16 
December 1988.

The 3 December earthquake has been referred to as the "Rose Bowl 
earthquake because of an early preliminary location which placed it beneath 
that structure. A later and better hypocentral location, however, placed it 
beneath downtown Pasadena. The strike indicated by the few recorded after­ 
shocks agrees well with that inferred from the focal mechanism (Fig. 2), 
indicating left-lateral strike slip, probably on the Raymond fault. The 
Pasadena earthquake rattled nerves already shaken by the Whittier Narrows 
earthquake but, perhaps due to its depth, did no substantial damage.

The focal mechanism of the 19 January "Malibu earthquake" showed 
almost pure thrusting on a plane striking west-northwest. The location of 
this sequence is within the Torrance-Wilmington fold-and-thrust belt as 
defined by Hauksson and Saldivar. This shock and the event of 1 January 1979, 
which occurred to the northwest, can possibly be ascribed to blind thrusts 
beneath the anticlines of that belt.

The 16 December event occurred at the western edge of the aftershock 
zone of the 1986 North Palm Springs earthquake (ML 5.6), and it appears to 
have filled a corner of the original aftershock zone that had not previously 
seen activity.



1.1

Jones and Reasenberg (1989) have recently documented an approximately 
three-fold increase in the level of seismic activity in the Los Angeles area 
subsequent to March 1986. The boundaries of the involved region are not well 
defined but may extend from Santa Monica Bay on the west to the Chino area on 
the east. It is clear that this increased level of activity continued through 
the reporting period.

Publications using network data (abstracts excepted)

Bent, A. L., Helmberger, D. V., Stead, R. J., and Ho-Liu, P., 1989, Waveform 
modeling on the November 1987 Superstition Hills earthquakes: Seismol. Soc. 
America Bull., v. 79, p. 500-514.

Hanks, T. C., and Alien, C. R., 1989, The Elmore Ranch and Superstition Hills 
earthquakes of 24 November 1989: Introduction to the special issue: 
Seismol. Soc. America Bull., v. 79, p. 231-238.

Hauksson, E., and Jones, L. M., 1988, The July 1986 Oceanside (ML « 5.3) 
earthquake sequence in the continental borderland, southern California: 
Seismol. Soc. America Bull., v. 78, p. 1885-1906.

Ho-Liu, P., Kanamori, H., and Clayton, R. W., 1988, Applications of attenua­ 
tion tomography to Imperial Valley and Coso-Indian Wells region, southern 
California: Jour. Geophys. Research, v. 93, p. 10501-10520.

Jones, L. M., and Reasenberg, P. A., 1988, A preliminary assessment of the 
recent increase in earthquake activity in the Los Angeles region: U.S. 
Geol. Survey Open-File Rept. 89-162.

Magistrale, H., Jones, L., and Kanamori, H., 1989, The Superstition Hills, 
California, earthquakes of 24 November 1987: Seismol. Soc. America Bull., 
v. 79, p. 239-251.

Reasenberg, P. A., and Jones, L. M., 1989, Probabilities of earthquakes after 
mainshocks in California: Science, v. 242, p. 1401-1403.

Ziony, J. I., and Jones, L. M., 1989, Map showing late Quaternary faults and 
1978-1984 seismicity in the Los Angeles region, California: U.S. Geol. 
Survey Misc. Map ser. MF-1964.
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Fig. l.'-Map of epicenters of earthquakes in the southern California 
region, 1 October 1988 to 31 March 1989.
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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 84112

(801) 581-6274

Investigations

This cooperative agreement supports "network operations" associated with the University 
of Utah's 79-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 earthquake catalogs and a semi-annual data submission, in magnetic-tape form, to 
the USGS Data Archive.

During the report period, significant efforts were made in: (1) ongoing in-situ calibration 
of remote telemetry stations, (2) long-term planning for upgrading of network instrumentation 
and computing facilities, (3) installation of an expanded real time picker (supplied by the 
USGS office in Menlo Park) to provide emergency earthquake locations in the event of the loss 
of the PDP 11/34 recording computer, (4) installation of an alarm to notify personnel if the 
recording computer crashes or runs out of tape, and (5) installation and operation (under severe 
weather conditions) of temporary seismograph stations in and around the source zone of two 
earthquakes: an M 4.8 earthquake on the Utah-Idaho border (5 MEQ recorders) and an M 5.4 
earthquake in south-central Utah (4 MEQ recorders and 2 telemetered stations).

Results
Network Seismicity: October 1, 1988 - March 31, 1989

Figure 1 shows the epicenters of 452 earthquakes (M <5.4) located in part of the Univer­ 
sity of Utah study area designated the "Utah region" Gat. 36.75°-42.5°N, long. 108.75°- 
114.25°W) during the six-month period October 1, 1988 to March 31, 1989. The seismicity 
sample includes 15 shocks of magnitude 3.0 or greater and 15 felt earthquakes.

The largest earthquake during the six-month report period was a shock of M 5.4 on Janu­ 
ary 30, 1989 (04:06 UTC), located 26 km SE of Salina, Utah, under the High Plateaus of the 
Basin & Range - Colorado Plateau transition zone. The earthquake was felt strongly 
throughout central and northern Utah (MMI VI - V) and was reported felt in northern Arizona, 
western Colorado, and southwestern Wyoming (USGS, PDE No. 5-89). No significant damage 
was reported. There were no foreshocks recorded for this earthquake. Through March 31, 
1989, 50 aftershocks have been located in the Salina area, including 15 of magnitude 2.0 and 
larger (Figure 2). The largest aftershock occurred on February 27 at 15:13 UTC (M 4.2), and

L*
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was felt in four counties. The focal mechanism for the main shock is very poorly 
constrained ambiguously indicating either normal or strike-slip faulting. An effort is being 
made to supplement our data with those from stations in adjacent states to better constrain the 
mechanism.

The second largest earthquake during the six-month report period was a shock of M 4.8 
on November 19, 1988 (19:42 UTC) near the Utah-Idaho border, 5 km W of Bear Lake. The 
earthquake was felt widely in northern Utah, southern Idaho (MMIIV - V), and as far south as 
the Salt Lake Valley (USGS, PDE No. 47-88). Minor damage was reported in Logan and 
Ogden. The main shock was preceded by two foreshocks, one on November 10 at 16:36 UTC 
(ML2.5) and the other on November 19 at 19:37 UTC (ML2.6). Through March 31, 1989, 53 
aftershocks have been located, including 19 of magnitude 2.0 or larger (Figure 3). The largest 
aftershock M 4.3, occurred 18 minutes after the main shock and was felt in southern Idaho 
and northern Utah. Aftershocks of ML3.2 on November 28 at 10:46 UTC and ML2.8 on 
December 2 at 18:46 UTC were both felt by residents of nearby small towns. Depths of the 
best located aftershocks range from 7 to 11 km. A preliminary focal mechanism (Figure 3, 
inset) indicates normal faulting, possibly with a strike-slip component of motion, on one of two 
candidate fault planes: one nearly vertical, with a north-south strike; the other with a dip of 
less than 38° and perhaps as small as zero, and a poorly constrained strike.

Earthquakes greater than magnitude 3.0 that occurred from October 1, 1988 through 
March 31, 1989, are identified in Figure 1. Felt earthquakes in Utah, of magnitude 3.0 or 
larger, during the report period include: an M 3.3 event on November 6 at 15:30 UTC, located 
9 km NNE of Park City and reported felt as far away as Salt Lake City; an M 3.2 event on 
February 7 at 11:49 UTC, felt in Manti; an ML3.3 event on March 6 at 07:41 UTC, felt in 
Koosharem and Glenwood; an MC3.5 event on March 12 at 06:30 UTC, felt in Springdale, 
Rockville, and in Colorado City, Arizona.

Reports and Publications

Nava, S. J., Utah earthquake activity, July through September, 1988, Survey Notes (Utah Geo­ 
logical and Mineral Survey), v. 22, no. 3, p. 13, 1988.

Nava, S. J., Utah earthquake activity, July through September, 1988, and October through 
December, 1988, Wasatch Front Forum, v. 5, no. 2, pp. 11-12, 1988.

Nava, S. J., Utah earthquake activity, October - December, 1988, Survey Notes (Utah Geologi­ 
cal and Mineral Survey), v. 22, no. 4, p. 14, 1988.

Nava, S. J., The Salina, Utah, earthquake of 29 January 1989; Preliminary earthquake sum­ 
mary, Wasatch Front Forum, v. 5, no. 2, p. 9, 1988.

Nava, S. J., J. C. Pechmann, W. J. Arabasz, The magnitude 5.3 San Rafael Swell, Utah earth­ 
quake of August 14, 1988: A Preliminary Summary, Survey Notes (Utah Geological and 
Mineral Survey), v. 22, no. 1-2, pp.16-19, 1988.

Nava, S. J., J. C. Pechmann, and W. J. Arabasz, The magnitude 4.8 Bear Lake, Utah, earth­ 
quake of November 19, 1988: A preliminary summary, Wasatch Front Forum, v. 5, no. 2,
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p. 9, 1988.

Pechmann, J. G, Utah earthquake activity, January through March, 1988, and April through 
June, 1988, Survey Notes (Utah Geological and Mineral Survey), v. 22, no. 1-2, pp. 25- 
26, 1988.

Pechmann, J. G, Utah earthquake activity, January through March, 1988, and April through 
June, 1988, Wasatch Front Forum, v. 4, no. 3-4, pp. 24-25, 1988.
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figure 2. Magnitude as a function of time for the Salina, Utah, earthquake and its aftershocks (complete at least 

for ML £ 2.0). Fifty beatable aftershocks were recorded from January 30 through March 31, 1989.
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Figure 3. Magnitude as a function of time for the Bear Lake, Utah, earthquake sequence (complete at least for M 

£ 2.0). Two foreshocks and fifty-three locatable aftershocks were recorded from November 10 through March 

31, 1989. A preliminary focal mechanism (lower hemisphere) for the main shock is shown in the inset. 

(Compressions, solid circles; dilatations, open circles; smaller circles, readings of lower confidence; triangles, 

slip vectors and P and T axes.) The focal depth of the main shock is not very well constrained, and was fixed 

at 10 km based on the focal depths of aftershocks for which data from nearby portable instruments was avail­ 

able. The dashed line shows an alternative orientation for the shallowly-dipping nodal plane of the focal 

mechanism, which is not well determined by the first motion data. The steeply dipping nodal plane of the 

solution shown has a strike of 2°, a dip of 88°, and a rake between -90° and -60°, depending on the orienta­ 

tion of the other nodal plane. ~
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Earthquake Prediction Experiments 
in the Anza-Coyote Canyon Seismic Gap

14-08-0001-A0614

Jonathan Berger
Institute of Geophysics and Planetary Physics

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, CA 92093
(619) 534-2889

1. Investigations
This report covers the progress of the research investigating the Anza-Coyote 

Canyon seismic gap for the period of the second half of 1988. The objectives of this 
research are: 1) To study the mechanisms and seismic characteristics of small and 
moderate earthquakes, and 2) To determine if there are premonitory changes in seismic 
observables preceding small and moderate earthquakes. This work is carried out in 
cooperation with Tom Hanks, Joe Fletcher and Linda Haar, of the U.S. Geological Sur­ 
vey, Menlo Park.

2. Network Status
During the period of this report, nine stations of the Anza Seismic Network were 

telemetering three component data. The network was set at a low gain for the period 
covered by this report and was thus able to record on scale a MI =4.0 earthquake 
which occurred within the array.

There were no significant modifications to the data acquisition equipment.

3. Seismicity
In the six months of fall and winter, the Anza network recorded 134 events, 111 of 

which were large enough to locate and determine source parameters. These events had 
magnitudes calculated by Caltech ranging from ML = l.l to M^=4.8. The seismicity 
consisted of a diffuse cluster of events at the southeastern end of the Hot Springs Fault, 
a very concentrated cluster in the region of the Cahuilla Swarm of 1982, and a very 
anomalous spurt of activity in the Table Mountain region consisting of over 40 earth­ 
quakes (Figure 1). The Table Mountain swarm began with a MI =4.0 event at 13 km 
depth in early July followed by a cluster of aftershocks within a kilometer of the main 
shock. In mid-July the seismicity moved about 5 kilometers to the north side of the 
Buck Ridge Fault and up to 10 km depth. November showed a shift to a region just 
east of the main shock and up to a depth of 8-9 kilometers (Figure 2). Throughout the 
operation of the array, the Table Mountain area has been the site of very temporally 
and spatially diffuse seismicity, in sharp contrast to the pattern of the last six months. 
Also, the MI =4.0 event is one of the largest events to occur within the array since the 
start of operations in October 1982.
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Seismicity July 1988 - December 1988
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Regional Seismic Monitoring in Western Washington

14-08-0001-A0622

R.S. Crosson
R.S. Ludwin

Geophysics Program
University of Washington

Seattle, WA 98195
(206) 543-8020

Investigations

Operation of the western portion of the Washington Regional Seismograph Network (WRSN) 
and routine preliminary analysis of earthquakes in western Washington are carried out under this 
contract. Quarterly bulletins which provide operational details and descriptions of seismic activity 
in Washington and Northern Oregon are available from 1984 through 1988. Final catalogs are 
available from 1970, when the network began operation, though 1986. Catalog production is 
funded jointly by this contract and others. The University of Washington operates approximately 
80 stations west of 120.5°W, 28 of which are supported under this contract.

Excluding blasts, probable blasts, and earthquakes outside the U. W. network, 628 earth­ 
quakes west of 120.5°W were located during the period from October 1, 1988 through March 31, 
1989. A significant fraction of these (234) were located near Mount St. Helens, which has not 
erupted since October of 1986. Twenty-two earthquakes were felt in the period covered by this 
report.

Activity near Mt. Rainier, which we noted in our previous summary, continued to occur at a 
moderate rate during this reporting period. Part of this activity lies in an active zone about 12 km 
west of the summit where a magnitude 2.9 earthquake at a shallow crustal depth (not felt) was 
recorded on Dec. 30, 1988. This event was near the location of a previous magnitude 4.1 event on 
July 29, 1988. Three small events with magnitudes of 1.3 or less were also detected on March 10, 
1989 near the summit of Mt. Hood.

A notable earthquake of magnitude 4.5 occurred on March 5, 1989 at a depth of about 45 km 
beneath the northern Olympic Peninsula. No foreshocks or aftershocks were observed for this 
event. Two swarmlike sequences of crustal seismicity accounted for the majority of felt earth­ 
quakes. Four felt earthquakes, the largest of which was magnitude 3.3 on January 17, 1988, were 
part of a sequence of 37 very shallow events above magnitude 1.0 that occurred on the east side of 
Lake Washington between October 23, 1988 and March 31, 1989. The second sequence was near 
Big Lake, located about 5 km south of Mt. Vernon in northwest Washington. This sequence 
included 24 earthquakes greater than magnitude 1.0 during February and March, 1989. Nine of 
these earthquakes were felt, including the two largest with magnitudes 4.0 and 4.2 on February 14 
and March 6 respectively. Computed depths are 2 km or less for the Big Lake sequence. The 
eight other earthquakes felt in western Washington during this period ranged in magnitude from 
2.6 to 3.1. Additional information is included in our Quarterly Bulletins.

12
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Central California Network Operations 

9930-01891

WesHaH
Branch of Seismology

U.S. Geological Survey

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

(415)329-4730

Investigations:

Maintenance and recording of 349 seismograph stations (445 components) located in Northern 
and Central California. Also recording 67 components from other agencies. The area covered is 

from the Oregon border south to Santa Maria.

Results:

1. Bench Maintenance Repair:

seismic VCO units 171 

summing amplifiers 17 

seismic test units 04

2. Production/Fabrication:

J512A VCO units 24

J512B VCO units 02

summing amplifier units 17

V02L printed circuit boards 23
V02H printed circuit boards 18

dc-dc converter /regu lators 4 2

seismic test units 01

3. Modifications:

J51XM VCO units 32 
summing amplifiers 16

4. Discriminator Tuning

J120 381
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5. Began modification program of all VCOs in the field February 1,1989. VCO deviation is being 

reduced from 115 Hz to 105 Hz with 4.05 volts input. Discriminator outputs is being increased 

from 2.0 Volts to 2.2 Volts /125 Hz. 157 units have been modified this report period.

6. Stations deleted: LOM, HCO, PHOI, PHOJ, PHOK, PSRA, PSRI. PSRJ, PSRK

7. New staions: LGM, LRSV, LRSZ, LHH, LMDE, LMDN, LMDV, LSS, LGH, LAS, PPG, POP, 

PBP, PIR, GGPZ.

8. Installed a 2.5KW back-up generator plant and switch panel at Monument Peak microwave 

facility.

9. Installed a 10KW back-up generator plant and switch panel at KAR Hill Microwave facility.

10. Installed the microwave alarm system which allows all trans-receiver fault conditions to be 

monitered at Menlo Park and recorded on a PC.

11. Installed loop back channel to aid troubleshooting microwave system malfunctions by using 

a test tone.
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SEISMOLOGICAL DATA PROCESSING

9930-03354 

Bruce Julian, Greg Alien, Tom Jackson, Moses Smith

Branch of Seismology
U.S. Geological Survey

345 Middlefield Rd. MS 977
Menlo Park, California, 94025

(415) 329-4695

INVESTIGATIONS

The purpose of this project is to provide for general 
purpose and specialized computer systems required by the 
branch of Seismology and its research collaborators. 
Some systems are required to meet the general computing 
needs of scientists in the earthquake prediction 
program. Other specialized systems monitor earthquakes 
in northern and central California, in real-time around the 
clock, or perform specific data acquisition and processing 
tasks. Lately, there is an increasing need for networking 
facilities to transfer data, programs and electronic mail 
between computers.

To meet the stated project goals, this project has 
responsibility for maintaining and enhancing existing 
computer systems and computer communication networks in 
addition to planning and purchasing new systems. Existing 
systems include a DEC POP 11/70 UNIX system, a DEC VAX 750 
VMS system, a DEC VAX 785 VMS system, two DEC POP 11/44 RSX 
systems, an ISI Motorola 68020 UNIX system, a SUN 4/280 
(spare) UNIX system, three SUN 3/50 UNIX workstations, eight 
SUN 3/60 UNIX workstations, and two MS-DOS microcomputers. 
All of these systems are connected to networking facilities, 
which include wide area networks (geonet, span, internet), 
a campus wide local area network (ethernet), a digital 
data switch (ROLM), and phone links (public and dedicated).

Recent work has focused on: installing new SUN workstations 
and a SUN 4/280 server; creating communication subnets for 
SUN and DEC workstations; expanding communication capabilities 
to include national and international networking; moving 
tape digitizing and dubbing tasks to PCs dedicated to that 
purpose.
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RESULTS

A SUN 4/280 server has been installed, along with six more 
SUN 3/60 workstations. The SUN 4/280 is a rise architecture 
system which is used for fast processing and as a file 
server for the SUN workstations.

Two ethernet subnets have been created, to provide more 
efficient networking for SUN and DEC workstations. A 
bridge and ethernet cable were installed to isolate the 
DEC workstations onto a separate subnet. Another ethernet 
cable was installed, for the SUN workstations, using the 
the SUN 4/280 as a bridge, or router, to this new subnet.

The USGS local area network has been joined to BARRNET and 
the Internet, via Proteon gateways and a 56 kbs DDS phone 
line. This allows intercommunication between computers for 
file transfers, remote logins, and electronic mail on 
a regional and national level, and provides electronic mail 
on an international level.

Two MS DOS micro-computers and tape controller boards have 
been obtained for the purpose of controlling tape digitizing 
and dubbing tasks. Development of controlling software is 
currently underway.
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Central Aleutians Islands Seismic Network

Agreement No. 14-08-0001-A0259

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

Campus Box 216, University of Colorado
Boulder, Colorado 80309

(303)492-6089

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

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

Data from the stations are FM-telemetered to receiving sites near the Naval 
Base, and are 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 CIRES once a week.

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

Data Annotations
A major maintenance trip was conducted during mid-July through September, 

1988. Of the 28 short-period vertical and horizontal components, 16 were operating 
for most of the time period of May through July, 1988. By the end of the 1988 sum­ 
mer field trip to Adak, all 28 components were operating. Our field team was able to 
obtain use of a Coast Guard helicopter, at no cost to the project, and brought up AK2 
and AK3, which had been down for about 6 years due to difficult access. A lightning 
strike at the end of the summer field trip brought AD1Z and AD6H down again and 
we were unable to repair them.

Current Observations
In late 1987, the network purchased a Sun 3/50 work-station, Sun 1600/6250 

bpi tape drive and controller, and two 141 Mbyte hard disks to replace our PDF 
11/70. Currently, the tape drive and Versatec are driven by a Sun 3/260 belonging to 
CIRES, free of charge, while all of our computing is done on the Sun 3/50. We have
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installed and customized the data analysis package developed at Lamont-Doherty 
Geological Observatory and have been locating earthquakes since August 29, 1988. 
Due to the down time associated with our move to a new building and installation of 
the above system, we have modified our locating strategy in order to maintain a sam­ 
pling of seismicity after the May 7, 1986 major event (Ms 7.7), and also remain as 
current as possible. As a result, we have a research assistant locating the first week 
of every month after the May 7, 1986 event through June 1987 and two locators 
working from July 1987 onward, and one locator in 1988.

We had planned to be locating current 1989 data by now, but, unfortunately, the 
PDF 11/34 used to digitize the analog tapes has broken and all attempts to repair it 
have failed. We are still attempting to repair the PDF 11/34, but in the meantime, are 
testing a new digitizing device loaned to us by Mr. Reese Cutler of Cutler Digital 
Design. This device is linked to a Sun 3/60 workstation and the Cutler digitizing 
device and Sun 3/60 can be used to replace the PDF 11/34. Dr. Peter Ward of Menlo 
Park is currently using such a system to digitize his network data on a real-time basis. 
We have more than twice as many stations as Dr. Ward and are digitizing at four- 
times his rate, but it seems likely that this system, with software provided by Dr. 
Ward, will work and could replace the 11/34. No tapes since November 1988 have 
been digitized.

The location work has proceeded well; 75 earthquakes were located during Sep­ 
tember 1-7 and October 1-8,1986; 217 were located during July 1-8, August, and 
September, 1987; and 202 during September - October 19, 1988. An additional 39 
earthquakes were located during March 21 - May 6, 1987 for a special study of deep 
events, making a total of 256 for 1987. The grand total for all three time periods 
located since our new system was finally up and ready is 533. This is about the rate 
that we had located events in years prior to 1986.

Epicenters of all located the events for 1986, 1987, and 1988 are shown in Fig­ 
ures 2a, 2b, and 2c and vertical cross-sections are given in Figures 3a, 3b, and 3c.

Seven of the events located with data from the Adak network for 1986 were 
large enough to be located teleseismically (USGS PDEs). A number of other telese- 
ismically located aftershocks within the network region are difficult for us to locate 
due to their arrivals being masked by the codas of other aftershocks. Also, 17 of the 
events located with data from the Adak network for the specified dates in 1987 and 4 
in 1988 were large enough to be located teleseismically (USGS PDEs). Because of 
the large number of aftershocks of May 7, 1986, a decision was made to not locate 
earthquakes with duration magnitudes (Mj) of less than 2.3 for 1986 and 1987. How­ 
ever, all events are being located for 1988.

A catalog has been compiled of the located events which occurred in 1986, 
1987, and 1988. The catalog is complete for events within the specified time inter­ 
vals with Md>2.3 for 1986 and 1987, and is complete for all events in 1988.

More detailed information about the network status and a catalog of the hypo- 
centers determined for the time period reported here are included in our semi-annual 
data report to the U.S.G.S. Recent research using these data is reported in the Techn­ 
ical Summary for U.S.G.S. Grant No. G1368.

Improvements in Analysis Techniques
In the past, the Central Aleutians Seismic Network duration magnitudes have 

been smaller than USGS mb value for larger events by approximately one unit of
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magnitude. Recent research has exposed some additional inconsistencies with the 
traditional method of determining magnitude for events in the central Aleutians. To 
correct these problems we are developing a new formula which has been scaled to 
agree with the magnitudes reported in the Preliminary Determination of Epicenters, 
but yields the same value for small events. The resulting preliminary formula is:

where Md is the duration magnitude, t is the duration measured from the S arrival, A 
is the epicentral distance, and z is the depth. A discussion of research on this prob­ 
lem can be found in the report of Grant No. G1368 elsewhere in this volume.

Other research using network data has revealed a gradually increasing variation 
in the apparent rate at which our data is digitized (nominally 75sps) due to mechani­ 
cal wear associated with our analog tape drives. In general this variation is minor 
during any one year, but enough to cause difficulties in analyses of data separated by 
several years. The effect on routine locating is a drift in time marks and station resi­ 
duals toward the end of any segment of digitized data. It was decided to correct this 
effect on routine locations by setting the time marks over an interval of at least one 
minute, rather than using the computer clock. This is equivalent to calculating the 
actual sampling rate for each event, rather than using a constant value for all data. A 
minor improvement in residuals was noted, so we have decided to continue using this 
more accurate method. Data from mid-August 1987 and September 1988 onward are 
affected by this change.
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Figure la: Map of seismicity which occurred September 1 - 7 and October 1 - 8,1986. 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 USGS; 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) indi­ 
cate the geographic extent of the Adak seismic network.

20



1.1

52 N

D o
0°o

0

51 N

178 W 177 W 176 W

LEGEND

' = 2.2 and below 

0 = 2.3 to 3.0 

o = 3.1 to 3.9 

O = 4.0 to 4.9 

O= PDE magnitude

175 W

SELECTED MARCH - SEPTEMBER 1987
UNIVERSAL TRANSVERSE MERCATOR PROJECTION 

202 EVENTS

ALL DEPTHS

15 km

Figure Ib: Map of seismicity which occurred selected times in March, April, May, July 1 - 
8, August, and September, 1987. Symbols as in Figure la.
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Figure 2a: Vertical cross section of seismicity which occurred September 1-7 and October
1-8,1986. Events are projected according to their depth (corresponding roughly to vertical
on the plot) and distance from the pole of the Aleutian volcanic line. The zero-point for the
distance scale marked on the horizontal axis of the plot is arbitrary. Events marked with
quares are those for which a teleseismic body-wave magnitude has been determined by the
TSGS; all other events are shown by symbols which indicate the duration magnitude deter-
ined from Adak network data. The irregular curve near the top of the section is bathymetry.
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Alaska Seismic Studies 

9930-01162

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

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

Menlo Park, California 94025
(415) 329-4744

Investigations

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 newly established Alaska Volcano Observatory (AVO). 
Under this program, our project monitors seismicity near Mt. 
Spurr and Mt. Redoubt with a 12-station network that includes 3 
stations near Spurr and 5 stations near Redoubt.

3) Cooperated with the Branch of Engineering Seismology and 
Geology in operation 16 strong-motion accelerographs in southern 
Alaska, including 11 between Icy Bay and Cordova in the area of 
the Yakataga seismic gap.

Results

1) Preliminary hypocenters determined using data from the 
regional network for the period July 1988 - January 1989 are 
shown in Figures 1 and 2. Among the notable features in the 
distribution of shallow epicenters (Figure 1) are: continuing 
aftershock activity in the northern Gulf of Alaska from recent 
earthquakes of magnitude 7.6 M8 that occurred in November 1987 
and March 1988 (Lahr and others, 1988); a sequence of twelve 
shocks with magnitudes ranging from 1.5 - 3.9 MD (4.9 mb ) that 
occurred beneath the continental shelf south of Prince William 
Sound (near latitude 60° N, longitude 146.6° W) within a three- 
hour period on August 13; two sequences of crustal shocks with 
magnitudes ranging up to 3.1 mD (4.1 mb ) located in close 
proximity beneath northern Cook Inlet (near latitude 60.9° N, 
longitude 151.0° W); and a sequence of nine crustal shocks in 
October that was initiated by a magnitude of 2.5 MD mainshock 
located 10 km southeast of Mt. Spurr along the volcanic arc. 
None of these events are clearly associated with mapped fault
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traces.

Near the center of the Yakataga seismic gap and beneath 
western Prince William Sound the apparent rates of shallow 
activity are elevated compared to preceding time periods. 
However, these increases can be at least partly attributed to 
systematic effects: the recent installation of two seismographs 
near the center of the gap, which lowered the magnitude threshold 
for detection and location of earthquakes in this area, and 
implementation of a lower than normal magnitude threshold for 
event selection in the Prince William Sound area during the first 
two weeks of July, in order to coincide with a temporary 
deployment of seismographs.

A magnitude 4.9 mD (5.5 mb ) shock that occurred on November 
30, 1988, was located at a depth of 144 km near Mt. Spurr (Figure 
2). This is among the deepest shocks located along this segment 
of the Aleutian Wadati-Benioff zone, and is the largest known 
shock within an epicentral distance of 100 km since a 5.5 mb 
shock in 1970. Locally the apparent thickness of the inclined 
seismic zone is about 20 km, and the recent shock was located 18 
km deep with the zone in a direction normal to its upper surface. 
The focal mechanism determined from initial P-wave polarities at 
regional stations is poorly constrained, but is compatible with 
mechanisms of other Wadati-Benioff zone events from adjacent 
segments of the arc which typically have an axis of least 
compressive stress that is aligned with the downdip direction of 
the subducted plate.

Beginning January 1989, the USGS and UAGI began a 
cooperative effort to process and analyze regional earthquake 
data from southern and interior Alaska and produce a joint 
catalog. As part of this effort, a primary data collection 
center is being established in Fairbanks where signals from both 
seismograph networks are being recorded digitally. Additional 
digital seismograms will be obtained from remote USGS recording 
nodes in Cordova and Yakutat. An initial impact of this joint 
processing effort has been an increase in the number of shocks 
with durations magnitudes below 2 that are located routinely in 
the western part of the network, west of about longitude 145°W.

2) Procedures have been established for AVO to issue regular 
monthly reports of recent volcano-related events. The first 
report was for January 1989. A protracted swarm of small (M = 0) 
earthquakes at Mt. Spurr volcano began on or about January 22, 
1989 and continued into the first week of February. As many as 
115 events per day were recorded, but the intensity began to 
decline after about February 4 and the swarm was not evident 
after about February 9. Although individual events could not be 
located because the events were recorded at only two stations, 
the character and similarity of the waveforms indicate that the 
swarm originated from a small volume (dimensions of 100 m or 
less) at a depth of 1 or 2 km. A similar swarm occurred in 1982 
when three local seismographs were operating. Based on the
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similarity of waveforms between the two swarms, it was deduced 
that they originated at the same point, roughly 7 km north of the 
summit. No comparable swarms are known to have occurred between 
1982 and the present.

3) Nineteen strong-motion records were recovered from ten sites 
in the network. Fifteen of these records could be associated 
with the three mainshocks in the recent Gulf of Alaska sequence: 
four with the first shock on November 17, 1987 (7.0 Ms ) , seven 
with the shock on November 30, 1987 (7.6 Ms ), and four with the 
shock on March 6, 1988 (7.6 Ms ) . Three records did not have 
absolute time, but are likely associated with the Gulf of Alaska 
sequence. One record, at the site GYO near Icy Bay, may have 
been triggered by a nearby shock with a duration magnitude of 2 
that was located by the high-gain network.

For the Gulf of Alaska sequence, the greatest accelerations 
were recorded for the November 30 shock. The epicenter of this 
event is 200 km north of the March 6 epicenter and is thus much 
closer to all of the sites. For the November 30 shock, the 
highest acceleration was recorded at Yakutat, 200 km northeast of 
the epicenter, where 0.14 g was observed on the E-W component. 
For the two other mainshocks, all of the records had 
accelerations less than 0.05 g.

4) A new PC/AT-based on-line computer system (MDETECT; 
Tottingham and others, 1989) was installed in Yakutat, Alaska, to 
replace the PC-based PCELOG. A second PC/AT system was also 
installed in Cordova because financial constraints necessitated 
termination of the telephone circuit from this important node 
which receives signals from several stations in or near the 
Yakataga seismic gap. Both systems were modified to incorporate 
a digital signal processing board so that frequency-domain 
techniques could be used to aid in event detection (Rogers, 
1989). These enhanced capabilities allow calibration signals 
from the remote instruments to be routinely detected and recorded 
at both nodes. Algorithms that use frequency information to 
detect and classify signals from earthquakes and other events of 
interest are under development.
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Figure captions

Figure 1. Epicenters of 651 shallow earthquakes that occurred 
between July 1988 and January 1989. Processing of data from the 
last two weeks in July and all but one day in August has not been 
completed. Magnitudes are determined from coda duration or 
maximum amplitude, and events of magnitude 3 and larger are 
generally about one magnitude unit smaller than the corresponding 
teleseismic mb magnitude. The magnitude threshold for 
completeness varies across the network. Contour with alternating 
long and short dashes outlines inferred extent of Yakataga 
seismic gap. Solid diamonds indicate epicenters of Ms 7.6 
earthquakes that occurred in November 1987 and March 1988. 
Neogene and younger faults shown as solid lines. PWS -Prince 
William Sound.

Figure 2. Epicenters of 425 intermediate and deep shocks that 
occurred between July 1988 and January 1989. See Figure 1 for 
ietails about magnitudes and map features.
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Seismic Data Library 

9930-01501

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

345 Middlefield Rd., MS 977
Menlo Park, CA 94025

(415) 329-4781

This is a non-research project and its main objectives is to 
provide access of seismic data to the seismological community. The 
Seismic Data Library was started by Jack Pfluke at the Earthquake 
Mechanism Laboratory before it was merged with the Geological 
Survey. Over the past ten years, we have built up one of the 
world's largest collections of seismograms (almost all of them on 
microfilm) and related materials. Our collection includes 
approximately 4.5 million WWNNS seismograms (1962-present), 1 
million USGS local earthquake seismograms (1966-1979), 0.5 million 
historical seismograms (1900-1962), 20,000 earthquake bulletins, 
reports and reprints, and a collection of several thousand magnetic 
tapes containing (1) a complete set (to 1984) of digital waveform 
data of the Global Digital Seismic Network (Date Tapes), and (2) 
a complete set of digital archive data of Calnet (CUSP archive 
tapes) since April 1984. Unfortunately, funding for FY-89 is 
inadequate such that the part-time assistant for the Seismic Data 
Library was laid off, and the future to continue the Date Library 
'.s uncertain.
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Northern and Central California Seismic Network Processing 

9930-01160

Fredrick W. Lester
Branch of Seismology

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

(415) 329-4747

Investigations

1. In 1966 a seismographic network was established by the USGS to monitor earthquakes in 
central California. In the following years the network was expanded to monitor earthquakes 
in most of northern and central California, particularly along the San Andreas Fault, from 
the Oregon border to Santa Maria. In its present configuration there are over 400 single 
and multiple component stations in the network. There is a similar network in southern 
California. From about 1969 to 1984 the primary responsibility of this project was to 
manually monitor, process, analyze, and publish the data recorded from this network. In 
1984 a more efficient and automatic computer-based monitoring and processing system 
(CUSP) began online operation, replacing most of the manual operations previously performed 
by this project. (See also the project description "Consolidated Digital Recording and 
Analysis" by S.W. Stewart.)

Since the introduction of the CUSP system the responsibilities of this project have changed 
considerably. The main focus of the project during the time period January 1984 through 
January 1989 was that of finalizing and publishing preliminary network data from the years 
1978 through 1984. Other duties included manually scanning network seismograms as back-up 
event detection for the CUSP system. We then supplemented the CUSP data base with the 
scan detected events. However, on February 1,1989 the CUSP data processing staff and daily 
network data processing responsibilities were transferred to this project. So at that time this 
project again became responsible for the daily processing and archiving of seismic data from 
the network. However since the CUSP system is now used daily processing is much faster 
and more efficient than during the time the data were processed by hand. The staff of nine 
technicians and professionals can effectively process 35 to 45 events per day.

2. This project continues to maintain the primary seismic data base for the years 1969 to the 
present on both a computer 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. For nearly two decades this office monitored the earthquakes in Yellowstone National Park 
and vicinity. The data from these earthquakes have been collected and processed, and approx­ 
imately 7000 events have been located for the time period 1959 to 1986. These data are 
currently being used to produce a map of epicenters for the region. This map will compliment 
both the recently published catalog of earthquakes for 1973 to 1984, and a map and cross sec­ 
tions for 1964 to 1984, covering the same area.

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. Areas of 
interest include the Golden Gate area near San Francisco, and Medicine Lake just east of
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Mount Shasta.

Results

1. Figure 1 illustrates 6587 earthquakes located in northern and central California during the time 
period October 1988 through March 1989. This level of seismicity is normal for a six month 
period. The largest earthquake during that time was a magnitude 4.7 event that occurred on 
November 9, 1988. It was located approximately 15 kilometers east of San Jose on the 
Calaveras fault

In the next month or two we plan to beginning to publish, probably on a monthly basis, a 
preliminary catalog of earthquakes for northern and central California. The format is not yet 
established but it will be some type of listing of events accompanied by a text explaining the 
processing and what is in the catalog. The catalog will be a combination of data processed by 
this project, using CUSP, and data from the Real Time Processor (RTP). The data from the 
RTF are those that are detected, recorded, and processed automatically by a microprocessor- 
based system developed at this office by Rex Alien, Jim Ellis, and Sam Rodriguez and run 
concurrently with the CUSP system. Merging of data from these two sources is presently 
being performed by Al Lindh and Barry Hirshom on another project, but soon will accom­ 
plished by this project. Merged data from these two processing sources should enable us to 
provide a comprehensive catalog that is complete at magnitude 1.5 in the central core of the 
network and something approaching 2.0 in the more remote portions of the net.

2. The current catalog is complete and correct through September 1988. The data from October 
1988 through February 1989 are complete, but some work remains to make corrections on 
some problem events and identify the quarries that have been located. Data from March 1989 
are still incomplete and many errors still remain to be identified and corrected.

3. The map of earthquake locations for Yellowstone Park and vicinity for 1959 to 1986 is now 
undergoing final revisions. It is expected to be finished and at the publisher by October or 
November 1989.

4. Nan MacGregor-Scott is currently working with Andy Michael to publish a paper on earth­ 
quakes that have occurred in the last few years near the Golden Gate area northwest of San 
Francisco. There has been a notable increase in activity in this region since January 1989 
including four magnitude 3+ events in February 1989.

Steve Walter has been investigating the seismicity in the Medicine Lake region. A magnitude 
4.0 earthquake occurred in that area on September 30, 1988 followed be aftershocks. The aft­ 
ershocks have continued until the present and there has been renewed interest in this region 
because of this activity and the possible implication of associated volcanic activity. Steve has 
been co-author on one short report about these earthquakes and plans to do more in the future.

Reports

Donnelly-Nolan, J. M., and S. R. Walter, 1989, Medicine Lake volcano and it's recent earthquakes, 
A contribution to the newsletter for visitors to Lava Beds National Monument, March 31, 
1989, 6p.

Pitt, A. M., 1989, Maps showing earthquake epicenters (1961 - 1981) in Yellowstone National Park 
and vicinity, Wyoming, Idaho, and Montana, U. S. Geological Survey, Miscellaneous Field
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Studies Map, MF 2022, scale 1:250000.
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WESTERN GREAT BASIN-EASTERN SIERRA NEVADA SEISMIC NETWORK 

USGS Cooperative Agreement 14-08-0001-A0618

Principal Investigators: M. K. Savage and W.F. Nicks
Seismological Laboratory

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

Investigations
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 from 
these earthquakes. Research using the data base was performed under USGS 
contract 14-08-0001-G1524 and is reported elsewhere in this volume.
Results
Development of the network

Figure 1 shows the network as of May 1, 1989. We have begun the process of 
replacing our existing processing system with a system developed by the USGS 
and Caltech based on a microvax cluster, the CUSP (Caltech-USGS Seismic Pro­ 
cessing system). Recording of the short period, vertical stations on the new sys­ 
tem is functional and the trigger is more sensitive than the previous one. Sys­ 
tem testing has begun on the recording of the intermediate-period, 3- 
component digital stations in a separate data stream, and the new Witcher 
Creek station is being recorded in the digital data stream. The CUSP seismo- 
gram picking program is under development at the USGS; we have a copy that is 
extremely slow, and we can begin the complete process of changeover when it is 
finished. Mapping and fault plane solution programs have successfully been 
installed on the microvax and many other programs have been transferred.

A seismic alarm has been implemented that operates off the CUSP output 
and sends alarms for earthquakes greater than about magnitude 3.5 within the 
network. We then use the present CUSP system to locate the earthquake and 
calculate its' fault plane solution without having to change the tape on the 11/34 
system. The CUSP system is also providing a backup for the 11/34 system when 
it goes down or misses events that are caught on the CUSP system's more sensi­ 
tive trigger.
Seismicity during report time

From September 1, 1988 through March 31, 1989, the University of Nevada 
Seismological Laboratory located 1405 earthquakes (fig 2, 3). 383 events were 
magnitude 2 or greater, 80 were magnitude 3 or greater, 3 had magnitude 
greater than 4 and one had magnitude 5.0, located in the Garfieid Hills between 
Hawthorne and Mina, Nevada. Portable instruments were deployed after the 
Garfieid Hills earthquake and during the Virginia City swarm of felt earthquakes 
from January 28 -February 1, 1989. The Garfieid Hills earthquake is the subject 
of a master's thesis by Che Noorliza Lat, and a progress report on analysis of the 
Virginia City swarm is described elsewhere in this volume. Most activity was 
associated with the Long Valley Caldera area and the Mono Lakes area.

More detailed monthly reports of seismicity can be obtained by contacting 
the laboratory.
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Regional Microearthquake Network in the 
Central Mississippi Valley

14-08-0001-A0263

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

Saint Louis University
3507 Laclede

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

Investigations

The purpose of the network is to monitor seismic activity in the Central Mis­ 
sissippi Valley Seismic zone, in which the large 1811-1812 New Madrid earth­ 
quakes occurred. The following section gives a summary of network observations 
during the last six months of the year 1988, as reported in Network Quarterly 
Bulletins No. 57 and 58.
Results

In the last six months of 1988, 61 earthquakes were located and 30 other 
nonlocatable earthquakes were detected by the 42 station regional telemetered 
microearthquake network operated by Saint Louis University for the U.S. Geologi­ 
cal Survey and the Nuclear Regulatory Commission. Figure 1 shows 61 earth­ 
quakes 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 42 earthquakes located within a 1.5° x 1.5 ° region 
centered at 36.25 ° N and 89.75 ° W.

In the last six months of 1988, 69 teleseisms were recorded by the PDF 11/34 
microcomputer. Epicentral coordinates were determined by assuming a plane 
wave front propagating across the network and using travel-time curves to deter­ 
mine back azimuth and slowness, and by assuming a focal depth of 15 kilometers 
using spherical geometry. Arrival time information for teleseismic P and PkP 
phases has been published in the quarterly earthquake bulletin.

The significant earthquakes occurring in the last six months of 1988 include 
the following:

1. September 7 (0228 UCT). Kentucky. mbLg = 4.6 (BLA). Maximum inten­ 
sity VI. Felt strongly in much of eastern Kentucky and in parts of Indiana, 
Ohio, Tennessee and West Virginia. Aftershock of mbLg = 3.8 (BLA) 
occurred two to three minutes later.

2. October 5 (0038 UCT). Southern Indiana. mbLg = 3.4 (NEIS). Felt IV at 
Calhoun and Olney, Illinois. Felt III at Dundas, Lawrenceville, Summer and 
West Liberty, Illinois.
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Consolidated Digital Recording and Analysis 

9930-03412

Sam Stewart 
Branch of Seismology 

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

Menlo Park, California 94025

Investigations.

On February 1, 1989 the operational functions of this project, 
along with appropriate personnel, were transferred to the "North 
and Central California Seismic Network Processing" project 
(9930-01160). See Rick Lester's report in this volume for a 
summary of the CUSP network processing function.

The "Consolidated Recording and Analysis " project now 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 512 stations and detecting and saving 
waveforms even from earthquakes registering just slightly above 
background noise level, (2) near-realtime and offline graphics 
systems to analyze, catalog and archive the detected waveforms, (3) 
support and documentation for the users of the system.

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

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

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

Results.

1. A realtime data acquisition system was completed before the 
start of this report period. It is being used by the seismological 
laboratories at Cal Tech and the University of Nevada (Reno), and 
at the Varian site in Parkfield, CA. During this report period it 
was greatly improved, problems were fixed, and updated versions are 
operating at the above sites and also at the Halliburton site in
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Parkfield.

2. Development of the GKS-based inter-active graphics analysis 
system was pursued in earnest. It is still under development and 
not yet ready for initial testing. It handles up to 512 stations, 
with up to 24 waveforms being displayed on the screen at once. It 
is almost entirely mouse-driven; very little keyboard input is 
required. It is designed so that users may interface their own 
analysis subroutines with a minimum of reprogramming, and without 
the system becoming bulky and awkward to maintain.

3. Documentation is proceeding concurrently. VMS online 'HELP 1 
documentation is well underway. This allows the user to ask for 
'help 1 while using the CUSP system. The 'help' files are designed 
so that they may be part of written manuals as well. Presently the 
docmentation for the offline analysis system is being developed.

Reports. 
None.
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Seismic Monitoring of the Shumagin Seismic Gap, Alaska 

USGS 14-08-0001-A0260

John Taber
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
Seismic data from the Shumagin seismic network were processed to obtain origin times, hypo- 

centers, and magnitudes for local and regional events. The processing resulted in files of hypo- 
center solutions and phase data, and archive tapes of digital data. These files are used for the 
analysis of possible earthquake precursors, seismic hazard evaluation, and studies of regional tecton­ 
ics and volcanicity (see Analysis Report, this volume). Yearly bulletins are available starting in 
1984.

Results
The Shumagin network was used to locate 955 earthquakes during 1988. The seismicity of 

the Shumagin Islands region for 1988 is shown in map view in Figure 1 and in cross section in 
Figure 2 (top). There were a total of 32 events over magnitude 4 during the year. The largest event 
in this period within the network occurred on 3/25/88, had a mb of 5.4, and was located just south 
of the Shumagin Islands at 54.68N, 159.64W The most significant activity during the year was an 
earthquake sequence near Mt. Dutton volcano and the town of King Cove (Figure 2, bottom). The 
sequence began in July with the most intense activity occurring in August. 293 events were located 
in the swarm from July through December with only a few events per month occurring from 
October onward. There have been no historic eruptions of Mt. Dutton, nor are there any fumeroles 
or hot springs on the volcano. The only previous known activity was a much smaller swarm of 
shallow earthquakes beneath Mt. Dutton starting in August, 1984 (Taber and Jacob, USGS Open 
File Report 85-464, p. 32). That sequence peaked in September, 1984 and continued at a somewhat 
elevated level through the fall of 1985. The largest event of the present sequence had an mh =4.6 
(NEIS). The distribution of epicenters forms a roughly linear zone which extends in a SE direction 
about 10 km from the western shoulder of the volcano. All events are high frequency in character; 
there have been no low frequency volcanic earthquakes so far.

Otherwise the overall pattern over this time period is similar to the long term seismicity. 
Concentrations of events occur at the base of the main thrust zone and in the shallow crust directly 
above it. The continuation of the thrust zone towards the trench is poorly defined. West of the net­ 
work (which ends at 163°), the seismicity is more diffuse in map view and extends closer to the 
trench. Below the base of the main thrust zone (~45 km) the dip of the Benioff zone steepens. 
Part of the double plane of the lower Benioff zone is evident between 50 and 100 km depth.

The network is capable of digitally recording and locating events as small as M,=0.4 with uni­ 
form coverage at the 2.0 level. Events are picked and located automatically at the central recording 
site in Sand Point, Alaska and the results, along with subsets of the digital data, can be accessed via 
telephone modem. Onscale recording is possible to ~M,=6.5 on two telemetered 3 component 
force-balance accelerometers. Larger events are recorded by one digitally recording accelerometer 
and on photographic film by 10 strong-motion accelerometers.
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Figure 2. Top: Cross-section of Shumagin network seismicity along line A-A' in previous 
figure. Note Mt. Dutton seismicity at surface above double Wadati-Benioff zone. Bottom: 
Expanded map view of Mt. Dutton seismicity (see previous figure for location). Only best 
located crustal events from 1988 are shown. Trend of epicenters is the same as the direction 
of maximum horizontal compression resulting from subduction of Pacific plate.
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Earthquake Hazard Research in the Greater Los Angeles Basin
and Its Offshore Area

#14-08-0001-A0620

Ta-liang Teng
Egill Hauksson

Thomas L. Henyey

Center for Earth Sciences
University of Southern California

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

INVESTIGATIONS

Monitor earthquake activity in the Los Angeles Basin and the adjacent offshore 
area. Upgrade of instrumentation for onscale recording of waveforms from local 
earthquakes.

RESULTS

The 01 January. 1988-14 Mav. 1989 Los Angeles Basin Seismicitv

The 1988 seismicity, is characterized by continued Whittier Narrows aftershocks 
and several new sequences with mainshocks in the magnitude range from 3.9-5.0. The 
first sequence was located near Upland in San Bernardino (Figure 1 A). The (ML = 4.6) 
Upland mainshock occurred on 26 June 1988. It was followed by numerous aftershocks 
indicating distinctly different behavior from the Whittier Narrows sequence. The Upland 
sequence does not appear to be simply related to the adjacent Sierra Madre fault that is a 
part of the frontal fault of the central Transverse Ranges. The second sequence, with a 
ML=3.9 mainshock, occurred September 12, offshore from Torrance in Santa Monica 
Bay. The third, with a ML=4.6 mainshock occurred 15 km offshore from Newport Beach 
on November 20. The fourth, with a ML=5.0 mainshock occurred in Pasadena on 
December 3.

During 01 January- 14 May 1989 two events of ML=5.0 and ML=4.6 were 
recorded (Figure 1A). The first mainshock of January 19 was located 15 km south of 
Malibu and was followed by several hundred aftershocks. The mainshock fault plane 
solution showed pure thrust faulting, similar to the solution for the 1979 Malibu 
earthquake. The second mainshock of April 7 was located on the Newport-Inglewood 
fault, near Newport Beach. This event was located 2-3 km south of the epicenter of the 
1933 Long Beach earthquake. The Newport Beach earthquake that showed pure strike-slip 
movement was only followed by six recorded aftershocks. In addition, during this time 
period enhanced activity is observed along the Elysian Park fault, to the west of the 
Whittier Narrows.

All of these 1988-1989 sequences indicate a unusually high level of seismicity in 
the Los Angeles basin. The cumulative number of earthquakes recorded in the Los Angeles 
basin from January 1988 to present is shown in Figure 2A. Jones and Reasenberg (1989) 
showed that the present rate is anomalously high compared with the rate recorded from 
1975 to March 1986.

The Pasadena earthquake of December 3 was widely felt throughout the Los 
Angeles metropolitan area. The mainshock's hypocenter was located beneath downtown 
Pasadena at 16 km depth. The mainshock was followed by 13 recorded aftershocks during
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the first 12 hours. Two of these aftershocks abutted the northernmost aftershocks of the 
1987 Whittier Narrows earthquake. The focal mechanism of the mainshock showed 
mostly strike-slip movement, similar to the M=5.3 largest Whittier Narrows aftershock of 
October 4, 1987. Both events, separated by a distance of 9 km, lie along strike of one 
nodal plane of both focal mechanisms and could be associated with the same steeply 
dipping fault striking north-northwest, from Whittier Narrows to Pasadena. Alternatively, 
the Pasadena earthquake could be interpreted as left-lateral movement on the Raymond 
fault. This interpretation would require the Raymond fault to dip steeply to the north and 
have almost no reverse motion. Presently, the distribution of aftershocks suggests that the 
Raymond fault is the causative fault.

The focal mechanisms of ten M>3.0 earthquakes that occurred during 1988 in the 
Los Angeles basin are shown in Figure 2B. The M=5.0 Pasadena earthquake and two 
other events (June 12 and June 26) in the eastern Los Angeles basin showed mostly strike- 
slip movement. Events located on the west side of the basin, offshore in Santa Monica Bay 
and San Pedro Bay, showed mostly thrust faulting.

PUBLICATIONS
Hauksson, E., L. M. Jones, T. L. Davis, L. K. Hutton, A. G. Brady, P. A. Reasenberg,

A. J. Michael, R. F. Yerkes, P. Williams, G. Reagor, C. W. Stover, A. L. Bent, A.
K. Shakal, E. Etheredge, R. L. Porcella, C. G. Bute, M. J. S. Johnston, E.
Cranswick, The 1987 Whittier Narrows Earthquake in the Los Angeles Metropolitan
Area, California, Science. 239, 1409-1412, 1988.

Jones, L. M. and E. Hauksson, Preliminary analysis of the 1987 Whittier Narrows 
earthquake sequence, Earthquake Spectra. 4, 43-53,1988.

Hauksson, E. and L. M. Jones, The July 1986 Oceanside (ML=5.3) earthquake sequence 
in the Continental Borderland, southern California, Bull. Seism. Soc. Amer.. 78, 
1885-1906, 1988.

Hauksson, E. andL. M. Jones, The 1987 Whittier Narrows earthquake sequence in Los 
Angeles,southern California: Seismological and tectonic analysis, J. Geophvs. 
Res., in press, 1989.

Hauksson E. and G. V. Saldivar, Seismicity (1973-1986) and active compressional
tectonics in the Santa Monica Bay, southern California, J. Geophvs. Res., in press, 
1989.

Hauksson, E. and R. S. Stein, The 1987 Whittier Narrows earthquake: A Metropolitan 
Shock, J. Geophvs. Res., in press, 1989.

REPORTS
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LOS ANGELES BASIN EARTHQUAKES
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Figure 1 A. Seismicity recorded during 1988 by the USC Los Angeles basin network.
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Figure IB. Seismicity recorded during 01 January -14 May 1989 by the USC Los Angeles basin network.
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Figure 2A. Cumulative number of earthquakes in the Los Angeles basin recorded by the USC Los Angeles 
basin network.
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Figure 2B. Focal mechanisms of M>3.0 earthquakes reported during 1988 in the Los Angeles basin.
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Field Experiment Operations 

9930-01170

John Van Schaack 
Branch of Seismology 

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

Menlo Park. California 94025 
(415) 329-4780

Invest iqat ions

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

a. 5-day recorder portable seismic systems,
b. "Cassette" seismic refraction systems.
c. Portable digital event recorders.

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

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

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

Results

Seismic Refraction
Seismic Cassette Recorders were deployed with 200 Seismic Group Recorders 

belonging to Stanford University in a reflection line in Eastern Washington in 
November 1988. This line extended £rom northeast of Yakima to just east of 
Wenatchee and west of the Columbia River. The weather was extremely oaa DO: 
good data were recorded on most instruments.

Portable Networks
A temporary teleseismic network was deployed in central Arizona during 

July 1988. The network consists of 13 five day recorders ano 10 telemetry 
sites. The network operated into November 1988. Good data were recorded on 
the stations that were telemetered to the 5-day recorders. This metnoci aiicws 
us to record up to 3 remote single component sites along with the 3 component 
local site on each 5-day recorder.
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Geothermal Seismotectonic Studies 

9930-02097

Craig S. Weaver
Branch of Seismology

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

University of Washington
Seattle, Washington 98195

(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)

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, 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 Newberry Volcano). The data from this 
monitoring is being used in the development of seismotectonic models for southwestern Wash­ 
ington and the interaction of the Basin and Range with the Oregon Cascades. (Weaver, 
Zollweg, Grant, Norris, Yelin, UW contract)

4. Study of Washington seismicity, 1960-1989. Earthquakes with magnitudes 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 particu­ 
lar emphasis on the 1962 Portland, Oregon event (Yelin, Weaver)

5. Detailed analysis of the seismicity sequence accompanying the May 18, 1980 eruption of 
Mount St. Helens, including about 500 deep earthquakes (>3 km) that occurred prior to May 
18. Earthquakes are being located in the ten hours immediately following the onset of the 
eruption, and the seismic sequence is being compared with the detailed geologic observations 
made on May 18. Re-examination of the earthquake swarms that followed the explosive erup­ 
tions of May 25 and June 13, 1980, utilizing additional playbacks of 5-day recorder data. 
(Zollweg, Norris, UW contract)

6. 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, with Lindh, EUsworth)

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

1. Studies of the distribution and composition of late Cenozoic volcanic vents, the pattern of 
crustal seismicity and heat flow values all find pronounced lateral variations in these observa­ 
tions along the strike of the Cascade Range. The changes in the volcanic vent distribution are 
pronounced enough that they have been used to divide the Cascade volcanic arc into five seg­ 
ments within which the vent distribution is approximately the same. The segments are: 1) 
north of Mount Rainier, 2) Mount Rainier to Mount Hood, 3) Mount Hood to the Oregon- 
California border, 4) Mount Shasta area, and 5) Lassen Peak area. Variations in the distribu­ 
tion of crustal earthquakes and heat flow values allow segment boundaries to be drawn nearly 
congruent with those determined from the vent distribution.

Typically, models of volcanic arc segmentation rely on variations in subduction zone 
parameters such as plate dip and convergence rate to explain the lateral changes. However, in 
the Pacific Northwest, the effect of the subduction zone is apparently limited to controlling the 
position of the volcanic arc; the arc reflects the position where the subducting plate reaches an 
approximate depth of 100-150 km. Almost everywhere within the range, crustal earthquake 
activity is characteristic of the three major geological provinces to the east: the Okanagon 
Highlands adjacent to the North Cascades (segment 1), the Columbia Plateau (adjacent to seg­ 
ment 2), and the Basin and Range (adjacent to segments 3, 4 & 5). An example of this simi­ 
larity is seismicity rate. For all of segment 1 and most of segment 2 the seismicity within the 
arc mimics that in the adjacent backarc, with very low rates in segment 1 and high rates in 
segment 2. In contrast, in the frontal region west of segment 1 (in the Puget Sound basin) cru­ 
stal seismicity is high whereas west of segment 2 (Coast Range) seismicity rates are very low. 
The Basin and Range influence is more complicated. In segment 3 where extension-related 
volcanism has ceased the rate of seismicity is low, whereas seismicity rates increase in seg­ 
ments 4 and 5 where extensional volcanism is still occurring.

The concordance of changes in the crustal earthquake observations in the Cascades with 
those found in the geologic provinces to the east allows the conclusion that regional differences 
in the backarc tectonic framework are largely responsible for crustal tectonics within the arc. 
Because the style of Cascade volcanism shows a spatial variation nearly identical to that 
observed in seismicity pattern, this suggests that the segmentation of the late Cenozoic Cascade 
volcanic arc is controlled in large part by backarc tectonics.

Reports

Grant, W. C. and Weaver, C. S., 1989, Seismicity of the Spirit Lake area: Estimates of possi­ 
ble earthquake magnitudes for engineering design, in The formation and significance of 
major lakes impounded during the 1980 eruption of Mount St. Helens, Washington, U. 
S. Geological Survey Professional Paper, edited by R. L Shuster and W. Meyer, (still in 
press).

Mooney, W. and C. S. Weaver, 1989, Regional crustal structure and tectonics of the Pacific 
Coastal States: California, Oregon, and Washington, in, GSA Memoir, Geophysical 
Framework of the Continental United States, L. Pakiser and W. Mooney, eds., in press.

Zollweg, J. E., 1989, High frequency earthquakes following the 1985 eruption of Nevada del 
Ruiz, Columbia, /. Volcan. and Geotherm. Res., 19 pages, 8 figures, (in press).

Weaver, C. S., 1989, What controls the segmentation of the Cascade volcanic arc?, (abs), 
Abstracts with Programs 1989, Geol. Soc. Amer. Cordilleran and Rocky Mountain Sec­ 
tion Meeting, 21, 157.

Grant, W. C., 1989, More evidence from tidal-marsh stratigraphy for multiple late Holocene 
subduction earthquakes along the northern Oregon coast, (abs), Abstracts with Programs 
1989, Geol. Soc. Amer. Cordilleran and Rocky Mountain Section Meeting, 21, 22.

Yelin, T. S., Magnitude and cumulative moment release estimates for earthquakes in Washing­ 
ton and northern Oregon, 1960-1984, Bull. Seism. Soc. Amer., (submitted).
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Ludwin, R., C. S. Weaver, and R. S. Crosson, Seismicity of Washington and Oregon, GSA 
Decade of North American Geology Associated Volume, Neotectonics, 35 pages, 10 
figures, (submitted).

Zollweg, J. E. and P. Johnson, The Danington seismic zone in northwestern Washington, Bull 
Seism. Res. Amer., 19 pages, 10 figures, (submitted).
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Comparative Earthquake and Tsunami Potential for Zones 
in the Circum-Pacific Region

9600-98700

George L. Choy 
Stuart P. Nishenko
William Spence

Branch of Global Seismology and Geomagnetism
U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Prepare a comprehensive map detailing comparative earthquake risk for 
the circum-Pacific region.

2. Develop a working model for the interaction between forces that drive 
plate motions and the occurrence of great subduction zone earthquakes*

3. Compile tsunami data for the circum-Pacific and the corresponding 
seismic source zones.

4. Develop methods for the rapid estimation of the source properties of 
significant earthquakes.

5. Develop methods for the rapid estimation of the source properties of 
significant earthquakes.

Results

1. A comprehensive map, "Circum-Pacific Seismic Hazards Forecast," has been 
prepared by Dr. Nishenko that details the probabilities of large-earthquake 
recurrence within the next decade for the entire circum-Pacific. It is 
based on studies of historic repeat time carried out under this project, as 
well as data drawn from papers published in the open literature. Work on 
this map that has been in progress this year include a probability study by 
Drs. McCann and Nishenko, who have identified areas of high seismic hazard 
in southwest New Britain, San Cristobal and the central Tonga arc* Data on 
the occurrence of great earthquakes and tsunamis from the Queen Charlotte 
Islands to the Aleutian Islands have been collected by Drs. Nishenko and 
Jacob and a paper describing the evaluation of probabilistic recurrence for 
this region has been submitted for publication.

2. Drs. Nishenko and Buland have completed a paper to improve the 
methodology of determining the probability of earthquake recurrence.
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3. In evaluating potential earthquake damage, the probabilistic assessment 
can be complemented by an understanding of the rupture mechanics of such 
earthquakes. Dr. Spence has completed an evaluation of the origins of 
stresses in the Cascadia subduction zone. An important conclusion is that 
subduction in Cascadia is not occurring aseismically and that large 
earthquakes may occur.

4. Several tsunami catalogs have been gathered prior to compilation of a 
comprehensive tsunami catalog. In cooperation with NOAA, Dr. Nishenko has 
designed a form for systematically gathering and analyzing tsunami data. 
Currently, there is no uniform approach for this data acquisition.

5. We have incorporated algorithms into NEIC operations for the systematic 
computation of radiated energy for all earthquakes with magnitude greater 
than 5.8. In the past six months, radiated energy has been computed for 43 
earthquakes. Choy and Boatwright (1988) have developed a method for 
determining maximum expected acceleration levels from teleseismic data. 
These estimates will fill the void due to the lack of near-field recording 
in regions of high seismic risk.

Reports

Boatwright, J., and Choy, G. L., 1989, Acceleration spectra for subduction
zone earthquakes: Journal of Geophysical Res. (submitted). 

Buland, R., and Nishenko, S. P., 1989, Preferred earthquake forecasts and
conditional earthquake prediction: Bulletin of the Seismological
Society of America (submitted). 

Choy, G. L., and Boatwright, J., 1988, Teleseismic and near-field analysis
of the Nahanni earthquakes in the Northwest Territories, Canada:
Bulletin of the Seismological Society of America, v. 78, 1627-1652. 

McCann, W. R., and Nishenko, S. P., 1989, Seismic potential and seismic
regimes of the southwest Pacific: Journal of Geophysical Research
(submitted). 

Mendoza, C., and Nishenko, S. 1989, The north Panama earthquake of 7
September 1882 Evidence for active underthrusting: Bulletin of the
Seismological Society America (in press). 

Nishenko, S. P., 1989, Map of Circum-Pacific seismic potential, 1989-1999:
U.S. Geological Survey Open-file Report 89-85. 

Nishenko, S. P., 1989, Circum-Pacific seismic potential Final report to
AID/OFDA: U.S. Geological Survey Open-file Report 89-86, 135 p. 

Nishenko, S.P., and Jacob, K., 1989, Seismic potential of the Queen
Charlotte-Alaska-Aleutian seismic zone: Journal of Geophysical
Research (submitted). 

Spence, W., 1989, Stress origins and earthquake potentials in Cascadia:
Journal of Geophysical Research (in press).
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Earthquake Hazard Investigations in the Pacific Northwest

14-08-0001-G1390

R.S. Crosson and K.C. Creager
Geophysics Program

University of Washington
Seattle, WA 98195

(206) 543-8020

Investigations
The objective of this research is to investigate earthquake hazards in western Washington, 

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 American and the subducting Juan de Fuca plates, kinematic 
modeling of deformation of the Juan de Fuca slab, and modeling of lateral velocity variations in the 
shallow crust. Research during this contract period concentrated on the following topics:

1. Publication of results of 3-D crustal velocity models for Puget Sound and southwestern 
Washington resulting from tomographic inversion of earthquake travel times. We are also 
investigating the incorporation of gravity data as a constraint in the tomographic inversion of 
earthquake travel times for crustal structure.
2. Compilation and preliminary analysis of teleseisms which have been digitally recorded on 
the Washington Regional Seismograph Network (WRSN). We plan to use these teleseisms for 
a study of the subducting Juan de Fuca plate using tomography and semi-automated methods 
of determining accurate relative arrival times for teleseisms.
3. Investigation of anomalous phase arrivals from sub-crustal earthquakes.
4. Modeling of 3-D kinematic flow of the subducted slab. 

Results
1. We have investigated the three dimensional seismic velocity structure of the crust of western 
Washington using tomographic analysis of earthquake arrival times. Our method effectively inverts 
P-wave travel-time residuals for P-wave velocity perturbations using structure that is parameterized 
by small blocks. The method underestimates the velocity variations since source locations and 3-D 
path effects are not included in the inversion. In the ML St. Helens region we have identified 
several anomalies in velocity that are correlated with known geologic structure. In addition, a low 
velocity anomaly at depths greater than about 10 km beneath the St. Helens cone is interpreted to 
reflect a magma accumulation zone. Results in the central Puget Sound region show stable low 
velocity anomalies that are interpreted to reflect the presence of significant sedimentary basins. On 
the eastern flank of the Olympic Peninsula, an arcuate shallow high-velocity anomaly appears to 
match the surface exposure of the accreted Crescent terrane. Our tomographic results indicate that 
Crescent rocks may dip eastward beneath the Puget Sound basin, and a region south of the basin 
that is largely devoid of crustal earthquakes coincides with a high velocity anomaly that may be 
contiguous with the Crescent terrane to the north. An article detailing inversion results for the 
Mount St. Helens area is now in press, and will appear in the JGR. A second article covering 
results for the Puget Sound area has been submitted to the JGR. A third article on mathematical 
aspects of tomography, comparing Bayesian Algebraic Reconstruction Techniques (ART) to conju­ 
gate gradient methods is also in press. Additional articles now in preparation deal with the use of 
regularization or smoothing in inversion and seismic tomography as a linear filtering operation, and 
with the use of Bouguer gravity anomalies as a constraint on the tomographic inversion of travel 
imes for velocity variations.
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2. We previously reported on a semi-automated method of determining accurate relative phase 
arrival times for teleseisms recorded on regional networks, which we developed. Utilizing data from 
the WRSN we have found that, for reasonably good events, the rms uncertainty in arrival time esti­ 
mates is on the order of the sample interval (.01 sec). Reproducibility of delay anomalies is excel­ 
lent for events from the same geographic locations despite differences in waveform and in fre­ 
quency spectra. A paper on the use of this technique to study the deep velocity structure of the 
Cascadia subduction zone has been submitted to the BSSA, and is now in revision. We are in the 
process of evaluating the data base of teleseisms which were digitally recorded by the WRSN from 
1980-1988. Several thousand teleseisms have been recorded and, using the NOAA and NEIC cata­ 
logs, we are identifying the locations of these and evaluating the azimuthal distribution of the earth­ 
quakes with respect to Washington State.
3. We are investigating anomalous secondary arrivals which have been recorded at stations on the 
Olympic Peninsula from earthquakes occurring in the subducting oceanic lithosphere under Western 
Washington. Such secondary arrivals may be due to energy trapped in the low-velocity subducting 
oceanic crust. This phenomenon of a trapped phase in a low velocity layer has been observed in the 
subducting Philippine Sea Plate beneath SW Japan, where anomalous phases have been interpreted 
as evidence that the earthquake showing such phases occurred within the subducting crust.

Preliminary results using data from the WRSN show an apparent velocity of 6.0-6.2 km/s for 
the anomalous phase (apparent sub-Moho p-vel: 8.2-8.4 km/s, apparent sub-Mono s-vel: 4.75-5.0 
km/s). The anomalous phase is observed on approximately 20% of the deep events in the subduct­ 
ing lithosphere (magnitudes > 2.5). Understanding of the plate configuration that leads to the 
occurrence of the anomalous phase can be used as a constraint on the geometry of the subducting 
Juan de Fuca Plate under Western Washington. We are formulating velocity models of the subduc­ 
tion zone, and will use 2-D ray tracing with these models to determine the probable cause of the 
anomalous phases.
4. During the last 40 years, the seismic moment release from intraslab Cascadia earthquakes has 
been dominated by the 1949 Puget Sound (mB=l.l, M0 =1.5xl026 dyne-cm) and 1965 Seattle 
(mB=6.9) earthquakes. The total seismic moment of these two events is about 100 times the sum of 
moments of all slab events recorded since the deployment of the Washington Regional Seismograph 
Network 19 years ago. The two large events and other intraslab events with magnitude exceeding 4 
are concentrated beneath the Puget Sound Basin extending from Olympia, Washington to Victoria, 
British Columbia. Distributing the summed moment over an area of 200x200 km and a presumed 
slab thickness of 10 km (the apparent seismogenic thickness determined from seismicity distribu­ 
tions) this seismic moment can be scaled to an in-plane or mean bending strain rate of 4x10~16 s~l . 
Calculations of the minimum amount of in-plane strain rate associated with deforming a spherical 
shell (oceanic lithosphere) into the observed slab geometry (with a 20° dipping slab model) implies 
that in-plane strains in the slab must reach a peak value of at least 2xlO~16 s~l . The predicted strain 
is concentrated beneath the Olympic Mountains and Puget Sound area, landward of the oceanward 
convex bend in the trench, and coincident with the observed seismicity distributioa We have also 
calculated the minimum amount of bending strain rate associated with bending and unbending the 
slab to reach the steep dip (65°) required to fit the teleseismic tomography results of Rasmussen and 
Humphries. The optimal slab shape requires a mean bending strain rate of 2xlO~16 s~l . These 
theoretical calculations suggest that both bending and in-plane strain rates are important in the 
deformation of the Cascadia slab, that the geographic distribution of slab events can be explained 
by the concentration of in-plane strains forced by the backwards curvature of the trench, and that 
the rate of deformation estimated from seismic moments is the same order of magnitude as the 
predicted bending and in-plane strain rates.
Articles
Boyd, T.M., and K.C. Creager, 1989 (in revision), The geometry of Aleutian subduction: Three- 

dimensional kinematic flow modeling, JGR.
Creager, K.C., and T.M. Boyd, 1989 (in revision), The geometry of Aleutian subduction: Three- 

dimensional seismic imaging, JGR.
Lees, J.M. and R.S. Crosson, 1989 (in press), Bayesian ART versus conjugate gradient methods in
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tomographic seismic imaging: An application at Mount St. Helens, Washington, 
AMS-SIAM: Conference on spatial statistics and imaging - June, 1988.

Lees, J.M. and R.S. Crosson, 1989 (in press), A tomographic inversion for the 3-D velocity struc­ 
ture at Mount St. Helens using earthquake data, JGR.

Lees, J.M. and R.S. Crosson, 1989 (submitted), Tomographic imaging of local earthquake delay 
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quakes, National Earthquake Information Service.
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Pacific Northwest, in: Slemmons, D.B., E.R. Engdahl, D. Shwartz, and M. Zoback
editors, Decade of North American Geology associated volume GSMV-1;
Neotectonics of North America. 
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Mann, 1989 (in press), Tectonics, Seismicity, and Engineering Seismology in Wash­ 
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arrival times using multi-channel cross correlation and least squares, BSSA. 
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Lees, J.M., 1989, Seismic Tomography in Western Washington, University of Washington, Ph.D.

dissertation, 173 p. 
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Univ. of Wash. Geophysics Program, 1988, Quarterly Network Report 88-C on Seismicity of

Washington and Northern Oregon 
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Washington and Northern Oregon 
Univ. of Wash. Geophysics Program, 1989, Quarterly Network Report 89-A on Seismicity of

Washington and Northern Oregon 
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Northwest, USGS Grant # 14-08-0001 -G1390. 
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Source Characteristics of Earthquakes Along the Southern 
San Jacinto and Imperial Fault Zones (1937 to 1954)

14-08-0001-G1683

Diane I. Doser
Department of Geological Sciences

University of Texas at El Paso
El Paso, Texas 79968-0555

(915)-747-5501

Objective: Four earthquakes with local magnitudes between 6.0 and 6.7 have occurred along 
the southern San Jacinto and Imperial fault zones between 1937 and 1954 (Figure 1). This 
study will use regional and teleseismic body waves and surface wave analysis to determine the 
faulting processes of these four earthquakes. Source information obtained in the study will be 
compared to recent studies of the rupture processes of post-1960 earthquakes occurring along 
the fault zones to determine the factors that control nucleation and termination of rupture 
along the faults and to estimate the probable extent and size of future events within the 
region.

Data Acquisition and Analysis: Funding for this study began in March of 1989. The first 
two months of work on this project has been devoted to data collection and preparation. The 
following tasks have been completed:

1) Seismograms have been collected from observatories located around the world for the 
four events of interest. Three of the earthquakes (1954, 1942, 1940) have sufficient body 
wave information for analysis. The seismograms for these events have been digitized and 
processed, and waveform modeling is currently underway for the 1954 event. A trip to 
Caltech is planned in mid-August to collect additional records from the Caltech archives. It 
is hoped that sufficient body wave data can be obtained for the 1937 event during this trip. 
Surface waves for all events of interest will be digitized and analyzed after this trip. In 
addition to collecting records for the four events of interest, seismograms were also requested 
for the 1923 and 1918 earthquakes along the northern San Jacinto fault (Figure 1). These 
earthquakes will be analyzed if time permits.

2) Fault maps of southern California have been digitized for use in later stages of the study.
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Figure 1. Earthquakes of interest to this study (stars). SAP=San Andreas fault, IF=Imperial 
fault, SJF=San Jacinto fault. Seismograms have also been collected for the 1923 and 1918 
earthquakes (triangles) along the northern San Jacinto fault, and will be analyzed if time 
permits.
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Investigation of the Late Quaternary Slip Rate of the
Northern San Andreas Fault at the Vedanta Wind Gap,
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14-08-0001-G1519

N.Timothy Hall* 
Earth Sciences Associates

301 Welch Road
Palo Alto, California 94304

(415) 321-3071

The 1906 trace of the San Andreas fault at the Vedanta research site lies along the 
southwest base of a medial ridge of late Pleistocene terrace deposits that divides the rift valley into 
two parallel northwest-trending alluviated valleys (Figure 1). The valley west of the fault near the 
town of Olema contains Gravel Creek, several alluvial fans, and a marsh. The site for this 
paleoseimologic study is an abandoned water gap which was cut across the medial ridge by a 
former channel of Gravel Creek.

Approximately 105 meters (350 feet) of backhoe trench were excavated at the Vedanta wind 
gap research site between September 12 and November 18, 1988 (Figure 2). Five trenches 
(Trenches 1,2, 3,4,9) were excavated perpendicular to the fault in order to locate the active fault 
traces and to document the subsurface character of the fault. Four fault-parallel trenches (Trenches 
5, 6, 7, 8) were excavated in order 1) to define the geometry of fluvial stratigraphic units which 
have passed through the gap in the ridge at this location and 2) to identify units truncated by the 
fault which might act as distinctive piercing points. Because of more favorable groundwater 
conditions, trenching was concentrated on the eastern side of the San Andreas fault.

To date, the subsurface strata within the wind gap on the northeast side of the fault have 
been characterized, partially dated by radiocarbon analyses, and target piercing points identified. 
Evidence from the 1988 field season at the Vedanta site indicates that the wind gap was an active 
water gap until at least 1200 years B.P. Channelized stream deposits located at the northern end of 
the wind gap at a depth of approximately 2 meters are truncated on the west by the San Andreas 
fault (Figure 2 and 3). The correlative channel presumably lies northwest of the wind gap and is 
now buried beneath marsh sediments. The truncated channel consists predominantly of distinctive 
angular cobbles of Monterey Formation siltstone and of Salinian block granite derived from the 
Gravel Creek drainage basin. Charcoal and organic debris samples from this channel have been 
radiocarbon dated at 1,850+50 years B.P. Assuming a likely slip rate between 14-26 mm/yr 
derived from the U.S.G.S. Working Group's estimate and from the work of Prentice (1989) near 
Pt. Arena, our targeted offset channel should lie west of the fault, 26-48 meters northwest from 
where the channel is truncated on the eastern side of the San Andreas fault.

The project period ended March 31, 1989. Samples from backhoe trenches and the late 
Quaternary units exposed in the medial ridge are being processed. Thin sections of sands from 
selected fluvial units and bulk gravel counts are being analyzed to determine source drainages. 
Work is continuing on a detailed topographic map which documents the geomorphic features of 
active faulting at Vedanta wind gap site and on mapping Quaternary deposits in the surrounding 
region. The results of the 1988 trenching along the San Andreas fault at the Vedanta wind gap are 
currently being prepared as a Technical Report.

*Now at: Geomatrix Consultants, One Market Plaza, Spear Street Tower, Suite 717,
San Francisco, CA 94105 (415) 957-9557
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Figure 1: Location map of the Vedanta 
wind gap research site.
a) The northern segment of the San Andreas 
fault ruptured in 1906 along a 350 mile trace 
between San Juan Bautista in the south to 
offshore of Point Arena. The maximum 
offset of 20 feet was recorded at the northern 
end of the Olema valley in Marin County.
b) A portion of the 7.5' U.S.G.S. Inverness 
Quadrangle showing the location of the wind 
gap research site.
c) A sketch map based on the topographic 
map showing the drainages at the research 
site. Gravel Creek, which presently drains 
through a water gap northwest of the wind 
gap, has been diverted from its former path 
through the wind gap.

c)
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Figure 2: Sketch map of the Vedanta wind gap and location of backhoe trenches excavated 
during the 1988 field season. Channelized stream deposits radiocarbon dated as 1850+50 years 
B.P. are targeted as a piercing point on the San Andreas fault.
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Figure 3: Trench log of the targeted piercing point channel marked with diagonal ruled pattern. 
See Figure 2 for location of trench.
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Analysis of Earthquake Data from the Greater Los Angeles Basin and 
Adjacent Offshore Area, Southern California

#14-08-0001-01328

Egill Hauksson
Ta-liang Teng

Center for Earth Sciences
University of Southern California

Los Angeles, CA 90089-0740

INVESTIGATIONS

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

Analysis of die seismicity in Santa Monica Bay has been completed.

RESULTS

During 1973-1986 the seismicity in Santa Monica Bay consisted of an average of 
four events per year of M^>2.5, in addition to the 1979 Malibu (M^=5.0) mainshock- 
aftershock sequence. The 1979 sequence ruptured a north dipping thrust fault at 10-15 
km depth beneath the bay. A diffuse distribution of seismicity extends across the bay 
from the terminus of the Palos Verdes fault to Point Dume. Two thirds of the single-event 
focal mechanisms of 36 events that are located within the bay show mostly thrust or 
reverse faulting on west to west-northwest striking planes (Figures 1 and 2). A third of 
the focal mechanisms exhibit strike-slip faulting on north to north-northwest striking 
planes. A stress inversion of the focal mechanism data shows that the maximum principal 
stress is oriented N13°E in a horizontal plane and the minimum principal stress is oriented 
N102°E and plunging 47°.

Hence the tectonics in Santa Monica Bay are dominated by compression, with 
thrust, reverse, and strike-slip faulting. The coexistence of thrust and strike-slip faults 
suggests that the bay is not a part of the Peninsular Ranges terrane but forms a transition 
zone that accommodates the change from strike-slip in the Peninsular Ranges to the south 
to reverse faulting in the Transverse Ranges to the north. Mapped anticlines and the 
previously unrecognized thrust faults beneath the bay form two fold and thrust belts that 
present additional seismic hazards to Los Angeles and the southern California coastal zone 
through seismic shaking and possible generation of small tsunamis.
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Spatial and Temporal Patterns of Seismicity in the Garm Region, USSR: 
Applications to Earthquake Prediction and Collisional Tectonics

14-08-0001-G1382

Michael W. Hamburger, Gary L. Pavlis
Mariana Eneva, and Margaret Thomas

Department of Geology, Indiana University
Bloomington, Indiana 47405

(812) 855-2934

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, shown in Figure 1, 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 a/., 1979). Beginning in 1975, the 
USGS, in cooperation with the CSE, has operated a telemetered seismic network nested within a 
stable CSE network that has operated in the area for over thirty years. The fundamental aims of the 
present research project are: (1) to elucidate the structures and processes involved in active 
deformation of the broad collisional plate boundary, and (2) to examine the temporal variations in 
seismicity near Garm, in the form of changing spatial, depth, and stress distribution of 
microearthquakes that precede larger events. The data base for this study includes the combined 
resources of the global, regional, and local seismic networks.

Results

The research reported here is based on two main data sources: (1) the Soviet regional 
catalog ("Earthquakes in the USSR," Acad. Sci. USSR), which covers an area of approximately 
15° by 25° and includes over 30,000 events since 1962 (compiled in collaboration with D.W. 
Simpson, Lamont-Doherty Geol. Obs.), and (2) the CSE network catalog, which covers an area of 
about 2° square surrounding Garm, and includes over 70,000 events since the early 1950's. Earth­ 
quakes located by these networks are compared to the teleseismic seismicity catalog in Figure 1.

Aftershock Properties. We have used the twenty-two year regional seismicity record to 
examine the characteristics of aftershock sequences following 89 moderate and large (ML > 5.5) 
earthquakes in the Central Asian region. Our study includes 49 intermediate-depth earthquakes 
from the active Pamir-Hindu Kush region. We identified aftershocks using a statistical approach 
that considers the average background seismicity rate within a rigid spatial window (1° x 1° square) 
surrounding each mainshock. The sequence begins at the mainshock and ends when the smoothed 
seismicity rate falls below the 95% confidence level above the mean rate. This method allows for a 
consistent, objective method of aftershock identification that allows for the enormous differences in 
background seismicity among the various source areas. We have summarized the following first- 
order properties of the 89 aftershock sequences: (1) number of aftershocks (both absoloute and 
relative to background level), (2) length of the sequence, (3) magnitude and time interval associated 
with the largest aftershock, (4) magnitude-frequency relations (i.e., A and& values) within the 
sequence, (5) number of short-term aftershocks; (6) presence and number of foreshocks; (7) 
Omori Law decay constant of the sequence (p-value). The variability of several of these parameters 
is shown graphically in Figure 2. Variations in these parameters are being studied as a function of 
mainshock magnitude, depth and tectonic setting. Among the sequences that we have examined in 
greater detail are two unusual intermediate-depth events in the Pamir-Hindu Kush seismic zone 
(Figure 3). These large events, one in 1965 and the second in 1983, were both located at about
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210 km depth, and resulted in highly productive aftershock sequences including 112 and 816 
aftershocks, respectively. The latter was the largest aftershock sequence recorded during the entire 
23-year recording period. These marked mainshock-aftershock sequences are anomalous among 
intermediate-depth seismicity, where large earthquakes generally occur either as isolated shocks, or 
within smaller clusters or multiple-event sequences (e.g., Isacks et aL, 1967).

Magnitude-frequency Relations. Using the eighteen years of CSE network data that we 
currently have access to (1969-1986), we have examined magnitude-frequency relations for 
earthquakes in the Garm region (Pavlis et aL, 1989). Earthquakes throughout most of the region 
obety the linear magnitude-frequency (Gutenberg-Richter) relation. However, when we focused 
on the highly active area in the western portion of the Peter the First Range, we observed a 
significant departure from the G-R relation, in the form of an excess in the number of earthquakes 
with magnitudes in the range of 3.5 to 5.5 (Figure 4). We found that there is less than a 5% 
probability that this anomaly could be due to random chance. This anomalous behavior may be 
related to the fact that the Peter the First Range is an active fold-thrust belt, in which the 
deformation is dominated by moderate-sized events on imbricate thrust planes. The linear portion 
of the magnitude-frequency relation at smaller magnitudes represents the self-similar response of 
the fault system on smaller-scale structures, as predicted by the maximum moment model of 
Wesnousky etal. (1983).

Spatial and Temporal Patterns. Our previous work (Eneva and Hamburger, 1989) has 
shown that spatial nonuniformity in earthquake occurrence is a ubiquitous characteristic of 
seismicity of the Central Asian orogen, operating at virtually all scales. Using the same statistical 
approach, we have analyzed areas of much smaller scale, the aftershock zones associated with 
eight moderate and large (ML > 4.5) events recorded by the CSE network. Figure 5 (a,c) shows a 
map and space-time diagram of the seismicity in the vicinity of the largest of these events, a ML= 
6.3 mainshock that occurred in late 1984. The aftershocks were separated from the background 
seismicity (Figure 5d) by a "declustering" procedure, described by Eneva and Hamburger (1989). 
We have significantly modified our previous techniques to obtain the "expected" spatial 
distributions of earthquakes that are to be compared with the observed distributions. We can now 
randomly generate events in arbitrarily-shaped 3-D volumes, such as the irregular shape whose 
surface projection is shown in Figure 5a. Comparison between expected and observed distri­ 
butions of interevent distances between pairs of earthquakes (Figure 5b) provides a quantitative 
means for measuring the spatial nonuniformity in earthquake distribution. Our results demonstrate 
well defined spatial clustering of earthquakes within the aftershock sequences that contrasts sharply 
with the spatial distribution of background seismic activity. Surprisingly, the degree of spatial 
clustering appears to increase within progressively smaller subareas within the aftershock zone.
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Figure 1. Comparison of earthquake data bases for the Garm region. (A) Teleseismic locations (from ISC catalog). 
Open circles: h < 70 km; filled circles: h > 70 km. Fault maps are adapted from Atlas of the Tadjik SSR (Acad. 
Sci. Tadj. SSR, 1968). Dashed ellipses indicate aftershock zones of 1974 Markansu and 1978 Alai Valley earth­ 
quakes. Heavy arrow shows the location of Garm. (B) Locations from the Central Asia regional network, 
1964-1980. Focal depths as in (A); small symbols: ML < 4.0; large symbols: ML > 4.0. We have arbitrarily 
"randomized" the coordinates of poorly located events on the margins of the seismic network. (C) Earthquake 
locations for the CSE network at Garm. We have plotted all epicenters for a one-year recording period (1986).



1.2

30

20

0 100 200 300 400 SOO 200

30

20

| ,.

1.0

D

0.0 1.0

Figure 2. Characteristics of aftershock sequences following 89 moderate and large earthquakes (ML £ 5.5) in the 
Central Asian region: (A) Total number of aftershocks per sequence; (B) length of each sequence; (Q b-value of 
each sequence, defined as the slope of the magnitude-frequency (Gutenber-Richter) relation; (D) p-value of each 
sequence, defined as the temporal decay constant in the modified Omori's Law (e.g., Utsu, 1971).
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Figure 4. Magnitude-frequency relations for subregions of the Garm area. Regions used to select the data are the 
western and eastern portions of the Peter the First Range, the southern Tien Shan and the Darvaz Range 
(northern Pamir). Note the distinct departure from linearity for the highly active western Peter the First Range. 
From Pavlis et ai (1989).
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Figure 5. Spatial distribution of ML > 1.5 earthquakes surrounding the epicenter of the 26 Oct 1984 Dzhirgital 
earthquake (ML=6.3), for the period 1969-1986. (A) Epicentral map with polygonal shape delineating the after­ 
shock zone. (B) Comparison between expected distribution of interevent distances (dashed line) and observed 
distributions for aftershocks (dotted line) and background seismic activity (solid line). Note marked clustering of 
interevent distances < 14 km for aftershock sequence, and contrast with background seismicity. (C) Space-time 
diagram for all events within the NW-SE profile II1 shown in (A). (D) Space-time diagram of background seis­ 
micity, i.e., after removal of the aftershock sequence.
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Investigation: This study addresses the characteristics of earthquakes occurring in the 
Western United States, with special emphasis on Southern California. We, also, plan to 
extend these studies to include long range path effects of the type expected at PAS from 
great Events. These efforts can be broken down into four major tasks:

1. Collect and digitize the three component seismograms of US events as recorded at De 
Bilt and other high quality stations.

2. Analyze these events in conjunction with corresponding modern events used as mas­ 
ters to locate to and determine fault parameters

3. Detailed studies of events in the 3.5 to 5 magnitude class observed at PAS (hard rock 
site) to establish their source characteristics and path effects (weak motions).

4. Collect and analyze the strong ground motion recordings along paths similar to those 
studied in 3.) to establish the usefulness of derived Green's functions in future numerical 
modeling of possible Great Events.

Results: Many of the more important post 1962 events have been studied with respect 
to the WWSSN network. These events include the 1987 Whittier Narrows earthquake 
(Bent and Helmberger, 1989c) and the 1987 Superstition Hills earthquakes (Bent et al., 
1989b). Nearly all of the events larger than magnitude 5 have been recorded by the 
Pasadena strong motion instruments. Some of these records have been modeled in stu­ 
dies by Ho and Helmberger (1989) and Helmberger et al. (1989). In this report we will 
briefly discuss some of the problems encountered in the reconciliation of short period 
array locations versus long period studies.

We have used long period waves at continuously operating stations to determine 
the locations of historic events with respect to recent - presumably well-located - events 
in the western Imperial Valley. The difference in travel times between phases ( for exam­ 
ple the S-P or surface wave-S times) of a recent and historic event at the same station 
gives the relative locations of the 2 earthquakes with respect to that station. By combin­ 
ing the travel time information from many stations, we obtain an absolute location for 
the historic event.

To determine seismic moment we compare the maximum amplitudes of historic and 
recent events at as many common stations as possible. Matching of waveforms has 
shown that the peak amplitude tends to occur in the same place so this method is prob­ 
ably valid.

We have studied the 1937, 1942 (and an aftershock or secondary event) and 1954 
earthquakes using the 1968 Borrego Mountain, the 1969 Coyote Mountain and the 1987 
Elmore Ranch events as calibration events. The three calibration events have all been 
modeled using regional and teleseismic data, and are compatible with the catalog loca­ 
tions. Figure 1 shows the Caltech catalog locations for each of these events as well as 
their distance from Pasadena. The stations SLM/FLO, PAS and OTT are generally 
available for location purposes, and VIC and DBN can often be included in the moment 
estimates.

As shown in figure 2, the waveforms for the 1954 and 1969 earthquakes recorded at 
St. Louis are very similar. When the SV waves are aligned, the Rayleigh waves are offset
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by 4 seconds, with the surface wave for the 1969 event arriving earlier. If the Rayleigh 
waves are aligned, the SV waves are offset by the same amount. This 4 second offset 
corresponds to a distance difference of 16 km. The catalog locations place the 1954 
event on the southern end of the San Jacinto fault and the 1969 earthquake on the Coy­ 
ote Creek fault. The offset measured at St. Louis suggests that the 1954 earthquake 
occurred west of the Coyote Creek fault, which is somewhat disturbing. The Coyote 
Mountain (1969) earthquake has been modeled as a deep event with a source depth of 
16-18 km, while the 1954 event was shallower (6-10 km). Up to 3 seconds of the observed 
travel time difference may be accounted for by the depth difference of the two earth­ 
quakes. This still puts the 1954 earthquake further west than we believe it should be. 
One explanation for the discrepancy between the catalog location obtained from short 
period data and the long period teleseismic location is a phenomenon that has been 
observed for some recent Imperial Valley earthquakes. For both the 1979 Imperial Valley 
and 1987 Superstition Hills earthquakes, the location of the onset of rupture determined 
from the array data was 20 to 30 km away from the location of the bulk of the long 
period energy release. An other possibility is that the 1969 event has been mislocated. 
If we move it southeastward, we obtain more consistent locations from one station to 
another for both the 1954 and 1942 earthquakes. More data will be required to obtain 
tightly constrained locations for these events and to determine the exact cause of the 
discrepancies between the local and teleseismic locations.

We obtain moments of 1.2xl025 , 3.3xl025 , l.SxlO25 and 1.9xl025 dyne cm for the 
1937, 1942a, 1942b and 1954 events respectively. This implies that contrary to the cata­ 
log magnitudes the 1968 Borrego Mountain earthquake, with a moment of l.lxlO26 and 
not the 1942 event is the largest event to have occurred in the region during this cen­ 
tury. The moments for the 1937 and 1954 earthquakes are slightly smaller than 
expected, while that of the second 1942 event is much larger than anticipated.

References:
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Figure 1. Map of western Imperial Valley. The circles represent small earthquakes 
recorded by the Pasadena broad-band instrument which were used to calibrate vari­ 
ations in S-P time with distance from Pasadena. The triangles represent the Caltech 
catalog locations for the recent and historic events used in this study. The northeast 
trending lines show the distance from Pasadena in km.
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Observations at SLM.EW

Rayleigh Wave

4 sec

Figure 2. The radial component of long period seismograms of the 1954 and 1969 events 
recorded at St. Louis. The upper trace is the 1969 event as recorded, the middle 
trace is the 1954 event as recorded, and the lower trace is the 1969 event convolved 
with a triangle 4 sec. in duration. All records have been digitized and replotted with 
the same maximum amplitude. The solid vertical line marks the S phase used in 
the waveform correlation. The dashed lines show the offset in the Rayleigh waves.
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Investigations

1. Field and mechanical study of ground cracks associated with the 1974 
ML=5.5 and 1983 and ML=6.6 Kaoiki earthquakes.

Results

1. Importance of the Kaoiki Fault Zone. The Kaoiki seismic zone, located on 
the southeast flank of Mauna Loa volcano, Hawaii, is the site of moderate to 
large magnitude earthquakes that have caused serious damage to the island 
of Hawaii. In the past 15 years, the November 30, 1974 ML=5.5 and 
November 16, 1983 ML=6.6 earthquakes generated zones of left-stepping, 
echelon cracks that, unlike many other large magnitude Hawaiian 
earthquakes, created new ruptures, at least in their surface expression. 
The Kaoiki is the subject of a forecast for a ML =6 earthquake before the 
turn of the century (Wyss, 1986). Further investigation of the relation 
between volcano-seismic processes and faulting within the Kaoiki zone will 
increase our ability to predict future earthquake hazards within this area.

General Objectives. This study investigates 1) the faulting and earthquake 
mechanisms involved in the two large 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 southeastern flank. Field work 
undertaken by this study includes reconnaissance mapping (1:5000) of the 
1983 rupture zone and detailed outcrop-scale mapping (1:1000) of critical 
exposures of the ground cracks. Analytical work includes mechanical 
analysis of the nature and depth of faulting underlyng the 1974 and 1983 
cracks. This work provides important information on the history and 
mechanisms of faulting within the Kaoiki zone that will form the basis for 
seismic hazard evaluations for the Island of Hawaii.

Mapping Results, 1:5000 scale. Geologic mapping by Marie Jackson and 
Elliott Endo at 1:5000 scale shows that the 1983 rupture zone extends for 
nearly 7 km along the lower southeast flank of Mauna Loa at about 2000 m 
elevation. Echelon, opening-mode cracks step continuously to the left 
along the zone, which trends N50E, parallel to one of the nodal planes of 
the main shock focal mechanism, indicating right-lateral shear. The 
cracks have freshly-broken surfaces and they strike nearly east-west, 45° 
clockwise from the overall trend of the zone. Their orientations and 
geometry are consistent with right-lateral shear and they strike parallel to 
a transect joining the summit magma chambers of Mauna Loa and Kliauea
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volcanoes. Paradoxically, exposures of the 1983 cracks terminate near the 
western edge of the Ke a Poomoku aa flow (500-720 years old, J. P. Lockwood, 
pers. comm.) about 4.3 km northeast of the mainshock epicenter.

Jackson and Endo found excellent exposures of much older ground cracks 
about 0.5 km upslope from the last observed 1983 fractures. These left- 
stepping, echelon cracks also have opening-mode displacements and strike 
east-west within a 1.1-km-long, N50E-trending zone that terminates at the 
western edge of the Na Puu Kulua lava flow (>1500 years old, J. P. Lockwood, 
pers. comm.). The cracks are deeply weathered with thick growths of 
lichen. Small trees and bushes grow within wider cracks that have 
opening displacements of greater than 1m. Further work, possibly with 
vegetation analysis, may confirm that the older cracks formed during the 
Great Ka'u earthquake of 1868.

Ground disruption from 1983 is concentrated along the older crack zone; 
fresh pahehoe rubble often overlies the older cracks and broken tumuli 
occur nearby. Left-stepping, echelon ground cracks from the 1974 ML=5.5 
event, which may have reactivated cracks associated with the 1962 ML= 6.1 
Kaoiki earthquake (Endo, 1985), lie 4 km downslope. Thus, ruptures from at 
least four Kaoiki events are concentrated within a 10 km2 area. Unlike 
most earthquakes, the major Kaoiki events appear to be the propagation of 
entirely new rupture surfaces. The mechanical interaction between the 
fault planes underlying the older cracks and the fault associated with the 
1983 event is, as yet, unclear. Further detailed mapping of three small, 
excellent exposures of the 1983 and oldest crack sets, and fracture analysis 
using this data will help clarify the mechanics of fault slip in 1983.

Mapping Results, 1:1000. In addition to reconnaissance mapping of the 
Kaoiki fault zone, Marie Jackson has been making a detailed 1:1000 map of a 
2-km-long exposure of cracks located at the northeastern terminus of the 
1983 rupture zone, near the Mauna Loa Strip Road. There, left-stepping, 
east-west striking cracks form arrays at three scales. Short crack segments 
1 to 20 m long coalesce to form arrays that are 50 to 100 m long. The short 
segments step to the left and twist 5° to 10° in a clockwise direction from 
their parent arrays. The 50-100-m-long arrays form left-stepping, 
clockwise-twisting segments of two longer arrays that are >250 m long; the 
longer arrays also step to the left. As the crack arrays increase in length, 
the clockwise twist of their left-stepping, echelon segments makes an 
increasingly smaller angle with the general trend of the rupture zone. 
The. cracks apparently represent the breakdown zone above the tip of a 
deeper parent fault (Pollard et al.,1982): the arrays of twisted surfaces 
exposed within the rupture zone systematically diverge in orientation from 
that of the parent at several scales. The overall geometry appears to 
confirm the self-similiarity of earthquake-related fractures at lengths 
down to a few meters.

Preliminary mechanical analysis. It is well-documented that many 
laboratory shear and extension fractures propagate by the coalesence of 
opening-mode microcracks created in the crack-tip region, or fracture 
process zone, of the primary, or parent, crack. By analogy, Jackson et al. 
(1988) suggested that stresses generated by the propagating Kaoiki rupture 
caused tensile failure of the near surface rocks. In a preliminary analysis,
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these authors computed tensile stresses above a mode III antiplane fault 
with the seismic moment and estimated dimensions of the 1983 ML=6.6 
earthquake. They showed that if the parent strike-slip fault propagated to 
within one km of the earth's surface, the magnitude of tensile stresses 
generated by the propagating rupture would be of sufficiently large 
magnitude to cause ground cracking. We suggest that if the rupture had 
continued to propagate upward, the opening-mode cracks would have 
coalesced to form a continuous zone of strike-slip ground breakage.
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This grant is to support the deployment of the PANDA (Portable Array for 
Numerical Data Acquisition) array for six to eight months in the 
central, most active portion of the New Madrid seismic zone (NMSZ), central 
United States. PANDA provides investigators with data of considerably 
higher quality than are available from the existing regional seismic nets. 
Specifically, up to 40 stations are centrally recorded with three high- 
gain and three low-gain channels per station. Conventional FM radio tele­ 
metry is used; absolute time, multi-station triggering, and sample rates 
of up to 200 samples/sec are advantages afforded by recording at a central 
computer facility.

The initial deployment, scheduled for late summer, 1989, follows extensive 
deployments in the San Juan and Puna Plateau regions of western Argentina. 
Figure 1 shows the proposed study area in relation to the seismicity of 
the NMSZ as determined from the permanent regional networks. Figure 2 is 
a more detailed look at the deployment zone in relation to the Mississippi 
River and M>2.0 seismicity. The central recording facility for PANDA will 
be in the Tiptonville area.

The fundamental objective of this research project that of gaining a 
deeper level of understanding of seismogenesis in the NMSZ may be sub­ 
divided into a number of specific goals:

1. Characterization of shallow structure effects. The thick 
alluvial cover makes this particulary important.

2. Determination of source parameters. Single-event focal 
mechanisms from well-located events should provide new 
constraints on the faulting mechanisms of this complex zone.

3. Study of high frequency spectral characteristics. Does the 
NMSZ produce the enriched high frequency spectra observed from 
other less active eastern North American seismic zones?

4. Crustal inversion studies. Considerably higher resolution
of 3-D attenuation and crustal velocities than were previously 
obtainable should be possible with PANDA data.

5. Development of a structural and dynamic faulting model.
ibiA synthesis, not previously possible for the central zone of 

the NMSZ.

REPORT. Chiu, J.-M., R. Smalley, G. Steiner, and A. Johnston (1989)
The PANDA seismic array a simple but working system for portable array 
experiments, Bulletin Seismological Society of America (in press).
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Figure 1. Seismicity of the New Madrid seismic zone with the proposed 
PANDA deployment zone shown shown. Size of circles are propor­ 

tional to magnitude 1.5 < M < 5.0.
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Investigations

1. A 3-D southern California velocity model to relocate Los Angeles basin earthquakes.

2. Interpretation of the seismograms of the December 3,1988, Pasadena earthquake 
(ML=5) recorded with the very-broad-band system at Pasadena.

Results

1. The detailed analysis of seismicity in the Los Angeles basin needed to assess buried 
seismogenic structures in the basin requires very accurate earthquake locations. The 
heterogeneous velocity structure in and around the sediment filled basin makes a 3-D 
representation of the velocity structure desirable. We constructed an a priori 3-D velocity 
model of southern California for use in the earthquake location code of Roecker (1982). 
The 3-D model was built from local 1-D structures representative of various geological 
provinces in southern California, and calibrated with travel times from an explosion in the 
Whittier Narrows recorded on the southern California seismic array. The 3-D model is 
expressed as rectangular blocks, each of a given velocity. The interfaces defining the 
blocks are distributed in a way that outlines the Los Angeles basin and its nearest velocity 
provinces in greatest detail, with interface spacing and detail decreasing away from the 
basin. We relocated -1000 earthquakes in and around the Los Angeles basin, including the 
October 1, 1987, Whittier sequence and the December 5, 1988, Pasadena earthquake. 
Compared to the standard southern California 1-D velocity model, the 3-D results have 
smaller travel time residuals and earthquakes cluster more compactly along surface and 
buried faults. The Whittier sequence occupies a wedge shaped volume 12 to 17 km deep. 
The 16 km deep Pasadena earthquake has a strike slip mechanism with most of its 
aftershocks distributed along a WSW trend, parallel to a focal plane. A lineation of 
Whittier aftershocks runs from the eastern edge of the Whittier aftershock zone to the 
Pasadena earthquake.

2. Interpretation of the seismograms of the December 3,1988, Pasadena earthquake 
(ML=5) recorded with the very-broad-band system at Pasadena.

The Kresge Very-Broad-Band system (TERRAscope, IRIS station) recorded on scale 
the December 3, 1988, Pasadena earthquake (ML=5) which probably occurred on the 
Raymond fault These records are very unique because the station is only about 3 km from 
the epicenter so that not only the far-field but also near-field displacements were clearly 
recorded. The far-field SH wave recorded on the transverse component exhibits two 
pulses indicating two distinct sources about 0.4 sec apart. We inverted the amplitude and 
polarity of P, SV and SH waves, and obtained: dip=85 deg., rake=12 deg., and strike=-99 
deg. The total seismic moment is 2.2x10 23 dyne-cm (Mw=4.8). We also modelled the 
near-field displacement (between P and S waves) using Haskell's method. Synthetic 
seismograms computed for the mechanism determined above with a seismic moment of 
4.6xl023 dyne-cm (Mw=5.0) explains well the observed near-field displacement. This 
value is about a factor of 2 larger than that obtained from the far-field pulse. The narrow 
(about 0.4 sec) far-field pulse suggests that the dimension of the rupture plane that gave
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(about 0.4 sec) far-field pulse suggests that the dimension of the rupture plane that gave 
rise to the far-field pulse is probably 0.5 km or less. Since we observed two pulses, we 
need two such patches (asperities) to explain the far-field pulses. The discrepancy between 
the seismic moments determined from the far-field and near-field suggests some moment 
release from the area surrounding the two asperities. The seismic moment of MQ
=1. IxlO23 dyne-cm for each asperity (1/2 of the seismic moment determined from the far- 
field pulse) and S=0.25 km2 (upper limit) yield a stress drop larger than 2 kbar. If we use 
the total moment obtained from the far-field data and S=2 km^ (estimate from the 
aftershock area), the stress drop is approximately 200 bars. Thus, the Pasadena earthquake 
provided evidence that the fault zone here, even at a depth of 15 km, has strong asperities 
that can sustain stresses of an order of 1 kbar.
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Research during October, 1988 through April, 1989 was focussed on the following topics: (1) the 
processing of earthquake doublets for evidence of velocity changes related to strong earthquake 
occurrence; (2) revision of the method for determining coda duration magnitudes; (3) properties of aft­ 
ershocks of intermediate depth earthquakes.

Doublet Analysis
The primary objective of the analysis of earthquake doublets is the detection of velocity changes, 

including possible anisotropic changes, associated with the preparation and occurrence of a strong earth­ 
quake. The emphasis during the past six months has been on the method of analysis. We have selected for 
initial study a small zone , between latitudes 512°N and 5l.6°N and longitudes 175.0V and 175.5°^, in 
which earthquake activity was high both before and after the May 7,1986 earthquake. A thorough search 
was made to locate doublets in this area, by first searching the database for events that occurred within a 1 
km 3-dimensional box and then graphically comparing the seismograms on the computer screen. With the 
new Sun system, two or more seismograms can be graphically displayed on the screen simultaneously and 
any part of the seismograms compared instantly.

Initially, the search failed to find any doublets. Because the routinely determined depths are less 
accurate than the epicenters, we changed the boxes in which we searched for doublets to 1 km square hor­ 
izontally by 3 km depth. We searched the study volume again and this time we did find several doublets 
and even a couple of multiplets, defined as events producing almost identical waveforms at the network 
stations. This reconfirmed our suspicion that inaccurate depths was the problem. The members of a doub­ 
let were always located within 0.01° of each other in both latitude and longitude. The similarity of the 
waveform at a number of stations suggests that the event pairs must have originated at close, if not identi­ 
cal, locations. Thus this raises our confidence in the routine epicenter locations of the Adak network, even 
though the depths may not be as well controlled.

The analysis of doublets yields time delays between phases in two seismograms in the range of mil­ 
liseconds. Therefore, any small instrumental time drift has to be corrected for before attempting to inter­ 
pret the results from the analysis. Gradual tape speed variation is the most important cause of instrumental 
time drift. We have shown that we could correct for this by performing the cross correlation analysis on 
the time codes recorded with each event. This method was satisfactory for processing seismograms that 
are not separated in time by too much, but fails for long seismograms that are widely separated in time.

Therefore we developed a new method of removing the time drift from the data. The method works 
by translating from the nominal digitization rate to a true rate by means of a linear interpolation. At the 
very top of figure 1 is shown a part of time code recorded with data from one event of a doublet. We first 
numerically differentiate the time code, to produce positive and negative spikes at the beginning and end of 
each second and then remove the negative pulses. Note that although the data has been displayed assuming 
a digitization frequency of 75 samples per second (sps), the actual seconds pulses are greater than 75 points 
apart (the marks along the x-axis indicate every 75th data point). This means that the digitization fre­ 
quency is actually greater than 75. For this seismogram we get an average digitization rate of 76.382 sps, 
or a data point at every .01309 sec. However, we would need the data to be digitized at every .01333 sec. 
By linear interpolation between two digitized data points we can get a data point at the desired time point.
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This has been done on the time code to obtain data at multiples of .01333 sec and is shown at the bottom of 
the upper pan of Figure 1. We now have pulses at every second mark and we have a fixed digitization rate. 
It is important to note here that in doing the interpolation, it is necessary to track the time points where data 
points are desired relative to the actual data points.

The upper seismogram in the lower part of Figure 1 is the horizontal component recorded at station 
AD2 of the Adak network during an event on Dec. 2, 1984, which is a member of a doublet pair. The 
actual digitization rate was 76.382 sps. On the bottom is shown an interpolated seismogram which is now 
at digitization rate of 75 sps. Tests have shown that the interpolation does not change the waveform in any 
significant manner. Spectra of the signals before and after the interpolation shows no significant shifts. The 
seismogram shown has been band-pass filtered from 1 Hz. to 8 Hz. in order to increase the signal to noise 
ratio.

The upper pan of Figure 2 shows the redigitized and filtered horizontal component seismograms at 
station AD2 of the Adak network from two events on Feb. 26,1982 and Dec. 2,1984 (the same as in Fig­ 
ure 1) respectively. The similarity in the waveforms confirms these are a doublet Below the seismograms 
is displayed the delay as a function of running time along the seismograms. Moving windows of 90 points 
(or 1.2 sec) are shifted by 35 points (or .47 sec) at each time step and are averaged over 10 neighboring 
windows when performing smoothing in the frequency domain. The delays appear to be rather uniform 
and stable from 1.0 sec to about 5.0 sec (i.e. along the P-arrival and its coda) and from 10.0 sees to 14.0 
sees (i.e. along the S-arrival and its coda). The scatter in the delays seen elsewhere is mostly due to the 
low signal to noise ratio along those sections which results in a low coherence of the signals. The S-arrival 
appears to be delayed by about 50 msec in the 1984 event relative to the 1982 event This would imply a 
relative S-velocity decrease between 1982 and 1984 somewhere along the trajectory from the source to the 
station.

Revised Duration Magnitude Formula
Since its inception in 1974, the Central Aleutians Seismic Network has determined magnitude using 

the formula MZ)=-1.15+2.01og10T+.0035A+.007z where MD is the duration magnitude, T is the coda dura­ 
tion measured from the P arrival, A is the epicentral distance, and z is the depth. This formula was 
developed in 1978 for earthquakes in southern Alaska and was adopted unchanged. The Central Aleutians 
Seismic Network duration magnitudes have been smaller than USGS mb values for larger events by 
approximately one unit of magnitude. Recent research has exposed some additional inconsistencies in our 
traditional method of determining magnitudes. A significant dependence of magnitude bias upon epicentral 
distance has been discovered. Near stations consistently report smaller magnitudes than distant stations. 
This effect was satisfactorily removed by reducing the distance term and measuring duration from the S 
arrival. We also found that the depth coefficient was too large. 47 earthquakes with MD £4.0 were found 
in our catalog which did not have magnitudes reported in the PDE catalogs. All of these events had depths 
greater than 90 kilometers.

To correct these problems we are developing a new formula which has been scaled to agree with the 
magnitudes reported in the Preliminary Determination of Epicenters, but yields values similar to the old 
formula for small events. Bakun (1984) reported that using a log2 term provided a good estimate of earth­ 
quakes with mb >4. Therefore we decided to use a log2 term and measure the duration from the S arrival. 
First, the relation between epicentral distance and duration was determined. We found that this term is 
more consistent over a wide range of duration and epicentral distance when the duration is measured from 
the S arrival. Using this value we next determined a new coefficient for depth which was significantly less 
than that in current use as anticipated. Finally, we fit a line through the magnitudes using large events with 
reported mb values and small events with small average epicentral distances and shallow depths. The 
resulting preliminary formula is: M<f=0.8+.7[log102T+.003A+.003z3 where Md is the duration magnitude, T 
is the duration measured from the S arrival.

Intermediate Depth Aftershocks
The objective of this work is to learn more about the processes of earthquake generation within the 

Wadati-Benioff zone. High-quality regional networks are now producing the data needed to study
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aftershocks from events deeper than 70 km. Two good sequences have been identified and analyzed, one 
under Kanaga Pass, just west of Adak Island, the other under northern Honshu Island, Japan. The data 
come from the Central Aleutians Network and the Tohoku University Network, respectively. Both 
sequences show an initial time behavior that follows closely the modified Omori relation, with p close to 1. 
In both cases, the regular decay of activity is interrupted by an increase of activity over the aftershock 
zone, with no large events, after which the sequence apparently returns to the Omori behavior.

The causes of the surges of activity is not yet firmly determined, and is probably not the same for 
both cases. In the Japanese case, the most likely cause is a major aseismic creep event in the main thrust 
zone to the east The seismic history shows that there has never been a great earthquake in this portion of 
the Japanese subduction zone, even though many such events have occurred on both sides. The Japanese 
have long recognized this place as one with weak coupling in the main thrust zone. The Aleutian sequence 
is downdip from the Adak Canyon section of the seismic zone. No large event occurred that might have 
accounted for additional loading within the Wadati-Benioff zone. The fault plane of this event seems to be 
shallow dipping along the arc, almost normal to the direction of subduction.
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Figure 1

Correcting for tape speed variation
a) Original time code as digitized from analog tape. Tick marks are at every 75th sample. 
The shift from nominal digitization rate (75 sps) is obvious.
b) Numerically differentiated time code.
c) Interpolated time code. Time drift has been removed.
d) Typical original seismogram.
e) Interpolated seismogram. The waveform is unchanged but the time drift has been removed.
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Figure 2

Doublet Analysis.
From top to bottom:
Horizontal component seismogram recorded at station AD2 of Adak network for event on Feb. 26,1982. 
Horizontal component seismogram recorded at station AD2 of Adak network for event on Dec. 2,1984. 
(Both of above have been band pass filtered from 1 to 8 Hz. and redigitized to remove time drift) 
The delay as function of running time along the seismograms.
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Seismological Field Investigations 

9950-01539

Charley J. Langer 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1593

Inves t i gat i ons

Armenian earthquake Investigation of December 7, 1988 earthquake of M(S) = 
6.9 near Spitak, Armenia, S.S.R.

Results

The Caucasus region, including the Soviet republics of Armenia, Georgia, and 
Azerbaijan, is next to central Asia and the Pacific Coast, is one of the most 
seismically active regions of the USSR. The seismicity of the region is 
related to a broad zone of deformation extending from the Himalayas to the 
Alps, where the Indian, Arabian, and African plates move northward to collide 
with Europe and Asia. The Caucasus is a northwest-southeast-trending range of 
thrust mountains in a narrow segment of this zone between the Caspian and 
Black Seas. The December 7, 1988 earthquake of magnitude 6.9, occurred at the 
southern boundary of the Lesser Caucasus, the southern of the two main 
ranges. While seismicity in the Caucasus has included a number of events 
larger than the recent earthquake, the immediate area (within 50-100 km of 
Spitak) has had no earthquakes of this size in recent historical times.

During the recent mission to Armenia, seismologists from the USGS and Columbia 
University worked with Soviet seismologists to install portable seismic 
stations in an area about 50 x 40 km, surrounding the main-shock epicenter 
near Spitak. To determine accurate locations of aftershock hypocenters, 12 
analog instruments provided a continuous record of seismicity from December 
23, 1988 to January 4, 1989. Twelve digital systems, some co-located with the 
analog systems, recorded ground motions of the larger events, suitable for 
determining aftershock source characteristics and effects of different ground 
conditions. Many hundreds of small aftershocks were recorded during the two- 
week monitoring period, the largest of which was a magnitude 5. The 
aftershock locations show a line of activity extending for more than 40 km 
along a northwest-southeast trend. A focal mechanism determined from the 
aftershocks, similar to that determined for the main shock from teleseismic 
data, shows a general north-south compression along a thrust fault dipping 
northeast with a strong component of right-lateral strike-slip motion. The 
surface extension of the main fault plane passes less than 3 km south of the 
city of Spitak. An 8-km-long surface area, with a maximum displacement of 1.5 
km observed along the fault southwest of Spitak, was mapped by geologists from 
France, Armenia, and the USGS.
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Report

Borcherdt, R.D., ed., 1989, Results and data from seismologic and geologic 
studies following earthquakes of December 7, 1988, near Spitak, Armenia, 
S.S.R.: U.S. Geological Survey Open-File Report 89-163. (Five volumes).
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Slip History of San Andreas and Hayward faults

9910-04192

J. J. Lienkaemper 
Branch of Engineering Seismology and Geology

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

(415 329-5642

Investigations
Determine slip rates and earthquake recurrence intervals on the San Andreas and 
Hayward faults. Compare geologic surface-slip rate to historic creep rates and 
geodetically determined deep-slip rate. Analyze effects of structural complexity and 
fault segmentation upon how recurrence may be inferred from slip rate.

Results
1. Trenching near Fremont Civic Center 1986-1987 yielded a slip rate of 5.5 ± 0.5 
mm/yr for the the last 8040 yr from an offset buried channel unit [Borchardt et a/., 
1988a; Borchardt et al., 1988b]. Laboratory results on paleomagnetic samples agreed 
with our interpretations of secondary faulting and drag near the main trace. However, 
paleomagnetic vectors are too poorly determined to use this method to accurately resolve 
the amount of dextral slip that occurred within a 200-m-wide zone of distributed 
deformation eastward from the site.

2. Along the entire 70-km length of the creeping section of the Hayward fault we 
surveyed several offset curbs, fences, and buildings and analyzed the results in order to 
generalize the rate of creep over several decades. Except for southern Fremont where 
creep ranges from 8 to 10 mm/yr; the creep rate has generally been about 5 to 6 
mm/yr. For future slip monitoring, permanent monuments are installed at 12 sites 
along the creeping trace at an average spacing of 6 km.

3. A potential 18-km-long gap in the 5 to 6 mm/yr creep rate seemed to exist on the 
Hayward fault in the Oakland area. We surveyed all available offset cultural features in 
Oakland and found that creep rate appears to be low in some places, probably because 
part of the slip is distributed in a broader zone of faulting that extends beyond the limits 
of the surveyed features. Other places in Oakland appear to have the more usual 5 to 6 
mm/yr slip rate observed along most of the fault. Thus we cannot conclude from surface 
slip data that the likelihood of a large earthquake or higher than average seismic slip is 
any greater in Oakland than elsewhere along the fault [Lienkaemper and Borchardt, 
1988].

4. Our Holocene slip rate of 5.5 mm/yr in central Fremont may be too low because of 
local structural complications, and thus the 8 to 10 mm/yr creep rate measured by us 
in southern Fremont might better represent the full amount of long-term slip rate on 
the fault. To test this possibility, we chose a trench site in Union City where the fault 
zone appears to be narrower, and might thus yield a larger slip rate on the main trace. 
Trenching began April 3rd and is underway at this writing. We have logged several 
buried stream channels that have been offset by the fault and contain radiocarbon datable 
charcoal. More than one interval of late Pleistocene and Holocene slip rate could be 
estimated this year if funds for radiocarbon dates are available.
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5. A 1:24,000-scale strip map of the 70-km-long creeping trace of the Hayward fault 
is in production. Aerial photo interpretation is largely completed. Approximately 40% 
of the geomorphic interpretation has already been transferred from aerial photos using a 
stereoplotter at an interim scale of 1:12,000 for editing. About 50% of field checking 
is done. The base materials are due next month. Published and unpublished data on the 
creeping trace of the fault is sought and is being included on the map.

6. The Parkfield slip manuscript [Lienkaemper et a/.] is in JGR review. The first 
Cholame paper [Lienkaemper and Sturm, 1989] is in press. Two sites critical to 
measurement of the 1857 slip were trenched and logged in detail. Results will be 
summarized in the second manuscript describing all offset channels south of Cholame 
that is still in preparation, as is a detailed map of active traces of the San Andreas fault 
in this segment. Most work in this period was done on the Hayward fault.

Reports
Bonilla, M. G., and J. J. Lienkaemper, 1988, The visibility of active faults exposed in 

exploratory trenches (abs.): Geol. Soc. Am., Abstr. with Programs 20, A145.

Borchardt, G., J. J. Lienkaemper, K. Budding, and D. P. Schwartz, 1988, Holocene slip 
rate of the Hayward fault, Fremont, California: Calif. Div. Mines Geol. Open-File 
Report 88-12, A1-A39.

Borchardt, G., J. J. Lienkaemper, and D. P. Schwartz, 1988, Soil development and 
Fremont, California: California: Calif. Div. Mines Geol. Open-File Report 88-12, B1- 
B66.

Borchardt, G., and J. J. Lienkaemper, 1988, Soil development in association with 
Holocene downwarping in association with Holocene downwarping along the Hayward 
fault, Fremont, California (abs.): EOS, Trans. Am. Geophys. Union 69, 1449

Lienkaemper, J. J., and G. Borchardt, 1988, No creep gap along the Hayward fault in 
Oakland, California? (abs.): EOS, Trans. Am Geophys. Union 69, 1306.

Lienkaemper, J. J., W. H. Prescott, and J. D. Sims,--, Surface slip along the San 
Andreas fault near Parkfield, California: J. Geophys. Res. [in review]

Lienkaemper, J. J., and T. A. Sturm, 1989, Reconstruction of a channel offset in 
1857(?).on the San Andreas fault near Cholame, California: Bull. Seismol. Soc. Am. 
89, no.3, --.

Sharp, R.V., K.E. Budding, J. Boatwright, M.J. Ader, M.G. Bonilla, M.M. Clark, T.E. 
Fumal, K.K. Harms, J.J. Lienkaemper, D.M. Morton, B.J. O'Neill, C.L. Ostergren, D.J. 
Ponti, M.J. Rymer, J.L. Saxton, and J.D. Sims, 1989, Surface faulting along the 
Superstion Hills fault zone and nearby faults associated with the earthquakes of 24 
November 1987: Bull. Seism. Soc. Am. 79, 252-281.
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Paleoseismic Liquefaction Studies 

9950-03868

Stephen F. Obermeier
Branch of Geologic Risk Assessment

U.S. Geological Survey,
MS 926, National Center
Reston, Virginia 22092

703-648-6791

Investigations

1. Made aerial photograph and structural geology studies of the Wabash River 
valley, in the vicinity where in 1811-12 many sand blows and a 2-mile long 
fissure formed. The fissure was located to the nearest quarter-section 
(and township and range) in a historical account. It is possible that the 
fissure is fault-related. Both the fissure and sand blow sites are good 
places to search for evidence of pre-1811-12 earthquakes.

2. Continued study of ages of paleoliquefaction features in South Carolina. 
Submitted and received carbon-14 dates from wood collected from craters.

Results

1. Many features which may be 1811-12 and older sand blows appear on aerial 
photographs taken in the Wabash River valley. Field studies are needed 
for verification.

2. Another prehistoric liquefaction event can now be documented in the 
Charleston area at around 700 BP.

Reports

Obermeier, S. F., Wingard, N. E., Jibson, R. W., and Hopper, M.G., submitted 
for Branch Chief approval, Regional assessment of liquefaction potential 
for M $ -8.6,-7.6 and -6.7 earthquakes originating in the New Madrid 
seismic zone. U.S. Geological Survey Bulletin.

Obermeier, S. F., Jacobson, R. B., Smoot, J. P., Weems, R. E., Gohn, G. S., 
Monroe, J. E., and Powars, D. S., received Director's Approval, 
Earthquake-induced liquefaction features in the coastal setting of South 
Carolina and in the fluvial setting of the New Madrid seismic zone, U.S. 
Geological Survey Professional Paper.
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Determination of Earthquake Hypocenters, Focal Mechanisms, and Velocity Structures

in the Morgan Hill/Coyote Lake and Bear Valley/Stone Canyon areas of 

Central California through the use of Fast, Accurate Three-Dimensional Ray Tracing.

14-08-0001-G1697

Steven W. Roecker
Department of Geology

Rensselaer Polytechnic Institute
Troy, New York 12180-3590

(518)-276-6773

Objectives: This project will apply a new three-dimensional ray tracing technique to determine 
earthquake hypocenters, focal mechanisms, and velocity structures in the Morgan Hill/Coyote 
Lake and Bear Valley/Stone Canyon areas of central California. The primary objectives of the 
study are two: (1) to address the importance of, and to develop an algorithm for, routine deter­ 
mination of earthquake locations and fault plane solutions using three-dimensional ray tracing 
in these areas, and (2) to refine the locations and mechanisms of previously recorded earth­ 
quakes in these areas and improve the definition of their P and S wave velocity structures. 
Both of these objectives will improve our understanding of the seismic activity, the nature of 
faulting, and the tectonic environment in which these earthquakes occur. A fast, accurate, and 
robust three-dimensional ray tracing technique recently developed by the PI will be used to 
analyze the data. The speed and robustness of the technique will make the analysis of large 
volumes of data feasible, and will allow it to be used in a routine application. The ability of 
the algorithm to trace rays through large gradients makes it particularly useful for examining 
locations and structures in Morgan Hill/Coyote Lake and Bear Valley/Stone Canyon, because 
previous studies have suggested large velocity gradients in these areas.

Progress to Date: In the three months that we have been working on this project, we have 
accomplished the following:

1. We have completed development and testing of the software. The ray tracing and inversion 
routines have been tested both with synthetic data and with real data from another region 
(Taiwan). We are currently in the process of writing up a technical manual for this software.

2. The PI has instructed the student who will be assisting in this project (Jimena Vargas) in 
the fundamentals of inverse theory, the ray-tracing techniques employed in the software, and 
the background of the geologic and tectonic problems of the field area. Jimena is currently 
generating a hypothetical data set for the Morgan Hill region, using a model based on the work 
of Mooney and Colburn (1985). She will test the method with this data to give us an idea of 
what we can expect from the real data.

3. We have made arrangements to visit the USGS in Menlo Park in June to compile the data 
set to be used in this analysis.

4. The disk drive and controller that were requested to enable us to keep these large data sets 
on-line has been purchased and installed. We are therefore fully prepared from both a 
hardware and a software standpoint to begin our data analysis.
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Basement Tectonic Framework Studies 
Southern Sierra Nevada, California

9910-01291

Donald C. Ross
Branch of Engineering Seismology and Geology

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5650

Investigations

1. Re-examining several hundred thin sections of metamorphic rocks from the southern 
Sierra Nevada and selecting representative sections for a reference collection.

2. Compiling air photo lineaments (largely joints in the granitic rocks) for the southern Sierra 
Nevada for an Open-File map and report.

3. Assembling data for a geologic map and report (probably a USGS Bulletin) on the south­ 
ern Sierra Nevada from lat 35°30' to 36°00' N. This will be the final report of the Base­ 
ment Tectonic Framework project and will supplement Professional Paper 1381 (still "in 
press") for the area to the south (lat 34°45' to 35°30' N).

Results

1. Magnetic susceptibilty of granitic rocks from the southern Sierra Nevada coupled with 
aeromagnetic data suggest some support for a reconstruction model that places the Salinian 
block adjacent to the southern Sierra Nevada and some other southern California terranes.

2. Chemical data for granitic rocks were projected onto two southwest-northeast-trending 
cross sections across the southern Sierra Nevada to test for trends across the batholith of 
the various major oxides. The best trends were shown by KjO and the oxidation ratio
(ferrous-ferric ratio); both increase noticeably to the east. For most of the oxides the trend 
for Jurassic and Triassic bodies was significantly different from that of the Cretaceous 
bodies.
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3. Comparison of my thin section data and gross reconnaissance mapping in the largely 
meta-igneous mafic complex of the southern Sierra Nevada with the more detailed thesis 
studies of Sharry (1981) and Sams (1986) shows a general correspondence of major 
petrographic units. Most common are amphibolite and amphibolitic gneiss (plag + hbnd), 
tonalitic gneiss and granofels (plag + qtz + biot). The complex intermixing of these major 
lithologies (and other lithologies as well), uncertain contact relations in this commonly 
poorly exposed terrane, and the on-going and perplexing problems of sorting out igneous 
from metamorphic features makes the basic distribution pattern of units difficult to deter­ 
mine. Perhaps the bottom line is that "complex" is a good name for these rocks.

Reports

Ross, D. C., (in press), Magnetic susceptibilities of modally analyzed granitic rocks from the 
southern Sierra Nevada, California: U. S. Geological Survey Open-File Report 89-204, 
51 p.
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Salton Trough Tectonics and Quaternary Faulting

9910-01292

Robert V. Sharp 
Branch of Engineering Seismology and Geology

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

(415) 329-5652

Investigations

1. Post-seismic slip on the Superstition Hills fault zone following the November 1987 
earthquakes.

2. Surface faulting near Spitak, Soviet Armenia, associated with the earthquake of 7 Decem­ 
ber, 1988.

Results

1. Previously obtained data on the growth of right-lateral displacements with time neatly fit 
trajectories of a simple "damped" power law, reported in OFR 88-673. Final displace­ 
ments predicted by the power law based on extrapolation of the observational data are 
approached asymptotically over many years. The power law trajectories in log-linear plots 
indicate a period of marked change in slope over the next couple of years. To adequately 
test the longer-term validity of the power law, station markers have been reconstructed for 
greater permanence. The last remeasurements (February 1989) show good agreement with 
slip predicted by extrapolation of the earlier data set.

2. Surface displacement principally of right-reverse type occurred along a 8- to 13-km-long 
segment of an unnamed, apparently minor fault near Spitak in association with this earth­ 
quake. The west-northwest-trending fault is parallel in strike to tectonic features of the 
Caucasus and Lesser Caucasus, and dips on average 55° north-northeastward. In bedrock, 
the northeastern hanging wall rose and moved due southward with respect to the south­ 
western footwall. The maximum bedrock displacement, observed near the east end of the 
rupture, is about 2 m. Although not well tested, no obvious evidence of post-seismic 
growth of slip was observed. A photolineament nearly parallel to the observed fault 
rupture suggests another, and perhaps more important, fault that crosses mountain slopes 
about 8 km farther northeast; because of snow-cover in late December 1988, this feature 
was not investigated. The maximum slip agrees well with other historic examples of 
oblique-reverse surface faulting in the world, but the length of rupture is small compared to 
the other historic examples.
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Reports

Sharp, R.V., Budding, K.E., Boatwright, J., Ader, M.J., Bonilla, M.G., Clark, M.M., Fumal, T.E., 
Harms, K.K., Lienkaemper, J.J., Morton, D.M., O'Neill, B.J., Ostergren, C.L., Pond, D.J., 
Rymer, M.J., Saxton, J.L., and Sims, J.D., 1988, Surface faulting along the Superstition 
Hills fault zone and nearby faults associated with the earthquakes of 24 November 1987: 
Bulletin oftiie Seismological Society of America, Special Volume, v. 79, p. 252-281.

Sharp, Robert V., and Saxton, John L., 1989, Three-dimensional records of surface displacement 
on the Superstition Hills fault zone associated with the earthquakes of November 24, 1987: 
Bulletin of the Seismological Society of America, Special Volume, v. 79, 376-389.

Sharp, Robert V., 1989, Pre-earthquake displacement and triggered displacement on the Imperial 
fault associated with the Superstition Hills earthquake of 24 November 1987: Bulletin of 
the Seismological Society of America, Special Volume, v. 79,466-479.

mrp, R.V., 1989, Surface faulting associated with the 7 December 1988 Armenian S.S.R. 
earthquake: a preliminary view, in Borcherdt, R.D. (ed.), Results and data from seis- 
mologic and geologic studies following earthquakes of December 7, 1988, near Spitak, 
Armenia, S.S.R.: U.S. Geological Survey Open-File Report 89-163A, v. 1, ch. 4, p. 21-34.
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EARTHQUAKE RESEARCH IN THE EASTERN SIERRA 
NEVADA-WESTERN GREAT BASIN REGION

Contract 14-08-0001 -01524, May 1989

M. K. Savage, W.A. Peppin, U.R. Vetter, J.N. Brune, and K.F. Priestley
Seismological Laboratory

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

Investigations
This contract supports continued research focused on the eastern Sierra 

Nevada and the western Great Basin region. We have focused on three areas: (l) 
seismicity, tectonics and earthquake potential (2) rupture mechanics and high 
frequency radiation (3) examination of precursory phenomena. Some of the new 
results are described below.

Results

Seismicity, tectonics and earthquake potential 
The Garfield Hills Earthquake (by Che Noorliza Lat)

The Garfield Hils, which lies between the towns of Hawthorne and Mina, 
Nevada, experienced a Ma earthquake on September 19, 1988 and two Ma > 3.5 
earthquakes on the 26th and 27th of October. The overall activity within the 
area has fairly moderate, characterized by occasional clusters. This area is of 
particular interest because it lies in the zone of intersection between the WNW- 
trending faults of the Walker Lane and the NNE-trending faults to the west. This 
study correlates the seismicity with the tectonic structures of the area.

The portacorders were deployed in the Garfield Hills area for two days to 
record the September 19 aftershocks and another day to record the October 27 
one. The area was found to be very active after the September shock (more 
than 50 microearthqukaes recorded by the portacorders) in contrast to very lit­ 
tle activity after the October shock (only 8 events on the portacorders). The 
master event technique was used to relocate the hypocenters of the earth- 
qukaes of the Garfield Hills swarm and those in the vicinity of the area, from May 
1984 to December 1988. There was more than one causative fault in the Garfield 
Hills for the 1988 swarm. The earthquakes within this vicinity were concen­ 
trated at depths between 5 to 15 km with an average depth of about 8 km. 
Seismic activity of the area is characterized by clusters that exist for a rela­ 
tively short time, are confined to a small volume of crust and have a random 
appearance and disappearance pattern.

Focal Mechanisms and Stress Tensors
The mean P- and T-axes from focal mechanisms show a clockwise rotation 

e.g. of the T- axes by 27° between Mammoth Lakes and Chalfant Valley, although 
these regions are separated by only about 50 km. The Mono and Nevada data
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indicate a further clockwise rotation of the mean T- axis direction by about 30° 
against the T-axis of Chalfant Valley. The mean P- and T-axes were also deter­ 
mined with with the Bingham statistics for spherical data (Fisher et al., 1987). 
Comparing the (arithmetic) mean azimuths of the P- and T-axes with the mean 
P- and T-axis directions determined with the Bingham statistics it is found that 
the azimuths vary by only maximal 5°. Both axes are nearly horizontal for all 
subregions with the exception of the mean Nevada P-axis which shows a steep 
plunge of 71° but also a very big 95% confidence variation in direction of the P- 
axis distribution of about 50°. An inversion of the earthquake focal mechanisms 
was done using the method of Gephart and Forsyth (1984). This method does not 
require the knowledge of the true fault plane but selects the plane which fits 
better to the final best fitting stress tensor. The best fitting stress tensors for all 
data sets show that mainly two stress tensors govern the deformation in this 
area. In the west, between Mammoth Lakes and Chalfant Valley, roughly one 
common stress tensor with a least principal stress azimuth of about N80°E is 
observed and with the components Si and SQ horizontal and S% vertical. In con­ 
trast to the clockwise rotation of the mean P- and T-axes of the earthquake focal 
mechanisms by about 27° the change of the stress tensor over the 50 km E-W 
distance is only 12°, and the overlapping of the confidence limits suggests that a 
common stress field can be assumed within a resolution of ±10°. The western 
Great Basin (represented by the Mono-Walker Lake area and west central 
Nevada) is characterized by deformation under a stress tensor whose least prin­ 
cipal stress direction is N40-60°W and horizontal and S^ varies from horizontal 
(in the Mono-Walker Lake area) to about 45° inclined for west central Nevada. 
The differences between mean azimuths and azimuths of stress tensor com­ 
ponents area maximally 20° (for the Nevada T-axes).

The statistical means of the P- and T-axes show a clear gradual change 
between Mammoth Lakes and Chaifant Valley earthquakes by 27°. An additional 
change by about 30° happens in the area between Chalfant Valley and east of 
Mono Lake, but because of the lack of earthquakes it cannot be discovered 
whether this change is gradual or abrupt. The earthquakes occurring at the 
eastern Sierra Nevada front show a variation of the T-axes, averaging to an E-W 
direction (Vetter, 1984). The best fitting stress tensors show only a small 
change between Mammoth and Chalfant earthquakes and the same change as 
the means in direction towards the Mono and Nevada earthquakes. The statisti­ 
cal mean of the plunge of the Nevada P-axes (71°) differs from the 45° plunge 
resulting from the inversion of the fault planes. However, for both results the 
95% confidence limits allow a wide variation.

Rupture Mechanics and High Frequency Radiation
A DR100 seismometer was deployed in a mine at a depth of 800 feet during 

the last few days of the Virginia City swarm, from January 26-30, 1989. Earth­ 
quakes were recorded with S-P times less than 0.5 s, corresponding to depths of 
less than 3 to 4 km. Over 50 small earthquakes were recorded, most with very 
sharp P and S arrivals. Unfortunately events greater than about magnitude 1.5 
were saturated on the recorder. The smaller events had P-wave pulse widths as 
small as .02 s and S-wave pulse widths as small as .035 s. We are ready to deploy 
in the same mine during the next swarm, to record larger earthquakes and get a 
scaling relation.

Examination of Precursory Phenomena
A statistical analysis of foreshock occurrence has begun with implementa­ 

tion of a program for declustering an earthquake catalog, written by Paul 
Reasenberg of the U.S.G.S.
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Shear-wave Anisotropy and Stress Direction 
in and near Long Valley Caldera, California, 1979-1988

We observed shear-wave splitting (birefringence) for two temporary surface 
deployments of three-component, digital seismographs, that were in place 
before and after M=6+ earthquakes near the Long Valley caldera, California. In 
one of these deployments, the data sample precedes the large events of the May 
1980 Mammoth Lakes earthquake sequence by 8 months, and covers the two 
most active months of the May 1980 aftershock sequence; one of the stations 
from this deployment was reoccupied with identical instrumentation in 1988. 
The second deployment preceded the 1986 Chalfant Valley main shock by 2 days 
and recorded events for six days. The data show shear-wave splitting with the 
polarization of the faster shear wave parallel to the average compressional axes 
determined from focal mechanisms. The fast polarization changes from N 30° W 
at Mammoth to due north at Chalfant Valley, and is in both cases parallel to the 
strike of nearby surface faults and to the mean direction of P axes determined 
from focal mechanism groupings. Observations from nearby stations yield fast 
directions nearly at 23° from each other, and time separation measurements 
show considerable station-to-station variation. Time separations of fast and slow 
shear waves do not correlate with earthquake-station separation distance. These 
observations suggest that the anisotropy results from near-station effects rather 
than from widespread aligned microcracks. The records at station WIT show a 
slight variation .of average fast shear-wave polarization from 1979 to 1980, but 
with the limited amount of data available, this difference is not statistically 
significant. Time separation measurements of up to .48 s at station WIT yield 
estimates of 15-30% anisotropy, depending on how long a path is considered to 
contribute to the anisotropy. These measurements are some of the highest 
reported for local earthquakes. Variation, if present, in the time separation of 
fast and slow shear waves between events recorded at station WIT in 1979 and 
1980 is swamped by the scatter in the data. The five events recorded in 1988 
showed similar S-wave polarizations and time separations to those in 1980, but 
there are not enough events for a statistical comparison. Unlocated events at 
station MRS show a slight increase in time separation after the May 1985 M=6.0+ 
earthquakes, but the increase is not statistically significant.

In contrast, shear-wave splitting of teleseismic S and SKS phases shows 
remarkably similar azimuths through most of the northwestern Great Basin. 
Measurements of shear-wave splitting from temporary and permanent stations 
indicate an average fast polarization direction of a set of stations in the 
northwestern Great Basin that is N 78.1 ± 8.3 ° W with a time delay of about 
0.8+ -0.2 s. The size of the anisotropy suggests that it is of mantle, rather than 
crustal origin and would be consistent with a w90 km-thick layer characterized 
by 4% anisotropy, that may correspond to olivine alignment in peridotite. This 
direction is nearly parallel to the Miocene extension direction, and about 30° 
from the present extension direction. The fast direction at a station in south­ 
ern Nevada, just north of a "magmatic gap" defined by a lack of Cenozoic and 
Mesozoic volcanism, is N40W, nearly parallel to the present-day plate motion. A 
possible scenario is that a small component of anisotropy caused by drag of the 
plate over the underlying asthenosphere is visible at the station in the southern 
section, but that it is overprinted by the high strain-rate Mesozoic extension in 
the north. Present extension, that may be slower than the miocene extension. 
appears to have little effect on shear-wave splitting measurements, except for a 
possible slight clockwise rotation of the anisotropy from the Miocene extension 
direction.
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Reports published, in press, or submitted during this period

Peppin, W.A., W. Honjas, T.W. Delaplain, U.K. Vetter, 1989. The case for a shallow- 
crustal anomalous zone (magma body?) near the south end of Hilton Creek 
fault, California including new evidence from an interpretation of pre-S 
arrivals. Bull. Seism. Soc. Am., in press.

Peppin, W.A., W. Honjas, M.R. Somerville, and U.K. Vetter, 1989. Precise master- 
event locations of aftershocks of the 1978 Wheeler Crest, California, earth­ 
quake, Bull. Seism. Soc. Am., in press.

Priestley, K.F., K.D. Smith and R.S. Cockerham, 1988. The 1984 Round Valley, Cal­ 
ifornia earthquake sequence, Geophys. J. Roy. Astron. Soc., 95, 275-235.

Priestley, K.F. and R. Robinson, 1989. The Edgecumbe, New Zealand earthquake: 
An analogue to an expected Yucca Mountain event, Late Cenozoic Evolution 
of the Southern Great Basin, in press.

Rogers, A., S. Harmsen, E. Cprbett, K. Priestley, and D. dePpio, 1989. The seismi- 
city of Nevada and adjacent areas of the Great Basin, Geoi. Soc. Am. voi 
Decade of North American Geology, in press.

Savage, M.K., W.A. Peppin, and U.R. Vetter, 1989. Shear-wave anisotropy and 
stress direction in and near Long Valley Caldera, California, 1979-1988. 
submitted to J. Geophys. Res.

Savage, M.K., X.R. Shih, R.P. Meyer, and R.C. Aster, 1989. Shear-wave anisotropy 
of active tectonic regions via automated shear-wave polarization analysis, 
Tectonophysics, in press.

Savage, M.K., 1989. Report of the State of Nevada to the Western States Seismic 
Policy Council, 1988. to appear in Proceedings of the annual meeting of 
the Western States Seismic Policy Council, 1988.

Savage, M.K., 1988. Report of the State of Nevada to the Western States Seismic 
Policy Council, 1987. Proceedings of the annual meeting of the Western 
States Seismic Policy Council, Nov. 3-6, 1987 15-17.

Savage, M.K., P.G. Silver, and R.P. Meyer, 1989. Teleseismic recording of shear 
waves with portable instruments: observations of shear-wave splitting in 
the Basin and Range, EOS, Trans. A.G.U., voi. 70, no. 15, p. 461.

Savage, M.K., W.A. Peppin, and U.R. Vetter, 1988. Stress measurements in the 
Long Valley Caldera, California: comparison of focal mechanisms, stress 
tensors, and shear-wave splitting. EOS, Trans. A.G.U., vol. 69, no. 44, p. 
1462.

Smith, K.D., J.N. Brune and K.F. Priestley, 1989. Seismic Energy, Spectrum, and 
the Savage and Wood Inequality for complex Earthquakes, submitted to 
Tectonophysics.

Smith, K.D., W.R. Walter, R.R. Castro, K.F. Priestley, and A.R. Anooshepoor, 1989. 
Earthquake clustering near Mina, Nevada, July and August, 1987, Late 
Cenozoic Evolution of the Southern Great Basin, in press.

Vetter, U.R., 1988. Characterization of regional stress patterns in the western 
Great Basin using grouped earthquake focal mechanisms, Tectonophysics, 
152, 239-251.

Vetter, U.R., 1989. Regional variation of the stress tensor in the western Great 
Basin boundary region from the inversion of earthquake focal mechanism, 
submitted to Tectonics.
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Seismotectonic Framework and Earthquake Source Characterization (FY89) 
Wasatch Front, Utah, and Adjacent Intermountain Seismic Belt

14-08-0001-G1349

R.B. Smith, WJ Arabasz, and J.C. Pechmann* 
Department of Geology and Geophysics

University of Utah
Salt Lake City, Utah 84112-1183

(801) 581-6274

Investigations: October 1, 1988 - March 31, 1989

1. New analyses of three-component digital data for aftershocks of the 1983 Ms 7.3 Borah 
Peak, Idaho, earthquake: Source parameters and refined hypocenters.

2. Source parameters of the ML 5.7 Cache Valley (Logan), Utah, earthquake of August 30, 
1962.

3. A review of probabilistic approaches to seismic hazard analysis.

Results

1. We have used USGS three-component digital recordings of aftershocks of the 1983 Ms 7.3 
Borah Peak, Idaho, earthquake to determine high quality locations, stress drops, and a relation 
between seismic moment (M0 ) and local magnitude (ML ). P- and S-wave arrival times from 
117 earthquakes recorded on 21 stations (including 8 not used in prior studies) were inverted 
for one-dimensional velocity structure, station corrections, and locations. The new hypocenters 
reveal two previously unrecognized features of the northern part of the aftershock zone 
(Figure 1): a 50° ±5° SW-dipping zone of activity between 6 and 10 km depth, and a near- 
vertical, N10°W-trending zone of activity between 8 and 13 km depth. The former zone pro­ 
jects upward to a location near the NW-trending splay in the surface rupture, suggesting that 
the faulting complexity seen at the surface extends to at least 10 km depth.

Fifty-four seismic moments and fault radii were calculated from measurements of SH 
pulse areas and pulse widths made from displacement seismograms. Calculated stress drops 
range from 1 to 50 bars and do not vary systematically with moment for aftershocks of 
M0 > 1021 dyne-cm. For smaller events, pulse widths decrease with MQ at a rate much slower 
than that predicted by constant stress drop scaling, an apparent consequence of the widely- 
observed fmax effect. Linear regression of log M0 versus local magnitude determined from syn­ 
thetic Wood-Anderson seismograms yields the following relations:

*R.K. McGuire, J.E. Shemeta, and R. Westaway also contributed significantly to the 
work reported here.
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logM0 = (1.2±0.1)ML + 16.8±0.3 (2.3<ML <3.7) 
log M0 = (1.5±0.1)ML + 15.7±0.4 (3.5<ML <5.6)

These M0 -ML relations are very similar to those found for California earthquakes, but differ 
from those found in two previous studies earthquakes in the Utah-Idaho region.

2. The Cache Valley, Utah, earthquake of August 30, 1962 (ML 5.7) has been re-examined. 
Our revised focal mechanism, with dip 43°, strike 193°, and rake -102°, confirms oblique nor­ 
mal faulting with nodal planes striking approximately north and south. This mechanism is 
based on inversion of long-period teleseismic body-waveforms and on polarities from digitized
long-period records from US Air Force LRSM stations. The waveform inversion indicates

24 M0 = 3.1 X 1(T dyne-cm, corresponding to Mw 5.6, and a centroid focal depth of 10 km.

The Cache Valley, like other N-S-trending extensional features in northern Utah, is 
bounded on its E side by a major active normal fault, the East Cache fault, that has several km 
of Neogene throw. However, revised source co-ordinates for the 1962 Cache Valley earth­ 
quake indicate that it occurred too far east to have involved slip on this fault. Its hypocenter 
was near a downdip projection of the Temple Ridge fault, a less prominent normal fault with 
-500 m of Neogene throw, oriented sub-parallel to the west-dipping nodal plane of our focal 
mechanism. We suggest that this fault is continuous and approximately planar between about 
10 km depth and the earth's surface, and that it moved in the Cache Valley earthquake with a 
small component of right-lateral strike-slip.

3. As part of ongoing NEHRP attention to earthquake hazards in the Wasatch Front area, pro­ 
babilistic seismic hazard analysis (PSHA) has taken on considerable importance. To help facili­ 
tate an understanding of PSHA by earth scientists (e.g., those involved in Utah's earthquake 
program), partial support from this award was used to write a formal tutorial entitled "An 
introduction to probabilistic seismic hazard analysis." The intended audience for the tutorial 
includes earth scientists who would typically be called upon to provide input for a PSHA and 
any decision-maker (earth scientist or other) who needs to understand not only the underlying 
assumptions and methodology of a PSHA, but also the correct interpretation of its results. 
Sections of the paper describe and illustrate the major elements of PSHA the identification 
and depiction of seismic source zones (including new approaches to modeling seismic sources), 
magnitude distributions and earthquake occurrence models, ground-motion equations, and the 
calculation of seismic hazard using probability theory. Discussion is then provided of current 
issues in PSHA. These include: the treatment of uncertainties and randomness in PSHA; 
rigorous processing of earthquake catalogs for seismicity parameters; band-limited white-noise 
models of ground motion; modeling earthquake recurrence from fault slip rate; formats for 
presenting the results of hazard calculations; and choices of ground-motion measures.

Reports and Publications

Benz, H.M. and R.B. Smith (1988). Elastic-wave propagation and site amplification in the Salt 
Lake Valley, Utah, from simulated normal faulting earthquakes, Bull. Seism. Soc. Am. 78, 
1851-1874.
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Chen, G.J. (1988). A study of seismicity and spectral source characteristics of small earth­ 
quakes: Hansel Valley, Utah, and Pocatello Valley, Idaho, areas, M.S. Thesis, University 
of Utah, Salt Lake City, Utah, 119 pp.

McGuire, R.K. and WJ. Arabasz (1989). An introduction to probabilistic seismic hazard 
analysis, submitted to Environmental Geophysics, S.H. Ward, Editor, Society of Explora­ 
tion Geophysicists, Special Publication.

Nava, S.J., J.C. Pechmann, and WJ. Arabasz (1988). The magnitude 5.3 San Rafael swell, 
Utah, earthquake of 14 August 1988: A preliminary seismological summary, Survey 
Notes 22, 16-19.

Pechmann, J.C. and B.S. Thorbjarnardottir (1989). Waveform analysis of two preshock-main 
shock-aftershock sequences in Utah, submitted to Bull. Seism. Soc. Am.

Westaway, R. and R.B. Smith (1989). Strong ground motion in normal-faulting earthquakes, 
Geophys. J. 96, 529-559.

Westaway, R. and R.B. Smith (1989). Source parameters of the Cache Valley (Logan), Utah, 
earthquake of 30 August 1962, submitted to Bull. Seism. Soc. Am.

Figure 1 (next page). Hypocentral cross sections (with no vertical exaggeration) of the north- 
em part of the aftershock zone of the 1983 Borah Peak, Idaho, earthquake. The two cross 
sections at the left are along line B-B' on the index map at the upper left, while the two 
cross sections at the right are along line C-C' on the index map at the upper right. The right 
cross section of each pair (labeled "This Study") shows new locations determined with P- 
wave and S-wave arrival times from three-component digital recordings. Note that these 
new locations show evidence for (1) a zone of activity dipping 50° ±5° SW from the NW- 
trending splay in the surface rupture (AGF) (B-BO, and (2) a near-vertical N10°W-trending 
zone of activity located beneath this dipping zone (C-CO. These features are not evident in 
the left cross sections of each pair, which show hypocenters determined by Richins et al. 
(1987) using P-wave arrival times measured primarily from analog records. The hypocenters 
plotted from both the Richins et al. (1987) study and from the new study were selected 
according to the following criteria for quality: gap <180°, nwr >8 readings, and dmin <5 
km or the focal depth. On the cross sections labeled "This Study," the symbol representing 
each earthquake is the projection of the standard errors of the location onto the plane of the 
cross section. The labeled stars indicate poorly constrained, fixed-depth locations for aft­ 
ershocks of ML 5.6 and 5.3 that occurred on October 29 at 23:29 and 23:39, respectively. 
The dashed box on each index map shows the location of the earthquakes plotted on the 
cross sections below it. Also shown on each map is the approximate outline of the aft­ 
ershock zone (dotted line), the main shock epicenter (asterisk), the surface rupture along the 
Thousand Springs and Warm Springs segments of the Lost River fault (TSS and WSS, 
respectively), and the surface rupture along the splay known as the Arentson Gulch fault 
(AGF).
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EARTHQUAKE STUDIES: SOUTH CAROLINA

Semi-Annual Report 
October 1, 1988 through April 30, 1989

Robert E. Weems
Branch of Eastern Regional Geology

U.S. Geological Survey
National Center, MS 928
Reston, Virginia 22092

(703) 648-6930

Investigations

Began compiling data relocating epicenter of the 1886 Charleston earthquake 
based on diverse first hand accounts plus results of detailed drilling in the 
meizoseismal region. Began compiling 1:48,000 map sheet of combined 20 7.5- 
minute quadrangle meizoseismal area showing distribution of Tertiary units 
beneath Pleistocene cover, thickness of Pleistocene overburden, and location 
of probable tectonic features. Completed compiling of 1:24,000 map data for 
detailed geologic maps in the meizoseismal region. No field investigations 
were undertaken during the first two quarters.

Results

All 20 7.5-minute quadrangles in the meizoseismal area have been compiled and 
are either published, in press, or in Survey review.

Additional carbon-14 dates from Beta Analytic were received, which indicate 
that a previously unrecognized prehistoric seismic event occurred in the 
Charleston area at around 600-700 BP. The relative size and abundance of 
liquefaction vents associated with this event, which can be recognized by 
their weakly developed soil profiles, suggests that this event was stronger 
than the 1886 event and weaker than the event that occurred about 1230 BP. 
Alternatively, these different events had different epicenters and their 
relative abundances indicate relative distances to their respective 
epicenters.

Reports

Weems, R.E., and Lemon, E.M., Jr., 1987, Geologic map of the Moncks Corner 
quadrangle, Berkeley County, South Carolina (1:24,000, with text): 
U.S. Geological Survey Geologic Quadrangle Map GA-1641.

Weems, R.E., and Lemon, E.M., Jr., 1988, Geologic map of the Ladson
quadrangle, Burkeley, Charleston, and Dorchester Counties, South Carolina 
(1:24,000, with text): U.S. Geological Survey Geologic Quadrangle Map 
GA-1630.
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Weems, R.E., and Lemon, E.M., Jr., 1989, Geology of the Bethera, Cordesville, 
Auger, and Kittridge quadrangles, Burkeley County, South Carolina 
(1:24,000, with text): U.S. Geological Survey Miscellaneous 
Investigations Series Map 1-1854.

Weems, R.E., and Perry, W.H., Jr., in press, Strong correlation of major 
earthquakes with solid-earth tides in part of the eastern United 
States: Geology (accepted for publication).
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Surface Faulting Studies

9910-02677

M.G. Bonilla 
Branch of Engineering Seismology and Geology

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

MenloPark,CA 94025
(415) 329-5615

Investigations

1. The appearance of active faults in exploratory trenches.

2. Variation in surface slip along historical ruptures. 

Results

1. Revision of a USGS bulletin manuscript on factors affecting the recognition of active 
faults exposed in trenches was completed after technical review, and the main points were 
summarized in a paper to be submitted to a journal.

Study of the variation in surface slip along historical ruptures was resumed; 12 events 
have been studied so far. The average surface slip compared to the maximum surface slip 
has a wide variation in the studied events. The average slip based on the area under the 
displacement-distance plots, ranges from 12 percent to 53 percent of the maximum slip. 
The position of the point of maximum slip along the rupture also varies widely, ranging 
from 8 percent to 49 percent of the total length. These numbers will change as more data 
are analyzed.

Reports

Bonilla, M.G., and Lienkaemper, J.J., 1988, The visibility of active faults in exploratory trenches 
[abs.]: Geological Society of America, Abstracts with Programs, v. 20, no. 7, p. A145.

Sharp, R.V., Budding, K.E., Boatwright, J., Ader, M.J., Bonilla, M.G., Clark, M.M., Fumal, T.E., 
Harms, K.K., Lienkaemper, J.J., Morton, D.M., O'Niell, B.J., Ostergren, C.L., Ponti, 
D.J., Rymer, M.J., Saxton, J.L., and Sims, J.D., 1988, Surface faulting along the Supersti­ 
tion Hills fault zone and nearby faults associated with the earthquakes of 24 November 
1987: Bulletin of the Seismo logical Society of America, v. 79, p. 252-281.
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Sedimentological Analysis of Postulated Tsunami-Generated 
Deposits from Great-Subducticn Earthquakes Along 

Washington's Outer Coast

14-08001-1532

Dr. Joanne Bourgeois, P.I., Mary Reinhart, R.A.
Department of Geological Sciences AT-20.

University of Washington
Seattle, Washington 98195

(206) 545-2443

OBJECTIVE; The goal of this project is to determine the genesis of 300- 
year-old sand sheets in coastal Washington, in particular, whether or not 
these sheets were deposited by a tsunami generated by a great subduction 
earthquake along the Cascadia subduction zone. One tsunami hypothesis is 
being tested by: 1) developing a sediment-transport model for the sand 
sheet and comparing it against possible depositional mechanisms (as 
reported in a prior progress report); and 2) calibrating the model 
through the study of (Chilean) sand sheets known to have been deposited 
by the tsunami associated with the great 1960 earthquake (Mw 9.5) in 
south-central Chile.

WORK PORING THIS PERIOD, IN CHILE: From 10 January to 5 April 1989, we 
mapped and sampled the tsunami-laid sand and interviewed observers of the 
1960 tsunami at the estuaries of the Rio Lingue (latitude 39.5S) and Rio 
Maullin (41.6S); some work was also conducted on Rio Queule, about 10 km 
north of Rio Lingue, but this site was in general too disturbed to 
generate conclusive results. The Rio Lingue resembles the estuary of the 
Salmon River, Oregon; the Rio Maullin estuary, studied in collaboration 
with Brian Atwater, is comparable to Willapa Bay and Grays Harbor, 
Washington. Co-seismic subsidence in 1960 ranged from 1 to 2 m in the 
areas studied.

PRELIMINARY RESUHC5 OF QLELEAN FTELD WORK;
1) Tsunami deposits have been preserved in a number of settings, 

ranging from intertidal zones, where tsunami-laid sands overlie 
previously vegetated surfaces and are overlain by intertidal muds, to 
supratidal zones, where sand still remains at the surface, which has 
since been vegetated. Hfciman activity and local wave erosion have most 
significantly altered the original depositional patterns.

2) The thickness of tsunami-laid sand diminishes upvalley on point bar 
and floodplain surfaces. This trend resembles patterns in 300-year-old 
sand sheets at the Salmon River, and in Willapa Bay and Grays Harbor.

3) Tsunami waves breached and enlarged pre-existing saddles on Holocene 
beach ridges at both Rio Lingue and Rio Maullin. Typically, the tsunami 
left thick deposits of sand on the landward side of breach points.

4) The tsunami transported boulders (long axes up to 1.2 m), cobbles, 
pebbles, and intraclasts onto former croplands just upvalley from the 
largest breach, near the mouth of Rio Lingue. This gravel fines 
irregularly in the landward direction.
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Northern San Andreas Fault System

9910-03831

Robert D. Brown 
Branch of Engineering Seismology and Geology

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

(415) 329-5620

Investigations

1. Continuing research and compilation of data on Quaternary deformation in the San 
Andreas fault system, to update chapter for a planned volume summarizing current geo­ 
logic and geophysical knowledge of the fault system.

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

3. Serve as chairman of Policy Advisory Board, Bay Area Earthquake Preparedness Project 
(BAREPP). A joint project of the State of California and the Federal Emergency Manage­ 
ment Agency, BAREPP seeks to further public awareness of earthquake hazards and to 
improve mitigative and response measures used by local government, businesses, and 
private citizens.

Results

1. Continued reviews of geologic and geophysical data related to DCPP and provided oral 
and written review comments to NRC. Coordinated USGS review and data acquisition 
efforts related to DCPP.

2. Provided informal oral and written data, analysis, and recommendations to BAREPP and 
other Policy Advisory Board members on geologic, seismologic, and management issues 
relating to earthquake hazard mitigation in California.

Reports

None.

05/89
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Characteristics of Active Faults

9950-03870

Robert C. Bucknam, Anthony J. Crone, Michael N. Machette
U.S. Geological Survey

M.S. 966, Federal Center
Denver, Colorado 80225

(303) 236-1604

Investigations

1. Radiocarbon dating of sample from a trench across the late Holocene fault along the east side of the Fish 
Springs Range, western Utah.

2. Coordination of International Geological Correlation Program (IGCP) Project 206 ~ A Worldwide 
Comparison of the Characteristics of Active Faults (with Ding Guoyu and Zhang Yuming, State Seismological 
Bureau, Peoples Republic of China) and preparation of a field trip guidebook to some active faults in the 
western U.S. (with KA. Haller).

1. A prominent fault scarp along the east side of the Fish Springs Range has yielded abundant data on scarp 
morphology (Bucknam and Anderson, 1975). We have done field studies, including trenching, of the fault to 
better define its time of movement. The morphologic data and a well-constrained age for the faulting will 
provide a valuable calibration for morphologic dating of scarps elsewhere in the Basin and Range Province. 
Organic matter concentrated from an A horizon buried by fault scarp colluvium of the Fish Springs fault gives a 
TAMS 14C date of 2,280 ± 70 yr B.P. (Beta-25093). The stratigraphic position of the sample beneath colluvium 
derived from the fault scarp and the fact that the date is a mean residence time (MRT) age for the soil horizon 
both indicate that the time of faulting is probably several hundred years younger than the radiocarbon date. 
We believe that the faulting occurred about 2,000 years ago.

2. The final meeting, and an associated field trip, of IGCP Project 206 is to be held June 29 - July 7,1989, in 
the United States, immediately preceding the International Geological Congress. Agreement has been reached 
with a publisher to issue the results of the project; participants in the project are preparing manuscripts for a 
book publication based on data compiled on a variety of faults throughout the world. The field trip guidebook 
is being prepared as part of the final meeting; the trip route follows parts of the central San Andreas fault, the 
Garlock fault, and faults in Owens Valley and parts of the Great Basin.
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Late Quaternary Slip Rates on Active Faults of California

9910-03554

Malcolm M. Clark
Branch of Engineering Seismology and Geology 

345 Middlefield Road, MS 77
MenloPark,CA 94025 

(415) 329-5624, FTS 459-5624

Investigations

1. Recently active traces of Calaveras fault zone at Tres Pinos Creek and San Felipe Creek, 
California (K.J. Kendrick [Harms], J.W. Harden, M.M. Clark).

2. Recently active traces of Owens Valley fault zone, California (Sarah Beanland, Clark).

3. Degradation of fluvial terrace risers along Lone Pine Creek, San Bemardino County. (Kendrick, in 
conjunction with J.B.J. Harrison, L.D. McFadden (UNM), and R.J. Weldon (University of 
Oregon)).

Results

3. Radiocarbon dating is the preferred method of dating geologic events, but when unavailable, 
relative-dating techniques, such as degree of soil development and scarp-degradation modeling 
have been used. In Cajon Pass a terrace riser and a lower terrace tread (which, on the basis of 
radiocarbon dating, was abandoned at about 8,350 yr.) provide an opportunity to test these 
relative-dating techniques. The purposes of this study are (1) to determine the spatial variation of 
soils across terrace treads, and to assess the influence of this variation on the age estimate derived 
from a previously developed chronofunction, and (2) to determine the amount and extent of 
deposition that results from degradation of the terrace riser, to assess the influence of both deposi­ 
tion and degradation on soil development, and to compare this deposition and degradation to that 
predicted from a diffusion model of scarp degradation.

We measured 14 scarp profiles and estimated scarp age using the non-linear diffusion model. 
These scarp profiles yielded model ages from 4,830 to 10,920 yrs, with a mean of 7,760. We 
described catenas of soils on three of the scarp profiles with ages oif 4,830, 8060, and 9060 yr. 
We described four more soils on the terrace tread in an area unaffected by slope deposition.

Soils on the scarp below the inflection point were as strongly developed as those on the terrace 
tread. Maximum soil development occurred at the base of the scarp, where deposition has 
enhanced the rate of soil development. The variation of the diffusion-model age of the scarps is 
not reflected in the degree of soil development.
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Reports:

Hudnut, K.W. and Clark, M.M. , 1989, New slip along parts of the 1968 rupture of the Coyote Creek 
fault rupture, California: Bulletin of the Seismological Society of America, v. 79, p. 451-465.

Sharp, R.V., Budding, K.E., Boatwright, J., Ader, J., Bonilla, M.G., Clark, M.M., Fumal, T.E., Harms, 
K.K., Lienkaemper, J.J., Morion, D.M., O'Niell, B.J., Ostergren, C.L., Ponti, D.J., Rymer, M.J., 
Saxton, J.L., and Sims, J.D., 1989, Surface faulting along the Superstition Hills fault zone and 
nearby faults associated with the earthquake of 24 November, 1987: Bulletin of the Seismological 
Society of America, v. 79, p. 252-281.

Harrison, J.B.J., Kendrick, K.J., McFadden, L.D., and Weldon, R.J., 1989, The influence of terrace scarp 
degradation on soil profile development, Cajon pass, southern California [abs.]: Geological 
Society of America Meeting, Cordilleran Section, Spokane, Washington, May 8-11, 1989.
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DETECTION OF BLIND THRUSTS IN THE WESTERN TRANSVERSE RANGES AND
SOUTHERN COAST RANGES

14-08-0001-G1687 
14-08-0001-G1528

DAVIS AND NAMSON
CONSULTING GEOLOGISTS

1545 NORTH VERDUGO ROAD, SUITE 9
GLENDALE, CA 91208

(818) 507-6650

I. Objectives

A. Detection of seismically active blind thrusts in the 
western Transverse Ranges and southern Coast Ranges.

B. Determination of the geometry, kinematics, and slip rate of 
blind thrust faults.

C. Calculation of regional convergence rates across the 
western Transverse Ranges and southern Coast Ranges.

II. Approach: Compilation of surface and shallow subsurface 
geology using detailed maps and well data, regional seismicity, 
earthquake focal mechanisms and seismic reflection data for the 
construction of retrodeformable cross sections.

III. Results
A. A cross section, across the southern Coast Ranges (A-A 1 , 
Figures 1 and 2), and a section across the Santa Maria basin 
(B-B 1 , Figures 1 and 3) have been completed. The stratigraphic 
abbreviations and regional correlations are in Figure 4. The 
cross sections show the region as a developing basement- 
involved fold and thrust belt. The Pliocene and Quaternary age 
structure is dominated by a series of large anticlinal trends 
the are interpreted to be fault-bend and fault-propagation 
folds resulting from thrust ramps off a regional detachment at 
11-14 km depth. The cross section has 26.8 km of shortening 
from the edge of the continental margin to the San Andreas 
fault. Based on numerous geologic relationships, region-wide 
shortening began at =4.0 Ma which yields a regional convergence 
rate of 6.7 mm/yr. The Pliocene and Quaternary convergence 
across the onshore Santa Maria basin is 9.2 km and the 
convergence rate is 2.3 mm/yr. The southwestern range front of 
the San Rafael Mountains is interpreted to be the result of 
uplift above a ramp in the Point San Luis thrust. Pacific Gas 
and Electric's Diablo Canyon nuclear power plant is situated 
above the thrust ramp which may pose an earthquake hazard to 
the facility.

A manuscript documenting the relationships and interpretations 
titled "Late Cenozoic Fold and Thrust Belt of the Southern 
Coast Ranges and Santa Maria Basin, California" has been
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submitted to the Bulletin of the American Association of 
Petroleum Geologists.

B. A structural study of the Los Angeles area has been 
completed that includes a regional retrodeformable cross 
section, a study of the geology of the Whittier Narrows area 
and earthquake, convergence rates and earthquake potential of 
blind thrusts. The manuscript is titled "A Cross Section of 
the Los Angeles Area: Seismically Active Fold and Thrust Belt, 
the 1987 Whittier Narrows Earthquake, and Earthquake Hazard". 
It is in press and will be published in July, 1989 by the 
Journal of Geophysical Research.

C. Three separate Replies to various Comments on a Geology 
article about the western Transverse Range fold and thrust belt 
by Namson and Davis (August, 1988) will appear in the "Forum" 
of April and May 1988 issues.

D. Data acquisition and compilation is underway for several 
other regional cross sections across the western Transverse 
Ranges.
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Explanation
Quaternary and upper Pliocene synorogenic 
depoaiu. includes undiflerenliaud alluvium, and 
Paso Robles. Careaga and Morales Formation*.

Upper Pliocene to upper Miocene marine deposits, 
includes the Foxen, Pismo, Sisquoc, and Santa 
Margahu Formations.

Upper and middle Miocene marine deposits, 
includes the Monurey and Point Sal Formations.

Middle and lower Miocene extrusive and shallow- 
level igneous rocks, includes the Obispo and 
Tranquillon Formations.

Lower Miocene and Oligocene manne deposits, 
includes the Rincon, Vaqueros, Gavioua and 
Sacat£ Formations.

Lower Miocene and Oligocene nonmanne 
synorogenic deposits, includes the Sinimler. 
Loupe and Sespe Formations.

Undiflertnuated Eocene to upper Jurassic manne 
deposits.

Franciscan Assemblage and Coast Kang 
OphioliU (undiflerentiatcd MesozoicJ.

Undiflerentiatid granitic and gneissic rocks or the 
Salinian block (Mesozoic and Precambrian?>.

10

35-00'

34°30'

20 km

Figure 1. Geologic map of the western Transverse Ranges, southern Coast Ranges and 
Santa Maria basin. The locations of cross sections in this study are indicated.
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EVALUATION OF LATE QUATERNARY RATE OF SLIP 
WHITTIER FAULT ZONE, SOUTHERN CALIFORNIA

Contract No. 14-08-0001-61696

El don M. Gath

Leighton and Associates
667 Brea Canyon Road, Suite 31

Walnut, California 91789

(714) 598-2856

Objective: Previous investigations have provided evidence that the Whittier 
fault has had Holocene activity, and recorded microseismicity shows that this 
activity is continuing. Preliminary results appeared to indicate a Holocene slip 
rate loosely constrained between 1.7 to 5.7 mm/yr. The purpose of this study 
is to determine a better constrained slip rate, and provide data on the slip 
history of the Whittier fault for seismic hazard evaluation to the Los Angeles 
Basin. One of the most important pieces of data needed is a determination of 
the timing of the last earthquake, and the amount of slip that occurred during 
that event.

Data Acquisition and Initial Analysis: As the project authorization was just 
obtained in late February, 1989, only the initial aspects of the project have 
been started. These include:

1. Procurement of suitable topographic coverage for the entire fault zone. For 
purposes of the project, l:24,000-scale quadrangle sheets were utilized for 
the aerial photographic mapping of tectonic geomorphic features and offsets 
that were resolvable at that scale.

2. Procurement and review of stereo aerial photographs to map the fault location 
from offset geomorphic features.

3. Procurement of 200-scale topographic maps where the initial photographic 
mapping indicated a high probability of surviving geomorphic offsets that 
would be better resolved at the smaller scale (much of the Whittier fault 
has been either extensively urbanized, or modified due to oil exploration 
and production).

4. Oblique low altitude, aerial photographs in color infrared, have been 
scheduled to be flown in mid-May, with interpretation to be completed in 
early June. It is anticipated that these images will allow a much more 
detailed refinement of the fault trace location within those areas where 
access is restricted, and only high altitude aerial photographs are 
available.
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Preliminary Findings: The following discussion will present preliminary results 
of current investigations that were ongoing prior to authorization of the subject 
grant.

1. Air photo strip mapping of tectonic geomorphic features has been completed, 
with localized ground proofing underway.

2. Characterization of offset geomorphic features have begun to be compiled into 
a histogram to group and quantify individual events. The smallest offsets 
yet found are about three meters, and appear to be caused by a single event. 
Larger offsets of 6, 12, 20, 40, 400, and 1,500 meters are also common. 
Except for the 3-meter offset, all offsets are from topographic map 
measurements, at various scales; field measurements to refine these offsets 
and to determine error bars is forthcoming.

3. A preliminary Holocene slip rate has been determined from a C-14 date of 
8,240±170 years B.P. in alluvial sediments, near the base of a channel. The 
channel has been offset between 14 and 21 meters, yielding a minimum slip 
rate of 1.7 to 2.5 mm/yr.

4. The vertical slip component of the Whittier fault has never been quantified. 
Preliminary terrace mapping within a small portion of the Santa Ana River 
Canyon has yielded an average uplift rate of almost 0.6 mm/yr. A major 
assumption within this analysis is that, due to the size of the drainage, 
the proximity of the base level, and the constriction within the canyon, the 
terrace surfaces correspond to eustatic-induced incision of the Santa Ana 
River in response to the onset of glaciation. The study area, presently 
lies about 50 km from a prograding coastline.

5. Three potential trenching sites have been identified, and negotiations with 
the property owners are underway.

6. Based upon a single-event slip offset of three meters, and a slip rate of 
1.7 to 2.5 mm/yr, a maximum interval of 1,200 to 1,700 years is required to 
accumulate a similar amount of strain.

7. A calculation of earthquake magnitude with surface offset for the possible 
latest 3-meter event, yields a Ms of 7.3, very significantly larger than most 
other earlier estimates.

8. Implications for a higher seismic risk within the metropolitan Los Angeles 
area, due to the Whittier fault, require that the above preliminary 
conclusions be confirmed by additional exposures, and from a detailed trench 
study, scheduled for later in 1989.
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Tree-Ring Laboratory
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A. LOS ANGELES AREA
In the greater Los Angeles area there have been landslides in 

steep and/or unstable sites that were seismically induced. In 
cooperation with Dr. Gary Rassmussen of San Bernardino, trees were 
sampled at two landslide sites near Rim of the World Drive in the San 
Bernardino Mts. At the first site near the town of Running Springs, core 
samples were taken from seven trees. Two trees showed synchronous 
disturbances; after the growing season of 1823 and after the growing 
season of 1879. The disturbances took place before the following 
growing seasons. Of the remaining five trees, two were of a different 
species and two had inner dates in the 1860f s, too young to reach the 
earlier event as they were only resilient saplings in 1879. The seventh 
tree was away from the scarp of the landslide and would have been 
undisturbed. Thus we have at least one landslide based on the 
geomorphology and we have two dates of disturbance for the trees. A 
second site near Rimforest yielded no cores indicating disturbance but a 
section cut from a stump shows a drastic growth reduction early in its 
lifetime. The pre-disturbance growth has too few rings for positive cross 
dating. From the post-disturbance growth rings and weak cross dating 
of the inner segment we can estimate that the disturbance took place in 
the 1780 decade. Both sites must be sampled more thoroughly before 
we can hypothesize any dated events. Historical information is being 
examined for reports of seismic events in the region during these times. 
From these lines of inquiry we will be able to test the likelihood of the 
disturbances being of possible seismic origin.

B. CASCADIA SUBDUCTION ZONE
There is a broad belt of folds and thrusts that extend onshore at 

the southern end of the Cascadia Subduction Zone. The Little Salmon 
fault is a northwest-trending, northeast-dipping thrust fault and is one
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of the principal faults in this belt. No major earthquake has been related 
to the Little Salmon or any other of the accretionary margin thrust 
faults since whites arrived in the Humboldt Bay region in 1850, but the 
oral history and mythology of the local Indians is rich in earthquake 
accounts (Heaton and Snavely 1985). The Little Salmon fault, just south 
of Eureka, California, has displaced late Holocene sediments along the 
margin of Humboldt Bay and the floodplain of Salmon and Little Salmon 
Creeks. Trenches across the fault at Little Salmon Creek have shown 
evidence of multiple slip events bracketed by periodic deposition of 
well stratified floodplain sediments during the late Holocene (Carver 
and Burke, 1987a & b). Detrital wood and charcoal contained in the 
floodplain stratigraphy provide a 14 C based chronology for faulting 
events at the site. The very youthful geomorphic expression of the fault, 
including numerous fault line landslides, disrupted stream profiles, and 
mole track scarps in late Holocene bay marginal marsh sediments 
support the 14C dating of the last event as being less than 415 years B.P. 
The Mad River Slough and the Catfish Lake sites described below are 
not directly on the Little Salmon fault but are locations that could be 
directly affected by major events on that fault or in the general region. 
We sampled in the area in collaboration with Dr. G. Carver of California 
State University at Humboldt, Geology Department. Specific sites 
sampled are within the intertidal zone of the Mad River Slough, along 
the Little Salmon Creek fault, and at Catfish Lake just to the east of the 
fault.

The most immediately promising result from our studies in this 
region are from Catfish Lake north of the Little Salmon Creek and 
slightly east of the actual fault. Catfish Lake sits on a west-facing slope 
east of the town of Beatrice. The lake formed as a result of a large, 
prehistoric landslide in the hanging wall of the fault. The lake is about 
150 meters long and approximately 10 - 15 m deep and contains many 
submerged stumps of old trees. These trees were obviously killed as a 
result of the submergence, and dating the outer ring of each tree would 
effectively date the origin of the lake. The large size of the landslide 
and its location relative to the fault indicate that it was likely to have 
been seismically triggered, so dating the creation of the lake may 
therefore date a large earthquake. In our preliminary sampling we 
obtained two core samples from each of five submerged trees. The 
species is probably grand fir and the wood was fairly intact although 
partially decayed. We were able to cross date the cores within each tree 
and between all the trees. A composite time series of ring-width indices 
was developed for the entire set of cores and was tested against other 
tree-ring series near the region.
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The nearest tree ring series were developed from sites inland 
from the Catfish Lake location in a slightly different climatic region and 
from different species. We tested the Catfish Lake series against five 
inland chronologies. Three gave inconsistent results or no significant 
cross dating. Two chronologies gave consistent results and were in 
agreement with each other. A possible dating from one of the other 
three was the same as the two that gave consistent dating. The 
composite outcome is extremely unlikely unless it is a valid cross date. 
The most recent outermost ring is 1741. The date of ca. 1741 is 
compatible with other paleoseismic data from trenching investigations 
in the surrounding area. It is younger than the 490 yr. limit from 
Carver (1987) and is compatible with the 250 B. P. date of a major 
event from Atwater (1987a & b) and Atwater et al. (1988). There is 
some loss of outer rings due to decay but judging from the configuration 
of the trunks sampled there are probably not many ring lost. We would 
estimate the event as occurring within a few years after 1741. We now 
have a strong working hypothesis that there was a seismic event at that 
time causing the landslide and lake formation. This hypothesis needs 
more samples and further testing before it can be verified.

Our sampling along the Little Salmon Creek fault itself produced a 
number of samples for processing. The old samples found thus far are 
exclusively redwood. All the lining Douglas fir [Pseodotsuga menziesii 
(Mirb.) Franco] and Grand fir [Abies grandis (Dougl. ex D. Don) Lindl.] 
trees encountered were too young (less than 150 years) to be of much 
use for our purposes. Old redwood samples were obtained from two 
areas. Both areas were previously logged, most likely around the turn of 
the century and the areas subsequently burned either naturally or 
deliberately. Considerable amounts of wood have been burned or lost 
from decay on the outer portions of some stumps. Some of the samples 
have 300 to 400 annual rings and a few exhibit obvious trauma from 
disturbance and fire. With logging believed to have taken place around 
1900, we can study a tree-ring record extending back about 400 to 500 
years. Thus we have old trees that may be very useful but substantial 
challenges in trying to date them. We have assembled data from past 
(e. g. Schulman, 1936) and current (Swetnam, 1988) sources to aid in 
the dating of these redwood specimens.

The remnant stumps of old trees in the Mad River Slough do not 
present very promising sampling opportunities in the sense of building 
a long chronology to cross date with other tree-ring series in the region. 
They are too decayed and in many cases only the roots are left intact. 
There are a few trunks and some of the roots are close enough to the
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junction with the former trunk that a useable ring structure and pattern 
of growth is preserved.

C. NORTH OF SAN FRANCISCO
After leaving the land at Point Reyes the San Andreas fault 

reenters the land near Fort Ross. From Fort Ross to near Point Arena, 
the fault trends through open terrain and some extensive redwood 
forests. A recent paleoseismic study of this region (Prentice, 1988) 
concluded that there were a minimum of five or six earthquakes in the 
last 2,000 years and thus a maximum average recurrence interval of 
about 400 years. The 1906 event produced 5 meters of slip at the 
excavation site and evidence from the offset of a buried channel 
indicated a slip rate of about 25 mm. per year (Prentice, 1988). With a 
relatively consistent slip rate, 200 years are enough to accumulate 
another 5 meters of potential release. These estimated time intervals 
make this area very promising for application of tree-ring methods for 
paleoseismic investigation.

The longevity of redwoods makes them an appealing species to 
study. Ages of up to 2,000 years are reported and ages of over 500 
years are fairly common (Harlow and Harrar, 1969 and our own 
studies). Unfortunately, most redwood areas have been logged and 
many rings pinch out and disappear around the circumference. The 
latter fact makes accurate dating very difficult, especially near the base 
where the trunks are buttressed and irregular in form. Despite some 
successful early studies by Schulman (1936), coastal redwoods were 
neglected for many years in favor of other conifers in the western U. S. 
which had more obvious climatic responses recorded in the ring-width 
variations. Our samples are from recently logged trees and cores from 
trees logged around the turn of the century. The redwood stumps are 
very decay resistant and we obtained sections and core samples from 
both areas. We also sampled redwoods on some private land near 
Gulala. The location sampled was logged around 1900 but many stumps 
are intact today. From fire and decay of the sap wood, many outer rings 
are gone from the outside of these stumps but the remaining heartwood 
is solid in many of the stumps. We cored over 15 stumps and obtained 
ages of more than 500 rings in several of them. Adding the 
approximately 100 years accounting for decay and the logging date we 
can expect to be obtaining information for the past 600 or 700 years. 
The paleoseismic investigations cited earlier (Prentice, 1988) indicate 
that we should find more than one event within the ages of the oldest 
samples we are obtaining from the redwoods in this region.
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Investigations:

1. Age and deformation of Pleistocene marine strandlines and sediments in the Los Angeles 
Basin.

2. U-series dating of fossil solitary corals.

3. Electron-spin resonance dating (ESR) of fossil marine shells.

4. Sr-87/86 dating of marine shells.

5. Determining tectonic uplift rates from emergent marine strandlines.

Results:

1. On the Cheviot Hills, the northernmost structure in the Newport-Inglewood zone of 
deformation that traverses the western part of the Los Angeles basin, the Medill sand, a 
littoral marine deposit, unconformably overlies the Anchor silt, a moderate- to shallow- 
water basin deposit at an elevation of 70 m. (Rodda, 1957). The Medill sand contains a 
warm-water fossil molluskan assemblage that correlates this deposit with the 124 peak of 
the 124-118 ka sea-level highstand at an elevation of 6 m (C. Powell, P&S Branch); the 
resultant uplift rate is 0.52 m/ka. The underlying Anchor silt contains a cold-water as­ 
semblage that correlates this deposit with a glacial sea-level lowstand (C. Powell) . 
Extrapolating the 0.52 m/ka uplift rate correlates the Anchor with either the 360 or 470 ka 
lowstand (Fig. 1).
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Some workers in the field contend that most of the electron traps in the shell carbonate are 
created by gamma rays from materials (primarily K-40 and U-series decay products) 
within the shell itself. However, a recently completed experiment using a sensitive Ger­ 
manium counter (Battelle Labs) shows that there is virtually no radioactive material in 
mechanically cleaned shell samples. Consequently, ail the electron traps are formed by 
gamma rays from radioactive materials in the surrounding sediment within about 30 cm of 
the sample. It is hoped that ESR techniques will eventually yield reliable absolute ages 
greater than 300 ka.

4. In another attempt to precisely date strandlines beyond the existing practical limit of 300 
ka imposed by sample availability and analytical techniques, we have initiated a study with 
R. Kistle (Isotopes Branch) to assess the feasibility of dating fossil marine shells using 
Sr-87/86 data. A recently published, moderately detailed Sr-87/86 variation curve for late 
Cenozoic carbonates now makes this a viable dating technique (Capo and De Paola, 1988). 
Preliminary data show that the 600-300 ka ages of the Timms Point silt and the partly 
correlative Lomita marl (Los Angeles basin) based on paleomagnetic, paleontologic, and 
amino-acid data is reasonable (Lajoie, Ponti, and Powell, research in progress). Collec­ 
tively, all these data indicate that the 3.2 m.y. K-Ar age on glauconite from the Lomita 
marl (Obradovich, 1968) is much too old.

5. A reasonable sea-level datum (paleosea-level curve) is required to derive vertical tectonic 
movements from marine strandlines. The most widely used curve is based on dated coral 
reefs from the Huon Peninsula of Papua New Guinea (Chappelle, 1983; Chappelle and 
Shackelton, 1986). Originally, open coast strandlines with neutral- to warm-water fossil 
molluskan assemblages were correlated with the last interglacial sea-level highstand dated 
at 118 ka and assumed to be 6 m higher than present sea level. A revised version of the 
New Guinea curve (Chappelle and Shackelton, 1986) divides the last interglacial highstand 
into two peaks, one dated at 124 ka (assumed to be 6 m) and one dated at 118 ka (-2 m). 
Refined paleontological and age data from California strandlines indicate this revision is 
reasonable. Strandlines with warm-water assemblages are now correlated with the 124 
peak and those with neutral assemblages are correlated with the 118 ka peak. These 
correlations resolve several conflicts resulting from paleontological data (Powell), U-series 
dates (Stein and Wasserberg) and relative strandline elevations (Lajoie). They also yield 
slightly lower uplift rates at several localities along the California coast.

Near Santa Cruz, California, the first, second, and fourth emergent marine strandlines were 
previously correlated with the 81, 102, and 118 ka sea-level highstands, respectively 
(Lajoie in Hanks and others, 1983); the resultant uplift rate based on the 57 m elevation of 
the fourth strandline was 4.1 m/ka at Molino Creek (Fig. 2). However, these correlations 
ignored the third strandline, which intersects the second strandline as the uplift rate de- 
reases south of Greyhound rock. Two uplifted strandlines intersect only if the sea-level 
highstand that formed the older was lower than the one that formed the younger. On the 
New Guinea sea-level curve the 210 ka highstand was about llm lower than the 124 ka 
peak of the 124-118 ka highstand, which strongly suggests that the third and second
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strandlines correlate with these two highstands, respectively. These correlations further 
suggest that the fifth, fourth and first strandlines correlate with the 430, 320 and 120 ka 
strandlines, respectively (Fig. 2). These revised correlations yield an uplift rate of 0.21 
m/ka at Molino Creek. This example illustrates how relative strandline elevations can be 
used to date emergent marine strandlines and determine uplift rates, even where no inde­ 
pendent age data are available. It also illustrates one of the potential pitfalls of the tech­ 
nique; if the third strandline had been destroyed by subsequent erosion, the original (and 
most likely erroneous) correlations would not have been questioned.

/20

100

7.0

O.I

UPLIFT KATE. », 

0. Z O.3 O. <f

FIG.

« &
.A/ <<

rs/ cv
o o 0

0.5

O

o

5 /

^

3
16

137



1.3

Reports

McCrory, P.A., in press, Late Neogene geohistory analysis of the Humboldt basin and its rela­ 
tionship to convergence of the Juan de Fuca plate: Journal of Geophysical Research, 41 p.

McCrory, P.A., in press, Neogene paleoceanographic events recorded in an active margin 
setting: Humboldt basin, California: Paleoceanography, 36 p.

McCrory, P.A., in press, Depositional history of an accretionary complex: The Neogene Hum­ 
boldt basin, California: Geological Society of America Bulletin, 43 p.

138



1.3

Characterization of Quaternary Deformation Associated with 
Concealed Thrust Faulting

14-08-0001-G1680

William Lettis 
Geomatrix Consultants, Inc.

One Market Plaza
Spear Street Tower, Suite 717
San Francisco, California 94105

Objective : 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 may underlie areas of late Quaternary fold deformation without 
surface expression. Analyses of focal mechanisms and distributions of 
aftershocks suggest that these earthquakes occurred on thrust faults at 
mid-to-lower crustal depths (6 to 12 km) (Eaton, 1985; T. Heaton, oral 
presentation, EERI-Whittier Narrows Earthquake, 1987). General spatial 
coincidence of the earthquake epicenters with anticlinal fold axes 
(Coalinga earthquake with Anticline Ridge; Avenal earthquake with Kettleman 
Hills; Arvin-Techachapi earthquake with Wheeler Ridge; and Whittier Narrows 
earthquake with Elysian Park Anticline) and geodetic data that document 
coseismic fold growth (Stein, 1985; Stein, personal communication, 1987; 
Lin and Stein, 1988) strongly suggest a genetic association between these 
active blind 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.

The purpose of this study is to conduct a detailed Quaternary geological 
evaluation of the Elysian Park anticline. Geodetic observations indicate 
that coseismic uplift of the anticline occurred during and/or immediately 
following the 1987 Whittier Narrows earthquake. 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.
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Data Acquisition and Analysis; The first three months of work on this 
project have involved preparations to conduct detailed field studies of the 
Elysian Park anticline. Preparations have included:

1. Field reconnaissance of the study area to evaluate property access, 
availability of exposures in developed areas, and presence of a mappable 
Quaternary stratigraphy.

2. Acquisition and review of available topographic maps and aerial 
photography. We have acquired early 7-5 minute topographic maps for the 
region including Los Angeles (1953), Whittier (19^9), South Gate (19^9), 
and El Monte (1953)* Each of these maps provides 5~foot contour interval 
data of greater detail than later U.S.G.S. versions of these maps which are 
prepared at 10- and 20-foot contour intervals. Aerial photography from 
1928, 19^6, and 19^9 is available from the Fairchild Collection at Whittier 
College. The photography is conventional, black and white at scales 
ranging from 1:18,000 to 1:24,000. In addition, we have purchased USDA 
Soil Conservation Service photography covering most of the Elysian Park 
anticline between the Los Angeles and San Gabriel Rivers. The photography 
is from 1952,1953, and 195^, conventional, black and white, and at a scale 
of 1:20,000.

The available photography is of good to excellent quality and provides pre- 
development coverage over most of the anticline and bordering areas. 
Preliminary interpretation of the photography indicates that several 
drainages cross the Elysian Park anticline and contain flights of multiple 
terraces that appear to be deformed. At least two valleys are present that 
contain fluvial terraces but whose drainage has been defeated by late 
Quaternary uplift of the anticline. In addition, fluvial terraces are 
preserved along the San Gabriel River and at least one regional geomorphic 
surface is preserved across the crest of the Montebello Hills and has been 
deformed by growth of the anticline.

We plan to conduct detailed mapping of Quaternary deposits in the two 
defeated drainages identified from preliminary interpretation of the aerial 
photography and to reconstruct deformed surfaces across the crest of the 
anticlines. Detailed mapping of the Quaternary deposits and surfaces will 
provide the basis for defining a Quaternary stratigraphy in the area which, 
in turn, will be used to assess the history of Quaternary deformation of 
the Elysian Park anticline.
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Objective: The NWTC is a NNE-trending zone of six north-trending, right- 
stepping normal faults which define the northeastern margin of the Basin-Range 
Province (Fig. 1). Holocene faulting has occurred on all six faults, yet 
detailed paleoseismic information exists only for the southernmost two faults 
(Wasatch Fault, Brigham City segment; East Cache fault). This project involves 
trenching the central faults (Bear Lake; upper and lower Star Valley); other 
workers (USGS, Univ. of Utah) will trench the Teton fault. In particular, data 
will be sought to test the hypothesis that the NWTC as a whole has undergone 
rapid "pulses" of Quaternary faulting activity separated by long periods of 
corridor-wide quiescence. If the NWTC displays "seismic-belt style" pulses of 
faulting (Wallace, 1984) rather than random movement on each fault, future 
events anywhere in the corridor imply an increased likelihood of faulting for 
the northern Wasatch Front.

Results: The project is currently (May, 1989) in its second month. Existing 
data have been compiled, and nine potential trench sites have been identified.

1. West Bear Lake fault ("Bloomington scarp"):
- south of Bloomington, Idaho

2. East Bear Lake fault
- North Eden Canyon alluvial fan
- "Dingle scarp", south of Dingle, Idaho

3. Upper Star Valley fault
- mouth of Dry Canyon, south of Afton, Wyoming
- mouth of Swift Creek, at Afton, Wyoming
- at Taylorsville, Wyoming, north of Afton

4. Lower Star Valley fault
- mouth of Willow Creek, east of Bedford, Wyoming
- north of mouth of Strawberry Creek, east of Bedford, Wyoming
- piedmont scarps between North Cedar Creek and Prater Creek

Negotiations are in progress with private landowners to trench at least five of 
these sites. Trenches will also be used to help train visiting foreign 
geologists in trench logging techniques. At present, one geologist from the 
People's Republic of China, State Seismological Bureau, will be working on the 
Bear Lake trenches, and a scientist from the U.S.S.R. Academy of Sciences, 
Institute of the Earth's Crust (Irkutsk) may be working on the Star Valley 
trenches.

Reports: none 

References:

Wallace, R.E., 1984, Patterns and timing of late Quaternary faulting in the 
Great Basin province and relation to some regional tectonic features: 
Journal of Geophysical Research, vol. 89, no. B7, p. 5763-5769.
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Fig. 1. Location map of the NWTC, showing majOr normal faults with 
Holocene movement. 1-Wasatch fault, 2-East Cache fault, 3-Bear 
Lake faults, 4-Upper Star Valley fault, 5-lower Star Valley fault, 
6- Teton fault. Tentative trench sites are shown by short bars 
across faults.
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Determination of Slip Rates and Dating of Earthquakes for the 
San Jacinto and Elsinore Fault Zones, Southern California

14-08-0001-G1669

Thomas Rockwell
Dept. of Geological Sciences
San Diego State University

San Diego, CA 92182
(619) 594-4441

Objective; The three primary purposes of this study are: 1) 
high-precision dating of earthquakes at Hog Lake on the San 
Jacinto fault near Anza; 2) high-precision dating of earthquakes 
at Glen Ivy Marsh on the Elsinore fault between Corona and Lake 
Elsinore; and 3) determining a slip rate and dating of 
earthquakes along the Coyote Mountain segment of the southern 
Elsinore fault. These data will further our understanding on the 
timing of past earthquakes for two of southern California's most 
prominent faults, and test preliminary results at Glen Ivy Marsh 
that suggested temporal clustering of earthquakes.

Results; The first six months have been spent completing field 
studies at Hog Lake, initiating field studies along the Elsinore 
fault in the Coyote Mountains, and submitting samples for high- 
precision radiocarbon dating.

Three major earthquakes have been recognized in the sediments at 
Hog Lake near Anza. High precision dates on peat layers that 
overlie and underlie the most recent major event indicate an 
early A.D. 1700's age for that earthquake. Further high-precision 
dating (samples already submitted) will better resolve the timing 
of the earlier earthquakes but all three appear to have occurred 
since about 1100 A.D. A preliminary recurrence interval is 
estimated at about 250-300 years, based on available dates.

Ten samples, that bracket five earthquakes (post circa 1000 
A.D.), have been submitted for high-precision dating from the 
Glen Ivy site along the northern Elsinore fault. These dates are 
expected by July or August.

Field work along the Coyote Mountain segment of the Elsinore 
fault indicates that the most recent event displaces fluvial 
deposits at Alverson and Fossil Canyons by about 1.5 m. This 
value increases towards the northwest to a little over 2 m near 
the central portion of the segment, suggesting that this was 
about the maximum slip. Further work will continue to document 
the slip distribution for the most recent event, establish ages 
for the past several earthquakes (utilyzing a variety of dating 
techniques), and estimate the Holocene slip rate.
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EARTHQUAKE GEOLOGY OF THE SAN ANDREAS 
AND OTHER FAULTS IN CALIFORNIA

Grant Number 14-08-0001-G1370

Kerry Sieh
Division of Geological and Planetary Sciences

California Institute of Technology
Pasadena, CA 91125

(818) 356-6115

During the past six months, I and my graduate students have made progress in 
several major areas:

(1) We have completed redating the Pallett Creek section, with the publication in 
the January, 1989 issue of The Journal of Geophysical Research. "A more precise 
chronology of large earthquakes along the San Andreas fault at Pallett Creek, 
California". In this paper we show that the past ten earthquakes have occurred in four 
distinct clusters. Each cluster of two to three earthquakes has occurred over about a 
one hundred year interval, and each cluster is separated from its nearest neighbors by 
two hundred to three hundred and thirty years. In this paper we show that under 
favorable stratigraphic circumstances, earthquakes can be dated to within a couple of 
decades. Hence, we now believe that the spatial and temporal patterns of great 
earthquakes along the San Andreas fault may well be determined by correlation of 
precisely dated events between various paleoseismic sites along the fault. At the end 
of the paper we speculate about the history of great earthquake occurrence along the 
entire southern half of the fault over the past fifteen hundred years. One implication 
of these results may be that the section of the San Andreas fault closest to Los 
Angeles has a much lower probability rupturing in the next thirty years than is 
generally believed.

(2) Sally McGill has continued her studies of the Garlock fault. She has nearly 
completed her study of the smallest stream offsets along the fault, and will soon be 
writing a manuscript based on those efforts. In addition, we were surprised to discover 
during a recent trip to the fault that a late Pleistocene shoreline of Lake Searles is 
offset across the Garlock fault. We hope that within a few months to fully describe 
and document this offset as well as to determine its age. We believe this is our best 
chance to determine the long-term slip rate of the Garlock fault.

(3) I have begun a study in cooperation with Carol Prentice, now at the USGS in 
Menlo Park. We have chosen three sites in the Carrizo Plain where we believe that a 
paleoseismic history for the San Andreas fault may be recoverable. One of these sites 
is on the Van Matre ranch, the other two are a couple of kilometers southeast of 
Wallace Creek. At one of these sites we hope to be able to date a layer that was 
deposited between the second and third earthquake back. At another site we hope to
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be able to date a unit that is offset several tens of meters along the fault. And at a 
third site, we expect to be able to determine how many earthquakes have occurred in 
the past thousand or so years. The third site is particularly important to us in that it 
will confirm or disprove the hypothesis of Sieh and Jahns (1984) that the Carrizo 
segment is characterized by slip events of about ten to twelve meters in magnitude.

(4) Between June, 1988, and February, 1989, five students with whom I have 
been associated completed their Ph.D. dissertations: Marcus Bursik, 1988, Late 
Quaternary Volcano-tectonic Evolution of the Mono Basin, Eastern California; Stephen 
Salyards, 1989, Dating and Characterizing Late Holocene Earthquakes Using Paleo- 
magnetics; Patrick Williams, 1988, (Columbia University); Carol Prentice, 1989, 
Earthquake Geology of the Northern San Andreas Fault near Point Arena, California; 
and Kenneth Hudnut, 1989, (Columbia University) Active Tectonics of the Salton 
Trough, Southern California. Several papers from each of these dissertations are 
already accepted for publication or in the late stages of preparation for publication:

Bursik, M., and K. Sieh, accepted January 1989, Range-front faulting and volcanism in 
the Mono Basin, Eastern California, J. Geophys. Res.

Hudnut, K., and K. Sieh, 1989, Behavior of the Superstition Hills fault during the past 
330 years: Seismol. Soc. America Bull., 79, in press.

Wesnousky, S., C. Prentice and K. Sieh, submitted February 1989, Offset Holocene 
stream channel and rate of slip along the northernmost reach of the San Jacinto 
fault.

Prentice, C., and K. Sieh, in preparation April 1989, Late Holocene slip rate and 
paleoseismic events on the northern San Andreas fault near Point Arena.

Sieh, K., and P. Williams, submitted 1988, Behavior of the southernmost San Andreas 
fault during the past 300 years, J. Geophys. Res.

Salyards, S., K. Sieh and J. Kirschvink, in preparation 1989, Paleomagnetic measure­ 
ment of non-brittle deformation across the San Andreas fault at Pallett Creek.

Several others papers will also be forthcoming.
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Evaluation of the use of Compressive Growth Structure in Earthquake Hazard Assessment

14-08-0001-G1699

John Suppe 
Dept of Geological and Geophysical Sciences

Guyot Hall
Princeton University
Princeton, NJ 08544

(609)452-4119

Investigations:

(1) The major objective of this study is to utilize growth fault theory to estimate the rate of slip 

along buried faults in portions of Central California.

(2) Locate several regions in the Los Angeles region where active deformation is presently taking 

place and determine which geologic and geophysical techniques are best suited to study the 

deformation.

(3) Analyze methods for age dating near surface sediments which are actively being deformed in

order to determine long term slip rates on buried faults.

Results:

The present investigation covers the period from 02/28/89 to 4/24/89 or the initial stages of 

the project. To date we have been able to examine proprietory seismic and subsurface data from the 

Los Angeles Basin and have discovered a back dip panel or growth sedimentary triangle along most 

of the length of the Newport-Inglewood fault zone (Fig. 1). A preliminary study of electric logs 

from three wells that penetrate the growth axial surface suggest, as does the seismic data, that the 

deformed sediments come very close to the earth's surface. These data provide additional evidence 

that the Newport-Inglewood zone is presently active and contains considerable earthquake risk.

The growth-axial surface associated with the Newport-Inglewood trend also indicates that 

this fault zone has been subject to major thrust fault motions in addition to strike-slip displacements 

(Harding 1973; Yeats, 1973). This observation raises several questions concerning the meaning of 

recurrence intervals for a Newport-Inglewood type of fault. Could there be one recurrence interval
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for the strike-slip component and another for the thrust fault component, or are the thrust and strike- 

slip morions interrelated? 

References 

Harding, T.P., 1973, Newport-Inglewood Trend, California, An Example of Wrench Style of

Deformation: Amer. Assoc. Petrol. Geol. Bull., v. 57, p. 97-116. 

Yeats, R.S., 1973, Newport-Inglewood Fault Zone, Los Angeles Basin, California: Amer. Assoc.

Petrol., Geol. Bull, v. 57, p. 117-135.

147



QT
Q O

O



1.3

NEW EVIDENCE OF SURFACE FAULTING FROM BORAH PEAK
EARTHQUAKE: 

and project summary

USGS contract # 14-08-0001-G1525 
Progress report, March 1989

Kirk R. Vincent and William B. Bull
Department of Geosciences, University of Arizona

Tucson, Arizona 85721

Scope
This document reviews the purpose and current status of our project as 

a whole, before describing new details of surface faulting at the south end of 
the 1983 Borah Peak, Idaho, earthquake rupture trace. The latter subject is 
based on mapping of previously unrecognized scarps and ground cracks in 
bedrock of the mountain face, above and south of ruptures on the range-front 
trace. First, an overview of the whole project is presented with summary of 
progress.

Project Report
We are studying the spatial pattern of recent fault displacement 

magnitude on a section of the Lost River Fault in Idaho, in an effort to 
elucidate models of fault behavior. Alluvial fans and cones, incised and 
abandoned at the end of the latest glacial interval, flank the steep and 
elongate alpine range and record normal-fault displacement from post-glacial 
earthquakes. Longitudinal profiles of fans and terraces allow measurement of 
vertical tectonic displacement, and if surveyed at many locations along the 
range front fault document the spatial pattern of displacement magnitude.

The northern portion of the study area is the Thousand Springs fault 
segment, which ruptured during the 1983 Borah Peak Earthquake (Crone and 
others, 1987) and also once during early Holocene. The southern portion of 
the study area is the Mackay fault segment which ruptured once after 7 ka, 
and possibly once just after the latest glacial interval (Tony Crone, personal 
communication 1988). The central portions of both fault segments are 
characterized by steep, linear, range fronts where recent faulting apparently 
has been restricted to the trace along the foot of the range. The two 
segments apparently have ruptured independently at least through the 
Holocene. The middle of the study area is a region which constitutes the 
boundary between the fault segments. Within this region, the strike of the 
range-front bends forming a spur of hills that stair-step up to the high peaks.

Our primary research objective is to evaluate the spatial pattern of post­ 
glacial vertical displacement along the length of the fault, and evaluate the 
spatial interaction of faulting within the boundary area. How, and how much, 
overlap of ruptures within a segment boundary results from independent 
events centered on adjacent segments?
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The research project is outlined below by category of analysis, with brief 
description of each task, purpose and current results.
1) Vertical tectonic displacement measurements, obtained in 1988 at sites 
spaced out along the length of the range-front fault, document the spatial 
pattern of displacement magnitude over several seismogenic cycles. Post­ 
glacial cumulative vertical displacement is 4 or 4.5 m at the center of both 
fault segments, and in each case gradually diminishes about 25% in the 
direction of the segment boundary. Values of vertical displacement for the 
1983 earthquake alone augment published data.
2) Sixty soils in faulted and unfaulted alluvium were sampled for two 
purposes. First, we wanted to be certain that all alluvial surfaces used to 
measure vertical displacement were abandoned at the same time, which in 
this case was at the end of the latest glacial about 15 ka. Second, soil 
development on alluvial surfaces not faulted by prehistoric earthquakes (or 
faulted by only the 1983 event) would help constrain the timing of these 
events. The soils data does indeed give us confidence that the pattern of 
cumulative displacement mentioned above reflects faulting over one time 
frame. Currently the data set is being analyzed statically.
3) Datable charcoal fragments were discovered at the base of alluvial 
deposits which show varying degrees of carbonate soil development. The 
fragments are currently in the lab, but should allow empirical calibration of 
Holocene rates of soil development, which in turn should allow us to refine 
estimates of the timing of earthquakes on the Lost River Fault and other faults 
in the region. Two initial age estimates suggest the Holocene rate of soil 
carbonate accumulation is more rapid than the long term rate averaged over 
interglacial and glacial periods.
4) Seismic refraction surveys were conducted to determine the depth to 
bedrock on the down-thrown side of the fault. Seismic refraction surveys 
were done at the center of both segments and at the segment boundary. The 
intent is to calculate the structural relief so we can compare the pattern of 
that proxy for cumulative displacement over the life of the range (6ma plus), 
to the pattern of vertical tectonic displacement for the past 15 thousand 
years. Results are pending.
5) We began mapping ground cracks and scarps at the southern end of the 
1983 surface rupture which were not previously documented (Figures 1 and 
2). These extensive faulting-related features are located within the same 
segment boundary we are studying, but occur above the range-front fault. 
These features are important because they illustrate faulting patterns that are 
critical to the understanding of segment boundaries. The remainder of this 
document discusses these features in detail.
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New evidence of surface faulting from 
the Borah Peak earthquake

Introduction

The Borah Peak, Idaho, earthquake ruptured a portion of the Lost River 
Fault with sinistral-normal motion in October 1983 (Crone and others, 1987) 
The "southern section" of the surface rupture trace created during the 
earthquake was thought to be confined to the range-front fault at the foot of 
the mountain (Figure 1). The original mapped trace of rupture (Plate 1 of 
Crone and others, 1987) did not extend much further south than Elkhorn 
Creek, which is located at the northern edge of the Thousand 
Springs/Mackay fault segment boundary area. We have learned, however, that 
1983 ruptures splay from the range-front fault up the mountain face, and 
extend much further south than Elkhorn Creek (Figure 1). These ruptures 
are extensive and have faulted and shattered bedrock of the segment 
boundary (Figure 2). One scarp has vertical displacement close to 1 m, the 
vertical displacement of most scarps is less than 60 cm, and scarps less than 
10 cm high and open ground cracks are common.

We have been asked "Did you really see faulting in bedrock?". There are 
faulted outcrops, but faulted soil on bedrock is more important, reliable and 
abundant. Fault disturbance was traced through outcrops, but it was difficult 
to put a finger on a fault surface amid jumbled blocks and rock fall let alone 
find something reliable to use as an indication of displacement. Most 
ruptures were observed as a scarp or open crack in soil mantling bedrock on 
hillslopes inclined 20 to 40°. The hillslope soils are uniformly thin (often less 
than 1 m thick) and consist of a surface horizon of silty-colluvium hosting 
sagebrush and bunch grass (or forest), over colluvium and physically 
weathered bedrock. A scarp in these soils is easy to measure and must 
accurately reflect displacement in unweathered rock below.

How do we know these new features formed during the 1983 
earthquake? First, the rupture traces in bedrock merge with the previously 
mapped rupture on the range-front fault. Second, the degraded character of 
new scarps and cracks is identical to those previously mapped; and third, no 
significant aftershocks were located down dip from the boundary (Richins and 
others, 1987).

Even though we present significant additions at the south end of the 
1983 rupture, the individuals who contributed to the published map of Crone 
and others (1987) did an excellent job. The newly discovered scarps and 
ground cracks are not visible from a distance, nor from the air, and no one 
expected significant faulting to have occurred high on the mountain face. 
Many of the important features are under tree cover, more than a thousand 
feet of altitude above the range-front fault. Ruptures within the segment 
boundary merge with the range-front trace along zones of low scarps and 
ground cracks that are en echelon and discontinuous, and thus are difficult to 
follow on steep hillslopes. Furthermore, ground cracks with little vertical 
displacement may have been easier to find five years alter the earthquake 
because rodents on the hillslopes had opportunity to dig passages through the
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silty root-bound surface soil, or forest litter, which can bridge over rifts open 
1 to 10 cm in the subsoil.

By way of historical development, David Susong mapped bedrock and 
structures of the segment boundary as a Masters thesis project (1987), and 
noted fresh ruptures at two high altitude locations on his unpublished map. 
We initially thought these might be shaking-induced features. Vincent found 
scarps at a third location, late in the summer of 1988. Beth Geiger and 
Susanne Janecke then found a scarp at a fourth location. These four locations 
seemed to line up, indicating that rupture associated with the 1983 
earthquake had penetrated the segment boundary, and thus the new features 
would be of critical importance in terms of our research goals. Vincent began 
mapping what turned out to be extensive and widely distributed scarps and 
ground cracks.

Methods

Fault scarps and cracks were mapped on areal photograph overlays, and 
transferred to 7.5 minute topographic maps with little change in scale. The 
exact position of ruptures on Figure 2 has not been finalized. Vertical 
tectonic displacement was estimated at ideal locations; specifically where 
other deformation like sagging, tilting or bulging of the ground surface 
appeared to not be present, and where the ground surface appeared smooth 
and formerly continuous. By standing or kneeling on the down-thrown 
surface with an eye in the projection of the plane of the up-thrown surface, 
one can measure the vertical offset of that plane with a tape hooked on toe 
and held at eye. Considering the natural roughness of the soil surface and 
vegetation cover, measurements were often made at several nearby locations 
and averaged. All reported values are rounded to the nearest decimeter, 
except where measurements were consistently 15 cm. Scarps less than 10 
cm high and open cracks were mapped but not distinguished from one 
another.

Three-point calculations of fault dip were made using the rupture trace, 
for example, through Sawmill Gulch, and both traces through the Elkhorn 
Creek valley. Some calculations are subjective do to the presence of multiple 
subparallel strands , and all calculations are approximate because the final 
position of scarps may be shifted slightly on the map.

General observations

Figure 1 shows the extent of surface rupture from the Borah Peak 
earthquake, after Crone and others (1987) with additions presented here. 
The south end of surface rupture coincides with an abrupt bend in the 
otherwise linear range front (Bruhn and others, 1989) at what is discussed as 
a fault segment boundary. The segment boundary is an area of hills that stair­ 
step up to the high peaks we now envision extending from point A to point B 
on the map. Figure 2 depicts the topographic trace of ruptures on the range- 
front fault and through bedrock in the boundary. Figure 2 is preliminary and 
we hope to complete the mapping during the summer of 1989.

In addition to what has been previously mapped along the range-front 
fault, there are at least 10 km of fault scarps and ground cracks within the
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New evidence of surface faulting
at the south end of rupture 

from the 1983 Borah Peak, Idaho, Earthquake
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boundary. Faulting within the segment boundary is distributed over an area of 
about 15 square km. The ruptures range in altitude from 7000 to almost 
10,000 feet, and are found on the mountain as much as 2.5 km (horizontal 
distance) from the range-front fault. The ruptures extend about 5 km south of 
Elkhorn Creek, which means the surface trace of the 1983 earthquake is 14% 
longer than previously thought. The ruptures penetrate at least 80% of the 
way through the fault segment boundary.

At a local scale there are three general faulting patterns: areas of diffuse 
and discontinuous open ground cracks and small scarps; fault traces which 
splay or bend abruptly at right angles; and long discrete fault traces which 
cross topography indicative of a fault plane oriented parallel to the range-front 
and dipping steeply toward the Lost River Valley. At a broad scale, the long 
southerly bedrock trace merges to the north into the range-front fault 
through a system of anastomosing zones of complicated rupture.

Tour of surface rupture

The following is a descriptive tour of the rupture shown on Figure 2, 
starting at the southern tip and working north with specific locations 
identified by letters on the map. The region on the map is large and at that 
scale the rupture is shown somewhat idealized, so lost details are included in 
this text. A bar-and-ball indicates the down-thrown side of fault scarps. The 
probable location of surface rupture, not yet mapped, is indicated by a dotted 
line.

The most southerly rupture we have found so far is on the bench ridge 
southeast of Sawmill Gulch at point C. The rupture consists of an open crack 
with less than 10 cm of vertical displacement, and disappears on the 
southwest facing hillslope. The crack enters a forested slope to the north, 
where it was covered by snow at the time of mapping, and likely connects 
with the trace leading to point D. The trace leading to point D is straight, 
gradually changes altitude, and has vertical displacement of 20 cm. It steps to 
the left a short distance in several places, and is on a hillslope above but 
roughly parallel to the edge of alluvial fill. Approaching point D, the trace 
passes the base of a lonely outcrop, changes abruptly to a northerly strike, and 
splits and disappears near the edge of the alluvial valley fill. The surface of 
the alluvium was searched thoroughly but no rupture was found.

Between points D and E, two subparallel ruptures cross a broad ridge 
each with 15 or 20 cm of vertical displacement. These strands disappear two 
thirds of the way down the southwest facing slope, but trend toward and one 
at least probably connects with the single strand on the south side of Sawmill 
Gulch. Fault dip from three points on the curved rupture north of D is 39° SW 
(with strike: N55°W). Fault dip using the two relatively straight ruptures on 
either side of Sawmill Gulch is 50° SW (N52°W).

Point E is positioned in an area of glacial moraine and stream worked 
till. Both rupture strands approach the deposit from the southeast with 15 
cm of vertical displacement, but search failed to locate either on the deposit. 
The region between Vance Creek near point E and point F has not been 
mapped, although we show a likely location for a rupture trace.

Between points F and G, one rupture trace crosses the Elkhorn Creek 
valley. From F the scarp trends west down the hillslope and crosses till with
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uniform 30 cm of vertical displacement. One left step, with some overlap, in 
the trace was observed on the eastern flank of Elkhorn Creek valley. On the 
western flank of that valley the scarp proceeds straight up the steep (31°) 
hillslope and disappears along trend. One might expect the trace to step 
right at this location, but the trace also could not be found in the swale 
northeast of G. Fault dip calculated using points on this rupture trace is 30° 
to 50° SW (strike: N60° to 54°W).

From point H a scarp extends west to point I where it obliquely 
intersects another fault discussed later. At G rupture splays merge into a long 
scarp 20 cm high which parallels, and is half way between the edge of talus 
filling a swale and the axis of a minor ridge. The scarp curves, increases in 
height to 30 cm and becomes a pair of parallel scarps before it connects at I 
with the other fault.

Rupture on the long trace from C to G probably penetrates from G to H 
through the lone spur ridge, but not on an obvious through going surface. At 
the end of that forested ridge is a prominent white cliff of quartzite visible 
from great distance in the Lost River valley. At the northeast end of the ridge 
a 30 cm high displacement is observed at the contact of outcrop and talus 
apron. The 10 m long scarp could not be traced into the talus-lined swale 
draining southeast, but a short scarp entered the talus swale draining west. 
Shaking induced settling of the talus apron may be the cause of this scarp, but 
fault displacement obscured by talus can not be ruled out. Walking down the 
ridge, the upper half shows no disturbance whereas the lower half appears 
shattered. Toward the cliff face, both the number and apparent displacement 
of scarps increases, and at the end of the ridge is outcrop jumbled into meter 
scale horsts and grabens. Most scarps are oriented parallel to the ridge axis, 
and some curve down slope and stop. This disturbance may be the result of 
intense shaking from seismic waves focused at a topographic apex.

The descriptive tour now jumps to the end of the second fault. Point J 
is at the south end of a fault which is subparallel and close to the range-front 
fault. From J a pair of low scarps cut between ridge outcrops before 
descending, with left-steps in one case, and displacing alluvial fill of Elkhorn 
Creek. A parallel pair of subtle low scarps in alluvium merge into a prominent 
scarp 20 cm high, which bends abruptly and splits into a pair of diverging 
ruptures both of which trend straight up slope on the crest of interfluves. 
Both of the divergent strands have scarps 10 cm high, and disappear before 
point K.

No fault disturbance has been found around point K, which is below a 
distinct bedrock pinnacle, even though rupture zones to the north and south 
seem to trend together at that point. West of K, however, a set of right- 
stepping scarps 10 cm high displace the crest of an interfluve.

After emerging, the rupture between points K and I has uniform 60 cm 
of vertical displacement, is fairly linear as a zone, but has individual rupture 
strands which show complicated patterns. The southern half of this section 
consists of a long wavy scarp and curved, en echelon scarps. This rupture 
zone approaches I as a single scarp with apparent vertical displacement of 60 
cm and continues north with no dramatic change in strike, although the 
displacement measurements increase to 80 and 90 cm in alluvium of 
"Whiskey Springs Creek". The change in displacement occurs at the T-
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shaped junction of the ruptures from point H with measured displacements 
of 20 and 30 cm. The field measurements of vertical displacement near the 
fault junction are remarkably additive.

North of point I the scarp zig-zags with topography and climbs toward 
point L. Along that section a bedrock plane on the foot wall is exposed in the 
scarp at two locations and bare bedrock is faulted at one location. Around and 
below point L is an extensive talus slope composed of blocks of white 
quartzite, which has no cliff and almost no source area upslope. Approaching 
L, the trace is located just up hill from the talus field, and vertical 
displacement measurements are uniformly 70 cm before the trace splays. 
The main trace turns parallel to contours, crosses the narrow head of the 
talus field and turns downhill eventually becoming a zone of ruptures 
bounding the north side of the talus field and leading to point M. Within this 
east-west trending zone, ruptures consist of left-stepping en echelon curved 
scarps. Looking downhill, each trace parallels the trend of the zone then 
curves right parallel to contours before ending. Fault dip measured using 
points on the trace near L is 30° to 35° (N35°W). Using points where 
ruptures cross the 8200 feet contour above K and M, fault dip is 29° (N19°W).

Northeast of L, ruptures splay from the main trace, are observed on the 
ridge only in patches of forested soils, but generally trend north. At the base 
of a talus slope, a pair of ruptures with 20 cm of vertical displacement were 
located and continue an as yet unknown distance. This rupture may cut 
through a disturbed zone in the cliff face to the north, and may possibly 
merge with the range front fault near point A.

At point M ruptures on the mountain face meet the range front fault. 
North of M, surface rupture is continuous and vertical displacement increases 
to 100 or 150 cm. South of M, in contrast, small magnitude surface ruptures 
are extremely discontinuous if not absent, and several unusual features can be 
observed. A degraded but prominent up-hill facing scarp trends across the 
apex of the "Whisky Springs fan", and elsewhere subhorizontal stripes of talus 
outlined by sagebrush or mountain mahogany demarcate or are parallel to the 
apparent trace of the range-front fault. At the apex of the Elkhorn Creek fan 
no ruptures have been found, but north of the apex at the top a small 
triangular facet the ground appears shattered. The disturbance on the ridge 
looks similar to that at the end of the lone ridge between G and H.
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Figure 3 

Cross Section from points n to o

Horizontal Distance, km

i.o 2.0

Figure 3 View looking north into geologic cross section between points n 
and o on Figure 2. The "Whiskey Springs creek fault" is shown with true dip 
of 31°, and the range front fault is shown with apparent dip of 47°W. The 
rock slab on the subsidiary fault slid over the range front fault during the 
1983 earthquake, and thus obscured displacement on that fault
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Interpretations and Conclusions

Threshold for fault displacement of alluvium

At four locations on Figure 2 faults either displace the surface of alluvial 
valley-fill a small amount, or do not displace alluvium along reasonable 
projections of nearby scarps in hillslope soil. Presumably in the latter case, 
there are fault offsets of bedrock beneath thin alluvium which did not 
propagate through the gravels to the surface as a discrete and observable 
scarp. Small displacement can, apparently, be absorbed by alluvial cover as a 
broad fold with a multitude of grain to grain dislocations. We can use these 
observations to define a threshold of displacement below which a discrete 
fault surface may not form in alluvium. The result using data in the 
description above, is that 20 cm of vertical displacement on a normal-fault 
may or may not be manifest as a scarp at the surface of thin alluvial cover.

Faulting at the south end of Borah Peak rupture
Three fault planes, at least, were involved in rupture at the south end of 

the Borah Peak trace. The Thousand Springs segment range-front fault 
accommodated the largest amount of displacement, is fairly linear and strikes 
about N9°W (north of point A). The range-front fault is thought to dip 49° W 
(Baker and Doser, 1988; and Vincent, 1988). The second major fault, seen as 
trace C-G-I, branches from the range-front fault possibly from near point A 
and extends through bedrock of the segment boundary with strike of 
approximately N50°W, but stops short of merging with the Mackay segment 
range-front fault (strike :N72°W). We believe the ruptures along this trace 
represent displacement on a through-going fault within the segment 
boundary, dipping roughly 40° toward the southwest. Most of the rupture 
follows what is known to be a fault based on juxtaposed bedrock stratigraphy 
(Bruhn and Janecke, in prep.; Bruhn and others, in press; and Susong, 1987).

The third fault referred to as the "Whiskey Springs Creek" fault is rather 
unusual. The rupture trace J-K-L-M is the result of normal displacement on a 
bedrock surface dipping 30° W with strike about N27°W, as determined from 
the pattern of the trace on topography, and as such the rupture plane 
intersects both of the faults mentioned above. This interpretation offers 
explanation of several important observations on the map.

Near points J and K the hanging wall is 300 or 400 m thick but must 
pinch out with depth under the hanging wall of the more steeply dipping 
range-front fault. An argument can be made for a bedrock fault extending 
southeast from point J (Susanne Janecke, preliminary map, 1989), suggesting 
rupture did not form a new structure, and that the fault-bound wedge 
thickens in that direction. Northwest of point j, in contrast, the wedge thins 
into a slab as illustrated in cross section (Figure 3) through points N and O. 
The slab of rock is less than 90 m thick and it's rupture plane intersects the 
range-front fault close to the ground surface at the foot of the mountain. This 
rock slab resembles a block-glide type of landslide in the view of Figure 3, but 
was none the less triggered driven by tectonic dislocation. Notice the pattern 
of rupture around point K is similar to the v-shaped trace of a fault dipping
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downstream at a low angle, and suggests the slab is nearly detached from the 
main fault-bound block which thickens to the southeast. The slab has 
apparently been exhumed from under the hanging wall of the range-front fault 
and now slides onto that wall during faulting.

Normal-fault displacement on the range-front fault during the earthquake 
moved an abutment, so to speak, at the toe of the slab allowing the rock to 
slide down-dip. The rock slab encountered an increase in dip from 30° to 
50°, and slid over the inflection into it's former abutment thus obscuring 
displacement on the range-front trace and creating the unusual ground 
surface deformation. Dislocation on the range-front fault was transferred to 
the "Whiskey Springs creek" fault.

The segment boundary fault I-G-C intersects the "Whiskey Springs 
creek" fault near surface between points I and L, and intersects the range- 
front fault surface at depth and possibly near point A. The ruptures intersect 
obliquely on the map, but the faults actually meet at acute angles. Tectonic 
displacement on the I-G-C fault occurred at the sole of the rock slab and may 
have driven the slab into motion. The slab did not fail catastrophicly during 
the earthquake as a rock avalanche, and will not unless the "abutment" on the 
hanging wall is removed.

Recognition of the 30° dipping rupture surface may explain the 
unusually thick section of Kinnikinic quartzite (Susanne Janecke, personal 
communication, 1989) and offers one final insight. The triangular facet on 
the mountain face, outlined by points K, L and M and shown in cross section 
on Figure 3, has a curious origin. The triangular facet is not an eroded 
remnant of a fault surface; rather it is a fault surface, locally mantled only by 
fields of talus, which is being actively uncovered by tectonism.
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Objective; For purposes of flood control and land reclamation, the U.S. 
Army Corps of Engineers has recently undertaken a major effort to reexcavate 
and widen upwards of 200 km 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 1811-12 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 liquefaction 
still exists today in the geologic record. As a result, the ditches provide 
an excellent opportunity to systematically examine and document the 
geological record of liquefaction in the New Madrid Seismic Zone. The 
objective of this study is to monitor and document liquefaction phenomena 
exposed in the ditches and determine whether or not evidence for pre-1811-12 
earthquakes exists.

Progress; Our initial efforts for this study have concentrated along the 
banksof Buffalo Creek ditch and Ditch No. 12, each of which cut the 
interior of the New Madrid Earthquake meisoseismal area and are located near 
the town of Manilla, Arkansas. The trenches are situated on a braided 
terrace deposit 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. Sand blow and fissure deposits have been 
logged in detail at 3 sites along Buffalo Creek ditch. No evidence 
suggesting pre-1811-12 earthquakes was documented. We have also logged more 
than 1 km of the walls of ditch no. 12. At least 5 sites along that trench 
show rupture of surface sediments by liquefied and extruded sands. 
Currently, we are preparing to log each of those sites in detail to ascertain 
whether on not evidence exists to indicate the liquefaction occurred before 
or at the time of the 1811-12 earthquakes. Similarly, we are preparing to 
extend our study to other ditches in the area that are currently near 
completion.
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A. Introduction. This project is a continuation of a preliminary study done 
in 1987-88. That study investigated the potential for using the ring-width 
patterns of subfossil western redcedar (Thuja plicata) trees rooted in sub­ 
merged wetlands in coastal southwestern Washington to date the most recent 
episode of coastal submergence there. Such work is important because it 
provides a means of testing the hypothesis that well-documented past episodes 
of regional coastal submergence represent synchronous, rapid coastal- 
subsidence events caused by great earthquakes emanating from the Cascadia 
subduction zone (CSZ; Atwater 1987, Heaton and Hartzell 1987, Reinhart and 
Bourgeois 1987). It thus examines the potential for the CSZ to produce future 
large earthquakes in the Pacific Northwest region. For completeness, we first 
present an abstract of the preliminary study. We then describe the goals of 
the new project and our progress to date.

B. Abstract of preliminary study. (Presented at the symposium, "Holocene 
subduction in the Pacific Northwest," Quaternary Research Center, University 
of Washington, Seattle, May 6-8,1988.)

PRELIMINARY TREE-RING DATING OF LATE-HOLOCENE SUBSIDENCE ALONG THE WASHINGTON
COAST
David K. Yamaguchi, Mountain Research Station, Univ. of Colorado, Nederland,
CO 80466, (303) 492-8841

The annual growth rings of trees vary in width in response to yearly var­ 
iations in climate. Such ring-width variation can be used to determine the 
death dates of dead trees by matching their ring-width patterns with those of 
living trees (Fritts 1976).

I have been using this approach to determine limiting death dates for 
large western redcedar (Thuja plicata) snags rooted in buried wetland soils in 
estuaries along the southwestern Washington coast. The burial of the soils 
and the death of the cedars are hypothesized to have resulted from coseismic 
subsidence caused by a great earthquake on the Cascadia subduction zone (Atwa­ 
ter 1987). Calibrated radiocarbon ages from the buried soils show that these 
areas subsided about 300 yr B.P. (Atwater et al. 1987). More precise ages 
would be useful for testing the great-earthquake hypothesis by determining if 
subsidence occurred synchronously throughout coastal southwest Washington at 
this time.

Thus far, I have built a preliminary 610-yr-long, ring-width chronology 
from 6 modern old-growth cedars on Long Island in Willapa Bay. In turn, by 
matching the ring patterns of subsided cedars snags with those of the Long 
Island trees, I have determined A.D. 1618, 1642, and 1682 limiting death dates
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for 3 snags at the head of the Grays Harbor estuary (70 km N of Long Island). 
Similarly, I have established A.D. 1664 and 1684 limiting death dates for 2 
snags in the Copalis River estuary (90 km N of Long Island). Statistical 
analyses of ring-width data from these trees, which generally follow the 
methodology of Yamaguchi (1986), show that the snag dates are highly signifi­ 
cant: probabilities of obtaining similar levels of ring-pattern matching by 
chance range from .001 to .0005.

The A.D. 1618-84 dates provide only limiting dates for subsidence and 
associated tree death because some external wood is missing from all collected 
samples due to weathering. Other samples, not yet analyzed, have been 
obtained from other snags at these sites, as well as from snags in the Palix 
R. and Grays R. estuaries (15 km N and 25 km SE of Long Island, respectively). 
Collectively, the 4 sites span 100 km of Washington coastline.

I plan to expand this study to include sampling of other cedar-snag- 
bearing subsided wetlands on the southwest Washington and northern Oregon 
coasts. To this end, I appeal to conference attendees to inform me of any 
observations of large snags rooted on subsided wetlands, and their specific 
locations. In return, I may be able to provide limiting dates for subsidence 
at these sites. More importantly, such collaboration should permit us to: 1) 
rigorously test the hypothesis of synchronous subsidence in different estua­ 
ries about 300 yr ago; 2) closely date this inferred last great-Cascadia 
earthquake and document the length of coastline it subsided; and (3) refine 
current estimates of its probable magnitude.

Atwater, B. F. (1987). Science 236,942-944. 
Atwater, B. R, Hull, A. G., and Bevis, K. A. (1987). EOS 67,1468. 
Fritts,H. C. (1976). "Tree Rings and Climate." Academic Press, New York. 
Yamaguchi, D. K. (1986). Tree-Ring Bulletin 46,47-54.

C. Goals of the new project. In essence, the preliminary study showed that 
the tree-ring dating approach is applicable, and provided tentative limiting 
subsidence dates of post-A.D. 1682 and 1684 for two estuaries. The goals of 
the new project are:

1) to use ring-width pattern-matching to determine death dates for additional 
subfossil redcedar snags rooted on submerged wetlands on the southwestern 
Washington (and northern Oregon?) coasts;
2) to use such death dates to further test the corollary of synchronous sub­ 
sidence of different estuaries implied by the "great earthquake" hypothesis of 
Atwater (1987); and
3) to refine estimates of the magnitude of the inferred causal paleoearth- 
quake(s) from the length of coastline along which synchronously-killed subfos­ 
sil redcedar occur.

D. Data acquisition and analysis: The new project builds on the preliminary 
study and on field work done in September 1988 before the January 1, 1989 
starting date of this grant.

1. Thus far, we have located and collected wood samples from eight subfossil- 
redcedar sites and one modern control stand of old-growth redcedar along the 
southwestern Washington coast (Figs. 1-2). The eight subfossil-tree sites 
span 97 km of coastline. We have not yet found subfossil-redcedar sites north 
of the Copalis River, Washington, or in northern Oregon, that would allow us
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to extend the length of coast­ 
line potentially affected by 
synchronous subsidence about 300 
years B.P.

2. While most of the sampled 
subfossil redcedars are missing 
a limited amount of external 
wood due to weathering, one of 
the trees sampled at the Bone 
River site (Fig. 1) has wood 
complete to bark. Thus, we may 
be able to assign a calendar- 
year date to submergence at this 
site. Dates from the other 
sites will be close limiting 
dates; exact dates will not be 
assigned due to the wood missing 
from the outsides of trees.

3. At the Grays River/Seal 
Slough site (Fig. 1 and Appen­ 
dix), we also collected cross 
sections from three sitka spruce 
(Picea sitchensis) stumps rooted 
on the modern marsh surface. 
The ages of these trees should 
establish minimum ages for the 
deaths of sampled redcedar snags 
that are rooted on an underlying 
submerged surface.

4. The first four months of 
this grant period (January to 
mid-May 1989) were principally 
spent sanding collected wood 
samples for laboratory study and 
making ring measurements on san­ 
ded samples. At this writing, 
sanding and measuring have been 
completed for 55% and 38%, 
respectively, of our samples 
from 95 trees.

5. We continue to lengthen the 
Long Island control ring chrono­ 
logy. The final chronology will 
be at least 880 years long and

Figure 1. Subfossil redcedar 
sampling sites (Long Island is 
the modern control site). Spe­ 
cific site locations are pro­ 
vided in the Appendix.

0 5 10 15 20 25

Bone R. 

Niawiakum R 

Palix R.
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Figure 2. Typical sampling sites. (A) Bone River "best site".

composed of ring measurements from 18 trees.

6. Only one of the subfossil wood samples examined to date contains a marked 
change in ring widths representing the last, or nearly-last, few decades of 
tree growth. The general lack of changes in ring width among the last rings 
of most samples suggests that trees at all sites died rapidly, possibly within 
less than a year, following submergence of the roots of sampled trees below 
the level of high tide.

7. Samples collected from two of three modern sitka spruce stumps at the 
Grays River site show that these trees began growing before A.D. 1666 and 
1668, respectively. These dates show that the modern forest at this site 
established at least 14 years before the A.D. 1682 and 1684 limiting dates we 
have inferred for submergence at the Copalis River and Chehalis River sites 
(Fig. 1).
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Figure 2 (B). Johns River site. Redcedar snag is on right.

8. We are also in the process of revising FORTRAN program CORREL, a data- 
analysis computer program based on the approach of Yamaguchi (1986) for use in 
this project. CORREL computes correlation coefficients relating undated and 
control ring series at all possible positions of overlap.

E. Discussion: The 97-km spread of the eight subfossil redcedar sites is 
intriguing because if ongoing lab work shows that trees at these sites died 
synchronously, then the distribution of these sites implies that the earth­ 
quake that caused synchronous subsidence about 300 years ago was at least a 
magnitude 8 event (Atwater 1987). However, the geologic story that the sub- 
fossil redcedars record could be more complex than the synchronous coastal 
subsidence/massive tree-kill scenario we initially envisioned. The finding 
that modern sitka spruce began growing at the Grays River site before or 
during the A.D. 1660s shows that submergence may have occurred two decades
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Figure 2 (C). Grays River/Malone Creek site.

earlier at this site than at the Copalis River and Chehalis River sites. 
Another possibility is that the synchronous-subsidence scenario is correct, 
but that forest succession at the Grays River site was controlled by factors 
other than coastal submergence. Further laboratory work is needed to distin­ 
guish between these possibilities.

F. Acknowledgments. The 1987-88 preliminary study was done while DKY was a 
National Research Council-USGS Research Associate at the Cascades Volcano 
Observatory, Vancouver, Washington. B. F. Atwater showed DKY the Copalis R., 
Chehalis R., Johns R., Niawiakum R., and Grays R. subfossil sites and the Long 
Island control site; K. A. Bevis helped with the field work. The 1988 field 
work was aided by J. E. Morales, and funded by a grant to INSTAAR's Center for 
Geochronological Research from the University of Colorado's Program Enrichment 
Fund. A. R. Nelson and D. W. Inouye reviewed the manuscript,
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H. Appendix. Descriptions and locations of redcedar sampling sites.

1. CopalisR.: Large number of redcedar snags standing on modern marsh (sim­ 
ilar to Fig. 2A). Moclips quad., NW1/4 NE1/4 sec. 22, T. 19 N., R. 12 W. 
Many other snags available for sampling upstream.

2. Chehalis R.: Scattered redcedar snags standing in sitka spruce forest 
(similar to Fig. 2B); there are undoubtedly many more snags present than 
reported here. Central Park quad, 
a. Main channel Chehalis R.:

(1) Two tall snags visible from channel in forest on south riverbank; 
SW1/4 NW1/4 and SE1/4 NW 1/4 sec. 19, T. 17 N., R. 8 W.

(2) One snag on northwest riverbank at SW1/4 SW 1/4 sec. 17, T. 17 N.,
R.8W.

b. N. Fk. of Preachers Slough: Four snags on slough banks in SE1/4 SW1/4 
sec. 15, SW1/4 NW1/4 sec. 22 and NE1/4 NW1/4 sec. 22, T. 17 N. R. 8 W. 
Best local site found.

3. Johns R.: Scattered redcedar snags standing in sitka spruce forest on 
southwest riverbank (Fig. 2B). Hoquiam quad., SW1/4 SW1/4 sec. 8 and 
NW1/4 NW1/4 sec. 17, T. 16 N, R. 10 W. |

4. Cedar R.: Redcedar snags standing on marsh surface on both banks of the 
Cedar R.'s east fork. Bay Center quad., NW1/4 SE1/4 sec. 31, T. 15 N., R. 
10W.

5. BoneR.: Redcedar snags standing on marsh surface on both banks of river, 
the best-preserved snags, including the one with intact bark, are on the 
southwest bank in Bay Center quad., SE1/4 NW1/4 sec. 35, T. 14 N, R. 10 W. 
(Fig. 2A). Other sampled trees are upstream in SE1/4 sec. 35, T. 14 N, R. 
10 W. I

6. Niawiakum R.: Many spruce root systems exposed in channel outcrops; one 
rotten logged redcedar stump also stands on the marsh surface. Neman 
quad., Wl/2 sec. 14, T. 13 N, R. 10 W.

7. S. Fk. Palix R.: Large number of logged redcedar stumps standing on marsh 
surface; similar to Fig. 2A. Most sampled stumps are in Neman quad., SW1/4 
NW1/4 sec. 35, T. 13 N., R. 10 W; see also NW1/4 NE1/4 sec. 34, and NW1/4 
SW1/4 sec. 35.

168



1.3

8. Long Island (control site): 1987 clearcuts in old-growth redcedar stand; 
source of modem redcedar ring-chronology. Long Island quad., S1/2 sec. 
20, T. 11N..R. 10W.

9. Grays R. estuary: Rare scattered redcedar snags, Rosburg quad.
a. Malone Crk.: Huge redcedar stump standing on marsh (now a farmer's 

field; Fig. 2C). Stump is visible on south side of highway 4 0.3 mi 
west of Rosberg school junction; NE1/4 SE1/4 sec. 22, T. 10 N, R. 8 W.

b. Seal Slough:
(1) Redcedar stump on marsh surface on northwest shoulder of highway 4, 

NW1/4 SW1/4 sec. 22, T. 10 N., R. 8 W.
(2) Tall redcedar snag visible from highway 4 on south shore of Seal 

Slough; SE1/4 SE1/4 sec. 21, T. 10 N, R. 8 W.
(3) Three redcedar snags or stumps in 1987 clearcut; SE1/4 NE1/4 sec. 

28, T. 10N..R.8W.

10. Crooked Crk.: One large redcedar snag standing on marsh surface on south 
bank of creek, Rosberg quad., NW1/4 SW1/4 sec. 3, T. 9 N., R. 8 W.
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Envestigations

We have completed reprocessing and recorrelating to 12 seconds a seismic 
reflection line extending from the south flank of Sulphur Mountain southward 
across the Santa Clara syncline (located on Figure 1). In addition, we are 
incorporating additional gravity stations into the network used for the Los 
Angeles Sheet, Geologic Map of California, 1:250,000 to construct a residual 
gravity map. Structural cross sections will be checked with an independent 
data set by modelling the residual gravity. We are presently constructing 
retrodeformable cross sections across the Red Mountain fault, the western San 
Cayetano fault, and the Ojai Valley where no north-dipping reverse fault 
reaches the surface.

Results

Yeats et al. (1988) showed that the Ventura Avenue, San Miguelito, and 
Rincon anticlines are the surface expressions of south-dipping fault- 
propagation folds rising from a decollement in Miocene shale. This decollement 
was correlated to the Sisar decollement mapped in oil fields in the Upper Ojai 
Valley; the Sisar decollement was interpreted as a blind thrust related to the 
Oak Ridge fault to the south.

However, the post-early Pliocene displacements on the Oak Ridge fault, 
Sisar decollement, and the Ventura Avenue anticline and related anticlines show 
a discrepancy. The displacement across the Sisar decollement in the section 
including the Upper Ojai Valley and Sulphur Mountain (UOV and SM of Figure 2) 
is 6.7 km or greater, whereas north-verging displacements east and west of 
there on the Oak Ridge fault at South Mountain and the Ventura Avenue anticline 
are about half that. This discrepancy was resolved when we considered south- 
verging structures related to the San Cayetano fault. We concluded that part 
of the Sisar decollement at Sulphur Mountain is a passive backthrust above a 
blind frontal thrust of the San Cayetano fault, a suggestion made earlier by 
Namson and Davis (1988). The lesson learned is that displacements on south- 
verging and north-verging structures in the Ventura basin cannot be considered 
separately. In this case, displacement on a north-verging backthrust must be 
considered as part of the displacement on the south-verging San Cayetano fault.

We are now addressing the problem of why there is no south-verging surface 
fault in a cross section that includes western Sulphur Mountain and the Ojai 
Valley. To do this, it is necessary to draw retrodeformable cross sections 
across the western San Cayetano fault, the eastern Red Mountain fault, and the 
Ojai Valley. Our working hypothesis is that there is no displacement 
discrepancy in the Ojai Valley when displacement on blind thrusts is taken into 
account.
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We illustrate our technique with Figure 2, a cross section across the 
western San Cayetano fault and Upper Ojai Valley from Huftile (1989b). This 
cross section is constrained by a multichannel seismic reflection line that 
shows data to 6.6 seconds. In this section, the Sisar decollement can be 
accounted for entirely as a backthrust above a blind frontal thrust of the San 
Cayetano fault (cf. Namson and Davis, 1988, p. 677). However, the constraints 
of the seismic line together with subsurface data from Huftile (1989b) require 
a second blind thrust to account for the folding of the Lion Mountain anticline 
and the Reeves syncline (LMA and RS on Figure 2). The need for this second 
blind thrust can be seen by comparing Figure 2 of Namson and Davis (1988), 
which shows the deeper fault (Blind 2 of Figure 2), and Figure 2 of Yeats et 
al. (1988), which shows the need for the shallower fault (Blind 1 of Figure 2).

In Figure 2, the bed length is calculated between two arbitrary pin lines, 
one in the Santa Clara Valley to the south and the other at a fold hinge north 
of the San Cayetano fault. The shortening is determined by assuming that the 
area A of the deformed section (Figure 2b) must be equal to the area of the 
retrodeformed section (Figure 2c). t=section thickness between the base of the 
Miocene shale and the brittle-ductile transition, assumed to be at a depth of 
17 km, the approximate base of instrumental seismicity. The bed length at the 
base of the Miocene shale is 37.7 km, and the pin lines are now 15.5 km apart, 
giving a shortening between the pin lines of 22.2 km.

A major uncertainty is our assumption that the base of the section is at 
17 km, because we don f t have direct evidence that the base of earthquakes is 
the same as the mid-crustal decollement of Yeats (1983). If we allow the depth 
to the brittle-ductile transition to range between 15 and 18 km, the bed 
length varies between 40 and 37 km, and the shortening varies between 24.5 and 
21.5 km. Moving the northern pin line to the Santa Ynez fault does not change 
the shortening value.
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On-Line Seismic Processing 

9930-02940

Rex Alien
Branch of Seismology
U.S. Geological Survey

345 Middlefield Road, MS 77
Menlo Park, California 94025

(415) 329-4731

Investigations and Results

Principal project effort is now being put into converting the real-time processor 
(RTP) software to run in INMOS 'transputer* multiprocessor hardware. The relevant 
programs have been converted to the version of FORTRAN used by INMOS, and we 
are in the process of measuring performance so we can determine exactly how many 
processors will be required for the CALNET requirements. We currently estimate that 
about eight will be required, but this is on the basis of sketchy data. The exact number 
is not too important since the design of transputers allows for easy expansion of a mul­ 
tiprocessor network to arbitrarily large numbers of processors, and individual proces­ 
sors are not prohibitively expensive.

Jim Ellis has continued work on the multiproject effort to develop new digital 
field instruments.

The Mk I RTF'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. The unit at the 
University of Utah is being expanded to allow coverage of 72 stations, almost all of 
their currently operating network.
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Crustal Deformation Observatory Part F

14-08-0001-G1355

John Beavan, Douglas Johnson
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
We operate a 535 m long-baseline half-filled water tube tiltmeter at Pinon Flat Observatory 

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

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

Results (April, 1989)
1. Tiltmeter Operation

The new tiltmeter electronics installed at PFO in November 1987 (see USGS Open File 
Report 88-434) have continued to perform reliably, requiring virtually no maintenance.

2. Pinon Flat Tilt Data Analysis
Enough high quality data have now been collected from both the UCSD and LDGO long 

baseline tiltmeters at PFO to update our previous comparison study (Wyatt et al., 1984). A start 
has been made on this process, and some preliminary results are given below.

Long term residual signals
Figure 1 shows 6 months of recent data from both the UCSD and LDGO tiltmeters at Pinon 

Flat Residuals (i.e., data with tides removed) have been calculated independently at both UCSD 
and Lament for the LDGO data. The good agreement is encouraging, though these are still 
preliminary analyses. The long-term (6 month) tilts inferred from the UCSD and LDGO 
instruments agree to 0.1 firad/yr - the difference looks as though it may be attributable to a residual 
annual cycle on the LDGO instrument. This type of comparison will be pursued during the current 
year, and completed during 1990.

Tilt Spectra
Figure 2 compares power spectra of the recently analyzed data with those from our 

preliminary report (Wyatt et al., 1984). They are very similar - see Figure caption for more details.
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Long-base Tilt - Pinon Flat Observatory

Precipitation (8 cm/div)

240 260 280 300 320 340 360 

Time (day number, 1988)

LDGO Tiltmeter Residual (Lamont analysis) Slope -0.16 murad/yr

0.2

0.1

^"^V^^^

-I
240 280 320 360

days

Figure 1. July 1988 - January 1989 data from the N107°E tiltmeters at Pinon Rat. The top plot shows the 
data from the LDGO and UCSD tiltmeters, and the "de-tided" residuals as calculated by Frank Wyatt (pers. 
comm., 1989). The bottom plot shows the LDGO "de-tided" residual as calculated by independent analysis at 
Lamont. The residuals are nearly identical at long periods; at shorter periods the Lamont "de-tiding" algorithm 
is rather less efficient than UCSD's. The slope defined by the LDGO tiltmeter is 0.16 jjrad/yr, with the 
ground tipping down to the west (the UCSD and Lamont analyses give virtually identical slopes for the 
LDGO tilt data). The slope defined by the UCSD tiltmeter is 0.05jjrad/yr in the same direction. There is the 
suspicion of a residual annual cycle in the Lamont data - this will be addressed by the comparitive analysis of 
the full data set that is presently underway.
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Tilt Power Spectra
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Figure 2. Power spectrum of July-December 1988 LDGO tilt data superimposed on spectrum (dashed line) of 
1982-3 data from UCSD tiltmeter (Wyatt et al., 1984). The vertical scale used is the same as that in Wyatt 
et al. The spectra are nearly identical at periods longer than 10 days. The LDGO data have had the tides 
approximately removed, hence their lower level across the tidal bands. The fall-off in the LDGO spectra 
above several c/d is believed to be due to filtering caused by slow flow of water through a shallow section of 
the tiltmeter pipe. The LDGO pipe diameter is only 10 cm; in future installations a larger pipe will be used 
(e.g., 15 cm like the UCSD instrument, or 20 cm like Roger Bilham's Mammoth Lakes installation).

Figure 3 compares (extrapolated) tilt spectra from Pinon Flat with other types of vertical 
deformation data, namely leveling and GPS. Such plots are important in deciding the period range 
over which instrumental data are superior (in signal detection capability) to geodetic survey 
methods. We may use linear fits to these spectra, and Agnew's (1987) formalism, to estimate the 
period of a signal at which either repeated leveling or GPS measurements become the technique of 
choice, rather than instrumental tilt

The Figure shows the long baseline tiltmeter power spectra, calculated by conventional 
section-averaging techniques, of the 1982-83 UCSD data (Wyatt et al., 1984) and of the recently 
analysed 1988 LDGO data. Also plotted in Figure 3 are spectra of: (i) annually repeated leveling 
measurements over a 40 km baseline, assuming a 1 mm/kml/2 standard error; (ii) annually 
repeated GPS over a 40 km baseline, assuming a vertical baseline accuracy of 3 cm; (iii) daily 
repeated GPS over a 40 km baseline, assuming a 3 cm standard error as above, and that these 
errors are uncorrelated between consecutive measurements (this may be a poor assumption). (For 
comparison purposes we plot the leveling and GPS in terms of equivalent tilt over a 40 km 
measurement baseline, using units of ^irad for tilt, and yr for time.) A question that can be 
answered from this plot is, "What is the vertical accuracy and what is the survey frequency 
required for data from GPS or leveling surveys over a 40 km baseline to match the tilt noise level 
measured by the tiltmeters?" Annual surveys cannot match this noise level until well to the left of 
the plot. Daily GPS surveys (i.e., essentially continuous monitoring) attain a noise level lower 
than the instrumental tilt for signals with periods longer than about 5 years (Figure 3), under the 
assumptions (1) that the GPS vertical error is uncorrelated from day to day - if this is a not valid 
assumption the predicted level of the "daily GPS" spectrum will rise; and (2) that the tilt spectrum 
extrapolation is valid - this is a question that we will be able to address from our analysis of the 7 
years' Pinon Flat tilt data.
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Figure 3. Power spectra of various ground tilt measurements, calculated by conventional section-averaging 
techniques. The spectrum of the July-December 1988 data from the LDGO tiltmeter are shown, superimposed 
on a straight line that represents the average long-baseline tiltmeter spectra of Wyatt et al. (1984). An 
extrapolation of this line to lower frequency, assuming constant slope, is also shown. For the purposes of 
comparison, leveling and GPS data are converted to ground tilt assuming a 40 km baseline. (The leveling 
spectrum rises in inverse proportion to the baseline as the baseline is reduced; the GPS spectrum probably 
rises also, though quantifying this requires a knowledge of the spectrum of GPS vertical errors as a function 
of baseline length.) In this comparison, we assume 3 cm standard error in GPS vertical baselines, and 1 
mm/km 1/2 errors in leveling. The GPS error attainable at present is between 1 and 3 cm, depending on 
various observing conditions. The instrumental tilt data have lower noise than annual surveys of either GPS 
or leveling at periods up to at least a decade. If uncorrelated daily GPS measurements were possible, these 
would surpass the instrumental tilt data for periods longer than ~5 yr.

We note that the tiltmeters far surpass the sensitivity and noise level of vertical deformation 
measurements attainable by GPS or leveling for signals in the period range hours to years. At 
periods much below an hour, the long-baseline tiltmeter behaves poorly becasue of its long time 
constant - at such periods deep borehole tiltmeters are superior.

Tidal Analysis
Tidal analysis of the recent LDGO data (Table 1) shows good agreement with earlier 

analyses of the UCSD data by Wyatt et al. (1982). It appears that there are several degree phase 
lags at diurnal and semidiurnal periods that are consistent with the response time of the instrument 
Parts of the LDGO water pipe have quite shallow water depths, and this lengthens the response 
time. In future installations a larger diameter pipe will be used (15 or 20 cm instead of 10 cm).
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Table 1. Tilt Tides at Pinon Flat

Instrument

M2
Amplitude Phase lead 

(nrad) (deg)

Ol
Amplitude Phase lead 

(nrad) (deg)

Body*
Load*
Theoretical *
(Body+Load)
LFT - UCSD *
(Wyattetal., 1982)
LFT - Lament
(Jul - Dec 1988)

44.1
18.8
25.5

24.7±1.0

23.9±0.4

80
-106

85

81±3

75±1

10.4
9.3
19.4

21.2±0.6

20.8±0.4

102
82
93

93±2

90±1

Phases are relative to the local tidal potential; lags negative. The body tide is that for an 
elastic oceanless earth; the theoretical is the sum of this and the estimated ocean load. 
LFT = Long Fluid Tiltmeter.
* These values are taken from Wyatt et al. (1982).

3. Absolute Sensor Development
Our principal technical goal is the development of a low power absolute water level sensor 

so that widespread field installation becomes possible without the loss-of-datum problems 
associated with the current instrument. The sensor we currently favor, and which we have begun 
to work on, uses a linear array that detects light reflected off the water surface. A laser diode or 
other light source and a linear charge coupled device (CCD) array provides a total measurement 
range of over 2 cm, with a (sub-pixel) resolution approaching 1 micron. The linear array we are 
experimenting with (Texas Instruments TC 104) is an 3546x1 array with 10.7 micron element 
spacing.

We intend to have a prototype ready to instal by late 1989. The prototype installation will 
be done either at Pinon Flat or at Mammoth Lakes where Roger Bilham operates a tiltmeter.
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Crustal Deformation Measurements in the Shumagin Seismic Gap, Alaska
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Investigations
1. Eleven short (~ 1 km) level lines are measured approximately annually within the Shumagin 
seismic gap, Alaska (Figure 1). Surface tilt data are interpreted in terms of tectonic deformation 
and earthquake hazard at the Pacific-North American plate boundary.
2. Six absolute-pressure sea-level gauges are operated in the Shumagin Islands in an attempt to 
measure vertical deformation associated with the Aleutian subduction zone. A two-component 
short-baseline tiltmeter is operated at one site.
3. Data from the sea-level and tilt sensors are transmitted to Lament by satellite in near real time, 
and are examined for possible tectonic signals. Studies of noise level as a function of frequency 
are used to determine the relative usefulness of different types of measurement, and to evaluate the 
minimum size of tectonic signal that will be visible above the noise. Our data are compared with 
other crustal deformation data from the Shumagin gap.

Results (April 1989)
This report will deal principally with the sea level data (see Figure 1). Our instrumentation 

and analysis techniques are described by Beavan et al. (1986). Recent improvements in the 
instrumentation and data, and a study of noise levels, are discussed by Hurst and Beavan (1987).

See Beavan (1988) for a recent discussion of the leveling data, and of dislocation models 
that attempt to explain the low deformation rates observed by USGS trilateration measurements 
(Lisowski et al., 1988).

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 sea-level gauges 
operated by LDGO and by the 
National Ocean Survey (SDP).

tt TILTMETER
  SEA LEVEL GAUGES I

I64°W 162* 160'
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Constraints on Dislocation Modeling from Sea Level Data
The dislocation model described in our most recent report (Beavan, 1988) was developed 

prior to careful analysis of the sea level data in order that the sea level analysis could be used as an 
independent, objective test of the model. The model purports to be consistent with the low 
deformation rates observed by Lisowski et al. (1988), and with our leveling results (Beavan, 
1988), while retaining a substantial locked patch on the Benioff zone between ~25 and -50 km 
depth. Importantly, it also predicts subsidence of the outer and central islands relative to the inner 
islands at rates between 0.5 and 1.5 cm/yr. An alternative model is advanced by Lisowski et al. 
(1988). They explain the data by assuming that subduction is currently taking place aseismically; 
this model predicts zero surface deformation.

We are confident of the inherent long-term stability of the pressure sensors used since 1985 
to much better than ±1 cm; the principal noise source has been the referencing of the gauge to a 
fixed datum. Leveling from the gauge to the benchmark used as the datum is easily done to <1 
mm, and the head of oil (used as an interface between the sensor and sea water) acting on the 
pressure sensor can also be estimated at the mm level. The problems lie in the fact that the sensor 
calibration can change significantly (several cm water head) depending whether or not it is filled 
with oil, and that an oil-filled gauge has an additional orientation sensitivity of up to 2 cm water 
head (the sensors are acceleration balanced prior to being oil filled). We have used the known 
geometry of the gauges to correct the 1985-1987 data where necessary, but these corrections could 
be in error by more than ±1 cm Gauges installed since 1987 have been calibrated in their operating 
position relative to an air pressure standard; this technique should give accuracies good to a few 
mm equivalent water head. Some of the 1985-87 corrections we have applied may be checkable in 
the future as gauges that have been in the field for more than two years are returned for 
recalibration.

The processed sea level data since 1985 are shown in Figure 2. The reliability of the 
gauges has been quite good this year. The ~30 cm annual cycle is well known and is coherent over 
a wide area (Ingraham et al., 1976). Figure 3 shows the differences between pairs of gauges in the 
inner and outer islands. A residual annual cycle of up to 4 cm remains, presumably because the 
amplitude of the annual signal (which is an edge effect due to longshore currents along the coastal 
shelf), varies as a function of distance from the coast.

Linear fits to the 1985-88 difference data define relative ground uplift at SIM between about 
0 and 0.4 cm/yr, though as indicated above the errors could be greater than 1 cm/yr. Nevertheless, 
this preliminary analysis of the sea level data leans in favor of the aseismic subduction model. 
With the improvements in sea level datum referencing since 1987 we estimate that 2 more years 
data should enable us to discriminate between the models with a high degree of precision.
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Figure 3. Processed and low-pass filtered sea-level difference data since 1985. The traces show the 
sea level difference between sites in the inner islands (see Fig. 1), and SIM in the outer islands. 
The rms noise level is less than 20 mm. The data define a relative ground uplift at SIM of about 2 
mm/yr, but the estimated error is on the order of ±1 cm/yr. We expect substantial improvements 
in the error level in future data now that the referencing of the gauge datums is done correctly.
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Mammoth Lakes Michelson Tiltxneter

14-O8-OOO1-G167O

Roger Bilham
CIRES and Department of Geological Sciences

University of Colorado
Boulder CO 80309-0250

(303)4926189

Investigations:
A biaxial long-baseline water tube tiltmeter was installed 1.5 km north of Mammoth Lakes airport 

in 1987 in order to monitor surface tilt associated with potential inflation or deflation of an inferred 
magma chamber beneath the floor of the Long Valley caldera. The tiltmeter is modelled after one 
designed by Michelson in 1914 and consists of two horizontal water pipes each with a continuous 
water surface, terminated by optical interferometer transducers.

The operating specifications of the tiltmeter are as follows:
Location
East/West tiltmeter 
North/South tiltmeter 
Tiltmeter range 
Dynamic range 
Overange adjustment 
Pipe 
Vaults 
Sensors

Resonant frequency
Electronics
Data channels
Data telemetry
Transmission redundancy
Power

37°37'58"N, 118°50'01" West (center vault) See Fig. 1.
length 423.3 m, azimuth 280°, least count 0.57 nanoradians
length 449.2 m, azimuth 16°, least count 0.53 nanoradians
±20 microradians optically and electronically
100 db
mechanical extension to ±200 microradians
20 cm diameter bell-ended PVC at a mean subsurface depth of 1.5 m.
Three 2.7 cm diameter corrugated-steel cylinders. Mean floor depth 2.5 m.
Water level detectors consist of equal-arm Michelson-Interferometers
powered by polarized He/Ne lasers. Accuracy 0.25 \im, range 1 cm. 

Vertical strain sensor ±1 um digital infra red sensor with a range
of 25 mm. Data are currently recorded once per hour in solid state memory. 

18 minutes underdamped.
Single-board, up/down counter controlled by microprocessor, 
four water height, four temperature and one vertical strain (Dec 1988 onward). 
3 Sutron satellite transmitters with 10 minute sampling and 3 hour uploads. 
200% 
120 VAC at 4 amps with UIP backup 6 hours.

GaldtfalP^linfcter

Mammoit 
Lakes

Figure 1 Location of the biaxial Michelson tiltmeter relative to borehole tiltmeters (j) and Lake Crowley 
water level sensors (o) in the Long Valley Caldera. The tiltmeter operates unattended.
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4. An example of the tilt vector from the tiltmeter is shown below. Axes are both microradians 
with the dates of notable inflections indicated. There is no obvious relationship between the tilt 
vector and the timing of a series of small earthquakes that occurred on 21 Nov 1988.
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W ve

21

24,

A
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5. An example of data quality from the tiltmeters at weekly periods. Vertical axis is in 
microradians: horizontal axis is in days. The north south tidal signal (upper trace) is three times 
smaller than the east west tidal signal (lower trace).
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Reports

Bilham, R., Transducers in Michelson Tiltmeters, in Crustal Deformation and Earthquakes, ed. 
Wu Bing, Seismological Press, 264-275,1988.

Beavan, J, R. Bilham, K. Hudnut and K. Hurst, Techniques and results of Crustal Deformation 
Measurement using Sea-Level Gauges, Leveling and Extensometers, in Crustal Deformation 
and Earthquakes, ed. WuBing, Seismological Press, 302-319,1988.
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Results:
1. Telemetered data are processed twice 
weekly. The eight time-series are 
manipulated to yield two tilt signals that 
are approximately orthogonal and may be 
examined as a vector.

2. Data from the Biaxial Michelson 
tiltmeter. Vertical axis is 1.4 jjrad in the 
upper east-west trace and 0.9 \\iad in the 
lower north-south trace for 410 days since 
November 1987. Line thickness is 
proportional to the semidiurnal body tide 
amplitude. The tiltmeters are currently not 
related to fiducial points at depth and much 
of the signal is attributable to surface 
noise (snow loading and freeze-thaw 
signals in addition to thermoelastic 
signals). Borehole fiducial points are 
currently being constructed to suppress the 
effects of surface noise. The observed 
annual surface tilt signal is evidently less 
than 1.5 jiradians and there is apparently 
no cumulative tilt signal exceeding 0.5 
(irad. If this long-period component is 
interpreted as entirely attributable to 
magma activity, the cumulative tilt is 
equivalent to a maximum deflation of 
1±1.5 cm above the center of the inferred 
magma chamber.

 CAN* IM7-OK.1Ntl2S)

Alnkho, D-tfa

100 200

Figure 3 An example of the underdamped response of the tiltmeter. "Tsunami" in the water pipes 
were generated by the two Superstition Hills sequence earthquakes in November 1989. The N/S 
and E/W signals are shown on the left and the resulting "slop" vector on the right. The data are 
sampled at 6 minute intervals and the fundamental resonance is at a period of 18 minutes.
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Ten Portable Creepmeters for Emergency Studies

14-O8-OOO1-G1672

Roger Bilham
ORES and Department of Geological Sciences

University of Colorado
Boulder CO 80309-0250

(303)4926189

Investigations:

1. Continuous fault slip data obtained coseismically and in the hours and days following an 
earthquake are rare. In order that the spatial and temporal development of afterslip following a future 
earthquake may be monitored continuously, a portable array of ten creepmeters has been assembled to 
be deployed within a few days of the event. In an attempt to monitor coseismic slip and early afterslip 
during a future earthquake, half of these creepmeters are currently deployed on two segments of the San 
Andreas fault believed to be close to failure: at Parkfield in central California, and on the southern San 
Andreas fault between Indio and the Salton Sea. The remainder are held in readiness for a future event 
elsewhere.

2. Fault afterslip has been observed to follow seismic slip at depth on numerous strike-slip 
earthquakes in California, on the Motagua fault in Guatamala, the Xianshuihe fault in China, the 
northern Anatolian fault in Turkey, and possibly on other faults. Stress corrosion was invoked by 
Scholz et al. (1969) to explain the apparent semi-logarithmic decay in the rate of decay of afterslip 
following the 1966 Parkfield earthquake. As more afterslip data have been acquired from subsequent 
events closer to the time of the mainshock it is evident that a simple semi-logarithmic decay curve does 
not fit well all afterslip data. In particular, manual measurements obtained within hours of the 
Superstition Hills (Nov 1987) mainshock, reveal a decay rate that is inconsistent with a simple 
semilogarithmic function. A physical afterslip curve proposed by Scholz and Marone is currently 
being tested to emulate observed afterslip data.

3. Three digital creepmeters currently monitor afterslip on the Superstition Hills fault The first of 
these was installed within 6 days of the Superstition Hills mainshock (Nov 1987) and has been 
operated more or less continuously since then. Two more creepmeters were installed about a week later 
and operated until March 1988. One of these instruments currently operates in a manual reading mode 
(the digital recorder was removed leaving a digital display of afterslip accurate to 10 pm). The third 
instrument was upgraded and re-installed close to the first creepmeter in July 1988. Data from this 
creepmeter are displayed as a printed record of fault slip in the control center of the Superstition Hills 
Naval Test Range.

Results:

1. A prototype creepmeter was designed based on a digital caliper with a resolution of 10 pm and a 
range of 15 cm. The caliper is fastened to a 6-10 m long, 6 mm diameter invar bar that crosses the 
fault obliquely within a buried telescopic PVC pipe. The unit may be installed in less than 1 hour. In 
the prototype device data are recorded once per minute in temporary memory on a portable computer. 
After each hour the data are examined for evidence of fault slip. If none has occurred the data are 
discarded. If less than 60 pm of slip has occurred the data are stored as 10 minute samples in permanent 
memory and on tape. If more than 60 pm of slip has occurred the data are stored as 1 minute samples. 
The sensor displays slip data independently of the digital recorder.

2. An improved creepmeter has been designed and tested. The new device may record data from one
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or two sensors. A 1 cm diameter invar bar crosses the fault and the range now extends to 1 m 
depending on the sensor selected. Data are stored as 6 s samples of fault velocity during any event with 
a slip rate exceeding 10 fim per hour. A continuous record of fault displacement is maintained at a rate 
of one sample per hour. All recording is now achieved in solid state memory. The creepmeter rod is 
tougher than typical surface materials and is expected to survive and record coseismic fault slip.

3. Creepmeters installed one week after the Superstition Hills mainshock indicate that afterslip is 
episodic, that the amplitude of successive creep events is essentially random within a range of 0.5 to 
7.5 mm, and that the mean interval between events increases approximately logarithmically with time. 
The fault is essentially locked between events although the fault zone may deform by more than 100 
(istrain prior to each event. Creep events typically attain 80% of their final displacement within 1 hour 
of their onset. 99% of the slip is completed within 4 hours. Few creep events can be recognized as 
single events. Most events are double events with a second creep event embedded in the decay curve of 
the first. The duration and frequency of creep events is such that in the first week following the 
mainshock the fault was continuously in motion. After two weeks the fault was locked between creep 
events.

4. Afterslip data for a point 500 m north of Imler Road on the Superstition Hills fault are shown in 
Figure 1. Time is plotted logarithmically to illustrate the non-linear increase in the duration of 
intervals between creep events. Isolated aftershocks occur locally after approximately each 7.5 cm of 
cumulative fault slip. Should this trend continue, a future M3-M4 aftershock is anticipated for mid 
1989. A previous M3.1 aftershock occurred approximately 3 days after a large (10 mm) sequence of 
creep events. A similar ordering of creep events followed by a local aftershock may recur, perhaps 
permitting the forecast of future local aftershock with an uncertainty of a few days.

5. Fault slip velocity rarely exceeds 1 mm/minute during a creep event. A plot of velocity and 
displacement during two recent events is shown in Fig. 2. The emergent form of the creep event is 
typical of creep events elsewhere in California. Creep events have been observed to propagate both to 
the SEand to the NW along the fault, at velocities less than 50 m per second. Some events have been 
observed to propagate outward from an offset between the southern and northern branches of the fault

6. The accuracy with which smooth analytic functions may be fit to observed afterslip data is clearly 
determined by the sampling interval of the afterslip observations. Thus, although many afterslip data 
are reported accurate to ± 1mm these data may be aliased by the steplike nature of surface afterslip. 
Isolated samples may be ± 6 mm or more from a hypothetical smooth afterslip curve.

Reports

Bilham, R., Surface slip subsequent to the 24 November 1987 Superstition Hills, California, 
Earthquake monitored by digital creepmeters. Bull. Seism. Soc. Am., 79(2), 424-450, 1989.

Bilham, R., and G. King, Slip Distribution on Oblique Segments of the San Andreas Fault, 
California: Observations and Theory. Proceedings of the U. S. Geological Survey conference on "Fault 
segmentation and the control of earthquake rupture", U.S. Geological Survey Open File Report in the 
press 1989.

Burgmann, R., and R. Bilham, A Digital Creepmeter for the Measurement of Interseismic and 
Coseismic Fault Slip, EOS Trans. Am. Geophys. Un., 69, 1449, 1988

Scholz, C.H. Bilham, R., and Marone, C., Mechanics of Afterslip, Seism. Soc Am. Abstr. 
Victoria, BC 1989.
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775 -a

100 
days after mainshock

1000

Fig. 1 Afterslip data 30 Nov 1987 to 28 April 1989 from Site 1 near Imler Road, Superstition Hills 
fault The steplike nature of the record results from episodic surface creep. Dotted lines indicate manual 
observations only. Vertical lines are aftershocks within 10 km of Site 1. Horizontal shaded regions are 
the slip that has accumulated at the time of each aftershock. Aftershocks near Imler road occur at 
approximately 5 km depth except for the last event shown which is at 12 km. Aftershocks occur after 
approximately 75 mm of fault slip suggesting that the next aftershock may occur in the second half of 
1989.
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0 20 40 
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60
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Fig. 2 Two creep pulses in the first hour of a double creep event resulting in 7.1 mm of afterslip starting 
on 24 April 1989 at Site 1 Superstition Hills fault. The second event started 1.5 hours after the first 
Displacement data are acquired at 10 s intervals and velocity data are smoothed with a 50 second filter.
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Error Analysis and Network Design in GPS Measurement of Crustal Deformation
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Yehuda Bock
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(619) 534-5292

Robert W. King, Da-Nan Dong, Mark H. Murray
Dept. of Earth, Atmospheric, and Planetary Sciences

Massachusetts Institute of Technology
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Cambridge, MA 02139
(617) 253-7064

Objectives:

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

Investigations undertaken:

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

(1) completion and publication of a sequential phase ambiguity resolution algorithm for network 
analysis of GPS phase and pseudorange data [Schaffrin and Bock, 1988; Dong and Bock, 1989].

(2) continuation of the measurements and analysis of GPS data from a crustal deformation 
network in central and southern California as described in earlier reports. We have completed the 
analysis of the data collected in March 1988 and have collected new measurements in March 1989 
with our colleagues at Cal Tech, UCSD and UCLA. We have computed preliminary estimates of 
stations velocities from the data collected between the period December 1987 through March 1988. 
These estimates agree well with velocities determined from VLBI measurements for baselines 
crossing the San Andreas fault [Murray et al., 1988]. We are preparing a journal article describing 
our results to date including an analysis of crustal deformations [Murray and Bock, in 
preparation].

(3) continuation of our analysis of error sources affecting GPS observations. We have broken 
down GPS network analysis into its main components to determine the key elements to high 
accuracy static positioning with GPS. That is, we have analyzed data using different 
parameterizations in order to evaluate the relative contributions of the various error sources [Bock 
and Dong, 1989].

(4) initiation of a software comparison between two GPS software packages: GAMTT developed at 
MIT and the Bernese packaged developed at the Univesity of Berne and used at the USGS, Menlo
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Park. This comparison is in progress in collaboration with investigators at Menlo Park [Davis et 
al., 1989].

(5) initiation of kinematic GPS studies. Since items 1 to 4 have already been published or 
presented elsewhere, we will elaborate below on preliminary kinematic GPS results.

Kinematic GPS tests:

The kinematic mode of surveying was first proposed by Remondi [1985 a,b] as an extension of 
the static mode of surveying with GPS. One GPS receiver is stationed at a known geodetic mark 
while a second receiver is operated in a roving mode. The key to this method is that the integer- 
cycle, doubly-differenced phase ambiguities are resolved on an initial, very short (several meter) 
baseline. This can be done either by ordinary static mode procedures (with dual-band observations 
only a few minutes of data are required) or by swapping antennas, as proposed by Remondi, 
which takes a minute a less. In either case continuous phase tracking from four or more GPS 
satellites is required. Once the ambiguities are resolved the roving receiver can move from point to 
point collecting enough data (a minute or less) so that many baselines can be measured relative to 
the fixed receiver. As long as both receivers maintain phase lock, the initial integer phase 
ambiguities are the same for each new baseline. At each new location only three parameters need 
be estimated, i.e., the three-dimensional relative position with respect to the fixed site. (The 
trajectory of the receiver between sites is unimportant and can be ignored. This is significant since 
the tracking bandwidth is increased while the receiver is in transit between sites in order to 
maintain phase lock, resulting in a noisier double-difference observable). The basic observables 
are unambiguous, doubly-differenced range measurements rather than ambiguous, doubly- 
differenced phase measurements. For relatively short baselines (several hundred meters or less) 
systematic errors due to orbital errors, and tropospheric and ionospheric refraction, are virtually 
eliminated by double differencing. Thus, the accuracy of kinematic surveying at these scales is 
limited by geometric considerations (e.g., number and distribution of satellites) and by site specific 
errors (e.g., antenna multipath, centering antenna over mark, site stability, etc.).

A simple example demonstrates that millimeter level accuracy is obtainable by static and kinematic 
GPS. Three hours of data were collected by two MINI-MAC  2816 GPS receivers with 
MACROMETER  "1 mm" precise antennas, on a 1.38 m baseline, from up to six satellites, and 
at a one minute sampling rate . The shortness of the baseline insures that orbital, atmospheric and 
ionospheric errors are canceled. Remaining error sources are due to (sub-millimeter) phase noise, 
antenna multipath, and centering errors.

A 50 minute subset of the data was analyzed during which all six satellites (PRN 6,8,9,11,12,13) 
were observed simultaneously. These data were analyzed in the double-difference mode. The three 
baseline components were estimated and the 10 integer-cycle phase ambiguities (LI and L2 bands) 
were resolved. This corresponds to the initial stage of the kinematic mode. There were no cycle 
slips in the data. With the ambiguities constrained to these integers, the three baseline components 
were repeatedly estimated using a smaller subset of the phase data each time. This is equivalent to 
moving the receiver to a new site and occupying it for a shorter and shorter time period. The 
results of this test are displayed in Fig. 1 for the north, east, vertical and length components.

Both horizontal components have a one-sigma uncertainty of about 2 mm and the vertical 
component 5 mm for about 10 minutes of data to six satellites. However, the north component 
does not differ by more than 1 mm, the east component by more than 2 mm, the vertical 
component by more than 2.5 mm, and the length by more than 1.2 mm for all site occupation 
intervals between 10 minutes and 60 minutes. For one sample period (10 double difference 
observations) the one-sigma uncertainty is 5-6 mm in the horizontal and 18 mm in the vertical. 
However, the north component estimate differs by only 0.8 mm, the east component by 3.7 mm,
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the vertical component by 7 mm, and the length by 1.3 mm from the estimate obtained from all 50 
sample intervals (500 double difference observations) which we know to be accurate to 1 mm in 
the length and vertical components from independent tape and spirit level measurements. We can 
conclude that it is possible to achieve several millimeter level accuracy with short site occupations 
and using high multipath rejection antennas.

Eliminating the sixth satellite (PRN 12) for the one sample test (leaving only 8 double difference 
observations) does not change the baseline estimate by more than 0.1 mm in any component 
compared to the six satellite, one sample estimate. Eliminating a second satellite (PRN 13) (leaving 
only 6 double difference observations), results in a 6 mm degradation in the north, 15 mm in the 
east, 27 mm in the vertical, and 12 mm in length compared to the five and six satellite estimates. 
Therefore, we see from this single experiment that the kinematic mode can yield millimeter-level 
accuracies comparable to the static mode if at least 5 satellites are observed simultaneously. It is 
interesting to note that initial tests of the kinematic mode presented by Remondi gave centimeter- 
level results. This can be explained by the four channel limitation of the TI4100 dual band receiver 
used in those tests and by the TI 4100 antenna which has poorer multipath rejection characteristics 
than the MACROMETER antenna.

The shortness of the baseline in the example above allowed a best scenario test. However, 
millimeter level results have been obtained using the same antenna on baselines of several 
kilometers or less [e.g. Ruland and Leick, 1985]. We plan to apply the same type of analysis as 
above to baselines of varying lengths as an indication of the capabilities of kinematic GPS.

References:
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FAULT ZONE TECTONICS

9960-01188

Sandra Schulz Burford 
Branch of Tectonophysics

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

(415) 329-4814

Investigations

1. Directed maintenance of creepmeter network in California.

2. Updated archived creep data on USGS ISUNDC LOW FREQUENCY computer, and 
provided fault creep information in response to inquiries from outside the USGS.

3. Continued to survey alihement arrays on California faults.

4. Monitored creepmeter and alihement array data for possible earthquake precursors, 
primarily in the Parkfield, California area, site of the USGS-California State 
earthquake prediction experiment.

Results

1. Currently 30 extension creepmeters, one contraction meter, and 7 strong-motion 
creepmeters operate; 23 of the 30 extension meters, the contraction meter, and all 
of the strong-motion meters have on-site strip chart recorders. Of the total 38 
instruments, 29 are telemetered to Menlo Park (Figures 1, 2). Four of the 7 Hollister- 
area creepmeters formerly on digital telephone telemetry were converted during the 
reporting period to satellite telemetry (XSJ2, XHR2, XFL1, XMR1).

Four NOAA-type creepmeters are still operating in the City of Hayward (Hayward 
Rose Street, Hayward D Street West, Hayward D Street East, and Hayward Palisade 
Street). After 20 years of service, two of the rods (Rose Street, D Street East) 
pulled apart this winter. With the generous assistance of the City of Hayward Public 
Works Department, we were able to excavate beneath the street to the anchor ends 
of the disabled instruments and restore both meters to operation. Our quarterly 
field readings at these sites are augmented by readings of the creepmeter dials by 
Jon Gatehouse's survey crews from San Francisco State University, who visit the area 
monthly to survey adjacent nail lines.

The creepmeter at the University of California Berkeley campus (XUB1) was removed 
October 4, 1988 to make way for a new dormitory and garage complex.
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2. Fault creep data from USGS creepmeters along the San Andreas, Hayward, and 
Calaveras faults have been updated through May 1, 1989, and stored in digital form 
(1 sample/day). Telemetry data are stored in digital form (1 sample/10 minutes), and 
can be merged with daily-sample data files to produce long- or short-term data.

During the reporting period, data from San Juan Bautista creepmeters and alihement 
arrays were provided to the U.S. Bureau of Reclamation in Denver, Colorado, for their 
study of a location between San Juan Bautista and Watsonville where a new water 
pipeline originating at San Justo Reservoir will be installed across the San Andreas 
fault.

Plots of data from the four Hayward creepmeters were sent to the Gity of Hayward 
Public Works Department to update their files on creep on the Hayward fault.

3. Currently, 38 alihement arrays within California are surveyed on a regular basis. Main 
emphasis is placed on the 28 Parkfield sites, which are surveyed every 2 months and 
more frequently, if possible. Data are entered into the USGS VAX785, and quarterly 
transferred onto the USGS ISUNIX LOW FREQUENCY system. Work is in progress 
on a study of possible aseismically active traces in Parkfield besides the main trace 
and the southwest fracture zone.

4. Figure 3 is a plot showing the amplitude of rapid water-level drops (solid circles) in a 
deep well on Middle Mountain (wmiw) at Parkfield monitored by Evelyn Roeloffs of the 
USGS, and the cumulative slip recorded on one of the Middle Mountain creepmeters 
(XMM1) (open circles) in the intervals between water-level drops in wmiw. The 
cumulative slip amount includes the amplitude of any creep event that occurred 
coincident with the water-level drop at the end of each interval. The plot covers the 
period from January 1, 1987, when monitoring of wmiw began, to March 1, 1989. At 
the bottom of the plot appears a tally of the number of earthquakes of all magnitudes 
that occurred in the fault segment called the Middle Mountain box* that is considered 
the Preparation Zone for the anticipated Parkfield earthquake. Stars above the tally 
line represent earthquakes in the Middle Mountain box of magnitude 2 or greater.

A correlation between the amplitude of water-level drops and amount of cumulative 
slip at XMM1 between drops is clear. In addition, a time-dependent correlation 
between magnitude 2 or greater earthquakes and the larger water-level drops (and 
cumulative slip) appears to be emerging as well. Table 1 lists dates and amplitudes of 
water-level drops and any coincidental creep events at XMM1 and/or XMD1 (the next

* A polygon with the following coordinates 
Latitude Longitude 
36° 1.5" 120° 29.5"
35° 57.0"
35° 52.0"
35° 58.0"

120° 25.0"
120° 31.5"
120° 38.0"
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creepmeter south along Middle Ridge, 2.3 km from XMMl), as well as magnitude 2 
or greater earthquakes in the Middle Mountain box within ±10 days of the water- 
level drops. It is interesting to note that the approximate 9O-day periodicity observed 
during early 1987 between combination water-level drops and creep events became 
obscured during a 16-month hiatus in magnitude 2 or greater earthquakes (8/3/87 to 
11/10/88). During this period, some water-level-drop/creepmeter-event combinations 
occurred randomly within the 90-day windows. Also perhaps of significance with 
respect to the lack of seismicity above the 2 level during this period, Evelyn Roeloffs 
has pointed out and is investigating small strain steps that occurred on an adjacent 
dilatometer (Froelich) coincident with four of the water level drops during this time.

The first rudimentary details of the relationship of surface fault creep to strain changes 
at depth and to seismicity may be beginning to appear in data from the networks of 
instruments around Middle Mountain.

Table 1

Water level Amplitude Event Event Possible Strain Mag.>2, 
drop, wmiw cm XMMl XMDI Step, Dilatometer ±10 Days

2/1/87

5/7/87

8/3/87

10/28/87

1/28/88

3/28/88

4/17/88

6/11/88

6/30/88

10/3/88

1/1/89

2/6/89

14.1 x

15.4 x x

12.3 x x

* XX

7.2 x x

4.1 x

6.1 x x

2.5 x

3.4 x

24.0 xx x

1.2 x

15.2 x

x

X

X

X

* Partially obscured by pumping of well

Reports

No papers were published during the reporting period.
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121 120*

CREEPMETERS

37 (

HWR1
HWE1 HWW1 

HWP1

50 XPH1

km

FIGURE 1

USGS creepmeter stations in northern and central California. 
Instruments with underlined names transmit on telemetry. 
NOT SHOWN: XRSW, XHSW on the Southwest Fracture near 
Parkfield (See Figure 2). Strong-motion creepmeters are 
located in vaults at XMflL, XMD1, XVAL, XTA1, X461, XRSW, 
and XHSW.
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Creep and Alinement : Parkfield, CA
XMM1

XMDI.MOJU 
XPN4 

XPK1 PARKFIELD
PJCF4 

XTA1. 
XDftS

MS 74 
WKR1 .WKR4

ICEW4 
HAR4 "%CRR1 .

XQH1

JfSIM.XHSW

EXPLANATION 

CREEPMETER 

ALINEMENT ARRAY

10 kilomtitrs

CREEPMETER AND ALINEMENT ARRAY SITES IN PARKFIELD
MARCH 1988

FIGURE 2
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Remote Monitoring of Source Parameters for Seismic Precursors

9920-02383

George L. Choy
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Enhancement of NEIC reporting services. We are integrating techniques 
of analyzing broadband data into the data flow of the NEIC. Broadband data 
can then be used routinely to increase the accuracy of some reported para­ 
meters such as depth and to compute additional parameters such as radiated 
energy.

2. 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.

3. 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.

Results

1. Enhancement of NEIC reporting services. An automated processing package 
utilizing the method of Choy and Boatwright (1981) and Harvey and Choy 
(1982) has been implemented and is now routinely obtaining broadband records 
of displacement and velocity from digital data of the GDSN. The. NEIC now 
uses broadband waveforms to routinely: (1) measure differential arrival 
times of direct P and depth phases to resolve depths of all earthquakes with 
im > 5.8; (2) compute radiated energies for all earthquakes with m, > 5.8; 
(3) resolve polarities of depth phases to help constrain first-motion 
solutions; (4) describe complexity or multiple rupture of an event; and 
(5) present as representative digital waveforms in the monthly PDE's. In 
the Monthly Listings of the Preliminary Determination of Epicenters between 
April 1988-September 1988, depth phases from broadband data were computed 
for 52 earthquakes; radiated energies were computed for 43 earthquakes. We 
are planning to implement new travel time curves for use with differential 
arrival times of S-sS.
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2. Teleseismic estimates of radiated energy and strong ground motion; 
A. Subduction-zone events* We have compiled the log-averaged P-wave 
acceleration amplitude spectra from teleseismic data for a set of large, 
shallow-focus subduction-zone earthquakes. The events range in size from 
the magnitude 6.2 to 8.1. The acceleration spectra, corrected for 
frequency-dependent attenuation and the modulation of depth phases, are 
approximately flat from 10 sees to 2-3 seconds, falling off somewhat at high 
frequencies. The radiated energies of these earthquakes are proportional to 
the seismic moments, but the high-frequency acceleration levels are more 
strongly proportional to the asperity areas than the seismic moments of the 
earthquakes.

B. Intraplate events. We have applied our algorithm for the computation of 
acceleration spectra to a series of shallow intraplate earthquakes. Most of 
these events are characterized by a flat spectral level at high frequencies 
but an intermediate slope before an u>2 falloff at low frequencies. The 
high-frequency spectral levels of these intraplate earthquakes are the same 
as the levels of subduction-zone earthquakes with the same seismic moments, 
although the spectral shapes are different. The detailed analysis for two 
Canadian earthquakes has been accepted for publication in the Bulletin of 
the Seismological Society (Choy and Boatwright, 1988). Papers on the 
acceleration spectra of the suites of subduction-zone and intraplate 
earthquakes are in preparation.

3. Rupture process of earthquakes. A study of the Tennant Creek sequence 
of 22 January 1988 is nearly completed. In this sequence, three earthquakes 
of comparably large magnitude occurred in a small interval of time and in a 
small volume of space. Through the combined analysis of broadband wave­ 
forms, local control on aftershock location and observations of surface 
deformation, we have been able to delineate fault planes and identify the 
specific fault surfaces ruptured by each of the main shocks. The model of 
the faulting process suggests that the class of intraplate earthquakes that 
rupture as multiple main shocks may not be as uncommon as previously 
thought.

Reports

Boatwright, J., and Choy, G. L., 1989, Acceleration spectra for subduction 
zone earthquakes: Journal of Geophysical Research (submitted).

Choy, G. L., 1989, Interpretation of the earthquake mechanism from analysis 
of digitally recorded broadband seismograms: Proceedings of the 25th 
General Assembly of the International Association of Seismology and 
Physics of the Earth's Interior (in press).

Choy, G. L., and Boatwright, J., 1988, Teleseismic and near-field analysis 
of the Nahanni earthquakes in the Northwest Territories, Canada: 
Bulletin of the Seismological Society of America, 78, 1627-1652.

Choy, G. L., and Bowman, J. R., 1989, Rupture process of a multiple main 
shock sequence near Tennant Creek, Australia [abs.]: EOS (Transac­ 
tions, AGU), v. 70, p. 397.
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Choy, G. L., and Presgrave, B. W., 1989, Broadband seismogram analysis A.
Deep earthquake of Honshu, Japan of 7 September 1988 and B. Nepal-India 
border region earthquake of 20 August 1988: U.S. Geological Survey 
Open-file Report 89-207 (in press).
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Analysis of Natural Seismicity at An/a

9910-03982

Joe Fletcher, Linda Haar, and Leif Wennerberg
Branch of Engineering, Seismology, and Geology

U.S. Geological Survey
345 Middlefield Rd.

MenloPark,CA 94025
(415)329-5628

Investigations:

1) A primary objective of the Anza project is to obtain a large data set of 3- 
component digital seismograms from small earthquakes ranging in size from 
microearthquakes to large damaging shocks. These data are then used to 
analyze both the generation and propagation of high-frequency seismic waves. 
This part of the project centers on the maintenance of the 10-station digital 
array at Anza, the routine calculation of source parameters from high-quality 
seismograms, and the updating of the computer data bases that include both 
the source parameters for local events and the digital time series.

2) As in many other analyses of spectral data from microearthquakes, corner 
frequencies from spectra of body waves of local earthquakes appear to be 
roughly constant at Anza. Initially this observation was treated as a source 
effect, but several recent investigations suggest the constant corner 
frequencies are caused by attenuation (Anderson, J.G., 1986; Frankel, 1982). 
We have drilled two boreholes (300 m and 150 m deep) at both stations KNW 
and PFO. These boreholes are used to investigate the response of the upper 
crustal rocks to high-frequency seismic waves.

3) Wennerberg (1988) developed a strategy for simulating ground motions of 
large earthquakes by using recordings of small earthquakes which are filtered 
to enhance their longer period energy in a way consistent with spectral 
scaling theories (see also Boatwright, 1988). The filter is assumed to have zero 
phase distortion, thus preserving linear propagation effects.

The simplest strategy for simulation, just filtering the smaller event record, 
may be too simple in that it assumes the source processes and locations of the 
two events are essentially the same. When a filtered small event record 
differs from the observed record of a co-located larger event, the filtered record 
may plausibly be used as a reference time series for objectively discriminating 
complexity in the seismogram of the larger event due to source processes from 
complexity due to propagation effects.

This possibility is investigated through a comparison of the filtered record of a 
small event with the record of a nearby larger and more complex event 
identified by Frankel et al. (1986). They reported two sources ('asperity 
failures1 ) clearly separated in both space and time.

4) High-frequency seismic waves contain most of the information on earthquake 
rupture characteristics. In order to study earthquake rupture properties (e.g. 
stress drop or rupture velocity) the high-frequency source spectrum must be 
accurately measured. Recent work on near-surface site effects show that
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vastly different site geology can be found over short distances. This can cause 
source spectra to be radically altered from site to site. Because the 
reflection/refraction properties depend on the wavelength of the incoming 
wave compared to the scale of the scatterer these effects are frequency- 
dependent.

An array of 9 short- period three-component digital seismographs was 
installed at Pinon Flat Observatory to calculate the coherence of body-waves 
as a function of frequency. The goal is to determine whether these waves come 
from the source as coherent energy or they have been multiply-scattered in 
traveling to the site.

Results:

1) Approximately 850 events have been processed. These are included in the 
Anza data base which is now complete through August of 1988. Data base 
source parameters include origin time, location, moment, source radius, 
stress drop, apparent stress and energy. Figure 1 shows the epicenters for the 
events recorded from January 1, 1988 through August, 1988. Although the 
Cahuilla hot spot has not been as active as in previous years, most of the 
seismicity continues to occur in previously defined clusters (Fletcher et a/., 
1987). Interestingly, seismicity has increased to the south of the array, with a 
number of events occuring between the San Jacinto Fault and the Coyote 
Creek Fault.

2) To investigate the effects of near surface rocks, we drilled 300 m and 150 m 
deep boreholes at two of the Anza sites (KNW and PFO). Borehole 
instruments were installed at KNW in November of 1986 and at PFO in 
August of 1987. Boreholes at both sites were logged with a televiewer and 
logged for both P- and S- wave velocities by using a hammer source at the 
surface while a three-component geophone was lowered in the borehole. The 
logging data has been analyzed for velocities and at KNW the data show low 
P-wave velocities (300 m/s) at the surface which quickly climb to 5.4 km/sec by 
100m depth.

Twenty-eight events have been recorded at both sites on both surface and 
borehole installations and over 200 more have been recorded at either KNW 
or PFO. Borehole recordings from both sites (Figure 2) display a much more 
impulsive and high-frequency body-wave arrival than do surface recordings. 
P- and S-waves appear to smear out as they propagate through the last 300 m 
to the surface. The surface recordings at both sites appear monochromatic in 
character.

Displacement spectra from the borehole and surface installations (Figure 3) 
support impressions drawn from the time-series. The surface spectrum has a 
lower corner frequency and a higher fall-off rate than does the borehole 
spectrum. The borehole spectrum falls off as or2 in agreement with the Brune 
model. Comparing the surface spectrum to that from the borehole, it would 
seem that a simple attenuation factor would "correct" the data. However, 
after spectral division of surface by downhole (Figure 4), it is evident that not 
only is there attenuation of the very high frequencies (i.e., those above 40 Hz), 
but also, there is strong amplification of frequencies in the 10 to 40 Hz range. 
This is significant and surprising since these sites are in hard rock, and such
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resonances are more commmonly associated with low-velocity sedimentary 
structures.

S-wave acceleration spectra (Figure 5) from the borehole recordings of local 
events, nevertheless, show no high-frequency attenuation. This is interesting 
since it implies that (1) fma\ is a site effect, (2) attenuation is mostly restricted 
to the upper 300 m and (3) whole path Q - from earthquake source to borehole 
site- is very high.

Using the velocity model derived from the shear-wave generator data we 
attempted to model the amplifications and attenuation produced by the upper 
300 m of surface rock. Haskell modeling (Figure 6a) of the resonances using 
the velocity model derived from the logging data shows that the 
amplifications predicted by the model fit the data quite well in both frequency 
and amplitude. The high-frequency attenuation exhibited by the data, 
however, cannot be matched with a constant Q model. A possible explanation 
for the steep roll-off of the very high frequencies (> 40 Hz) is attenuation due 
to Raleigh scattering.

3) The test is successful in that the filtering strategy facilitates the identification 
of significant additional pulses, due to the second asperity failure, in the 
records of the larger event obtained at the three stations considered. These 
pulses are observable in the unfiltered records, as noted by Frankel et al 
(1988), nevertheless, the test provides good observational control on how 
source complexity would manifest iteself in the record of a larger event, as 
compared to a simple event with the same moment simulated by filtering the 
record of a small event.

At two of the stations (BZN and FRD) there was a clear unmatched second 
phase in the vertical and horizontal records of the large event which was 
comparable in size to an initial pulse matched by the simulated record. At 
RDM the differences between the records were more complex, suggestive, 
perhaps, of more significant effects due to mismatches in location as well as to 
the complex source process of the larger event.

4). Because the seismograms from the array would suffer spectral leakage or poor 
variances the multitaper algorithm of Thomson(1982) and Park et al. (1987) is 
used for calculating cross- and auto spectral estimates of the seismic data. 
Two seconds of data are used with 12 orthogonal tapers in calculating the 
Fourier spectra. Spectra of the velocity seismogams show that the largest 
amplitudes are at two peaks; one at 14 Hz and another at 40 Hz. Spectra for P 
waves were similar below 15 Hz, but similarity occurred only to lOHz for S 
waves. Magnitude-squared coherence (MSC) was used as a measure of 
coherence. The largest MSC was for P waves with a value of greater than 0.7 
out to 40Hz. S waves had generally smaller MSCs than P waves. Further, 
the MSC varied between events and between stations suggesting that at 
frequencies of above 20Hz local site geology with scale lengths of only a few 
tens of meters can markedly affect the character of seismograms.
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Southern California Earthquake Project
9-9930-01174

Thomas H. Heaton 
Branch of Seismology 

U.S. Geological Survey 
525 S. Wilson Ave. 
Pasadena, CA, 91106 
FAX: 818-405-7827

Introduction

This project covers almost all of the activities of the 
Pasadena Office of the U.S. Geological Survey. For FY89 three 
preexisting projects have been combined into this one project. 
The former projects were: 1) the Southern California Co-operative 
Seismic Network Project 9930-01174 (project chief Charles Koes- 
terer), the Southern California Earthquake Hazard Assessment Pro­ 
ject 9930-04072 (project chief, Lucille Jones), and the Seismic 
Waveform Analysis Project 9930-03790 (project chief Thomas 
Heaton). The present project is a large and complex project that 
includes the operation of the 250-station 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 208 U.S.G.S. 
telemetered seismometers and 66 seismometers telemetered from 
other agencies. All stations are recorded on the CUSP digi­ 
tal analysis system.

2. Routine Processing of Southern California Network Data. Rou­ 
tine processing of seismic data from stations of the coopera­ 
tive southern California seismic network was continued for the 
period September 1988 through March 1989 in cooperation with 
scientists and staff from Caltech. Routine analysis includes 
interactive timing of phases, location of hypocenters, calcu­ 
lation of magnitudes and preparation of the final catalog 
using the CUSP analysis system. About 800 events were 
detected in most months with a regional magnitude completeness 
level of 1.8. The largest earthquake this recording period was 
the ML =5.0 Malibu earthquake of January 19, 1989 in the Santa 
Monica Bay.

3. Investigation of Southern California Earthquake Sequences. 
Final reports have been completed for the studies of the 
ML=5.9 Whittier Narrows earthquake of October 1, 1987, and the 
ML=6.0 Superstition Hills earthquake of November 24, 1987 and 
work is continuing on the ML=4.9 Pasadena earthquake of Decem­ 
ber 3, 1988 and the ML=5.0 Malibu earthquake of January 19, 
1989. The detailed studies include determination of focal 
mechanisms for M > 3.0 aftershocks, inversion of these data
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for changes in the state of stress, and comparison of the 
results to the geologic structures to better understand the 
seismotectonic structure of southern California.

4. Characteristics of Aftershock and Foreshock Sequences in Cali­ 
fornia. To better use the observation of foreshocks in real- 
time earthquake hazard assessment, we seek to understand the 
characteristics of foreshock sequences and to search for dis­ 
criminating characteristics of foreshock sequences that may 
allow them to be recognized as such before the mainshock 
occurs. Earthquakes in the California catalog from 1932 to 
1987 have been grouped into spatio-temporal clusters using 
Reasenberg's (1985) clustering algorithm. The parameters of 
foreshock and aftershock sequences including rate of activity, 
decay rate and b-value have been determined and are compared 
to magnitudes and seismotectonic region. Discriminating char­ 
acteristics of foreshocks are searched for among these parame­ 
ters .

5. Rate of Earthquake Activity in the Los Angeles Basin. 
Recently, the Los Angeles metropolitan region has experienced 
numerous felt earthquakes. This apparent increase prompted an 
analysis of the Caltech/USGS earthquake catalog for the region 
within 40 km of west Los Angeles (34° 0.0' N, 118° 20.0' W) 
and for the time period from 1975 to present. The preliminary 
study addresses two questions: 1) Has there been a significant 
change in the rate of earthquake activity under Los Angeles?, 
and 2) What do such changes, when they occur, tell us about 
the present regional earthquake hazard?

6. 1978 Tabas, Iran, Earthquake. A simultaneous inversion of 
strong motion and teleseismic body-wave records is used to 
study the rupture history of the Tabas earthquake. A nonlinear 
least squares approach is used where the problem is parame­ 
trized in terms of both the slip amplitudes and the rupture 
times on a finite fault. The Tabas earthquake is one of the 
largest intraplate events, Ms7.5, for which there are several 
strong motion recordings within one fault length, and has 
important implications for the estimation of ground motion in 
other intraplate environments such as the New Madrid seismic 
zone.

7. 1987 Whittier, California, Earthquake. Three component strong 
motion records from twelve sites within one fault depth are 
modeled to study the rupture history of the Whittier earth­ 
quake.

8. 1986 North Palm Springs, California, Earthquake. The strong 
ground motion records for the North Palm Springs earthquake 
have been previously inverted using both synthetic and empiri­ 
cal (aftershock) Green's functions. The empirical Green's 
function inversion used a simple approach where the appropria­ 
tely scaled record for the closest aftershock was used in the 
inversion. The empirical Green's function inversion is 
repeated using a more sophisticated Green's function interpo-
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lation scheme.

9. Source Studies Using Empirical Green Functions. We are deter­ 
mining source parameters for earthquakes of magnitude 3.5 to 
4.5, using smaller magnitude (1.5 to 2.5) events, as empirical 
Green functions to remove complicated path and site effects. 
The deconvolved waveforms are used to study stress drops and 
source geometries of the earthquakes. Stress drops determined 
in this manner should be more accurate than measurements done 
without making corrections for the site and path effects, 
which can significantly alter the measured source duration. 
These refined estimates of stress drops are used to study the 
localized state of stress in areas of foreshocks and after­ 
shocks. We have applied this method to the 1988 Upland earth­ 
quake and aftershocks of the 1986 North Palm Springs earth­ 
quake.

10. Network Instrument Calibrations. To facilitate the use of 
waveform data from the Southern California Network, up-to-date 
information of all instrument constants are kept in an acces­ 
sible form. This information can be incorporated into a 
deconvolution program which will remove the instrument 
response and recover real ground motion in the frequency range 
of 0.2 to 20 hz. Low-gain and FBA stations can be used to 
recover magnitudes and ground accelerations for larger events 
in the network.

11. Time histories of the rupture characteristics of seven well- 
studied earthquakes are investigated to define the nature of 
stress on faults.

Results

Operation and maintenance of field stations and recording sys­ 
tems continued with little failure during this reporting 
period. Three horizontal seismometers were added to the net­ 
work in the Imperial Valley and two strong-motion accelerome- 
ters were also added to the system. Time varying attributes 
of the system are completely recorded on a data base (DBASE 
III). Documentation of the system and changes to the system 
continued to be developed by the preparation of semi-annual 
network bulletins (Given et al., 1989).

Routine Processing of Southern California Network Data. 
The projects to upgrade the southern California seismic net­ 
work are continuing. New discriminators have been installed 
for all 270 recording channels. 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 provide 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 sta­ 
tion configurations has been compiled.
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3. Investigation of Southern California Earthquake Sequences. 
Pasadena Earthquake. The Pasadena earthquake was located at 
34° 8.53', -118° 7.83', at a depth of 15.5 km (Figure 1). 
This epicenter is less than 1 km northwest of the Caltech cam­ 
pus. The aftershocks form a narrow east-northeast trending 
distribution about 3 km long with the mainshock in the middle. 
The aftershocks are all located in a 3 km band above the main- 
shock. The depth distribution show a very steep dip down to 
the north. The focal mechanism of the mainshock determined 
from first motion polarities shows dominantly left-lateral 
strike-slip motion on a plane striking N68°E and dipping 
66° to the north. A very slight reverse component (a rake of 
4°) is seen. Three aftershocks are large enough to determine 
focal mechanisms and these also show left-lateral strike-slip 
on an east-northeast-striking planes. The locations and focal 
mechanisms taken together show that the Pasadena earthquake 
resulted from left-lateral strike-slip motion on a fault 
striking N65° 70°E at a depth of 13 16 km. With the shallow­ 
est aftershocks at 13 km, no correlation between the earth­ 
quake sequence and surface features can be considered conclu­ 
sive. However, a plane dipping 66° up from the hypocenter of 
the Pasadena mainshock outcrops within a few hundred meters of 
the Raymond fault. The aftershock zone also parallels the 
Raymond fault, strongly suggesting that the Pasadena earth­ 
quake occurred on a deep segment of the Raymond fault. This 
requires that the Raymond fault be, at least at depth, a stri­ 
ke-slip fault. The existence of a component of sinistral slip 
along the Raymond fault had been suspected prior to the earth­ 
quake, but the northward dip to the fault and the prominent 
scarp along the western potion of its trace had led most work­ 
ers to conclude that slip along the fault was dominantly 
reverse. In fact, the geomorphic expression of the fault and 
shallow exposures of the fault zone provide a strong basis for 
the argument that the fault is dominantly left-lateral. The 
impressive scarp at the western end of the fault trace prob­ 
ably results from a small component of reverse slip as the 
fault changes strike.

4. Characteristics of Foreshock and Aftershock Sequences in Cali­ 
fornia. Earthquake sequences in the southern California cata­ 
log since 1932 have been clustered using an algorithm by Rea- 
senberg (1985) . The rate of occurrence of aftershocks in 
sequences has been modeled, assuming the modified Omori's Law 
and the Gutenberg-Richter relationship, as

S(t,M) = (t+c)-P 10<a+b<Mm - M)}

where a, b, c, and p are constants (Reasenberg and Jones, 
1989). The constants have been estimated for 62 aftershock 
sequences and 14 foreshock sequences related to mainshocks (M£ 
5.0) in California since 1933. For the foreshock sequences, 
the largest foreshock is treated as a mainshock and the fore- 
shocks occurring after the largest foreshock and before the 
mainshock are considered aftershocks. This corresponds to the
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real-time situation in which an earthquake occurs and is fol­ 
lowed by some smaller events, and we want to know if these 
earthquakes will be followed by an even larger event. The 
model has been used to determine probabilities for further 
damaging earthquakes such as large aftershocks or an even 
larger mainshock during an ongoing earthquake sequence.

Rate of Earthquake Activity in the Los Angeles Basin. From 
1975 to February 1989, the average rate of magnitude 2.3 or 
greater earthquake sequences in the Los Angeles region was 22 
per year, with variations from 14 events per year to 60 events 
per year. The most significant rate fluctuation found in the 
study began in March 1986 and has continued to the present. 
In this time period, the rate has been 33 earthquake sequences 
per year, or 1.7 times higher than that for the 1975 through 
1985 period, a significant departure from the previous rate. 
The rate for the time period from August 1988 to February 1989 
increased yet again to about 60 events per year, or 3.2 times 
higher than for the 1975 though 1985 period. However, rate 
fluctuations on these short time scales (5 months) are common, 
so that the latest increase cannot be considered significant. 
The increased activity is not concentrated at one site or in 
association with one fault, but is well dispersed, with many 
different faults involved.

In California, regional increases and decrease in the rate of 
seismic activity have been observed prior to strong earth­ 
quakes, as have periods of normal rate. Indeed, rate fluctua­ 
tions are a common feature of California seismicity. In some 
instances, moderate or large earthquakes have occurred during 
times of increased seismicity, while in other instances, the 
rate of seismic activity returned to normal without the occur­ 
rence of a large earthquake. In general, no simple, consistent 
patterns exists to relate observed fluctuations in seismicity 
rate to future strong earthquakes. In this context, the 
increased level of activity in the Los Angeles region cannot 
be considered a precursor to future large earthquake. However, 
the rate of earthquake activity has gone up by 70% and the 
b-value has not changed. Thus, because the number of smaller 
earthquakes has increased, the probability of having a large 
earthquake may have increased by the same amount.

The strong motion acceleration records for the 1978 Tabas 
earthquake were processed to bandpass filtered, uniformly 
sampled, velocity records. Because of errors in the original 
digitizations of the accelerograms, more care than usual had 
to be exercised, involving multiple baseline corrections. 
Three, 3-component, stations (Tabas, Dayhook, and Boshrooyeh) 
situated over the fault plane or near it were selected for 
inversion. Ten WWSSN long-period P-waves were also selected 
and digitized. After a review of the literature, a relatively 
simple gradient velocity structure was chosen for the calcula­ 
tion of strong motion and teleseismic Green's functions. A 
nonlinear least squares approach is used to solve for both the 
slip amplitudes and the rupture times on a finite fault (Hart- 
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zell, 1989). This technique is desirable for the Tabas earth­ 
quake because of the large fault plane and the potentially 
large number of unknown parameters in a strictly linear 
approach. The final calculations will be done on a CRAY com­ 
puter at Los Alamos.

Twelve, 3-component, strong motion records were selected for 
analysis for the Whittier Narrows earthquake, all from sites 
within one fault depth. The closer sites were chosen to mini­ 
mize propagation path effects. The acceleration records were 
integrated to velocity and lowpass filtered to 3Hz. Green's 
functions were calculated to 3 Hz for a gradient velocity 
structure. Linear waveform inversions are being done assuming 
a variety of rupture velocities. The preliminary results indi­ 
cate two distributed sources, consistent with teleseismic 
observations (Bent and Helmberger, Source complexity of the 1 
October 1989 Whittier Narrows earthquake, Bull. Seism. Soc. 
Am. , in press).

The strong ground motion records for the North Palm Springs 
earthquake have proved very difficult to accurately model 
(Hartzell, 1989). This difficulty is ascribed to deficiencies 
in the synthetic Green's functions due to the very complex 
laterally heterogeneous geology and topography of the region. 
The best fits to the waveforms have been obtained from a set 
of empirical Green's functions using aftershock records. How­ 
ever, a very simple modeling scheme was employed where the 
closest aftershock to the desired source location was used in 
the inversion. Spudich and Miller (Seismic site effects and 
the spatial interpolation of earthquakes seismograms: results 
using aftershocks of the 1986 North Palm Springs, California, 
earthquake, Bull. Seism. Soc. Am., in press) have developed a 
more sophisticated approach for spatially interpolating seis­ 
mograms and applied it to the aftershocks of the North Palm 
Springs earthquake. These interpolated records are being used 
to repeat the inversion of the mainshock strong motion 
records. The results will be compared with previous inversions 
of the data.

Figure 2 shows an example of a magnitude 4.5 event (the 1988 
Upland earthquake), a 2.7 event used as the empirical Green 
function and the resultant deconvolution, as recorded at four 
stations. The resultant waveforms are interpreted to be far- 
field displacement pulses, corrected for the path attenuation, 
site effects and instrument response.

Since the aftershocks of this small event did not show a clear 
pattern, we used the waveform data to determine which of the 
two nodal planes was the slip plane. The displacement wave­ 
forms were used in a finite fault inversion to solve for the 
distributed slip on the fault. Both nodal planes of the focal 
mechanism were tested as the fault plane and it was found that 
one plane consistently gave better solutions, indicating that 
plane was the fault plane.
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Data from 24 aftershocks of the 1986 North Palm Springs earth­ 
quake were also analyzed and the resultant stress drops and 
source areas are shown in Fig. 3. There appears to be a cor­ 
relation of higher-stress aftershocks with areas of smaller 
amount of slip during the mainshock. A preshock several years 
before the mainshock also had a relatively high stress drop.

10. Computer programs have been set up which will remove instru­ 
ment responses from any CUSP waveform data. The limitation is 
the completeness of the instrument constant data. Calibration 
information is well known from about 1987 to the present and 
variable for years prior to that. After instruments responses 
are removed, seismograms can be converted to ground displace­ 
ment, velocity, acceleration (for FBA), Wood-Anderson, etc. 
for the limited bandwidth of about 0.2 to 20 hz.

We have used these data to obtain local magnitudes (from syn­ 
thetic Wood-Anderson records) and measurements of ground 
accelerations within a few hours of larger events in the net­ 
work. Planned modifications to the on-line recording system 
should enable these results to be obtainable within a few min­ 
utes of the events.

11. Dislocation time histories of models derived from waveforms 
of seven earthquakes are analyzed. In each model, dislocation 
rise times (the time required for a given point on the fault 
to reach its final dislocation) are found to be short compared 
to the overall duration of the earthquake (approximately 10%). 
We conclude that either these models have seriously underesti­ 
mated the dislocations for these earthquakes, or that rupture 
occurs in a narrow self-healing pulse of slip that travels 
down the fault surface. A model in which the frictional 
stress on the slipping portion of the fault is inversely pro­ 
portional to slip velocity is suggested to produce such self- 
healing slip pulses.
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Fig. 2: On the left are pairs of waveform data showing the main- 
shock (top) and the aftershock used as the empirical Green 
function (bottom) . The numbers on the left are the maximum 
amplitudes in digital counts of each trace. The waveforms on 
the right are the far-field displacement pulses resulting from 
deconvolution of the mainshock using the aftershock.
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Fig. 3: Top portion shows a cross section of the aftershock 
hypocenters plotted along strike of the fault (N60W). The 
sizes of the circles shows the source areas determined from 
the pulse width measurements. Dotted lines show the distribu­ 
tion of fault slip (cm) as determined from strong motion 
records (Hartzell, 1989). Lower portion shows the correspond­ 
ing stress drops of the aftershocks. The stress drops appear 
to increase toward the northwestern section of the fault. 
Open symbols are for the preshock in 1983 . Stress drops are 
relatively low in the area of large slip and are higher in the 
areas where there was little or no slip during the mainshock.
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Development of a Kalman Filter for the analysis of GPS data 

14-08-0001-G1603

Thomas A. Herring
Harvard-Smithsonian Center for Astrophysics

60 Garden St, Cambridge, MA. 02138
(617) 495-7100

Objective: Fluctuation of the water-content of the atmosphere is one of the main limiting sources of error 
in the estimation of relative position using observations of radio signals from the satellites of the Global 
Positioning System (GPS). Such fluctuations, in fact, may soon be the limiting source of error. To reduce 
this source of error, we are developing a Kalman filter for implementation in programs used for GPS data 
analysis. The application of Kalman filtering to the analysis of other space geodetic data have yielded, in 
some cases, severalfold improvements in the precision of the estimates of station heights.

Final Report; We have implemented a Kalman filter into the GPS analysis software from the Astronomical 
Institute of Berne (often referred to as the Bernese software). As per our agreement with USGS and the 
Astronomical Institute of Berne, we will destroy our copy of the software as soon as USGS has installed in 
the Kalman filter modifications and confirmed that they are functioning correctly.

Of the options available to us in developing the Kalman filter, we decided to modify the Bernese program 
itself. This new program, GPSESK, has many subroutines in common with GPSEST. The implementation 
of the Kalman filter required modifications to four the major subroutines in GPSEST, and the addition of 
seven new subroutines along with one new common block. The names of the modified subroutines from 
GPSEST have been changed by the replacement of the last character of the name by the letter K so that 
these routines will not be confused with the original ones from GPSEST. Within the resources allocated to 
the task, we were not able to implement of the smoothing software into the filter or to extensively test the 
filter on a variety of data sets. Functionally, the current version of GPSESK will yield final estimates for 
the "deterministic" parameters such as station locations and satellite orbit parameters (if each of these is 
estimated non-stochastically), but the full time history of stochastic parameters, such as the atmospheric 
zenith delays, can not be determined. However, once multiple satellites are visible the estimates of the 
atmospheric delays from the forward filter should provide reasonable estimates of the variations of these 
delays.

Our philosophy in modifying GPSEST was to introduce as few changes as possible so that the Kalman filter 
modifications can easily be installed into future releases of the GPSEST. We have made only small modifi­ 
cations to the format of the input control file for GPSEST. These modifications consisted of adding extra 
inputs on the records for the a priori standard deviations of the site positions, the satellite orbit parameters, 
the clock offset, and the tropospheric delay. These extra inputs give the power spectral density (PSD) of the 
white driving the stochastic processes for these parameters. If the input for a particular parameter has a zero 
value, then this parameter is estimated as a deterministic parameter. These modifications were sufficiently 
minor that the input file for GPSESK can also be used with GPSEST, but not visa versa. We have included 
with the software an example of an input file for GPSESK.

GPSESK is run exactly the same as GPSEST, but there are some subtle differences between the two pro­ 
grams (apart from one being a Kalman filter). In GPSESK, all estimated parameters must be given an a 
priori standard deviation except for the bias parameters which are assigned a priori standard deviations 
internally by the program (see discussion below). If a parameter has no a priori standard deviation assigned 
to it, an error message is printed to the output file. If these a priori standard deviations are made sufficiently 
large then there is no effective constraint placed on the parameter estimate. In our experience, making the 
a priori standard deviation about 1000 times greater than the final estimated standard deviation of the 
parameter, effectively leaves the parameter unconstrained. However, the a priori standard deviation should 
not be made too large or else the Kalman filter could develop rounding error problems.
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The bias parameters have a a priori standard deviation of 100 cycles assigned to them. In our experience, 
this value is sufficiently large that their estimates are effectively unconstrained. However, this value may 
need to be increased if estimated biases much greater than 100 cycles are found. An alternative in these 
cases, is to introduce a priori estimates of the biases into the data files such that the estimated correction 
to these values can be reduced to a small level.

When running GPSESK, it is important to include a realistic value for the a priori standard deviation of the 
double difference data because as the filter runs it needs to know the appropriate weights for the constraints 
placed by the stochastic noise model and the constraints intrinsic in the data which is being processed. The 
appropriateness of the a priori standard deviation used can be judged by the RMS scatter of the residuals 
estimated by GPSESK. Unlike, GPSEST the value for the RMS given in the output is the square-root of 
X2 per degree of freedom, and because of a scaling used in the PRIEST subroutine should have a value of 
about \/2. (This scaling could be removed from PRIEST without any major impact on the rest of GPSEST 
or GPSESK.) In GPSEST, if a priori constraints are placed on the parameters then the a priori standard 
deviation of the double differences should also be set or else the parameters are likely to be much more 
constrained than their sigmas would suggest.

The final change which should be included when running GPSESK (and again GPSEST probably should be 
run in the mode also, although it does not need to be), is the grouping of all contiguous data under the same 
session number, and ensuring that multiple sessions have session numbers which increase monotonically with 
time. This process is necessary since all data at one epoch must be processed at one time, and all data 
must be in increasing time order so that the statistics of the stochastic processes can be computed correctly. 
There are no explicit checks in GPSESK to ensure that this is done correctly. (Out-of-time-order data is 
likely to produce negative variances for the stochastic parameters).

We have checked GPSESK by comparing solutions from GPSESK, without stochastic parameters, with the 
equivalent GPSEST solutions. The two programs generated identical results to the level of the output 
resolution of the PRIEST subroutine. We have one final concern with GPSESK which we have not yet 
been able to check, and that is the effects of rounding errors in the computations. Our tests of comparing 
GPSEST with GPSESK when station positions, atmospheric parameters, and biases are estimated indicate 
that for this type of solution there is no significant error introduced by rounding error. Our concern is 
for when orbit parameters are estimated since there is a large dynamic range of the partial derivatives for 
these parameters. In the future, it may be worth introducing a scaling vector for the parameters so that all 
parameter estimates have similar size. The effects of rounding error can always be monitored in the future 
by comparing GPSESK solutions, without stochastic parameters, with GPSEST solutions.

225



II.1

ACTIVE SEISMIC STUDIES OF RECENT VOLCANIC SYSTEMS

9930-01496 

David P. Hill

Branch of Seismology
U.S. Geological Survey

345 Middlefield Rd, MS 977
Menlo Park, CA 94025

(415) 329-4795

INVESTIGATIONS

For the past several years, this project has focused on the structure and seismo-magmatic 
processes beneath Long Valley caldera in eastern California. A substantial pan of this effort has 
involved coordination of USGS monitoring, hazards assessment, and information dissemination activi­ 
ties associated with the ongoing unrest in the Long Valley-Mono Craters volcanic systems.

A second effort has involved work on two manuscripts describing the seismotectonic fabric of the 
San Andreas transform boundary based on data compiled from the telemetered seismograph networks 
operated in California and western Nevada since 1980.

RESULTS

Activity in Long Valley caldera and vicinity in 1988.
The spatial distribution of earthquakes in the Long Valley region (Figure 1) shows little change 

from that in 1987. Temporal changes in the rate of activity are dominated by the gradual decay in the 
level of aftershock activity to the July, 1986, M=6.4 Chalfant Valley earthquake sequence. Within the 
caldera the level of activity was slightly higher in 1988 than in 1987, although no M>3 earthquakes 
occurred within the caldera during 1988. The seismicity rate in Sierra Nevada block south of the cal­ 
dera was about the same as in 1987. Deformation measurements indicate that the uplift and expansion 
centered on the resurgent dome continued through most of 1988 at much the same rate (roughly a 
microstrain per year) that has persisted since late 1983 (see reports by Savage and Langbein). 
Langbein's two-color geodimeter measurements, however, suggest that the deformation rate across the 
resurgent dome may have begun to slow over the last six months.

Temperatures at the base of the seismogenic zone in Long Valley and Campi Felgri (Italy) cal- 
deras.

Earthquake activity and deformation accompanying recent unrest in Long Valley caldera, Califor­ 
nia, and the Campi Flegri caldera, Italy, provide an opportunity to compare predictions of laboratory- 
based constitutive relations for the brittle-plastic transition in regions of differing rock type (quartzo- 
feldspatic in Long Valley and fedlspathic in the Campi Flegri), for which strain rates (3xlO~14 and 
5xlO~12 s~l for Long Valley and the Campi Flegri Fields, respectively) and earthquake focal depths are 
well determined. Evidence indicates that magma underlies sections of both calderas at depths some­ 
where between 4 to 10 km. Results indicate temperatures in the range 250° to 350°C for the base of the 
seismogenic zone in the granitic crust beneath Long Valley caldera, the depths to which vary from less 
than 5 km beneath the resurgent dome and Mammoth Mountain to 8 or 9 km beneath the south moat. 
Temperatures could approach 500°C at depths of 5 km beneath the resurgent dome, however, if strain 
rates increase significantly with depth toward the underlying inflation center and rocks in the plastic 
domain are dry. Higher temperatures (600° to 700°C) predicted for the base of the seismogenic zone at 
depths of 4 to 5 km beneath the Campi Flegri caldera reflect a high strain rate and a feldspathic (tra­ 
chyte) composition of the crustal rocks. These temperatures are consistent with a linear extrapolation of 
geothermal gradients measured in adjacent, 3-km-deep wells. If, however, strain rates increase
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significantly with depth toward the inflation center at a depth between 3 and 5 km and rocks in the 
plastic domain are dry, the temperature at the base of the seismogenic zone could approach 800°C 
beneath the central section of the Campi Flegri caldera.

Seismotectonic fabric of the San Andreas transform system.
We have completed a final version of Chapter 5 (Seismicity of the San Andreas Fault System: 

1980-1986) for the Professional Paper on the San Andreas fault system being edited by Bob Wallace.

REPORTS

Hill, D.P., Eaton, JP., Ellsworth, W.L., Cockerham, R.S., Lester, F.W., and Corbett, E.J., (in press); 
The Seismotectonic Fabric of Central California: in Slemmons, D.B., Engdahl, E.R., Blackwell, 
D., and Schwartz, D., eds. Neotectonics of North America: Geological Soc. America, CSMV-1.

Hill, DP., Eaton, J.P., Jones, L.M., (submitted) Seismicity of the San Andreas Fault System, in Wal­ 
lace, R.E., ed The San Andreas Fault System, U.S. Geological Survey Prof. Paper.

Rundle, J.B., and Hill DP., 1988, The geophysics of a restless caldera - Long Valley, California: Ann 
Rev. Earth Planet Sci, v. 16, pp 251-271.
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Instrument Development and Quality Control
9930-01726

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.

Results

The RefTec Model 44 digital seismic data receiver and Micro VAX computer system was 
installed at Halliburton in Parkfield. This provides the capability of collecting, processing and 
monitoring seismic data telemetered by digital transmitters in the Parkfield network. The next 
task is to cleanup these telemetry links to provide uninterrupted data. Alarm transmitters have 

been installed at eight microwave radio sites. A 12-channel alarm receiver system has been 

setup in Menlo Park. We now have the ability to monitor microwave telemetry problems in the 
office from eight remote microwave sites.

Two hundred Siesmic Group Recorders III (SGR's) were received by Stanford 
University. An SGR Timer board has been designed to be added to these units so that they can 
be used in joint experiments to record seismic refraction data in independantly timed mode 

instead of radio control. Production and installation in 200 units is to be completed for a PACE 
experiment in September. A four-channel earthquake alarm was designed and built. This was 
followed by a 24-channel version. This circuit monitors seismic data from stations around the 

state and triggers an alarm for larger events. Its instant alarm output is about 5 minutes ahead 
of alarms from Branch computer systems and permits action to be taken immediately.

During this period a satellite communication system purchased from Marconi was 

delivered. It is designed to provide voice and data communication from remote sites during an 
emergency when other methods are not available. It operates on the Inmarsat satellite network. 
It is hoped that problems encountered with operating the system so far will be resolved shortly.
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Assistance was given in establishing packet radio links at Car Hill in Parkfield and from 
USGS to the National Weather Service in Redwood City. One hundred amplitude-limited 
summing amplifiers designed to prevent any microwave input from creating noise over the 
entire USGS microwave data network were built. Several hundred J120 discriminators were 

tuned. As usual, many CalNet, Parkfield and Yellowstone seismic stations were visited for 

maintenance, repair and upgrading. Also, numerous telemetry radios and seismometers were 

repaired, adjusted or calibrated.
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State of Stress in the Rupture Zone of Large Earthquakes

Grant No. 14-08-0001-G1356

Hiroo Kanamori
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91125 (818) 356-6914

Investigations

1. The 1987-88 Northern Gulf of Alaska Earthquakes: Body Wave Inversion and 
Comparisons to the Tectonics in the Tokai Region.

Results

1. The 1987-88 Northern Gulf of Alaska Earthquakes: Body Wave Inversion and 
Comparisons to the Tectonics in the Tokai Region.

Focal mechanisms and seismicity patterns from the three northern Gulf of Alaska 
earthquakes of November 17, 1987; November 30, 1987; and March 6, 1988 indicate 
intraplate conjugate strike-slip faulting entirely within oceanic crust. Inspection of the 
waveforms from the first two events shows great similarity from station to station. Early 
arrivals at stations NNE of both events 1 and 2 cannot be readily explained. Waveforms 
for event 1 indicate a simple mode of rupture while waveforms for event 2 are more 
complex and consist of at least 2 large subevents.

The plate geometry in the northern Gulf of Alaska is similar to the Tokai region near 
the Nankai trough, Japan. Both regions are located near a trench-transform junction with a 
transitional regime of major crustal shortening in between. This describes both the 
movement of the North American and Pacific plates in the northern Gulf of Alaska region 
and the movement of the Eurasian and Philippine Sea plates in the Tokai region.

The style of faulting within the oceanic crust is also similar in the two regions. In the 
Tokai region, conjugate strike-slip faulting is also observed in the Izu Peninsula which is 
part of the Phillippine Sea plate. In both the northern Gulf of Alaska and Tokai region 
earthquakes can be interpreted as being caused by deformation due to the collision of 
continental and oceanic plates. However, the sense of strike-slip motion with respect to the 
relative plate motion is opposite. Movement along conjugate strike-slip faults in the Tokai 
region is consistent with the release of compressional stress. In this region, the Izu block 
lies between the Nankai trough and the collision zone of the Philippine Sea and the 
Eurasian plate. In contrast, recent fault movement in the Gulf of Alaska is consistent with 
the release of tensional stress induced by the slippage of the Alaskan megathrust in 1964.

Publications

Astiz, Luciana, Thorne Lay, and Hiroo Kanamori, Large intermediate-depth earthquakes 
and the subduction process, Phys. Earth and Planet. Int, 53, 80-166, 1988.
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FAULT MECHANICS AND CHEMISTRY

9960-01485

C.-Y. King 
Branch of Tectonophysics

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

(415) 329-4838

Investigations

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

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

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

[4] Radon content of near-ground atmosphere was continuously monitored at five sites in 
the Parkfield area in cooperation with the Environmental Protection Agency.

[5] Volume predictability of volcanic eruptions in Hawaii was studied.

[6] Changes of electric resistivity and gas-emission rates in cement blocks under compres­ 
sion were investigated in the laboratory in cooperation with a visiting scholar from 
China.

Results

Geochemical Measurements along Hayward Fault.

Geochemical measurements have been made about once a month since 1976 at two 
water wells in Oakland and two springs in Alum Rock Park in San Jose approximately 
along the Hayward fault (Fig. 1): Temperature, salinity and electric conductivity of 
ground water are measured in situ with a portable instrument (Yellow Spring Instrument 
Co., Model 33). Water samples are taken at the same time for chemical analysis later in 
the laboratory. Also measured are water level or flow rate at the wells and one of the 
springs (#11).

Figs. 2-5 show data recorded so far at the four sites, arranged from north to south.

(a) A pre-earthquake geochemical change. The conductivity measured at the Chabot 
well (Fig. 3) increased by a factor of two detected 36 minutes before the magnitude 4.9
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earthquake on 3 April 1989, about 55 km to the southeast on the Calavaras fault (Fig. 
l). Subsequent measurements were made more frequently on April 4, 8, 12, 14, 19, 21, 24, 
26, and 28, and the conductivity remained high. The conductivity increase is confirmed 
by the result of chemical analysis of the water samples (Figs. 3 and 7). Such increases 
occurred at a time when the opposite changes are expected from dilution of well water 
by meteoric water during a rainy season, suggesting that they may be tectonic in nature. 
However, no corresponding changes were recorded at the Oakland well about 2 miles away 
from Chabot.

(b) A post-earthquake increase in flow rates. Flow rate at Sulfur Spring #11 (Figure 
4) measured 40 minutes after the same earthquake increased by more than a factor of 
two (from 2.9 gal/min on February 28 to 6.7 gal/min), repeating the pattern observed 
after several previous nearby earthquakes of comparable magnitude. Flow rate was visibly 
increased also at Sulfur Spring #4 at the same time.

Reports

King, C.-Y. (1989). Volume predictability of historical eruptions at the Kilauea and Mauna 
Loa volcanoes: Journal of Volcanology and Geothermal Research (in press).

King, C.-Y., and Luo, G., 1989, Variation of Rn and H2 emissions and electric resistivity in 
cement blocks under pressure (abs.): to be presented at 28th International Geological 
Congress, Washington, B.C., July 9-19, 1989.

King, C.-Y., and Luo, G., 1989, Variations of electric resistivity and H2 and Rn emission 
in concrete blocks under increasing uniaxial compression: Journal of Geophysical 
Research (submitted).
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CALIFORNIA AND HAWAII SEISMICITY STUDIES

Project 9930-03563 
for the period October 1, 1988 through April 30, 1989

Fred W. Klein
Branch of Seismology

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

Investigations

The overall objective is to look for long-term seismicity and tectonic 
patterns in the Northern California and Hawaii earthquake catalogs. The two 
catalogs are in very different states of self-consistency and usefulness for 
research, however. Accordingly, the Hawaiian work uses a completely 
reprocessed catalog and focuses on research. The Northern California effort 
presently involves cleaning up the raw phase data and developing methods for 
reprocessing this data into a self-consistent catalog. This reprocessing is 
necessary before many types of research become meaningful. The emphasis is on 
applying methods developed for Hawaiian processing and earthquake display to 
the California catalog.

The Hawaiian seismic investigation consists of a thorough study of 
earthquake focal mechanisms in the upper mantle beneath Hawaii. The goal is to 
determine the state of stress, nature of lithospheric flexure and interaction 
of the volcanic system with the lithosphere. This work includes a detailed 
study of the vertical magma conduit feeding Kilauea Volcano's shallow (3-7 km 
depth) magma reservoir. The seismically active conduit extends downward to 
about 55 km to the top of the magma source region. Earthquakes in the 
surrounding lithosphere below 15 km depth reflect deformation and stress 
imposed by the volcanic edifice above.

The work on the Northern California earthquake catalog is being shared by 
several colleagues in the branch. This project has assumed responsibility in 
several areas: (1) Develop a data base of seismic station data including a new 
systematic set of station codes and apply it to the reprocessing of the 
earthquake catalog. (2) Develop a computer file system or data base for 
storing both raw and processed earthquake phase data. (3) Develop and modify 
the HYPOINVERSE earthquake location program to handle the various tasks needed 
for Northern California processing. These include archival storage of various 
data, implementation of a revised coda magnitude procedure, ability to obtain 
interactive locations in the CUSP processing environment, and use of 
regionalized crustal and station delay models. (4) Prepare earthquake 
animations for video presentations as needed on the Branch's Amiga computer.

These animations show the spatial distribution of earthquakes through 
animated movement and the time variation of seismicity with time-lapse map 
views. The animations have been used a) in research to visualize an earthquake 
catalog and look for patterns which are testable by more rigorous methods, b) 
for public display at the USGS open house, c) to demonstrate to VIP visitors 
the nature of seismicity observation and monitoring, d) to release video 
animation to the media illustrating important earthquakes and seismic zones, 
and e) to publish video tapes.
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Results

The research on Kilauea's magma conduit suggests that the earthquakes 
require external sources of stress and are not simply generated by excess 
magma pressure, as with rift zone Intrusions. Dramatic evidence for an 
external stress cause 1s the major drop 1n earthquake rate following the M=7.2 
Kalapana earthquake In 1975. This event thus released stress In the entire 
volcanic system in addition to the rupture zone in Kilauea's south flank. 
Seismic gaps occur along the conduit centered at about 5, 13 and 20 km depths. 
The 3-to-7-km gap is the main magma reservoir, the 13 km gap appears to result 
from the layer of buried ocean sediments at the base of the volcanic pile, and 
the 20-km gap is present under the whole island. The latter may be a depth of 
low or "neutral" stress within the flexing lithosphere. Lateral extension is 
characteristic of the focal mechanisms within the volcanic pile (above the 13 
km gap) and lateral compression occurs just below. Stresses are thus decoupled 
at the boundary of the volcanic pile with the underlying oceanic crust. Focal 
mechanisms below 20 km depth are similar to those in Kilauea's south flank and 
show southward motion of the upper block on a near-horizontal plane.

The reprocessing of the Northern California earthquake catalog is 
underway. Contributions from this project to date include: (1) A data base of 
seismic stations in and surrounding California has been assembled, including a 
time history of station gain. Several programs use the station data base, 
including one that converts all of the chaotic station codes in our phase data 
to the new system. (2) The HYPOINVERSE location program now uses multiple 
crustal and station delay models assigned to different geographic areas. We 
have assembled and revised 24 regional models and sets of station delays, and 
assigned them to different geologic and seismic provinces in California, 
Nevada and Oregon.

Reports

Klein, F.W., Multiple crustal models for earthquake location in Northern 
California and surrounding areas, U.S. Geological Survey Open File Report, in 
preparation, 1989.

Klein, F. W., User's guide to HYPOINVERSE, a program for VAX computers to 
solve for earthquake locations, U.S. Geological Survey Open File Report, 
1989.

Klein, F. W., Alan G. Lindh and Stephen G. Walter, Central California 
Earthquake Animation, January-March 1989, U.S. Geological Survey Open File 
Report, 1989.
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Array Studies of Seismicity
9930-02106

David H. Oppenheimer
Branch of Seismology

United States Geological Survey
345 Middlefield Road - MS 977
Menlo Park, California 94025

415-329-4792

Investigations
1. Continue consolidation and clean-up of phase data of central California Seismic 

Network (CALNET) from 1969 through present.
2. Evaluate seismicity patterns along the Calaveras fault for ability to delineate segments 

which may slip during moderate earthquakes.
3. Continue study of 3-D velocity structure at Coalinga.
4. Analyze crustal strain near the big bend of the San Andreas fault.

Results

1. Substantial effort was again devoted to the collection, organization, relocation, 
archiving, and documentation of all the CALNET earthquake data since 1969 (see 
previous Semi-Annual Reports). Main efforts were directed toward processing post- 
1983 RTF and CUSP data. Almost all of the available phase data for period 1969-1983 
are now merged into one file and relocated with the best available local velocity model. 
Processing of post-1983 data continues. Three quarters of 1984 and all of 1987 are 
consolidated. Progress continues on completing the rest of 1984, 1985, 1986 and 1988. 
Since January, 1989 the RTP and CUSP data have been consolidated on an on-going 
basis; thus completion of this project will result in a uniform catalog through the 
present. We anticipate that most of the catalog will be relocated and merged by the 
end of 1989. Of course, unforeseen and inevitable problems may delay completion of 
this project.

Several new data sets have been obtained recently that will be merged into the catalog: 
1) Data from a network operated by Woodward-Clyde Consultants for P.G. & E. in 
the Sierra Nevada foothills during the late 1970's, 2) data recorded by temporary 
networks operated by the U.S.G.S. in the Bear Valley region in 1974, 3) data recorded 
by the U.S.G.S. in central California in 1967 and 1968, and 4) data recorded by the 
U.C. Berkeley Wood-Anderson seismographs. This latter data set will be used to 
calibrate the coda-duration magnitudes.

2. We completed a manuscript which discusses the prospect for future earthquakes on the 
Calaveras fault. As described in previous semi-annual technical reports, we compared 
accurate microearthquake locations and the rupture zones of M5+ earthquakes along 
the southern Calaveras fault to show that main shocks rupture aseismic patches of 
the fault near the lower part of the seismogenic zone. Since the last report we 
have examined three main shocks recorded by the U.C. Berkeley network prior to
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1969. The relocated aftershocks of the M6 1911 earthquake occurred along the same 
segment of the Calaveras fault that ruptured during the M6.2 1984 Morgan Hill 
earthquake. Thus, we believe that the the 1984 earthquake is a repeat rupture of 
the 1911 earthquake. The waveforms of the M4.9 1943 and M5.1 1988 Alum Rock 
earthquakes recorded by Wood-Anderson seismographs operated by Caltech are nearly 
identical, again indicating that the Alum Rock earthquake is a repeat of the 1943 
earthquake. Uncertainty in the relocation of the M5.5 1955 earthquake approaches 
10 km. However, if this earthquake is constrained to occur on the Calaveras fault at 
a typical main shock hypocentral depth of 9 km, then it also ruptured an aseismic 
region approximately 4 km northwest of the Alum Rock earthquake.

Considering the frequency of repeat rupture as a function of magnitude, the size of the 
aseismic patches thought to rupture during main shocks, and the history of main shock 
occurrence on the Calaveras fault, we identify two aseismic zones on the Calaveras 
fault which we expect to be the sites of the next main shocks. The first segment 
is designated the "Calaveras Reservoir" segment and lies south of the reservoir and 
northwest of the hypocenter of the Alum Rock earthquake. This segment has not 
seismically slipped since at least 1903, and the size of the aseismic patch is sufficiently 
large to sustain a M5.5 earthquake. The 85-year interval which has elapsed since 
the last possible rupture of this segment is typical of the repeat interval for M6 
earthquakes on the Calveras fault. The second segment is located south of the 1979 
M5.9 Coyote Lake earthquake and last ruptured in a M5.2 earthquake in 1949. If 
the repeat behavior of this segment is comparable to the behavior of the Alum Rock 
segment, then we expect that this segment may again fail within the next decade. We 
also speculate that the northward progression of five M5+ earthquakes in this region 
since 1974 is not fortuitous; rather, we believe that aseismic afterslip of main shocks 
triggers slip on adjacent segments of the fault that are already near failure. If true, 
then the likelihood of an earthquake on the Calaveras Reservoir segment is increased 
by the occurrence of the Alum Rock earthquake.

On April 3, 1989 a M4.8 earthquake occurred 1 km southeast of the identified 
Calaveras Reservoir segment. It appears to have ruptured a small (~ 1 km diameter) 
aseismic region of the fault. While this earthquake was not anticipated, its temporal 
occurrence and location is consistent with the predictions of our model. Moreover, 
its proximity to the Calaveras Reservoir segment enhances the failure potential of the 
Calaveras Reservoir segment.

3. An inversion of local earthquake travel time data for 3D velocity structure in the 
vicinity of Coalinga, California reveals fold structures and sedimentary sections that 
extend to depths of several kilometers. The local Coalinga Anticline and Kettleman 
Hills are imaged as well as the San Joaquin Valley and the uplifted Diablo Range. A 
comparison of the 3D velocity structure with earthquake, gravity, seismic refraction, 
seismic reflection, and well data provides corroborating evidence that the 3D velocity 
variations are real. In addition, the availability of multiple geophysical data sets 
enables us to examine in some detail the relationship of contemporary deformation
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along the Coast Ranges/Great Valley margin to geologic structure. A series of low- 
velocity zones at hypocentral depths beneath the fold is thought to correspond to 
southwest-dipping thrusts uplifting blocks of higher-velocity material. Relatively low- 
velocity material is underthrust beneath the northeastern side of the anticline. The 
gravity field computed from the corresponding 3D density structure, converted from 
velocity, matches the observed gravity field quite well, both in amplitude and location 
of features. Density variations associated with the San Joaquin Valley and the uplift 
have the largest influence on the gravity.

4. The crustal strain near the big bend of the San Andreas Fault (SAF) has been 
analyzed from geodetic data measured across the Los Padres - Tehachapi Trilateration 
Networks. In this region the SAF changes its orientation by over 30° from N40°W, 
close to that predicted by plate motion for a transform boundary, to N73°W. The 
strain orientation near the SAF is consistent with right-lateral shear along the fault, 
with maximum shear of 0.38 ± 0.01 /xrad/yr at N63°W. In contrast, away from the 
SAF the strain orientations on both sides of the fault are consistent with the plate 
motion direction, with maximum shear of 0.19 ± 0.01 /xrad/yr at N44° W. The strain 
rate does not drop off rapidly away from the fault, and thus, the data is best modeled 
by a fault which is locked to depths, d, of 25 km or more. For d of 25 km the computed 
slip rate is 30 ± 6 mm/yr. We found that a vertical fault below the SAF surface trace 
fits the line-length data much better than either a dipping fault or a fault located to 
the south.

Reports

Oppenheimer, D. H., W. H. Bakun, and A. G. Lindh, Recent slip behavior of the Calaveras 
fault, California, and the prospect for future earthquakes, submitted to J. Geophys. 
Res., 39 pp., 1989.

Eberhart-Phillips, D., Active faulting and deformation of the Coalinga Anticline as 
interpreted from 3D velocity structure and seismicity, submitted to J. Geophys. Res., 
28 pp., 1989.

Eberhart-Phillips, D., M. Lisowski, and M. D. Zoback, Crustal strain near the big bend of 
the San Andreas Fault: analysis of the Los Padres - Tehachapi trilateration networks, 
California, submitted to J. Geophys. Res., 32 pp., 1989.
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CRUSTAL STRAIN

9960-01187

W.H. Prescott, J.C. Savage, M. Lisowski,
J.L. Davis, J.L. Svarc, and W.K. Gross

Branch of Tectonophysics
U.S. Geological Survey

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

(415) 329-4860

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 in Eastern California

Strain accumulation rates measured in five networks in eastern California are shown in Figure 1. The network 
name, the interval over which observations are available, the principal strain rates, and the azimuth of maximum 
extension are shown for each network on the right margin of the figure. Strain rates in the two Mojave networks 
were described by Sauber et al. (J. Geophys. Res., 91,12683, 1986); the other strain rates were determined by the 
Geological Survey. The striking feature in the figure is the similarity of the strain rates in all but the E. Mojave 
network. Within the precision of measurement all could be represented by a single principal strain rate tensor: ei =

- 62 = 0.07 (istrain/yr with the extension axis directed N78°W, that is, simple right-lateral shear at the rate of

0.14 urad/yr across a vertical plane striking N33°W. This plane of maximum right-lateral shear coincides closely 
with the local tangent to the small circle (dashed line in the figure) drawn about the Pacific-North American pole 
which passes through the networks. That is, the small circle bisects the principal strain rate axes. This coincidence 
along with the virtually identical strain rates observed in the four networks suggests that the possibility of a buried 
transform fault without surface expression that carries some of the relative plate motion northward into Nevada 
where it is distributed between the Sierra frontal fault systems and the 118^-meridian seismic zone.

2. Postseismic Deformation in the Rupture Zone of the 1964 Alaska Earthquake.

Tide records at seven locations in the rupture zone of the 1964 Alaska earthquake have been examined to determine 
rates of postseismic deformation. Preseismic records at Kodiak (1950-1964) and Seward (1925-1964) show no 
significant uplift rate. The postseismic uplift rate at Kodiak (1964-1988) is 17 mm/yr and appears to be linear in 
time. Postseismic uplift rates at Cordova (1964-1988) and Valdez (1973-1988) are -10 and -8 mm/yr respectively, 
again appearing linear in time. In general, the uplift rate is positive where coseismic subsidence occurred and 
negative where coseismic uplift occurred.. These relatively high rates of postseismic deformation which do not 
diminish with time suggest that, if postseismic relaxation is involved, the relaxation time must be greater than 50 
years.
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3. Aseismic Slip in Seismic Gaps at Subduction Zones

The conventional model of strain accumulation at a subduction zone involves a locked main thrust zone and steady 
aseismic slip at the plate convergence rate on the remainder of the plate interface. The postulated abrupt transition 
from no slip on the main thrust zone to slip at the plate convergence rate in the model is unrealistic. More realistic 
crack models (e.g., Weertman, Bull. Seismol. Soc. Am., 54,1035,1964), show that the transition from slip to no slip 
must be distributed over a dimension comparable to that of the slipping region. Deformation observed in Chile and 
Japan suggests that the transition zone must be roughly 100 km wide in the down-dip direction. Similarly, the main 
thrust zone itself may be composed of laterally (i.e., along strike) distributed, isolated, locked patches (asperities) 
with the intervening areas free to slip aseismically subject to the elastic constraints imposed by pinning at the 
asperities. If the dimension of the asperities and intervening areas are both on the order of 100 km, the intervening 
areas may slip aseismically during the interseismic intervals at rates comparable to the convergence rate. Such inter- 
seismic slip could account for the discrepancy between the seismic moment observed and the plate convergence 
accumulated in the inter-seismic period.

4. Deformation in the Shumagin seismic gap, Alaska

In the previous volume of these semiannual reports (Summaries of Technical Reports, XXVII, p 185, 1988) John 
Beavan reported significant deformation at 5 (out of 11) tilt arrays located in the Shumagin Islands. We have 
reassessed the significance of the linear fits that he reported and find that in four out of the five cases the 
deformation is not significant. This leaves only one array out of eleven that shows a significant tilt rate, a result not 
inconsistent with random error. Our own Geodolite measurements in the Shumagin Islands from 1980 to 1987 do 
not show significant deformation.

5. Shear Strain across the San Andreas Fault from Frequent Geodolite Measurements

Frequent measurements of seven Geodolite strain networks located along locked sections of the San Andreas fault in 
southern and central California provide a time history of deformation along the fault in the interval 1986-1989. 
These results update those given by Savage et al. (J. Geophys. Res., 92,4785,1987). Beginning in 1986 all of the 
networks, except for Loma, were expanded from 3 to 5-7 lines to improve the strain resolution. The locations of the 
networks and the accumulation of tensor shear (ei2) parallel to the local strike of the San Andreas fault are shown in 

Figure 2. Shear strain resolution is about 0.15 jistrain and shear appears to have accumulated at a constant rate in all 
networks.

6. 1986 and 1987 Global Positioning System Surveys Across the Strait of Juan de Fuca

In 1986 the U.S. Geological Survey (USGS) and the Canadian Geodetic Survey (CGS) used dual frequency TI-4100 
Global Positioning System (GPS) receivers to recover the positions of 21 stations in an existing triangulation 
network spanning the Strait of Juan de Fuca, between Washington State and British Columbia. In 1987 the USGS, 
CGS, and the National Geodetic Survey established a regional GPS network consisting of seven sites from the 1986 
GPS network, eight bench marks located near tide gauges in western Washington and southwestern British 
Columbia, and four sites in west-central Washington. The 1986 survey was processed using the orbits broadcast by 
the GPS satellites. The residuals from a variation-of-coordinates adjustment of the seven-day 1986 campaign 
indicate precision in north, east, and up differential vector components to be about 12 mm, 15 mm, and 50 mm for 
vector lengths from 11 to 50 km. Tracking data from four fiducial stations in North America were used to determine 
satellite orbits for the seven-day 1987 campaign, resulting in improved precision. The repeatability of the 
differential vector components averages 4 mm in the north, 5 mm in the east, and 25 mm in the up for vector lengths 
from 16 to 190 km. A simultaneous adjustment for strain accumulation and positions most consistent with the 1986 
and 1987 differential GPS vectors gives no strain accumulation exceeding the 0.3 ppm level of uncertainty.
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Figure 2. Shear strain as a function of time for 6 sites in California. Each point on the plots is determined from Ge­ 
odolite measurements of the 3 to 6 lines shown in the map view for each area. Error bars indicate plus and minus 
one standard deviation.
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7. Absence of Detectable Difference Between Lengths Determined From Geodolite and GPS Data

Our current estimate for the Geodolite minus Global Positioning System (GPS) length difference is (0.6 ± 0.5 mm) + 
(0.1 ±0.1 mm/km) L, where L is the line length in km (see figure below). The "zero-length" offset is determined 
mainly from recent measurements of two 18-m lines on the roof of a USGS building. The length-dependent term is 
determined from measurements between sites in a network near Hebgen Lake, Montana, and between sites in the 
Loma Prieta network near San Francisco. The Bernese version 3.0 software was used for all analyses. We conclude 
that there is no detectable difference between lengths estimated from Geodolite and GPS data.
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Figure 3. Difference between line lengths measured with Geodolite and with Global Positioning System. 
Error bars are one standard deviation. Errors in both the Geodolite and GPS contribute to the error bars.

8. Constraints on the Convergence Rate Across the Los Angeles Basin Inferred from VLBI and GPS Data

Analysis of a global network solution involving very-long-baseline interferometry (VLBI) and Global Positioning 
System (GPS) data indicates that the present-day (1983-present) rate of contraction across the Los Angeles Basin is 
7 ± 2 mm/yr, and is directed along N15°±14°W. (Uncertainties are 1-a.) Geologic evidence, obtained by construct­ 
ing retrodeformable cross sections of the basin, indicates that the north-south convergence across the basin may have 
been as high as 11 mm/yr for the last 3 Ma. The Whittier Narrows Earthquake (M=5.9) of October 1, 1987, has 
highlighted the need for us to understand the mechanics of the fault system underlying the Los Angeles Basin in 
southern California. Unfortunately, there is no history of high-precision conventional (e.g., electronic distance) 
geodetic measurements in this area, which suffers from a lack of intervisible stations (caused primarily by man- 
made obstructions and haze). On the other hand, space-geodetic systems such as VLBI and GPS require no direct 
lines-of-sight, and can observe in smog conditions. The USGS has begun observations on a GPS network in the 
L.A. Basin, but reliable estimates of the velocities from these surveys will not be available for 1-2 years. (This work 
is a cooperative effort with E. Himwich, Goddard Space Flight Center.)

9. Multipath effects with TI-4100 Global Positioning System receivers and various antennas

We have studied the effect of several Global Positioning System (GPS) antenna/backplane configurations on P-code 
multipath, and the effect of multipath on relative positions obtained from carrier phase data. Two experiments were 
conducted at a permanent GPS tracking station located in the Mojave desert north of Barstow, California. A third
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experiment was conducted near the town of Parkfield, California. Data were collected using a standard TI-4100 an­ 
tenna, a Fixed Radiation Pattern Antenna (FRPA-2), a Rogue antenna/"choke-ring" assembly, and a standard TI- 
4100 antenna surrounded by microwave-absorbing foam. For convenience, the pseudorange multipath characteris­ 
tics of the antennas were examined. Presumably the phase multipath will be similar, but reduced by the ratio of the 
pseudorange and phase wavelengths, about 150. The table below contains contains a summary of the results. The 
primary contributors to this noise are random pseudorange measurement error and multipath. We have established a 
test network on the roof of a USGS building in Menlo Park, California. Even though this network appears to be in a 
high multipath environment, the relative positions of the roof stations are correctly determined to less than 1 mm. 
The difference between lengths determined by GPS and Geodolite (a high precision laser distance measuring 
system) is 0.6 ± 0.5 mm. From these experiments we draw two conclusions: 1) The standard TI antenna is subject 
to multipath which can be significantly reduced with other antenna configurations; and 2) Even in the presence of 
this multipath, mm-level precision in position differences are attainable, at least from static positioning with hours of 
observing at each site.

Table 1. Estimates of pseudorange noise determined by differencing the pseudorange and phase measurements. 
Antenna Configuration RMS (m) 
TI antenna ("good" location - brushy area at Mojave).......... 0.52
TI antenna ("bad" location - roof at USGS).................. 0.87
FRPA-2 antenna (roof at Mojave)......................... 0.58
TI antenna with absorbing foam (Parkfield).................. 0.59
TI antenna (roof at Mojave).............................. 0.77
Rogue antenna/choke rings (roof at Mojave)................. 0.34

Reports:

Savage, J. C., Principal component analysis of geodetically measured deformation in Long Valley, eastern 
California, 1983-1987,7. Geophys. Res., 93, 13297-13305,1988.

Smith, R.B., R.E. Reilinger, C.M. Meertens, J.R. Hollis, S.R. Holdahl, D. Dzurisin, W.K. Gross, E.E. Klingele 
1989, What's moving at Yellowstone: The 1987 crustal deformation survey from GPS, leveling, precision gravity, 
and trilateration, EOS, 70(8), 113-125.
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California Seismicity Studies 

9930-02103

Paul A. Reasenberg 
Mark V. Matthews

Branch of Seismology
United States Geological Survey
345 Middlefield Road - MS 977
Menlo Park, California 94025

415-329-5002

Investigations

1. Worldwide comparison of earthquake sequences.

We have been collecting data for a worldwide comparison of earthquake sequences 
observed with regional networks. The sequences will be modeled in a fashion similar 
to that described in our recent Science report (Reasenberg and Jones, 1989), and in 
the last NEHRP technical report (December, 1988). The study will include sequences 
from California, the Kanto-Tokai district, Japan, the Garm region, U.S.S.R., the Wasatch 
front, Utah, and Italy. Variations among clustering properties and earthquake sequence 
parameter distributions will be examined for these widely varying seismo-tectonic regimes. 
There are no results to report.

2. Recent seismicity rate increase in Los Angeles.

Recently, the Los Angeles metropolitan region has experienced numerous felt earth­ 
quakes. This increase has prompted Lucy Jones and I to focus attention on the detailed 
nature of the seismicity variations in the Los Angeles region. We have analyzed the Cal- 
tech/USGS earthquake catalog for the region within 25 miles of Los Angeles (Figure 1) 
and for the time period 1975 to 3 February, 1989. This preliminary study addressed two 
questions: 1) Has there been a significant change in the seismicity under Los Angeles?, and 
2) What do such changes, when they occur, tell us about the present regional earthquake 
hazard? We found that a 2.9-year interval of significantly high seismicity rate, relative (,<> 
the long-term rate for the region, began approximately March, 1986, and has continued up 
to February, 1989. The implications of this increased activity for the regional earthquak' 
hazard were considered from two perspectives, described below.
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Results

First, we considered the possibility that the observed seismicity rate increase may be 
a precursor to a strong earthquake. A strain softening model (Stuart, 1986) predicts an 
increase in seismicity rate before a strong earthquake. Accordingly, we would consider the 
present interval of elevated rate in the Los Angeles area as a potential candidate for a 
strain softening precursor if a large earthquake were to occur there soon. However, there 
does not currently exist in the recent literature an established or widespread observational 
basis for interpreting such a seismicity increase as an earthquake precursor. Therefore, at 
this time we do not interpret the current observation as a precursor.

Secondly, we consider a stochastic model that provides an estimate of the probability 
gain for a strong earthquake associated with the observed rate increase in Los Angeles. 
The model suggests that the current daily probability for a damaging earthquake in the 
Los Angeles area has increased from its historical level of 1.5   10~ 4 to 2.6   10~ 4 .

The catalog used in the study included 563 earthquakes with magnitude 2.3 and 
larger. Many of these events are aftershocks of larger earthquakes (such as the M5.9, 1987 
Whittier Narrows earthquake and the M5.0, 1979 and 1989 Malibu earthquakes). We 
identified and removed the aftershocks using a clustering algorithm (Reasenberg, 1985), 
leaving a residual catalog consisting of 314 (M > 2.3) events. The statistical significance 
of variations in the seismicity rate in the residual catalog was measured with the /^-statistic 
(Matthews and Reasenberg, 1988).

During the entire study period, the average rate of magnitude 2.3 or greater 
earthquakes in the Los Angeles region (excluding aftershocks) was 22 per year, with 
variations in the rate for individual years ranging from 14 to 60 per year (Figures 2, 
3). The most significant rate fluctuation found in the study began in March, 1986, and 
has continued to the present (3 February, 1989). Over this interval, the rate averaged 
33 events per year, 1.7 times the average rate for the interval 1975 through 1985. The 
statistical significance of a change in average seismicity rate during an interval (relative to 
a constant background rate) depends on both the rate and the duration of the interval. 
Short intervals of high (or low) rate are, in general, expected from random fluctuation in 
a constant-rate process, while longer intervals of sustained high or low rate are less likely. 
The 2.9-year interval of sustained high seismicity rate observed in the Los Angeles region 
represents a very significant departure from the pre-1986 levels. The probability that it is 
a random fluctuation in a constant-rate process is less than 1%.

The increase in activity is neither concentrated at a single site nor associated with a 
single fault. It is, however, confined to the area around Los Angeles, and does not extend 
to the San Andreas fault.

In addition, the average rate for the interval from August, 1988 to February, 1989 was 
60 events per year, 3.2 times the average rate for the 1975-1985 base period. However,
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because rate fluctuations over such a short time scale (5 months) are common, this latest 
increase in rate is not, in itself, considered significant.

In California, both increases and decreases in the regional rate of small earthquakes 
have been observed prior to strong earthquakes, as have periods of normal rate (Reasenberg 
and Matthews, 1988). Indeed, rate fluctuations are a common feature of California 
seismicity. In some instances, moderate or large earthquakes have occured during times of 
increased seismicity, while in others, the rate of seismic activity returned to normal without 
the occurence of a large earthquake. In general, no simple pattern consistently relates 
observed fluctuations in seismicity rate to future strong earthquakes. In this context, the 
increased level of earthquake activity in the Los Angeles region over the past 2.9 years, 
while very unusual, cannot be considered a precursor to a large earthquake.

An estimate of the hazard increase associated with the current high-rate interval 
may be derived from a stochastic model. We model the regional seismicity as a non- 
homogeneous (varying rate) Poisson process in time, with a magnitude distribution that 
is stationary in time. In fact, the 6-value in the Los Angeles region has remained nearly 
constant over the 14-year study period. In our model, the daily probability for a strong 
earthquake varies continuously in time from its long-term historic value, in proportion to 
the current average seismicity rate. The background rate of damaging earthquakes in the 
Los Angeles area is 10 earthquakes in past 180 years (Yerkes, 1985), corresponding to a 
background daily probability of 1.5   10~4 . We assume that the observed seismicity rate 
during the interval 1975-1985 represents the long-term background rate. Then, we infer 
that the current daily probability for a damaging earthquake in Los Angeles has risen (in 
proportion to the rate increase observed since March, 1986) to 2.6   10~4 .
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FLUID PRESSURE AND EARTHQUAKE GENERATION 

Project #9960-04451

Evelyn Roeloffs, Eddie G. Quilty
Branch of Tectonophysics

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

Menlo Park, CA 94025
(415)329-4833

Investigations:
1. Real-time monitoring and processing of water level data from Parkfield, California 
as part of the Parkfield Prediction Experiment.
2. Analysis of water level records and development of theoretical solutions to study 
response to fault creep, seismic waves, and barometric pressure.
3. Continued evaluation of waste fluid injection as a possible trigger for the January 
31, 1986 northeastern Ohio earthquake (m/,=5.0).

Results:
1. In cooperation with J.D. Bredehoeft and F.S. Riley of the USGS Water Resources 
Division, water level data from a network of 11 sites near Parkfield, California were 
collected throughout the reporting period. A twelfth site, an artesian well in Cholame 
Valley, was brought on line in April, 1989. Water level data are processed in real 
time to remove tidal and barometric fluctuations, and the processed data are automati­ 
cally screened for anomalous signals. During this reporting period, a beeper monitor­ 
ing system was implemented to provide automatic 24 hour a day notification of water 
level anomalies.
2. Five more water level changes associated with fault creep were observed in the 
well on Middle Mountain near Parkfield, California, between October 1, 1988 and May 
1, 1989. Two of these creep episodes were accompanied by strain changes of several 
nanostrain at a borehole strainmeter site. Working with S. Schulz Burford and A. 
Michael, we found that the percentage of magnitude 1 or greater earthquakes occurring 
near Middle Mountain within several days before the larger water level drops was 
significantly larger than would be expected if the earthquakes were occurring at ran­ 
dom. During this reporting period, a manuscript describing how fluid flow influences 
the creep-related water level changes as seen in the deep and shallow intervals of the 
Middle Mountain well was submitted to JGR. Our data show that transient water level 
changes can be produced by step-like strain changes in a well that taps a poorly 
confined reservoir. This conclusion is important because transient water level changes 
have been interpreted in the past as evidence for creep propagation.
3. In collaboration with Liu Lan-Bo and Zheng Xiang-Yuan from the Center for 
Analysis and Prediction in Beijing, water level fluctuations in a well near Beijing
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produced by two teleseismic events were compared with previously existing theory 
relating seismic ground motion to water level oscillations. Cross spectral analysis 
showed that the peak gain of water level relative to aquifer pressure occurred at 
periods of 19-23 s. It was necessary to perform a more exact analysis of the vertical 
flow field in the vertical part of the well bore in order to reconcile the theoretically 
predicted resonant period with the observed period. The more exact analysis of the 
well response may also prove useful in the interpretation of underdamped slug or 
bailer tests.
4. We are continuing to study the frequency dependence of well water level response 
to barometric pressure. A preliminary analysis of data from the Gold Hill well near 
Parkfield suggests that a number of water level changes in this well, which closely 
resemble strain changes recorded at a nearby borehole strainmeter, cannot be explained 
as residuals due to oversimplified barometric filtering. Further work has been done on 
the response of the Stockdale Mountain well near Parkfield, and it has been found that 
estimation of a time-invariant transfer function using techniques suitable for stationary 
time series analysis gives unsatisfactory results. We are currently implementing 
analysis techniques that are suitable for non-stationary data.
5. In response to an allegation by M.U. Ahmad and J.A. Smith that previous work 
had underestimated the pore pressure changes that waste fluid injection could have 
produced at the hypocenter of the 1986 northeastern Ohio earthquake, one of us (E.R.) 
undertook to duplicate finite difference flow calculations made by Ahmad and Smith. 
It was shown that Ahmad and Smith had derived wellhead pressures using an expres­ 
sion invalid for the anisotropic medium they had assumed. Hence the higher hypocen- 
tral pressures they calculated were shown to be unlikely to have occurred.

Reports:
Roeloffs, E., E. Quilty, and S. Rojstaczer, 1988, Water level and volumetric strainme­ 
ter response to barometric pressure changes near Parkfield, California, EOS, Trans. 
Am. Geophys. Union, 69, 1424.
Roeloffs, E., J.D. Bredehoeft, F.S. Riley, and E. Quilty, 1989, Groundwater level mon­ 
itoring to measure crustal strain: Examples from the Parkfield, California Earthquake 
Prediction Experiment, to be presented at International Geological Congress, July, 
1989.
Rudnicki, J.W., and E.A. Roeloffs, Plane strain shear dislocations moving steadily in 
linear elastic diffusive solids, submitted to Jour. Appl. Mech., 1988.
Roeloffs, E., C. Nicholson, and R.L. Wesson, 1989, Comment on "Earthquakes, injec­ 
tion wells, and the Perry nuclear power plant", by M.U. Ahmad and J.A. Smith, Geol­ 
ogy, April, 1989, 383-383.
Roeloffs, E., S. Schulz-Burford, F.S. Riley, and A.W. Records, 1989, Hydrologic 
effects on water level changes associated with episodic fault creep near Parkfield, Cali­ 
fornia, provisionally accepted by Jour. Geophys. Res.
Liu, L.-B., E. Roeloffs, and X.-Y. Zheng, 1989, Seismically induced water level 
fluctuations in the Wali well, Beijing, China, Jour. Geophys. Res., in press.
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Hydrogen and Other Non-Radon Geochemical Monitoring

9980-02773

Motoakl Sato and J. Michael Thompson 
Branch of Igneous and Geothermal Processes

U.S. Geological Survey
* MS-959, Reston, VA 22092; ** MS-910, Menlo Park, CA 94025 

(703) 648-6766, FTS 959-6766

INVESTIGATIONS

We continuously monitor soil hydrogen at 1.5 m depth along the San Andreas and 
Calaveras faults 1n central California. There are 7 monitoring sites 1n the 
Parkfleld area and 5 sites 1n the HolUster area. Of the former sites, 5 sites 
now have duplicate sensors at about 50 feet separation.

We also continuously monitor water conductivity, dissolved C02 , and dissolved 
H2 in pumped water from two wells, one drilled Into the San Andreas fault zone 
and the other about 500 m from the fault.

RESULTS 
Soil Hydrogen

1. Parkfleld Area:

The data are summarily plotted 1n F1g. 1 together with rain data (codes: SC, 
MM, PK, TA, WK, GH, TW). Except at Gold H111, no major anomalies were recorded 
from October 1988 through March 1989. Sharp double peaks of about 2500 ppm 
magnitude occurred at Gold Hill in mid-October, followed by a 400-ppm peak 2 
weeks later. There were two minor events at this site 1n January 1989. A 
duplicate sensor (GH2) was Installed In mid-November at about 50 feet away and 
its data began coming in via telemetry on December 22. The new sensor did not 
duplicate the minor events. By feeding a cllbration gas mixture to the sensor 
1n the ground through a pre-installed tubing, we found in early April that the 
new sensor showed very low sensitivity. We plan to repair the new sensor in 
late May. The hydrogen events at Gold H111 were very local, at any rate, 
similar to the series of fault creep events that began at this site (XGHl) (but 
not at adjacent sites) in June 1987. Some abnormal but localized fluid 
activities probably occurred beneath this site.

A minor event was recorded in early January at Middle Mountain by the old 
sensor (MM1), but not by the new sensor (MM2). In contrast, the new sensor at 
Parkfield (PK2) recorded a minor peak 1n late March, whereas the old sensor 
(PK1) did not register any anomaly. Before we conclude that the gas passages 
are extremely variable within a few tens of meters, however, all sensors need be 
checked with the calibration gas mixture.

2. Hollister Area:

Telemetered data from 3 sites (Melendy Ranch, Cienega Winery, and San Juan 
Bautista) are compiled also in Fig. 1 (SJ, CW, MR). There was a 500-ppm event 
at Melendy Ranch starting on January 20. A series of earthquakes (10
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earthquakes of M > 2.0 including M 3.4 quake of April 14) occurred about 10 km 
to the south. This site recorded a similar Ho event in early May of 1988, 
preceding a M 4.6 earthquake and a swarm of aftershocks (30 quakes of M > 2.0 by 
Aug. 1) in the same area. It is an interesting pattern.

No anomalous event was recorded at Cienega Winery and San Juan Bautista. The 
discontinuities in the recorded signals were caused by the change from 16-bit 
DCP to 12-bit DCP at both sites and by a broken cable at Cienega Winery.

The phone telemetry at Wright Road and Shore Road has been terminated, and we 
can not present the data until we recover the on-site recorder chartpaper.

Well-Water Geochemistry

1. Taylor Ranch:

The experiment at this site suffered from the erratic and interrupted water 
pumping and resulting clogging of the degassing line; hence, the data are 
unreliable and not presented here. The electric power line for the geochemical 
monitoring system was included in the emergency generator supply at Mali burton 
Ranch. The sump pump failed to restart when the emergency power system was 
tested, which was frequent during this reporting period. The pump failure and 
ensuing stagnancy of water caused precipitation of iron oxide by oxidation 
within the degassisng chamber and clogged the shower head and the bubbler. The 
sump pump will be removed from the emergency power system to prevent this and a 
more powerfull pumping unit will be installed. King (radon monitoring) and Sato 
have agreed that it is more important to guarantee a satisfactory operation 
before the Parkfield earthquake inasmuch as the experiment is primarily for 
prediction.

2. Miller Ranch:

This site was instrumented in early December 1988 with instruments intended to 
be used for the second geochemical well planned to be drilled within the fault 
zone but never materialized due to lack of fund. The site is about 500 m 
southwest of XPK1 creepmeter site and uses an old abondoned well, where King has 
been monitoring radon for some time. The data telemetry began in late January, 
as shown in Fig. 3. The sensors were recalibrated and the water flow rate 
readjusted in early April. The Sensidyne H2 sensor was not functioning during 
the reporting period and was replaced with a factory repaired unit in April. 
Something happened to the USGS sensor output connection to the DCP during the 
work; the signal was being duely recorded on the on-site recorder.

Site codes used in this report:

SJ: San Juan Bautista SC: Slack Canyon TA: Taylor Ranch
CW: Cienega Winery MM: Middle Mountain WK: Work Ranch
MR: Melendy Ranch PK: Parkfield GH: Gold Hill

MI: Miller Ranch TW: Twisselman Ranch
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Analysis of Seismic Data from the Shumagin Seismic Gap, Alaska

14-08-0001-G-1388

John Taber
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
Digitally recorded seismic data from the Shumagin seismic gap in the eastern Aleutian 

arc, Alaska, are analyzed for detecting space-time variations in the seismicity, focal mechan­ 
isms, and dynamic faulting parameters that could be precursory to a major earthquake expected 
in this seismic gap. The seismic results obtained from the network data are being integrated 
with crustal deformation data that are independently collected, with volcanicity data of nearby 
Aleutian volcanoes, and with teleseismic information to identify basic tectonic processes which 
may be precursory to a great earthquake.

Results
As the first step toward a detailed mapping of the variation of stress drops on the sub­ 

ducting plate interface within the Shumagin seismic gap, we have measured seismic attenuation 
within the network. Following the technique of Aki (1969), we obtained coda-Q values by 
measuring the coda amplitude decay rate of 10 events recorded at 5 stations within the net­ 
work. The events used in this study ranged in depth from 20 to 50 km and in magnitude from 
2.5 to 3.7.

Coda waves can be modeled as waves scattered by randomly distributed heterogeneities 
in the lithosphere (Aki and Chouet, 1975). Assuming that coda waves are composed of single 
scattered wavelets, the relation expressing their amplitude density allows one to relate the 
measured coda decay as a function of time at different frequencies to coda Q. We obtained a 
frequency dependent Q of the form

Q =119./ 067

Previous results from coda-Q studies in Alaska and the Aleutian Islands are compared to 
our Q~l(f) values in Figure 1. The coefficient n of the power law /" obtained in this study 
(n=0.67) agrees well with that obtained by Steensma and Biswas (1988) in central and south- 
central Alaska (n=0.62). These values are also close from those obtained by Aki (1980) in 
eastern and central Kanto region in Japan. However, our Q(f) values are lower by a factor of 
approximatively 1.7 compared to Qc estimates for central and southcentral Alaska. Q(f) values 
for the Shumagin Islands region are substantially lower than those obtained by Scherbaum and 
Kisslinger (1985) who found a frequency dependence of the form gc =214./ 105 for the Adak 
region of the Aleutians. Other researchers have suggested that coda-Q, under the single scatter­ 
ing hypothesis, cannot be too different from intrinsic Q and thus differences in coda-Q values 
in different regions may be due to variations in intrinsic attenuation. Usually, low seismic velo­ 
city is associated with low intrinsic Q. The upper plate in the vicinity of the Adak network is 
composed of oceanic crust, while the Shumagin network is located on lower average velocity 
continental crust. The coda waves studied primarily sampled these two crustal volumes. Thus 
the large difference between coda-Q values determined in the two regions may correspond to 
the transition along the arc from continental to oceanic crust.
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LATIN AMERICAN EARTHQUAKES AND VOLCANOES

Project #9930-01163

Randall A. White and David H. Harlow
Branch of Seismology

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

Menlo Park, CA 94025
(415) 329-4746

Investigations:

Both members of this project serve as the principal 
seismologists on the Volcano Crisis Assistance Team (VCAT) of the 
Volcano Disaster Assistance Program. The goal of this program is 
the prediction of potentially disastrous eruptions in the U.S. or 
abroad within a socially useful time frame (tens of hours). To 
achieve this goal, we first needed to develop a digital data 
acquisition and analysis system capable of operating in usually 
remote volcanic environments. We needed a system which can be 
deployed anywhere around the Pacific rim, but which can also be 
purchased and deployed by any country or observatory along the 
Pacific rim. For this reason we aimed for a system that is inex­ 
pensive, rugged, portable, technologically simple, and that is both 
purchasable and serviceable abroad. The system must be capable of 
recognizing seismic events on often noisy telemetered channels, 
triggering and recording 16 channels of data at 100 samples per 
second, automatically pick P-wave arrival times and locate the 
events in real time, must be able to keep up with a swarm rate of 
up to one event every 100 seconds, and be able to archive data for 
up to 5000 events. Additional software for offline analysis, 
including filtering, review of automatic P-wave arrival picks, S- 
wave arrival picking, spectra, coda magnitudes, and coda-Q, will 
eventually be needed. Once this package is fully operational, 
we need to begin the task of collection and analysis of near-field 
seismic data, from early in the preparation period through the 
onset of a major andacitic eruption, in order to determine which 
parameters will be most useful for predicting eruptions over the 
short term.

Results:

1. System tests:

In close collaboration with Willie Lee, we developed a system 
based on the IBM PC/AT. The final products (hardware and software) 
are described in detail in "Toolbox for seismic data acquisition, 
processing, and analysis: IASPEI Software Library Volume 1", edited 
by W. H. K. Lee, published by the International Association of 
Seismology and Physics of the Earth's Interior in collaboration 
with the Seismological Society of America. The current version 
consists of a PC with A/D board for data acquisition networked to 
another PC with optical disk drive for data analysis and archiving.
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The data acquisition part of the system (on this occasion we 
used a Compaq Portable 286) was first tested at quarry blasts at 
the Kaiser Permanente quarry near the office. The system performed 
successfully despite experiencing accelerations near 1 g during 
blasts. The data acquisition system was next tested during a brief 
visit to Costa Rica in February. Within one hour the two of us 
were able to hardwire the system to the 16 station national network 
of the Universidad Nacional de Costa Rica, Heredia, and program the 
software for the Costa Rican station locations and velocity model. 
Shortly thereafter a regional event was successfully recorded plus 
samples of volcanic tremor from Arenal and Poas volcanoes.

Currently the entire acquisition and analysis system is 
deployed at Galeras Volcano, in southern Colombia. This deployment 
provides an ideal opportunity to both test the system under typical 
field conditions as well as begin to collect some of the critical 
data for which the system was envisioned. In cooperation with the 
Colombian Volcanic Observatory (OVC), the system was hardwired to 
4 existing telemetered stations surrounding the volcano. The 
complete system has now operated flawlessly for 3 weeks, 24 hours 
per day. During this time the system recorded several hundred 
seismic events of various types from in and around the volcano. 
Fortunately, several ash emissions also occurred during this time. 
The following is a brief summary of early results.

2. Preliminary Data Analysis:

Tremor of 1.0 to 1.4 hz has occurred occasionally, most 
notably during the ash emissions. Filtering, to remove the 
dominant frequency of the tremor, has sometimes revealed long 
period events at or near the onset of the tremor. Possibly these 
are the seismic expression of the pressure transients thought to 
drive the tremor.

Low-frequency or long period earthquakes, with dominant 
frequencies of 0.5 to 1 hz, have been recorded beneath the crater 
at the rate of about 10 to 60 events per day. Long period events 
generally increased in maximum amplitude and frequency of 
occurrence up to the first ash emission on May 4th, at which time 
tremor became the dominant seismic signal. Depths of long period 
events are apparently less than 2 km beneath the crater. Many of 
these events are entirely monochromatic, while others contain an 
additional higher frequency (1-5 hz) signal during just the first 
few seconds.

Intermediate-frequency or MB-typew earthquakes: so far (thru 
May 22), no B-type events have yet been recorded from beneath 
Galerasi The likely explanation is that B-type events originate 
by the same mechanism and with the same high frequency content as 
A-type events but originate at shallower depths, ie. essentially 
within the volcanic edifice. The loss of high frequency content 
is thus entirely a path effect and, at Galeras, the path to the 
stations (sited on a lava flows) are apparently unusually solid, 
preserving high frequency content.

High-frequency or MA-typew earthquakes: A-type events of ID- 
25 hz were recorded at the rate of 2 to 3 events per day from 
directly beneath the crater. These events occurred at depths of
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from 1.5 to 5 km.
Estimates of reduced displacements at Galeras during tremor 

on May 5th are about 3 cm2 . From this, the excess pressure is thus 
estimated at about 10"3 to 10"2 bars. This range is typical of 
values obtained for hydrothermal activity.

In many ways, the seismic data from three weeks of seismic 
monitoring at Galeras volcano are virtually identical with data 
recorded at Ruiz volcano during its period of hydrothermal 
activity. Locations of high- and low-frequency events indicate a 
very shallow source, while seismic energy release rate, reduced 
displacement, and excess pressure all indicate a very small source, 
compatible with a surficial hydrothermal system above the magma. 
The principal difference between Galeras and Ruiz seismicity 
(besides the unusual absence of B-type earthquakes mentioned above) 
is that no periodic tremor has yet been observed at Galeras. 
Periodic tremor may be unlikely to occur at Galeras which, unlike 
Ruiz, has no glacial or snow cap to supply ground water at a steady 
rate.

The data are currently being analyzed in order to present a 
single graphic showing the time history of ash emission, tremor 
energy and dominant frequency, long period earthquake energy, 
dominant frequency and depth, and A-type earthquake energy, corner 
frequency, depth, and coda-Q.

Reports:

White, Randall A., and David H. Harlow, 1987, The San Salvador 
earthquake of October 10, 1986 - Seismological aspects, and 
other recent local activity: Earthquake Spectra. v. 3. 419- 
433.

Harlow, D. H. White, R. A., Rymer, M. J., Alvarez G., S., and C. 
Martinez, 1988, The San Salvador Earthquake of 10 October and 
its Historical Context: Bull. Seis. Soc. Am. (accepted with 
changes: Sept. 1988), 11 pp.

White, Randall A., 1987, USGS Cooperative Earthquake Hazards- 
Reduction Programs in Central America: Review, Results, and 
Recommendations: U.S. Geological Survey Circular 1006. p. 124- 
133.
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Pinon Flat Observatory: 
A Facility for Studies of Crustal Deformation

14-08-0001-G1178

Frank K. Wyatt and Duncan Carr Agnew
Institute of Geophysics & Planetary Physics

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, CA 92093
(619)534-2411

This grant supports the operation of Pinon Hat Observatory (PFO) by providing 50% of 
the funding needed for running the facility. Matching funds are provided by the National Sci­ 
ence 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 "reference standard" instruments. This comparison also allows accurate monitoring 
of strain and tilt changes in the area near the observatory, between the active San Jacinto fault 
and dormant southern San Andreas fault systems. For only one other site in the U.S. 
(Parkfield, California), are such reliable records available. All of this effort is intended to 
foster development of precision geophysical instrumentation. The site continues to be utilized 
by many different researchers.

In this report we present data on the long-term deformation rates at and around PFO. 
Figure 1 shows the strain and tilt data from the long-base instruments over the last several 
years. The two fully-anchored instruments (the NW-SE strainmeter and long fluid tiltmeter) 
show long-term secular rates commensurate with geodetic measurements made by the USGS 
crustal strain group on a network around the observatory: deformation smaller than 10~7 per 
year. (For the NW-SE strain we obtain 0.03 H£/yr compared with 0.03 (± 0.013) ^le/yr from 
geodesy, while the tiltmeter gives 0.11 ^irad/yr down-tilt at azimuth 287.3°; leveling data over 
a 14-km line at PFO (from Dr. Ross Stein) are so far insufficient to estimate geodetic tilt rates 
across the site.)

With NSF support, we have begun to look at geodetic data (provided by courtesy of the 
USGS Crustal Strain group) over a wider area. We have determined the strain rate for net­ 
works of four stations (using the method of simultaneous reduction) along an East-West path 
across southern California; Figure 2 presents the strain rates (East-West extension) for each 
four-station subnet along with the 1981-to-1987 seismicity (ML > 1.5) within the network. We 
plot the strains against distance from the San Jacinto Fault, along a line roughly perpendicular 
to the fault strike. The vertical error bars show 95% confidence intervals; the horizontal bars 
show the projected extent of each subnet, with the strain-rate plotted at the projected center of 
mass. Note that since many subnets share lines, the results are somewhat correlated. These 
results verify those of King and Savage (Geophys. Res. Lett., 10, 55-57 [1983]) over a similar 
line. To see how well these strain rates compare with geologically determined parameters for 
the faults crossed by the network, we computed strain rates for a fault locked to some depth 
and freely slipping below it; for such a model, the EW extensions are half of the fault-parallel 
engineering shears. The dashed line shows the computed rates, which assume a locking depth 
of 10 km for all faults, and slip rates of 1 mm/yr for the Newport-Inglewood fault zone, 5 
mm/yr for the Elsinore, 10 mm/yr for the San Jacinto, and 25 mm/yr for the San Andreas 
given by Bird and Rosenstock (Geol. Soc. of Am. Bull., 95, 946-957 [1984]) and Millman and
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Rockwell (GSA Cordilleran Section Guidebook on Neotectonics and Faulting in Southern Cali­ 
fornia, 159-166 [1986]). (The dashed line actually shows the integrated strain over 25 km, the 
average width of the USGS networks.) The model predictions roughly agree with the estimated 
strains; but over the San Andreas fault the predicted strain-rates greatly exceed those observed, 
with the converse being true over the San Jacinto fault Of particular interest to us is that the 
integrated strain rate (both measured and computed) in the vicinity of PFO is within a factor of 
two of that over the faults (a result that remains true for the point strain). For the two geodetic 
subnets closest to PFO, the measured EW and Ji strains are about equal, indicating that the 
North-South compression is nearly zero. This suggests local distortion in the deformation field 
near this end of the "Anza gap" on the San Jacinto fault.
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Four-Station Strain Rate Profile Across So. Cal. 02-Jun«-89
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An Absolute Long-Base Tiltmeter with Vertical Anchoring

14-08-0001-G1336-2

Frank K. Wyatt, Hadley O. Johnson,
Mark A. Zumberge, and Duncan Carr Agnew
Institute of Geophysics and Planetary Physics

University of California, San Diego
La Jolla, California 92093-0225

(619)534-2411

This grant supports work on the design, development, and construction of new tiltmeter 
systems, and for the testing and monitoring of these new systems against existing ones at 
Pifion Hat Observatory. There are four general requirements for long-base tiltmeters to be 
generally useful for measuring long-term crustal deformations; they must be: (1) unusually pre­ 
cise in their measurement of displacement, (2) well-coupled to the sub-surface rock, (3) 
designed to operate without frequent attention, and (4) capable of being installed in a wide 
range of locations. The instrument we are constructing is designed to meet these requirements 
by using a self-controlled, absolute fluid-height gauge for monitoring fluid level at the two 
ends of a Michelson-type tiltmeter, and an optical-fiber displacement gauge for measuring the 
vertical displacement of the instrument's end-monuments relative to the rock at depth.

As we reported earlier, the first stage of our evaluation program included installing the 
new fluid-height gauge and anchors in a dedicated test vault at PFO so that we could experi­ 
ment with the new equipment in a field setting. This work was completed over a year ago. 
Extending the fluid conduit of the original long-fluid tiltmeter to this new vault allows us to 
compare the new and old systems. We can correct for any displacements between the new 
vault (UPL; see Figure 1) and the nearer vault of the original tiltmeter (TAU) by assuming uni­ 
form tilting. (The extension is only 116m long and lies very close to the azimuth of the origi­ 
nal tiltmeter.) We thus may use the tiltmeter extension, plus measurements from the old tilt- 
meter, to give a reference height against which to compare the combined new fluid-height 
gauge and vertical optical-fiber strainmeter. To date, this fieldwork with optical-fiber anchor­ 
ing has been encouraging, but not as conclusive as we had hoped. Owing to an error in our 
initial labeling of the fibers our records from the last year are from two fibers going to the 
same depth, rather than to different ones. (Borehole fibers do look pretty much the same at the 
ground surface; only by proper labeling or testing can they be distinguished.) Differencing the 
records we have is therefore an interesting and meaningful null test, but not what we had in 
mind originally, which was to study the apparent vertical strain in the interval between the bot­ 
toming points of the two fibers. Parallel tests in our lab's 25-m-deep test shaft have, so far, 
provided the best evidence that optical fibers should prove useful for monument anchoring of 
geophysical instruments, both for observatory-based instrumentation and for geodetic survey 
monuments alike.

Under this year's support we are constructing a 535-m-long North-South tiltmeter, incor­ 
porating the new designs (see figure: UPL-to-CHI). At the South end we have built an 
economical and field-worthy instrument vault, and installed there a collection of optical fibers 
reaching to depths of 100 m. Measurements of vertical ground strain over depth intervals of 0 
to 30 m, and 30 to 100 m should prove useful in understanding an important noise source in 
all observations of ground-surface tilt. The vault at CHI has been completed and all the 
borehole fibers there have been tested for optical continuity; we are just beginning to install the 
fluid conduit between UPL and CHI. We expect to complete this North-South tiltmeter before 
the end of summer 1989, at which time we will have complete long-base monitoring of the 
crustal deformation at this site: all three components of strain and two of tilt.
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Creep and Strain Studies in Southern California

Grant No. 14-08-0001-G1666

Clarence R. Alien and Kerry E. Sieh
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91125 (818-356-6904)

Investigations:

This semi-annual Technical Report Summary covers the six-month period 
from 1 October 1988 to 31 March 1989. The grant's purpose is to monitor creep- 
meters, displacement meters, and alignment arrays across various active faults 
in the southern California region. Primary emphasis focuses on faults in the 
Imperial and Coachella Valleys.

During the reporting period, alignment arrays were resurveyed across 
the Banning-Mission Creek (San Andreas) fault at RED CANYON, BERTRAM, NORTH 
SHORE, DEVERS, and YERXA; across the Imperial fault at ALL AMERICAN CANAL, 
HIGHWAY 80, and WORTHINGTON ROAD; across the Superstition Hills fault at IMLER 
ROAD (twice); and across the San Andreas fault at PALLETT CREEK, CAJON, SANTA 
ANA WASH, and WATERMAN CANYON. Creepmeters were serviced at ROSS ROAD (3 
times), HEBER ROAD (3 times), TUTTLE RANCH (2 times), SALT CREEK (2 times), 
MECCA BEACH (4 times), and HARRIS ROAD (twice). The slip meter was serviced 
at MECCA BEACH.

With increasing urbanization in the Coachella and Imperial Valley 
areas, we are increasingly loosing arrays and equipment. During this report­ 
ing period, access to our alignment array at YERXA ROAD was blocked by new 
fences, and the array at SANTA ANA WASH was lost to bulldozers.

Results:

The reporting period was one of little activity except for continuing 
afterslip on the Superstition Hills fault. Following the close of the period, 
on 18-19 April 1989, a classic 9-mm creep event occurred on the Imperial fault 
at ROSS ROAD, accompanied very locally by en-echelon cracks. The event took 
place over a 12-hour period, with most of the slip occurring in about 2 hours.

Publications:

McGill, S. F., Alien, C. R., Hudnut, K. W., Johnson, D. C., Miller, W. F., and 
Sieh, K. E., 1989, Slip on the Superstition Hills fault and on nearby faults 
associated with the 24 November 1987 Elmore Desert Ranch and Superstition 
Hills earthquakes, southern California: Seismol. Soc. America Bull., v. 79, p. 
362-375.
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Tectonic Tilt Measurement: Salton Sea

14-08-0001-G1392

John Beavan
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
1. Historical water level recordings from three sites around the Salton Sea are being investigated to 
determine tectonic tilting, taking account of as many noise and error sources as possible.
2. The tectonic tilt so derived is being carefully compared with leveling data from the area.
3. LDGO-designed pressure-sensor gauges at five sites around the sea are being used to measure 
water level continuously, to investigate noise sources, to determine the level of detectability of 
tectonic tilt signals in the data, and to measure tectonic tilting.
4. A dense network of sites near the southern San Andreas and northern Imperial Valley Faults is 
being surveyed annually to cm-level accuracy, using Global Positioning System (GPS) techniques 
(in cooperation with Dr. R. Reilinger of MIT).

Results (April, 1989)
1. Our paper (Hudnut and Beavan, 1989) on the historical 1952-87 tilt recorded by Salton Sea 
water level gauges was accepted by JGR, and is now in press (see Figures 1 and 2).
2. The Southern San Andreas/Northern Imperial Valley GPS measurement campaign (in 
cooperation with MIT) was successfully completed in March 1989. Several new stations were 
installed and measured in the Southern San Andreas part of the network. Four of the Southern San 
Andreas stations are close to our water level sites, and their data will be used in a study of GPS 
vertical accuracy.
3. Data from the 5 L-DGO water level sites (Figure 1) continue to be collected. See Figure 3 for 
all the data collected to date, and Figure 4 for a selection of water level differences. Tilting inferred 
from water level is down to the south at about 0.2 |irad/yr, but with the current data set is not 
significantly different from zero at the 1 a level.
4. Power spectral comparisons of various data types are shown in Figure 5. These indicate that 
the L-DGO pressure gauge data are significantly quieter than the historically collected staff and 
float gauge data, at least to periods of a year (and probably longer - more data are required to 
resolve this). Over baselines comparable with the Salton Sea water level baselines, the water level 
data are significantly quieter than either annually repeated leveling or annually repeated GPS. If 
uncorrelated day-to-day GPS observations were possible, then then daily GPS measurements 
would give a noise level comparable to, though still higher than, the pressure gauge measurements, 
for signals with periods less than a year. These results assume a 3 cm standard error in GPS 
vertical baselines. It is likely that the GPS accuracy will improve over the next few years because 
of better satellite coverage and better analysis techniques; this would tend to lower the GPS noise 
levels in Figure 5. We have not yet studied data on day-to-day correlations of GPS data; if the data 
are correlated on this time scale, this would tend to raise the "Daily GPS" noise level in Figure 5. 
Note that instrumental tilt measurements (Figure 5) can far surpass these noise levels for signals 
with periods less than a year or so.
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Figure 1. Map of the study region, 
showing the tectonic setting and the sea- 
level gauge network. Historical sea-level 
data have been collected at FT and SB 
since 1950, and at SP since 1970. 
Continuous recording pressure gauges 
have operated at SP since May 1985, at 
SB since January 1986, at BP since 
December 1986, and at BM and FT since 
May 1987. The pressure gauge data are 
digitally telemetered, via the repeater site 
shown, to SP. There they are stored on 
disk, and can be accessed by modem. 
Datum control of the sea level gauges has 
been provided by leveling them to nearby 
NGS benchmarks; clockwise from SP, 
these are G70, V1255, K1299, Extra No. 
2 and Q1299. P. Williams' trenching 
site across the San Andreas is at Salt 
Creek. The SB to FT baseline length is 
35 km, FT to SP is 14 km.

Ground tilt inferred from Salton Sea level
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Fig. 2. Ground tilt history deduced from three water level sites around the Salton Sea. The original water level 
data have been corrected, filtered with a zero-phase Butterworth low-pass filter with a corner frequency at 500 days, 
and divided by the baseline length to give tilt. Positive excursions on each trace imply relative ground uplift 
towards the direction indicated on the trace. The N70°E data are noisier because the baseline is much shorter. The 
error bar shown is ±la of the long term tilt, based on the ±1 cm estimated long term error in the staff gauge 
datums. Tilt rate on the N146°E baseline (FT to SB) is -0.2 prad/yr between the mid 1950's and the early 1960's, 
then decreases substantially. It can be argued that there has been no significant tectonic tilt since the early 1960's. 
Apparent tilt since ~1985, indicating subsidence of FT relative to the other two gauges, is probably not tectonic, 
but rather the result of irrigation-induced subsidence near the FT site. All M > 5.5 earthquakes that occurred 
within 30 km of any water level site are indicated. Tick marks on the time axis are at the start of the labelled year.
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Figure 3. Unfiltered original data from the pressure-sensor water level gauges. There are a number of 
gaps due to vandalism (1), silting of the gauge site (2), and water condensation in the air return tube of the 
differential pressure sensor (3).
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Figure 4. Differences between water level series after low-pass filtering at 4 day period. These differences 
may be converted to apparent ground tilt (i.e., true ground tilt plus measurement noise of various sorts) by 
dividing by the distance between the gauges. The rms value of these difference series is close to 1.0 cm. 
Positive trends on the plots indicate ground uplift of the second-named site relative to the first; i.e., SP is 
apparently uplifting relative to SB. All trends are within the estimated noise level of 1 cm/yr.
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Figure 5a. Schematic spectra, 
showing how to compare noise 
levels of different crustal 
deformation measurement 
techniques in terms of power 
spectral density (adapted from 
Agnew, USGS Open File 
Kept. 87-591, 838-844, 1987).
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Figure 5b. Power spectra of various deformation measurements calculated by conventional section-averaging 
techniques. For the purposes of comparison, the water level difference, leveling and GPS data are all converted 
to ground tilt assuming a 40 km baseline. Water level difference spectra of the 1970-87 historical data and of 
our 1986-88 pressure gauge data are shown; these spectra are band-limited at long periods by the available length 
of data. Signals of all periods are better detected by water level differencing than by annually repeated leveling or 
GPS surveys, though more frequent surveys will lower the survey noise levels. (In this comparison, we assume 
3 cm standard error in GPS vertical baselines, and 1 mm/km 1/2 errors in leveling.) If uncorrelated daily GPS 
measurements were possible, this would be the method of choice for signals with periods longer than a few 
months. The instrumental tilt spectrum from the Pifion Flat long baseline tiltmeters is also shown; we have 
extrapolated it to longer periods assuming a constant slope. Such measurements easily outperform the other 
methods at periods up to years (assuming extrapolation of the spectrum is valid), but these are essentially point 
measurements of deformation.
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Acceleration, Velocity, and Volumetric Strain 
from Parkfield GEOS Network

9910-02089

Roger D. Borcherdt, Malcolm J. Johnston, Allan Lindh
Branch of Engineering Seismology and Geology

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5619

Investigations

o Maintain GEOS array near Parkfield, CA to serve as a strong-motion array to provide 
broad-band, high-resolution measurements of the mainshock as well as an array to provide 
measurements of pre-, co-, and post-seismic strain and displacement field pertubations for 
purposes of earthquake prediction.

o Maintain up-to-date archive of all events recorded in anticipated rupture zone.

o Develop theoretical basis and models to interpret colocated measurements of volumetric 
strain and seismic displacement fields.

Results:

o An array of 15 stations has been maintained at 95 percent or greater reliability by T. Noce 
since July, 1987. An up-to-date digital data archive is being maintained and summarized 
in monthly internal USGS reports. (See previous reports for detailed description of the 
array.) Events recorded along Parkfield segment of study zone during time interval are 
summarized according to magnitude and depth.

Reports

Borcherdt, R.D., Johnston, M.J.S., Noce, T., Glassmoyer, G., aand Myren, D., 1988, A broad-­ 
band, wide dynamic range, strong-motion network near Parkfield, California, USA for 
measurement of acceleration and volumetric strain: 9th World Conference on Earthquake 
Engineering, Proceedings, Tokyo-Kyoto, Japan, v. VIII, p. 125.

Johnston, M.J.S., Linde, A.T., and Myren, G.D., 1988, Earthquake strain steps, seismic moment 
and total earthquake moment, EOS, Trans. Am. Geo. Un. t v. 69, p. 401.
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Johnston, M.J.S., Linde, A.T., Borcherdt, R.D., and Gladwin, M.T., 1988, Implications of high 
resolution strain measurements prior to moderate earthquakes in California, EOS, Trans. 
Am. Geo. Un., v. 69, p. 1423.

Bakun, W. and Borcherdt, R. D., 1988, Criteria for the issuance of public warnings based on 
short-term earthquake predictions near Parkfield, California, USA: Proceedings, Second 
U.S.-Japan Workshop on Urban Earthquake Hazard Reduction, Tokai University, Shimizu 
City, Japan, in press.

Borcherdt, R., Holzer, T., Isenberg, J., Malin, P., Shakal, A., Spudich, P., Stepp, C, and Tucker, 
B., 1988, Strong-motion seismology prediction experiment in the near field of the pre­ 
dicted Parkfield earthquake: Proceedings, 9th World Conference on Earthquake Engineer­ 
ing, Tokyo-Kyoto, Japan, in press.

(See projects (Borcherdt et aL, 9910-02689 and 9910-03009) for related reports.)
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PARKFIELD TWO-COLOR LASER STRAIN MEASUREMENTS

9960-02943

Robert Burford 
Branch of Tectonophysics

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

(415) 329-4850

and

Larry Slater
CIRES

University of Colorado
Boulder, Colorado 80309

(303) 492-8028

Investigations

Operation of the CIRES two-color laser geodimeter at the Carr Hill Observatory near 
Parkfield, California was continued during the period October 1, 1988 through March 31, 
1989. Lines to permanent reflector sites that were monitored for length changes during 
this period are shown in Figure 1. Additional measurements were made occasionally to 
monumented points without permanent reflectors, including most of the reference marks 
adjacent to the permanent reflectors.

Results

Plots of detrended length-change histories for the 18 lines to permanent reflector 
points are shown in Figure 2a, b. Detrended changes for the period October 1988 through 
March 1989 a shown in Figure 3a, b, and average rates of length change for the report 
period, as determined by linear least-squares approximation for each line, are given in 
Table 1. Average station velocities relative to Carr Hill for motion constrained to be 
parallel to the strike of the San Andreas fault zone are also given in Table 1 (negative 
values denote apparent left-lateral motion).

Short-term (6-month) rates of deformation for this report period are generally lower 
than the long-term (4-year) rates (compare Figures 2 and 3). This is probably a seasonal 
effect.

Reports

None
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Table 1

Summary of Monitoring Results
Two-Color Laser Geodimeter Network at Parkfield

October 1, 1988 through April 30, 1989

Permanent 2-Color Measurements 
Reflector Sites Started

Location Relative 
to Car Hill

Average Extension Fault Parallel 
Rate, mm/yr R.L. Station 

Velocities

1. Can

2. Nore

3. Table

4. Hunt

5. Mel-S

6. Turk

7. Gold

8. Creek

9. Mason-W

10. Todd

11. Hog-S

12. Lang

13a. Porno

13b. Pitt**

14. Mid

15a. Mid-E

15b. Buck

16. Bare

10/09/84

08/13/87

10/09/84

07/28/85

10/14/84

07/10/87

04/18/86

06/27/84

06/26/84

08/07/85

07/25/84

07/25/84

04/29/86

10/09/84

08/23/84

08/21/84

07/31/86

10/09/84

5.7 km N03°W

1.1 km N44°E

6.2 km N69°E

2.7 km S72°E

5.4 km S68°E

2.3 km S56°E

9.2 km S49°E

5.7 km S36°E

6.3 km S11°W

3.7 km S15°W

5.0 km S62°W

4.1 km N72°W

5.6 km N51°W

5.7 km N47°W

5.0 km N43°W

4.5 km N35°W

3.1 km N32°W

4.8 km N12°W

-05.56 ± 0.71

-00.09 ± 0.31

-07.04 ± 0.84

+05.66 ± 0.37

+07.35 ± 0.76

+07.03 ± 0.32

+08.89 ± 5.27

-03.02 ±1.06

-02.45 ± 0.85

-19.49 ±0.70

+00.70 ± 0.60

+02.54 ± 0.51

-01.56 ± 0.77

-11.84 ±1.60

-01.70 ±0.59

+07.15 ± 0.51

-05.43 ± 0.39

-02.28 ±0.56

7.20 ± 0.92

[01.89 ±06.51]

[19.82 ± 2.37]

6.57 ± 0.42

8.20 ± 0.85

7.31 ±0.33

8.95 ± 5.31

3.04 ± 1.07

4.04 ± 1.40

35.31 ± 1.27

[02.89 ± 2.48]

2.92 ± 0.59

-01.58* ±0.78

-11.89* ± 1.61

-01.70* ± 0.51

-07.21* ±0.51

05.51 ± 0.40

02.63 ± 0.64

Note: (*) Indicates apparent left-lateral station movement (column 5)

[ ] Fault-parallel projection values in column 5 unreliable owing to orientation of line nearly 
normal to fault strike.

(**) Routine measurements discontinued after June, 1986.
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Figure 1. Two-color laser geodimeter network at 
Parkfield, California.
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CARR HILL 2-COLOR DATA, SW-BLOCK
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Figure 2a. Detrended 2-color data from the Car Hill network, 
Parkfield, for lines terminating in the block southwest 
of the main San Andreas fault.
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CARR HILL 2-COLOR DATA, NE-BLOCK
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Figure 2b. Detrended 2-color data from the Car Hill network, 
Parkfield, for lines terminating in the block southwest 
of the main San Andreas fault.
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CARR HILL 2-COLOR DATA, SW-BLOCK
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Figure 3a. Detrended 2-color data from Carr Hill network, Parkfield, 

October 1988 through March 1989, for lines terminating in 
the block southwest of the main San Andreas fault.
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Figure 3b. Detrended 2-color data from Carr-Hill network, Parkfield, 
October 1988 through March 1989, for lines terminating in the block 
northeast of the main San Andreas fault.
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Seismic Studies of Fault Mechanics

9930-02101 

William L. Ellsworth

Branch of Seismology
U.S. Geological Survey

345 Middlefield Road - MS 977
Menlo Park, California 94025

415-329-4784

Investigations
1. Synthesis of historic large-magnitude seismicity of the San Andreas fault system 

and adjacent regions.
2. Analysis of repeating earthquake sources in the Stone Canyon/Bear Valley region 

of the San Andreas fault.
Results
1. The historic record of major earthquakes affecting California, western Nevada and 

northernmost Baja California presented in Figure 1 and Table 1 includes basic 
seismological data on 200 of the largest earthquakes occurring between 1769 and 
1987. The catalog contains all known events of about magnitude 6 or larger and 
includes new and updated information on the locations and magnitudes for many 
of these earthquakes, as developed in the course of this study. New Ms values 
have been determined for many events from the dawn of instrumental seismology, 
extending the instrumental record back to 1898.
The spatial distribution of M>6 earthquakes over the past two centuries conforms 
with the pattern of microearthquakes recorded in the last decade and emphasizes 
the importance of earthquakes off the San Andreas fault for both seismic hazard 
assessment and tectonic processes. The long-term rate of seismic activity also 
agrees with extrapolations from microearthquake measurements and indicates a 
50% chance of at least one M^6 event within the San Andreas system during any 
15 month interval.
The earthquake history contains limited evidence for the repetitive failure of 
specific fault segments in highly similar, or characteristic, earthquakes. The most 
notable example is near Parkfield on the San Andreas fault where six events have 
occurred since 1857. Such behavior is relatively rare in historic time, which may 
reflect long recurrence times for the typical M 6 earthquake. Temporal variations 
in seismicity rate appear to be associated with the cycle of strain build-up and 
release in great earthquakes. Activity levels are relatively high during the 
decades before a great earthquake, such as the 1906 earthquake, and lower for 
several decades following the event. These rate fluctuations are localized to the 
region surrounding the rupture zone.

2. In this study we examine the nature of earthquake recurrence through the analysis 
of multiple cycles of faulting - repetitive movement of the same part of the fault
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plane   in a variety of tectonic settings and over a wide magnitude range. Our 
purposes in this work are twofold: to develop a better understanding of proper­ 
ties of recurrence intervals and their application to the problem of long-term 
earthquake forecasting; and to bring new observational data to bear on the prob­ 
lem of earthquake nucleation.
The principal approach we use is the intercomparison of seismograms for pairs 
events at one or more common stations. Through both simple visual comparison 
and cross spectral analysis of seismogram pairs we can establish (or rule out) the 
kinship of potentially paired events. Where adequate network data exist, we can 
also determine the relative position of the event centroids. Auxiliary data, such 
as aftershock distributions, also contribute important constraints on the spatial 
relation of associated events.
The paradigm of the repetitive recurrence of a characteristic earthquake, as 
exemplified by the series of M 6 Parkfield earthquakes, receives strong support in 
our observations. The central property is the occurrence of nearly identical earth­ 
quakes rupturing the same part of the fault through many cycles of strain accumu­ 
lation and release. In the cases where the distribution of pre- and post- 
mainshock seismicity can be related to the slip distribution in the mainshock it is 
clear that little if any seismicity occurs on the part of the fault plane that pro­ 
duces the mainshock. Further, we find that the amount of coseismic slip deter­ 
mined from records of the mainshock equals the amount predicted by the product 
of the long-term slip rate and the interevent interval, at least in those cases where 
this comparison can be made.
The existence of discrete regions on the fault plane that move only in events with 
a characteristic displacement defines the fundamental properties of the asperity 
model. Simple measures of the parameters of the earthquake cycle for each 
repeating source place constraints on the strength of these locked patches on the 
fault plane. The results suggest that the peak shear stress acting on the asperity at 
the time of failure approaches laboratory values for static friction.

Reports
Ellsworth, W. L., in press, Earthquake history of the San Andreas fault system and 

adjacent regions, 1769 - 1987: in The San Andreas Fault, R. E. Wallace, ed., 
U.S. Geological Survey Professional Paper, 86 p.

Ellsworth, W. L., 1989, Implications of historic seismicity along the San Andreas fault 
system and in the Western Basin and Range for the accomodation of motion 
between the North American and Pacific Plates (abs.): Seismological Research 
Letters, v. 60, p. 23.

Ellsworth, W. L., and L. D. Dietz, in press, Repeating earthquakes: characteristics and 
implications: Proceedings of Seventh U.S. - Japan Seminar on Earthquake Pred­ 
iction, U.S. Geological Survey Open-File Report, 25 p.
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Figure 1. Seismicity of California, Nevada and northern Baja California, 1769 -1987. 
Earthquakes are listed in Table 1 and plotted by magnitude class. Circle: 
A/<6; triangle: M 6-6.4; inverted triangle: M 6.5-6.9; square: M 7-7.4; star:

128° 127° 126° 125° 124° 123° 122° 121° 120° 119° 118° 117° 116° 115° 114° 11
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Table 1. Major California and Nevada earthquakes 1769 - 1987
Date and Origin 

Time (GMT)
1769/7/28
1800/11/22 21:30
1808/6/21
1812/12/8 15:00
1812/12/21 19:00
1827/9/24 04:00
1836/6/10 15:30
1838/6/? p.m.
1852/11/29 20:00
1855/7/11 04:15
1856/2/15 13:25
1857/1/9 16:00
1857/9/3 03:05
1858/11/26 08:35
1858/12/16 10:00
1860/3/15 19:00
1861/7/4 00:11
1862/5/27 20:00
1864/2/26 13:47
1864/3/5 16:49
1865/10/8 20:46
1866/7/15 06:30
1868/5/30 05:10
1868/10/21 15:53
1869/12/27 01:55
1869/12/27 10:00
1871/3/2 21:05
1872/3/26 10:30
1872/3/26 14:06
1872/4/3 12:15
1872/4/11 19:00
1872/5/3 01:00
1872/11/12 00:00
1873/11/23 05:00
1875/1/24 12:00
1875/11/15 22:30
1878/5/9 04:25
1881/2/2 00:11
1881/4/10 10:00
1882/3/6 21:45
1883/9/5 12:30
1884/1/28 07:30
1884/3/26 00:40
1885/1/31 05:45
1885/4/12 04:05
1887/6/3 10:48
1888/4/29 04:48
1889/5/19 11:10
1889/6/20 06:00
1889/9/30 05:20
1890/2/9 12:06
1890/4/24 11:36
1890/7/26 09:40
1891/7/30 14:10
1892/2/24 07:20
1892/4/19 10:50

Summary 
Magnitude

6?
6V4?
6?
7
7

5V£?
63/4

7
6Vi
6?
53/4

8 J/4

6J/4

6J/4

6
6V4
53/4

6
6

53/4

6V4
6
6
7

6%
6
6

7.6
63/4

6l/4

63/4

53/4

6
63/4

6
6l/4

6
53/4

6
53/4

6V4
53/4

6
53/4

61A
6V4
6

61A
6

53/4

6V2

6V4

6J/4

6
7
6V*

Latitude and 
Longitude

34° 118°
33° 117°18'
37°48' 122°30'
34°22' 117°39'
34°12' 119°54'
34° 119°
37°48' 122°12'
37°36' 122°24'
32°30' 115°
34° 6' 118° 6'
37°30' 122°18'
35°42' 120°18'
39°18' 120°
37°30' 121°54'
34° 117°30'
39°30' 119°30'
37°48' 122° 0'
32°42' 117°12'
37° 6' 121°42'
37°42' 122°
37°18' 121°54'
37°30' 121°18'
39° 18' 119°42'
37°42' 122° 6'
39°24' 119°42'
39° 6' 119°48'
40°24' 124° 12'
36°42' 118° 6'
36°54' 118°12'
37° 118°12'
37°30' 118°30'
33° 115°
39°? 117°?
42° 124°
40°12' 120°30'
32°30' 115°30'
40° 6' 124°
36° 0' 120°30'
37°24' 121°24'
36°54' 121°12'
34°12' 119°54'
41°6' 123°36'
37°6' 122° 12'
40°24' 120°36'
36°24' 121°
39°12' 119°48'
39°42' 120°42'
38° 0' 121°54'
40°30' 120°42'
37°12' 118°42'
33°24' 116°18'
36°54' 121°36'
40°30' 124° 12'
32° 115°
32°33' 115°38'
38°24' 122° 0'

ML MG-R Ms M,

6
>6V*

6
6.9
7.1

5V* to 6
6.8

>7.0
6to7

6
5.5
7.6
6.0
6.1
6

6.3
5.6
5.9
5.9
5.7
6.3
5.8

5.8,6
6.8
6.1
5.9
5.9
7.3
6.5
6.1
6.6

£5.5
6

6.7
5.8
6.2
5.8
5.6
5.9
5.7
6.0
5.7
5.9
5.7
6.2
6.3
5.9
6.0
5.9
5.6
63
6.0
6.0
6.0

6.7, 7.2
6.4

M

7.8

7.6
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Table 1. Major California and Nevada earthquakes 1769 - 1987
Date and Origin 

Time (GMT)
1892/4/21 17:43
1892/5/28 11:15
1892/11/13 12:45
1893/5/19 00:35
1894/7/30 05:12
1894/9/30 17:36
1894/10/23 23:03
1896/8/17 11:30
1897/6/20 20:14
1898/3/31 07:43
1898/4/15 07:07
1899/4/16 13:40
1899/7/6 20:10
1899/7/22 20:32
1899/12/25 12:25
1901/3/3 07:45
1903/1/24 05:27
1906/4/18 13:12
1906/4/19 00:30
1906/4/23 09:10
1907/9/20. 01:54
1908/11/4 08:37
1909/10/29 06:45
1910/3/19 00:11
1910/5/15 15:47
1910/8/5 01:31
1911/7/11 22:00
1914/2/18 18:17
1914/4/24 08:34
1915/5/6 12:09
1915/6/23 03:59
1915/6/23 04:56
1915/10/3 06:52
1915/11/21 00:13
1915/12/31 12:20
1916/2/3 05:03
1916/10/23 02:44
1916/11/10 09:11
1918/4/21 22:32
1918/7/15 00:23
1922/1/26 09:31
1922/1/31 05:17
1922/3/10 11:21
1923/1/22 09:04
1923/7/23 07:30
1925/6/4 12:02
1925/6/29 14:42
1926/10/22 12:35
1926/10/22 13:35
1926/12/10 08:38
1927/9/18 02:07
1927/11/4 13:50
1932/6/6 08:44
1932/12/21 06:10
1933/1/5 06:51
1933/3/11 01:54

Summary 
Magnitude

6'/4
6V4
5%
5%
6
6

53/4

6
6'/4

6V4
6V4
7

5%
53/4

6.4
6.4
6.6
8J/4

6.2
6.4
5.3
6?
5.8
6.0
5V4
6.6
6.5

5%?
6
6.2
6.0
5.9
7.3
7.1
6.5
5.9
5.3
6.1
6.9
6.5
6.0
7.3
6.3
7.2
6.0
6
6.3
6.1
6.1
6.0
6
7.3
6.4
7.2
5.9
6.3

Latitude and 
Longitude

38°30' 121°54'
33°12' 116°12'
36°48' 121 °30'
34° 6' 119°24'
34°18' 117°36'
40°18' 123°42'
32°48' 116°48'
36°42' 118°18'
37° 0' 121°30'
38°12' 122°24'
39°12' 123°48'
41°? 126°?
37°12' 121°30'
34°18' 117°30'
33°48' 117°0'
36° 0' 120°30'
31°30' 115°
37°42' 122°30'
32°54' 115°30'
41° 124°
34°12'? 117° 6'?
36°? 117°?
40°30' 124° 12'
40°? 125°?
33°42' 117°24'
42° 127°
37°15' 121°45'
39°30' 119°48'
39°30' 119°48'
40° 126°
32°48' 115°30'
32°48' 115°30'
40°30' 117°30'
32° 115°
41° 126°
41° 117°48'
34°54' 118°54'
35°30' 116°0'
33°48' 117°0'
41° 125°
41° 126°
41° 125°30'
36° 0' 120°30'
40°30' 124°30'
34° 0' 117°18'
41°30' 125°
34°18' 119°48'
36°37' 122°21'
36°33' 122°11'
40°45' 126°
37°30' 118°45'
34°42' 120°48'
40°45' 124°30'
38°45' 118°
38°46' 117°44'
33°37' 117°58'

ML

6.9

5.7
6.3

MG-R

1+
&A, 8.3

6+

6
6V4
6+

6.8
6.6

63/4

6'/4

6V4
7%
7.1
6V4

5V4±
6.1
6.8
6V4
6

73
6V4
7.2
6'/4

6
6'/4

6.1
6.1
6.0
6

7.3, 7.5
6.4
7.2
5.9
6'/4

Ms

(6.5)
(6.7)
7.0

(4.7)
(5.6)
6.4
6.4
6.6

7.8, 8.3
6.2
6.4
*
*

5.8, (5.1)
6.0

(5.5)
6.6
6.5
*

(5.5), (5.6)
6.2, (6.0)
6.0, (5.6)

5.9
7.6, 7.4, 7.3

7.1, 6.8
6.5, (6.4)

(5.1)
6

(5.7, 5.9)
7.2, 6.9

6.5
(6.1)
7.4
63
73

(5.8)

(6.2)

(7.2)
(6.4)
(7.4)

(6.5)

M,

6.2
6.3
5.6

5.5, 5.9
5.9, 6.0

5.8
5.7
5.9
6.2
6.2
6.4
5.7
5.8

6.5, 6.4
6.6, 6.7

5.8

7.8
5.8

5.3

6.4
6.2

6.0, 5.3

6.2
6

6.4

5.6, 5.5
5.6, 5.5

5.9
5.2, 5.3

6.6
5.9

6.3
6.5, 6.8

6.0

6.3
6.1

5.5
6.2
5.9

6.2

M

7.7

7.2

(53)

(6.8)

6.1

6.0

(6.9)

(73)

6.2
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Table 1. Major California and Nevada earthquakes 1769 - 1987
Date and Origin 

Time (GMT)
1933/6/25 20:45
1934/1/30 20:16
1934/6/8 04:47
1934/7/6 22:48
1934/12/30 13:52
1934/12/31 18:45
1935/2/24 01:45
1936/6/3 09:15
1937/3/25 16:49
1940/2/8 08:05
1940/5/19 04:36
1940/12/7 22:16
1941/2/9 09:44
1941/5/13 16:01
1941/7/1 07:50
1941/9/14 16:43
1941/9/14 18:39
1941/10/3 16:13
1942/10/21 16:22
1942/12/3 09:44
1945/5/19 15:07
1945/9/28 22:24
1946/3/15 13:49
1947/4/10 15:58
1948/12/4 23:43
1948/12/29 12:53
1949/3/24 20:56
1949/3/25 04:56
1949/5/2 11:25
1951/10/8 04:10
1951/12/26 00:46
1952/7/21 11:52
1952/7/21 12:05
1952/7/23 00:38
1952/7/29 07:03
1952/11/22 07:46
1954/1/12 23:33
1954/3/19 09:54
1954/7/6 11:13
1954/7/6 22:07
1954/8/24 05:51
1954/8/31 22:20
1954/10/24 09:44
1954/11/12 12:26
1954/11/25 11:16
1954/12/16 11:07
1954/12/16 11:11
1954/12/21 19:56
1956/2/9 14:32
1956/2/9 15:24
1956/2/14 18:33
1956/2/15 01:20
1956/10/11 16:48
1956/12/13 13:15
1959/3/23 07:10
1959/6/23 14:35

Summary 
Magnitude

6.1
6.3
6.0
6.5
6.5
7.0
5.3
5.9
6.0
6
7.1
5V*
6.6
6.0
5.9
5.8
6.0
6.4
6.5
5.9
6.2
6.0
6.3
6.4
6.5
6.0
6.2
6.2
5.9
6
5.9
7.7
6.4
6.1
6.1
6.0
5.9
6.2
6.6
6.4
6.8
6.3
6.0
6.3
6.5
7.1
6.8
6.6
6.8
6.1
6.3
6.4
6.0
6.0
6.3
6.1

Latitude and 
Longitude

39° 4' 119°20'
38°18' 118°24'
36° 0' 120°30'
41°15' 125°45'
32° 15' 115°30'
32° 114°45'
31°59' 115°12'
40° 125°30'
33°28' 116°25'
39°45' 121°15'
32°44' 115°30'
31°40' 115° 5'
40°42' 125°24'
40°18' 126°24'
34°22' 119°35'
37°34' 118°44'
37°34' 118°44'
40°24' 124°48'
33° 3' 116° 5'
39°42' 119°18'
40°24' 126°54'
41°54' 126°42'
35°44' 118° 3'
34°59' 116°33'
33°56' 116°23'
39°33' 120° 5'
41°30' 126°
42° 0' 126°30'
34° 1' 115°4r
40°15' 124°30'
32°48' 118°18'
35° 0' 119°!'
35° 0' 119°0'
35°22' 118°35'
35°23' 118°51'
35°44' 121°12'
35° 0' 119° 1'
33°17' 116°11'
39°25' 118°32'
39°18' 118°18'
39°35' 118°27'
39°30' 118°30'
31°30' 116°
31°30' 116°
40°16' 125°38'
39°19' 118°12'
39°30' 118°0'
40°56' 123°47'
31°45' 115°55'
31°45' 115°55'
31°30' 115°30'
31°30' 115°30'
40°40' 125°46'
31° 115°
39°36' 118° 1'
39° 5' 118°49'

ML

5.2, 6.0, 6.1

6.5
7.1
6.0

6.0, 5.9
5.7
6.2
6.0
6.4
6.0
5.9

5.8,6.0
6.0
6.4
6.5
5.5
6.0
6.0
6.3
6.2
6.5
6.0
5.9
6.2
5.9
5.8
5.9
7.2
6.4
6.1
6.1
6.0
5.9

6.2, 6.2
6.8
6.0
6.8
5.8
6.0
63
6.1
7.2
7.1
6.5
6.8
6.1
6.3
6.4
6.0
6.0
6.3
6.1

MG-K

6.1
6.3, 63

6.0
6.5
6.5
7.0
5J/4

5.9
6.0
6

6.7, 7.1
5%
6.6
6

5.9
5.8
6.0
6.4
6V*
5.9
6.2
6.0
6'/4

6.4
6.5±
6.0
6.2

5.9
6

5.9
7.7

6±

6.6
6.4
6.8
63

6.5
7.1
6.8
6.6

Ms

(6.4)

7.2

7.8

6.3

6.9

7.2

M,

5.6

5.9

6.4, 6.6

5.5, 6.0
5.6
5.6

6.0, 63

6.1
63, 6.4
6.2, 6.5

5.7

7.0

6.2

63

M

6.1

(6.4)
(7.1)

(£53)

6.9, 7.1
(*53)

(6.0)

(5.5)

6.6

6.0
6.6
6.0

7.5

5.7
63

5.7
6.4
6.2
6.1
6.6
5.8
6.0
63

7.2
7.0

6.5
6.0
6.2
6.2
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Table 1. Major California and Nevada earthquakes 1769 - 1987
Date and Origin 

Time (GMT)
1960/8/9 07:39
1966/6/28 04:26
1966/8/7 17:36
1966/9/12 16:41
1968/4/9 02:28
1968/6/26 01:42
1971/2/9 14:00
1973/2/21 14:45
1979/8/6 17:05
1979/10/15 23:16
1980/5/25 16:33
1980/5/25 16:49
1980/5/25 19:44
1980/5/27 14:50
1980/6/9 03:28
1980/11/8 10:27
1981/4/26 12:09
1981/9/4 15:50
1981/9/30 11:53
1983/5/2 23:42
1983/7/22 02:39
1984/4/24 21:15
1984/9/10 03:14
1984/11/23 18:08
1985/8/4 12:01
1986/7/8 09:20
1986/7/20 14:29
1986/7/21 14:42
1986/7/31 07:22
1987/10/1 14:42
1987/11/24 01:53
1987/11/24 13:16

Summary 
Magnitude

6.2
6.0
6.3
6.0
6.8
5.4
6.5
5.2
5.7
6.5
6.1
5.9
5.8
6.0
6.4
7.2
6.0
5.9
5.8
6.5
5.7
6.1
6.7
5.7
5.9
6.0
5.6
6.2
5.2
5.8
6.2
6.6

Latitude and 
Longitude

40° 19' 127° 4'
36° 0' 120°30'
31°48' 114°30'
39°25' 120° 9'
33°11' 116° 8'
40°14' 124°16'
34°25' 118°24'
34° 4' 119° 2'
37° 7' 121°31'
32°36' 115°18'
37°36' 118°50'
37°39' 118°54'
37°33' 118°49'
37°29' 118°48'
32°12' 115° 5'
41° 7' 124°40'
33° 8' 115°39'
33°40' 119° 7'
37°35' 118°52'
36°14' 120°19'
36°14' 120°25'
37°19' 121°39'
40°23' 127° 9'
37°27' 118°36'
36° 8' 120°10'
34° 0' 116°36'
37°34' 118°26'
37°32' 118°26'
37°28' 118°22'
34° 3' 118° 5'
33° 4' 115°47'
33° 1' 115°51'

ML

6.2
5.5, 5.6, 5.7

6.3
6.0

6.4, 6.3, 6.8
5.9

6.4, 5.8
5.9, 5.6

5.8
6.5, 6.4

6.1, 6.4, 6.2
6.0,5.9

6.1, 6.6, 6.4
6.2, 6.4, 5.8

6.1, 6.1
6.9
5.6
5.3

5.9, 6.0, 5.9
6.7, 6.1, 6.1

6.0,5.6
6.2
6.6

6.1, 6.2
5.6
5.9

5.9, 5.9
6.5, 6.0
5.8, 5.9

5.9
5.8
6.0

MG-R Ms

6.0

6.8
5.4

6.5, 6.5
5.2
5.7

6.9, 6.7
6.1

5.8
6.0
6.4
7.2
6.0
5.9
5.8
6.5
5.7
6.1
6.7
5.7
5.9
6.0
5.6
6.2
5.2
5.8
6.2
6.6

M,

5.7

6.3

6.5

5.6
6.0

M

6.1
6.3

6.5

6.7
5.3

6.4 to 6.6

5.9
5.7
6.5
6.0
6.5
6.7
5.8
6.1
6.2
5.8

6.3, 6.4
5.5
6.1
5.9
6.5

Notes to Table 1.

1.

2.

3.

Magnitudes are: a) ML , local magnitude (from Wood-Anderson amplitudes); b) MG-R, magnitudes from Gutenberg 
and Richter generally based on 20 s surface waves; c) Ms , 20 s surface wave magnitude from a variety of sources; d) 
M/, magnitude determined from felt area at various intensity levels; e) M=2/31og10Af 0-10.7. Summary Magnitude is 
based on MS, when available. A// values have been rounded up by an average of 0.15 units to align scale with Ms .

Absence of reported amplitudes on undamped Milne seismographs (*) suggests MS < 6.

Your comments, additions, deletions and corrections to the contents of the table would be most welcome.
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Continued studies of Extensive-Dilatancy Anisotropy in USA:
III, modelling the effects of the Earth's surface

on micro-earthquake vavetrains at Parkfield

1A-08-0001-G1712

Russ Evans, Stuart Crampin and David C Booth 
British Geological Survey,

Vest Mains Road,
Edinburgh EH9 3LA, Scotland, U.K. 
(International +) 44 31 667 1000

Collaborating investigator - Peter E Malin, UCSB

Objective: To study microearthquake wavetrains obtained at the Varian veil 
and the UCSB/UCB dovnhole seismometer stations at Parkfield - Firstly to 
identify the origins of the various components of the wavetrains using 
frequency-vavenumber and polarization techniques; Secondly to model the 
components using strong single-scattering, anisotropic and weak multiple 
scattering methods as appropriate.

Work in progress: The project period has just begun and work undertaken so 
far is of a preparatory nature. We had previously obtained a copy of the 
frequency-wavenumber program written by Spudich, Bostwick & Miller from the 
authors. The program is running on our VAX facility but we plan to modify 
it to operate with the UNIRAS and ISM contouring packages available to us. 
Using the existing program, we have already analysed part of an array 
dataset obtained in Turkey.

Amongst the data from Turkey, we have already identified at least one good 
example of shear-wave splitting in which each of the components has the 
(vector) slowness of the source-receiver direct raypath, supporting the 
interpretation of this splitting in terms of anisotropy.

We have received datasets from UCSB and have established that we can 
satisfactorily perform the essential basic manipulations on this data. 
As part of the BGS element of support for this project, a networked VAX 
workstation has been made available. We will be examining the possibility 
of running the machine under Ultrix, in order to simplify exchange of 
programs and data with the Sun and Ridge systems being operated by UCSB.

Related work: As part of our follow-up to previous USGS awards, Booth 
recently visited Memphis, USGS Menlo Park, San Diego and Boulder to collect 
data and to discuss data processing techniques for shear waves. He reports 
that comparison of analysts' readings of shear-wave polarization and delay 
from the Anza network with those of Park's automated method as developed by 
Aster at UCSD shows an encouraging degree of consistency.

Planned activity: Evans will visit UCSB for an extended period from the 
latter part of May, to review the available data in detail and to work on 
scattering aspects with Malin and Blakeslee. We expect to begin f-k 
analysis and shear wave modelling in Edinburgh after his return.
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Theodolite Measurements of Creep Rates 
on San Francisco Bay Region Faults

14-08-0001-G1676

Jon S. Galehouse
Dept. of Geosciences

San Francisco State University
San Francisco, CA 94132

(415) 338-1204

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 20 localities on ten 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 
remeasure most of our sites about once every two to three months.

The following is a brief summary of our results through 10 May 1989.

San Andreas fault - Since March 1980 when we began our measurements across 
the San Andreas fault in South San Francisco (Site 10), no net slip has occurred. Site 
14 at the Point Reyes National Seashore Headquarters has averaged 0.6 millimeters 
per year of right-lateral displacement since measurements began in February 1985. 
Site 18 (not shown on Figure 1) in the Point Arena area has averaged 0.9 millimeters 
per year of right-lateral slip since January 1981. These results indicate that the 
northern segment of the San Andreas fault is virtually locked, with less than one 
millimeter per year of creep occurring.

Havward fault (see Figure 2) - We presently have four sites on the southeastern 
portion of the Hayward fault and one site on the northwestern portion. We began 
measurements in September 1979 in Fremont (Site 1) and Union City (Site 2). Right- 
lateral slip is 5.1 millimeters per year in Fremont and 4.8 millimeters per year in 
Union City. Our results in the City of Hayward since June 1980 indicate 4.7 
millimeters per year of right-lateral slip at D Street (Site 12) and 5.1 millimeters per 
year at Rose Street (Site 13). These data indicate that the southeastern portion of the 
Hayward fault is creeping at a rate of about 5 millimeters per year.

Since we began measurements in San Pablo (Site 17) near the northwestern end of 
the Hayward fault in August 1980, the overall average rate of right-lateral slip has 
been 3.9 millimeters per year, about a millimeter per year less than that on the 
southeastern portion. Superposed on the overall slip rate in San Pablo are changes 
between some measurement days of up to nearly a centimeter in either a right- 
lateral or a left-lateral sense. Paradoxically, right-lateral slip tends to be measured 
during the first half of a calendar year and left-lateral during the second half. As 
shown on Figure 2, however, net slip on the Hayward fault in San Pablo has slowed to 
only about two millimeters per year of right-lateral displacement since July 1984.
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West Napa Fault

M Green Valley Faultj20

38'00-

Antioch Fault 

Concord Fault
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San Gregorio 
Fault

0 10 20 30 
i i i
KILOMETERS

122' 30 122'00

Figure 1. San Francisco State University 
Theodolite Measurement Sites
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11.2

Calaveras fault (see Figure 3) - We have two measurements sites near the 
southeastern end of the Calaveras fault and one near the northwestern end. The 
rates of right-lateral displacement are considerably different at all three sites. The 
average rate of movement at Site 4 within the City of Hollister has been 6.8 
millimeters per year since we began measurements in September 1979. Slip at this 
site is rather episodic, with most times of relatively rapid slip occurring early in a 
calendar year.

At Site 6 just 2.3 kilometers northwest of Site 4, the slip rate was rather constant 
from late 1979 to June 1984. Since then, however, fault displacement has been 
episodic. Virtually no net movement occurred for more than a year between late 1985 
and late 1986. Overall, the average rate of right-lateral slip since October 1979 is 12.3 
millimeters per year. This rate is the fastest of any of our sites in the San Francisco 
Bay region and is nearly twice as fast as that at our nearby Site 4 on the Calaveras 
fault. Inasmuch as the two sites are so close and the rates are so different, undetected 
movement may be occurring somewhere outside of our 89.7 meter-long survey line at 
Site 4 within the City of Hollister.

In contrast to the relatively high creep rates in the Hollister area, Site 19 in San 
Ram on near the northwesterly terminus of the Calaveras fault has shown very little 
net movement (only 0.4 millimeters per year) since we began measurements in 
November 1980.

Concord fault and Green Valley fault (see Figure 4) - We began our 
measurements at Site 3 and Site 5 on the Concord fault in the City of Concord in 
September 1979. We measured about one centimeter of right-lateral slip at both sites 
during October and November 1979. Following this, both sites showed relatively slow 
slip for the next four and one-half years at a rate of about one millimeter per year. 
In late Spring-early Summer 1984, both sites again moved relatively rapidly, slipping 
about seven millimeters in a right-lateral sense in a few months. The rate again 
slowed to about a millimeter per year for about the next three years, beginning in 
late August 1984. Between late November 1987 and late February 1988, the Concord 
fault moved about eight millimeters right-laterally. Since then the rate has again 
slowed down at Site 5, although Site 3 is still moving faster than the long-term 
average rate. In general, however, it appears that characteristic movement on the 
Concord fault since at least 1979 is relatively rapid displacement over a period of a few 
months alternating with relatively slow displacement over a few years. Overall, the 
average rate of movement since late 1979 is 4.4 millimeters per year of right-lateral 
slip at Site 3 and 3.3 millimeters per year at Site 5.

Since we established Site 20 on the Green Valley fault in June 1984, measurements 
show an overall right-lateral slip rate of 4.2 millimeters per year. Although large 
variations tend to occur here between measurement days, our results suggest that the 
Green Valley fault may behave similarly to the Concord fault to the southeast, i.e., 
relatively rapid movement in a short period of time (months) alternating with 
relatively slow movement for a longer period of time (years). However, the one 
period of relatively rapid slip measured thus far on the Green Valley fault (early 
1986) is midway between episodes of rapid slip on the Concord fault in 1984 and late 
1987-early 1988 (see Figure 4). Continued monitoring of the Green Valley fault will 
help confirm its movement characteristics and rate and help determine if the Green 
Valley fault is actually the northwestward continuation of the Concord fault.
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11.2

Other faults- The Seal Cove fault (Site 7) and the San Gregorio fault (Site 8) have 
shown very little net slip (less than one millimeter per year) since November 1979 
and May 1982 respectively. However, both sites (especially Site 8) often show large 
variations in the amounts and directions of movement from one measurement day to 
the next.

Much subsidence and mass movement creep appear to be occurring both inside 
and outside the Antioch fault zone and it is probable that these nontectonic 
movements obscure any tectonic slip that may be occurring. Site 9 has shown 1.1 
millimeters per year of right-lateral slip since November 1982 and Site 11 has shown 
0.4 millimeters per year of left-lateral slip since May 1980.

Both Site 16 and Site 21 on the Rodgers Creek fault have shown very little net slip 
(less than one millimeter per year) since August 1980 and September 1986 
respectively. Seasonal and/or gravity-controlled mass movement effects are also 
present at both these sites and large variations occur from one measurement day to 
another. Site 16 had to be abandoned in early 1986 after 5.4 years of measurements 
because our line of sight became obscured.

Site 15 on the West Napa fault also shows large variations, but virtually no net 
movement has occurred since we began measurements in July 1980.

1989 Publication

Galehouse, J. S., Baker, F. B., Graves, O., and Hoyt, T., 1989, San Francisco Bay region 
fault creep rates measured by theodolite, in The San Andreas Transform Belt: 
Sylvestor, A. G. and Crowell, J. C., editors, 28th International Geological Congress Field 
Trip Guidebook T309, pp. 45-48.
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DEEP BOREHOLE PLANE STRAIN MONITORING 
14-08-0001-G1376

Michael T Gladwin,

Department of Physics
University of Queensland

St.Lucia, 4067
AUSTRALIA.

ACTIVITIES

1. Processing of the data from the five borehole tensor strainmeters installed in 
California (San Juan and Pinon Flat in 1983, and DonaLee, Eades and Frolich in 1986) 
has continued.

2. Regular analysis of the data from these sites is carried out. This analysis 
involves both monitoring of raw component data, and inversion of observed instrument 
deformations to obtain tensor strain components ea #  and ev .

3. Reports have now been provided to the Parkfield monthly review meetings 
since the start of 1988. The reports take the form of a series of plots for the most 
recent four month's data and commentary on any anomalous signals, including com­ 
parison with other data sets where justified.

4. Investigations in progress include: an analysis of a series of anomalous strain 
episodes in the Parkfied data; tidal calibration of Pinon Flat data by comparison with 
the adjacent laser strainmeter, tidal calibration of the instrument array at Parkfield; 
analysis of the strain step associated with the July 8, 1986 Palm Springs earthquake; 
comparison of the Pinon Flat data with the long term laser strain data, and comparison 
of San Juan data with long term dilatometer data from San Juan supplied by Dr.A. 
Linde of D.T.M.,Carnegie Inst.

5. Papers are under preparation on the tidal calibration of Pinon Flat data, Palm 
Springs earthquake data, and long term comparison of San Juan data,including analysis 
of the April 24, 1984 Morgan Hill earthquake data.

RESULTS

1. Sites instrumented in California are shown in figure 1. The 1983 installations 
are SJT at San Juan Bautista in the north and PFT (Pinon Flat) in the south. The 1986 
installations "DLT", "FLT" , and "EDT" are clustered at the southern end of Middle 
Mountain in the Parkfield region. There are DTM Sack's-Evertson dilatometers in 
close proximity at each site.

2. Calibration of the tensor strainmeter data involves a determination of both 
inclusion parameters c and d (Gladwin and Hart, 1985), and individual gauge factors. 
One method of analysis investigated employs a long term data set from the Pinon Flat 
laser strainmeter which was supplied by Drs. Wyatt and Agnew of UCSD. The laser 
data is first inverted to obtain predicted tensor components of the tidal strain field. The 
harmonic components of the predicted deformations from these strains including both 
amplitude and phase information are then least square fitted to the corresponding tidal 
deformation components observed in each gauge direction, allowing a best
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determination of the inclusion parameters c and d and the gauge factors. This pro- 
dedure is an improvement on previous work which has not allowed for variation in 
individual gauge response due to variations of coupling conditions along the instrument 
or to variations of the actual gauge factors. Laboratory tests have confirmed that 
gauge response can vary by up to 15 per cent.

3. By inversion of the static strain offset at Pinon Hat associated with the Palm 
Springs earthquake of July 8,1986 we have calculated the regional strain field at Pinon 
Flat. This field has been compared with predictions from dislocation modelling based 
on four different seismically-determined source models. This analysis has resulted in 
determination of some bounds on possible source parameters of the event. As an 
example of this process, figure 2a shows principal strain determinations in the Pinon 
Flat region derived from one particular model of the event with strike N60W, and Fig­ 
ure 2b shows those derived from our best fit for source parameters with strike N70W. 
Principal strains determined from the tensor strainmeter offset are indicated in both 
figures.

4. Anomalous strain episodes have been evident in data from the Parkfield sites 
during January, May and September 1988, and again in March 1989. These events 
occurring at only one site had been previously discounted as having minimal regional 
significance. However the March 1989 event, with strain changes of order 100 nanos- 
train, showed on two sites, DonaLee and Eades, indicating an event of significant scale 
length for the region. Within the event significant changes of gradient occurred nearly 
coincidently at the two sites on 26 March. As observed at Eades the event continued 
for nearly one month, considerably longer than at DonaLee where the event appeared 
to be completed after 10 days. The event was also observed on a creepmeter and on 
one of the nearby dilatometers. Modelling of the tectonic processes in this region is 
now under investigation, as is the variation of response of different instrument types to 
the episode. Figure 3 shows tensor components of the strain field at Eades and 
DonaLee, with both raw detrended data, and also derided data.

5. The long term strain accumulation at Pinon Flat is shown in Figure 4. Figure 
5 shows long term detrended area! and shear strain for San Juan. A reexamination of 
the long term San Juan data indicates that the similarity of shape first reported in the 
Spring 1986 AGU meeting has been maintained over the whole period. An analysis of 
the tectonic significance of this similarity is the subject of a paper under joint prepara­ 
tion with A.Linde.

PUBLICATIONS

Gladwin, M. T., High Precision multi component borehole deformation monitoring. 
Rev.SciJnstmm., 55, 2011-2016, 1984.

Gladwin, M.T., Gwyther, R., Hart, R., Francis, M., and Johnston, M.J.S., Borehole
Tensor Strain Measurements in California. J. Geophys. Res. 92. B8 pp7981-
7988, 1987. 

Gladwin, M. T. and Hart, R. Design Parameters for Borehole Strain Instrumentation.
Pageoph.,123, 59-88, 1985. 

Gladwin, M. T., Hart, R., and Gwyther, R. L. Tidal Calibration of Borehole Vector
Strain Instruments.EOS, (Trans. Am. G. Un.) 66, 1057, 1985.

Gladwin, M. T., Hart, R., and Gwyther, R. L. Continuous Regional Deformation 
Measurements Related to the North Palm Springs Earthquake of July 8, 
1986.EOS, (Trans. Am. G. Un.) 69 1432, 1988.

Gladwin, M. T. and Johnston, M.J.S. Strain Episodes on the San Andreas Fault follow­ 
ing the April 24 Morgan Hill, California Earthquake. EOS,(Trans. Am.G.Un.), 
65, 852, 1984.
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24, 1984, Morgan Hill and the January 26, 1986, Quiensabe earthquakes. 
EOS,(TransAm.G.Un.), 67, R 308, 1986.

Gladwin, M. T. and Wolfe, J. Linearity of Capacitance Displacement Transducers. 
J.ScJnstr. 46, 1099-1100, 1975.

Johnston, M.J.S., Gladwin, M.T., and Linde, A.T. Preseismic Failure and Moderate 
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with Moderate Earthquakes. Tectonophysics. 144, 189-206, 1987.

Johnston, M. J. S., Linde, A.T., Borcherdt, R.D.and Gladwin, M.T. Implications of 
High Resolution Strain Measurements prior to Moderate Earthquakes in Califor­ 
nia. EOS,(TransAm.G.Un.), 69 1423, 1988.

Johnston, M.J.S., Borcherdt, R.D., Glassmoyer, G., Gladwin, M.T., and Linde, A.T. 
Static and Dynamic Strain during and following January 26, 1986, Quiensabe, 
California, Earthquake. EOS,(Trans., Am. G. Un.), 67, 16, 308, 1986.

Johnston, M.J.S., Borcherdt, R.D., Gladwin, M.T., Glassmoyer, G., and Linde, A.T. 
Static and Dynamic Strain during the ML 5.9 Banning, California Earthquake on 
July 8, 1986. EOS,(Trans. Am.G.Union),68, 44, 1244 (1987).

Myren, G.D., Johnston, M.J.S., Linde, A.T., Gladwin, M.T. and Borcherdt, R.D. 
Borehole Strain Array near Parkfield, California. EOS (Trans. Am.G.Union), 68, 
44, 1358 (1987).
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\ 4ML = 6.5 (4/24/84)

\*ML = 5.5 (1/26/86) V '

(7/8/86)

ALTON

iao

BOREHOLE TENSOR STRAIN ARRAY

1. Borehole tensor strain sites in California. Sites DLT, EDT and FLT have 
downhole seismic instrumentation from other programs in boreholes within 
50 meters. Earthquakes which have produced significant signals are 
shown by the stars.
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PRINCIPAL AXES

f \-f~-V

2. Principal axis determinations in the region of Pinon Rat. Figure 2a is 
based on one seismically determined model, whilst Figure 2b is based on 
the best fit of earthquake parameters consistent with our data. In both 
figures, principal axes determined from our data are shown in a circle.
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3. Areal and shear strains for the DonaLee and Eades sites at Parkfield for 
the duration of the latest strain anomaly, detrended for the March 1 to 19 
period. Derided data is shown superimposed. Vertical scale is in nanos- 
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Areal strain, Pinon Flat (detrended) in Microstrain

198! 1986 1987

.Fj^at (detrended)

1988 1989

e!2 (Gamma2)

(ell-e22)/2 (Gammal) *

1985 1986 1987 1988 1989

4. Areal and shear strains for the Pinon Flat site since 1983, with a linear 
trend up to July, 1986 removed. The only significant change of shear strain 
gradient over the five years of data occurred at the July 8 1986 Palm 
Springs earthquake.

1000
Areal strain residual for San Juan (in Nanostrain)

1000

1985 1986
I

1987 1988 1989

Shear strain residuals for San Juan (in Nanostrain)

(ell-e22)/2 (Gammal)

e!2 (Gamma2)

1985 1986 1987 1988 1989

Areal and shear strains for the site SJT in Northern California, detrended 
and with an exponential (fitted to the data prior to the Morgan Hill earth­ 
quake of 24 April, 1984) removed from the shear data. Note that the 
offset and decay in January 1985 was due to extensive field testing and 
consequent heating of the in-situ instrument).
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TILT, STRAIN, AND MAGNETIC FIELD 
MEASUREMENTS

9960-2114
M. J. S. Johnston, R. J. Mueller, G. D. Myren

Branch of Tectonophysics
U. S. Geological Survey

Menlo Park, California 94025
415/329-4812

Investigations

[l] To investigate the mechanics of failure of crustal materials using data from 
both deep borehole tensor and dilational strainmeters and near surface 
strainmeters, tiltmeters, and arrays of absolute magnetometers.

[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

[1] SOURCE PARAMETERS OF THE OCTOBER 1, 1987, WHITTIER NAR­ 
ROWS EARTHQUAKE FROM CRUSTAL DEFORMATION DATA
Offsets in the regional strain field, generated by the October 1, 1987, Whittier 

Narrows earthquake, were recorded with large amplitudes on two deep-borehole 
dilational strainmeters at distances of 46.7 km and 65.5 km from the hypocenter 
and marginally on instruments at greater distances in the Parkfield area and at 
Pinon Flat, where laser extensometers also recorded small offsets. These data are 
insufficient to solve for the location and physical parameters of the earthquake, 
but by also using the measured elevation changes in the epicentral area, we are 
able to invert for source models consistent with all available observations of cru­ 
stal deformation. The source models obtained indicate that slip extends to a depth 
of about 30 km, well below the recorded aftershock zone. The requirement for 
deeper (and presumably aseismic) slip derives from the large negative dilatation 
experienced by the nearest strainmeter (PUBS) but high frequency data from the 
same site exclude any significant slow component of moment release. By ignoring 
PUBS we obtain a moment of about 0.7xl018 Nm on a fault that has a strike and 
dip of about N60'W and 40" down to the north, respectively, and extends to a 
depth of about 16 km. The most likely reason for the anomalous offset at PUBS 
appears to be sympathetic slip triggered on a nearby fault by the main shock. 
Precursive strain during the month prior to the earthquake is not apparent at the 
nanostrain level in the data from the closest instrument but the event was accom­ 
panied by a change in strain rate at the two nearer sites.
[2] ON THE FOCAL MECHANISM OF THE JULY 13, 1986, OCEANSIDE, 

CALIFORNIA, EARTHQUAKE
Independent observations of continuous crustal strain in a deep borehole near 

the San Andreas fault during the July 13, 1986, Oceanside MS 5.8 earthquake pro­ 
vide an opportunity to distinguish between tectonic models that have been sug­ 
gested for this event. On one hand, the model suggested by Hauksson and Jones 
(1988) from short-period (1 sec) surface seismic velocity data implies primarily 
reverse faulting on a plane striking NllO'E and dipping 50" to the south. The
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seismic moment, from Aki's (1987) moment-magnitude relation, is 9*1018 Nm. In 
contrast, the model suggested by Pacheco and Nabelek (1989) on the basis of 
inversion of data from the long-period instruments of the World Wide Standard­ 
ized Seismograph Network fWWSSN), suggests reverse faulting on a N47 <) W strik­ 
ing fault that dips 48° to tne northeast with a moment of 6*1017 Nm. Within the 
probable errors, these the two solutions could be different choices of the two possi­ 
ble focal mechanisms resulting when the earthquake is modeled as a point source 
double-couple. Hauksson and Jones (1988) argue for a south dipping fault since 
this is more consistent with the aftershock distribution. However, the aftershock 
locations do not clearly delineate either a south-dipping or a north-dipping fault 
and are dependent on the poorly known velocity structure for this area. On the 
other hand, Pacheco and Nabelek (1988) argue that a north-dipping northwest 
striking fault is more likely since it is consistent with the strike of other faults in 
the Continental Borderlands area.

A search through the suites of models that represent all reasonable perturba­ 
tions of the parameters for the models indicates that, without increasing the 
moment substantially, there is no way the Hauksson and Jones model could 
satisfy the strain data. The simplest conclusion on the basis of these strain data is 
that: 1) the moment of the July, 1986 Oceanside earthquake, was about 6*1017 
Nm and 2) the mechanism for the July 13, 1986 earthquake was a thrust on a 
NW striking fault consistent with that found by Pacheco and Nabelek (1988). 
However, the data do support their suggestion that rapid stress recovery occurred 
following the earthquake, as suggested by Hauksson and Jones (1988).
[3] LAKE LEVEL OBSERVATIONS TO DETECT CRUSTAL TILT: SAN 

ANDREAS LAKE, CALIFORNIA, 1979-1989
A pair of precision lake level gauging stations, installed in 1978, have been 

monitoring differential crustal uplift (crustal tilt) at San Andreas lake, California, 
near the suspected epicenter on the San Andreas fault of the M=8.3, 1906 San 
Francisco earthquake. The stations are installed in the lake with a 4.2 km station 
separation parallel to the San Andreas fault. The gauging stations use quartz 
pressure transducers which are capable of detecting intermediate to long-term 
vertical displacements greater than 0.4 mm in reference to the fluid surface. 
Differencing data from the two sites reduces the common-mode noise due to 
atmospheric pressure, temperature, and density changes, and isolates the relative 
level changes between the ends of the lake. At periods less than 20 minutes, the 
differenced data are dominated by seiches in the lake for which the fundamental 
mode has a period of 13±0.3 minutes. These seiche harmonics can be filtered or 
predicted and removed from the data. Wind shear, typically of several days dura­ 
tion, can generate apparent short term tilt of the lake and large seiche amplitudes. 
The tilt noise power spectrum obtained from these data decreases by about 15 
dB/decade of frequency. Monthly averages of the data between 1979 - 1989 indi­ 
cate a tilt rate of 0.02±0.08 microradians/yr (down S34°E). Insignificant vertical 
tilt has apparently occurred in this region of the San Andreas fault during the last 
decade as it is being rapidly strained in a horizontal direction at 0.6±0.2 
/istrain/yr.
[4] DEEP CREEP AND STRAIN

Surface observations of aseismic fault displacement (fault creep) exhibit 
episodic behavior (creep events) whose sources are typically limited in extent and 
complex in character. Strain data obtained near fault segments where these events 
are occurring indicate that they are triggered by deeper slip of longer duration. 
Numerous observations of simultaneous strain perturbations at the time of, and 
preceding creep events have been obtained in the Parkfield and San Juan Bautista 
sections of the San Andreas fault. In one example, on August 18, 1986, fault
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displacement of 1.5 mm was observed on a creep meter XGHl at Gold Hill near 
Parkfield, California. At this location, two borehole dilational strainmeters are 
installed at distances of 1.0 km and 1.35 km from the fault. Strain changes 
preceding and during the creep event have similar form but maximum amplitudes 
of 22 and 5 nanostrain, respectively. These data are consistent with a slip 
moment for the creep event of 2*1019 dyne-cm. If centered on the creepmeter, the 
patch that slipped could be several hundred meters square. During the previous 
two weeks, and at other times, strain transients of several hundred nanostrain 
occurred. The apparent rupture velocities obtained b> replicating the strain data 
with simple quasistatic models of the deep creep are about 1 km/day or less. 
These apparent deeper slip episodes could explain the general correspondence over 
periods of months between higher than normal average creep and higher rates of 
occurrence of moderate seismicity reported previously and are easily detected with 
a small 2-dimensional arrays of low-noise borehole strainmeters.
[5] ON THE USE OF VOLUMETRIC STRAIN METERS TO INFER ADDI­ 

TIONAL CHARACTERISTICS OF SHORT-PERIOD SEISMIC RADIA­ 
TION
Volumetric strain meters are installed at 15 sites along the San Andreas fault 

system to monitor long-term changes for earthquake prediction. Deployment of 
portable broadband, high-resolution digital recorders (GEOS) at several of the 
sites extends the detection band for volumetric strain to periods shorter then 
5xlO~2 seconds and permits the simultaneous observation of seismic radiation 
fields using conventional short-period pendulum seismometers. Simultaneous 
observations establish that the strain detection bandwidth extends from periods 
greater than 10~7 seconds to periods near 5xlO~2 seconds wit a dynamic range 
exceeding 140 dB. Measurements of earth strain noise for the period band, 107 to 
10~2 seconds, show that ground noise, not instrument noise, currently limits the 
measurement of strain over a bandwidth of more than eight orders of magnitude 
in period. Comparison of the short period, earth-strain noise spectra (20 to 5xlO~7 
sec) with average spectra determined from pendulum seismometers, suggests that 
observed noise is predominately dilational energy. Recording of local and regional 
earthquakes indicate that dilatometers respond to P energy but not to direct shear 
energy and that straingrams can be used to resolve superimposed reflected P and 
S waves for inference of wave characteristics not permitted by either sensor alone. 
Simultaneous measurements of incident P and S wave amplitudes are used to 
introduce a technique fro single-station estimates of wave field inhomogeneity, free 
surface reflection coefficients and local material velocity. Estimates of these param­ 
eters derived for the North Palm Springs earthquake (M w ) are 29°, -85% 1.71, 2.9 
km/sec, respectively, for the P wave, and 17% 79% 0.85, 2.9 km/sec, for the 
incident S wave. The empirical estimates of reflection coefficients are consistent 
with model estimates derived using an elastic half-space model with incident inho- 
mogeneous wave fields.
[6] BOREHOLE STRAIN ARRAY IN CALIFORNIA.

A network of 13 borehole dilatometers and 4 borehole tensor strainmeters 
along the San Andreas fault zone and in the Long Valley Caldera continue to be 
monitored and maintained. All instrument are installed at depths between 117-m 
and 324-m and all are between 1-km and 5-km from the surface trace of the fault. 
High frequency dilatometer data in the frequency range 0.005 Hz to 100 Hz are 
recorded on 16-bit GEOS digital recorders with least count noise of less than 
10~n . Lowfrequency data from zero frequency to 0.002 Hz are transmitted using a 
16-bit digital telemetry system through the GOES satellite to Menlo Park, Cali­ 
fornia where they are displayed in "almost real time" and continuously monitored 
with detection algorithms for unusual behavior. Least-count noise is about
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5*10~12 in the on-site digital recordings, about 2*10~n on the satellite telemetry 
high gain channels and about 1.2*10~9 on the satellite telemetry low gain chan­ 
nels. Earth strain tides, strain transients of which some are related to subsequent 
surface observations of fault creep, and numerous strain seismograms from local 
and teleseismic earthquakes with magnitudes between -1 and 6 have been 
recorded on these instruments. Strain seismograms are used to calculate the 
dynamic earthquake moments. Static moments and total earthquake moments are 
determined from the co-seismic strains and total strain changes observed with 
larger events.
[7] DIFFERENTIAL MAGNETOMETER ARRAY IN CALIFORNIA

Continued investigations of total field magnetic intensity measurements and 
relationships to seismicity and crustal strain along active faults in the Parkfield 
region and in southern California. The network consists of 9 stations of which all 
are sampled synchronously every 10 minutes and transmitted with 16-bit digital 
telemetry to Menlo Park, California, through the GEOS satellite. Data are moni­ 
tored daily with particular attention to the seven stations operating in the 
Parkfield region of central California.
[8] COMPARISON OF NEAR-FAULT MAGNETIC FIELD MONITORING ON 

THE SAN ANDREAS FAULT WITH SIMILAR DATA OBTAINED IN 
YUNNAN PROVINCE, AND NEAR BEIJING, CHINA.
The program of measurement involving arrays of differential magnetometers 

has been continued along faults near Beijing, China, and in Yunnan Province, 
China. These arrays were installed in 1980 and have been surveyed once or twice 
a year since then. Comparison of data from these areas with that obtained along 
the San Andreas indicate very similar noise limits in these three areas. In contrast, 
a very different response is observed at sites in the New Britain/New Hebrides 
region in the South Pacific. These differences appear to result primarily from lati­ 
tude effects and proximity to the equatorial ring current in the case of the South 
Pacific data.

Reports

Linde, A. T., and M. J. S. Johnston, 1989. Source parameters of the October 
1,1987 Whittier Narrows earthquake from borehole strain data, J. Geophysi­ 
cal Research (in press).

Johnston, M. J. S., 1988. Review of magnetic and electric field effects near active 
faults and volcanoes in the U.S.A., Physics Earth Planet. Int., (in press).

Borcherdt, R. D., M. J. S. Johnston, and G. Glassrnoyer, 1989. On the use of 
volumetric strainmeters to infer additional characteristics of short-period 
seismic radiation, Bull. Seis. Soc. Am., (in press).

Johnston, M. J. S., A. T. Linde, R. D. Borcherdt, and M. T. Gladwin, 1988. 
Implications of high resolution strain measurements prior to moderate earth­ 
quakes in California, Trans. A.G.U. v69, 1423.

196

Mueller, R. J., and M. J. S. Johnston, 1988. Large scale magnetic field perturba­ 
tion arising from the May 18, 1980, eruption from Mount St. Helens, Wash­ 
ington, Physics Earth Plan. Int. (in press).
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Silverman, Stan., Carl Mortensen, and Malcolm Johnston, 1988. A Satellite-based 
digital data system for low-frequency geophysical data, Bull. Seis. Soc. Am., 
79, 189-198.

Myren, Doug and Malcolm Johnston, 1989. Borehole dilatometer installation, 
operation and maintenence at sites along the San Andreas fault, California, 
U. S. Geological Survey Open File report (in press)

Davis, P. M., M. J. S. Johnston, J. Dvorak, and D. Dzurisen, 1989. Electric and 
Magnetic Field Measurements on Mount St. Helens Volcano at Times of 
Eruptions 1980-1985, J. Geomag. Geoelec. (submitted).
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GEODETIC STRAIN MONITORING

9960-02156

John Langbein 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/9.77
Menlo Park, California 94025

(415) 329-4853

Investigations

Two-color geodimeters are used to survey, repeatedly, geodetic networks within 
selected regions of California that are tectonically active. This distance measuring 
instrument has a precision of 0.1 to 0.2 ppm of the baseline length. Currently, the crustal 
deformation is being monitored within the south moat of the Long Valley caldera in eastern 
California, near Pearblossom, California on a section of the San Andreas fault that is 
within its Big Bend section and on Middle Mountain near Parkfield, California. Periodic 
comparisons with the prototype, two-color geodimeter are also conducted near Parkfield, 
California. These intercomparison measurements serve as a calibration experiment to 
monitor the relative stabilities of the portable and prototype geodimeters.

Results

1. Instrumental Problems

As discussed in the previous technical summary, one of the portable, two-color 
geodimeters had its electro-opitical modulator fail in early July, 1988. Fortunately, 
our second instrument could be used as a replacement. Subsequently, we repaired the 
modulator of the first, but the repair was short lived. To make the more recent data 
comparable to the older data, we need to accurately tie the measurements from the second 
instrument (#11) to those of the first (#21). Similarily, the few measurements from the 
repaired first instrument (#22) also need to be tied to the other data.

The frequently repeated line-length measurements from the Long Valley Caldera 
provide a good data set to compute the relative offsets of the three instruments. The 
key assumption is that the rate of extension on any given baseline is constant over the one 
year period spanning the instrument failures. Thus it is a simple task of simultaneously 
determining the secular rate and the offsets of instruments #21 and #22 relative to #11. 
The validity of the assumption of linearity can be checked by examining the ratio of the 
data misfit to the a prior error in the measurements. The RMS ratio is, on average, nearly 
equal to 1.0 for all 20 baselines used in this analysis.
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The results of computing the relative offsets between the instruments are shown 
in Figure 1. Here, the offsets relative to #11 are plotted as a function of line-length. 
Surprisingly, the offsets appear to be length dependent and bimodal, that is for baselines 
less than 4km, the measured lengths from #22 are 7mm longer than #11 and for lines over 
5km, the difference becomes 12mm. An arctangent function is used to characterize the 
offsets and the results of curve fitting are listed in the figure. We have used these functions 
to adjust the two-color measurements that are discussed in this report. We have found 
that the arctangent adjustment provides satisfactory results with the Parkfield calibration 
measurements Langbein (1989). However, these additional measurements at Parkfield may 
be able to refine the estimates listed in the Figure. We are currently looking for a electronic 
mechanism for these length dependent offsets.

2. Long Valley Caldera

The results of modeling both the two-color and geodolite measurements of deformation 
within and near the Long Valley caldera are shown in Figure 2. This model is an extension 
of the one presented by Langbein (1989) since this current model includes the data through 
April 1989, rather than ending in Sept. 1988. The model has 5 sources of deformation used 
to fit the data. Inflation of the resurgent dome is modeled using 2 Mogi point sources, one 
shallow and the second at 10km; a dislocation represents right lateral slip on a fault in the 
south moat; a very shallow, 0.2km, point source represents net fluid extraction at the Casa 
Diablo geothermal plant; and the last source is down-slope translation of the monuments on 
a glacial morraine on the south rim of the caldera. In terms of deformation of the caldera, 
the two inflation sources and the fault slip are the most critical. When examining these 
parameters, it becomes clear that the rate of deformation is still continuing to decrease. 
From Figure 2, it is apparent that the rate of slip in the south moat is nearly equal to zero 
over the past year. However, inflation continues at a slow rate. During the past several 
years, the inflation model has predicted 12mm/yr uplift of a point located 2km Northwest 
of Casa Diablo and within the resurgent dome. However, the modeling indicates that this 
uplift rate has decreased to 7mm/yr averaged over the past year.

The apparent decrease in rate is also evident in the raw line-length change data. Over 
the past 4 years, the baseline Casa-Krak has typically had extension rates in excess of 1 to 
1.5ppm/yr. However, the rate recorded on this baseline over the past year has decreased to 
0.45 ± 0.03ppm/yr. This particular baseline is most sensitive to inflation of the resurgent 
dome. The highest extension rate is now occurring on the baseline to Shark with an 
extension rate of 0.76 ± 0.04ppm/yr.

3. Anza Network

We now have 3 resurveys of a geodetic network near Anza, California. This network 
spans the San Jacinto fault in the area between Thomas Mountain and Table Mountain 
and consists of 14 baselines having an average length of 7km. Based upon the 3 resurveys 
made between November 1987, and April 1989, the tensor strain rates are as follows.
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Eee = 0.43 ± 0.10 ppm/yr

Eee = 0.04 ± 0.07ppm/yr

Enn = -0.44 ± 0.08 ppm/yr

Since the maximum tensor shear strain comes to 0.4ppm/yr and is oriented N45W, 
it becomes necessary to test whether shallow, surface slip could be occurring on the San 
Jacinto which could inflate the estimate of shear strain. However, tests of models using 
surface slip reveal that the addition of surface slip as a parameter does not significantly 
reduce the residuals of the strain model to the observations.

In contrast to the high shear strain recorded at Anza, the two-color measurements 
of strain at Pinon Flat over the same interval indicate less than O.lppm/yr accumulation. 
Qualitatively, the high shear strain record on the San Jacinto and the low rate at Pinon 
Flat located 20km from the fault is similar to the shear strain profile documented by King 
and Savage (1983) for their geodolite network that straddles that area. However, the shear 
strain 0.4ppm/yr that we record at Anza appears to be inconsistent with the older data 
from King and Savage (1983) where they have inferred 0.2ppm/yr for their baseline that 
straddle the fault. Since the apperture of the geodolite network is roughly 3 to 4 times 
that of the two-color network, we might expect that the geodolite network could record less 
shear than the shorter range .two-color network if slip on the San Jacinto fault is occurring 
near the surface.

4. Parkfield

A paper discussing the two-color geodimeter measurements at Parkfield is nearly ready 
to be submitted to JGR. The conclusions were briefly discussed in the previous technical 
summary.

Reports

Langbein, J., The deformation of the Long Valley caldera, eastern California, from mid- 
1983 to mid-1988; measurements using a two-color geodimeter, submitted to Jour. 
Geophys. Res. 94, 3833-3849,1988.

Figure Captions

Figure 1. Results of computing the offset in length scalles of instruments #21 and 
#22 relative to #11. The curves represent a best fit to the inferred offsets. As discussed 
in the text, the offsets were computed on the basis that each baseline has been extending 
a constant rate for the one year period covering measurements using all three instruments.

Figure 2. Results of modeling the observed length changes in both the two-color and 
geodolite networks within and near the Long Valley caldera. The model parameters are 
discussed in the text and in Langbein (1989).
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Microearthquake Data Analysis 

9930-01173

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

345 Middlefield Rd., MS 977
Menlo Park, CA 94025

(415) 329-4781

Investigations

The primary focus of this project is the development of state- 
of-the-art computation methods for analysis of data from 
microearthquake networks. For the past six months I have been 
involved in:

(1) A project called "Investigation of signal characteristics of 
quarry blasts, nuclear explosions, and shallow earthquakes for 
regional discrimination purposes" for the Defense Advanced Research 
Projects Agency. The objective is to collect high-frequency 
seismic data generated by quarry blasts, controlled explosions, and 
shallow earthquakes, to study their signal characteristics, and to 
develop a method to discriminate between these three different 
sources. A carefully designed series of explosions and quarry 
blasts took place in October-November of 1988. The most difficult 
one being a controlled explosion in a 300-foot deep hole coupled 
with a quarry blast near the surface. An extensive set of high- 
quality data at a spacing of about 100 meters for ten blasts and 
explosions, and about 500 meters for a few earthquakes was 
obtained. This data set will allow us to quantify the signal 
characteristics of quarry blasts, earthquakes, and explosions. In 
addition, it provides a unique opportunity to do a detailed 3-D 
tomographic inversion for crustal structure which we can compare 
with drilled hole data and detailed geologic mapping.

(2) As a side product of the quarry experiment, I developed a low- 
cost data acquisition system capable of digitizing at up to 1,000 
samples per second in the field, or performing data acquisition, 
processing, and analysis for a small telemetered network. This PC- 
based system is a significant step towards inexpensive and reliable 
digital seismic system for everyone to use. In fact, the system 
was quickly cloned by several groups through word of mouth. At 
present, 12 units are operating successfully in eight sites (from 
Alaska to Antarctica), and another ten units will be online soon.
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Reports

Phillips, W. S., Lee, W. H. K., and Newberry, J. T., 1988, Spatial 
variation of crustal coda Q in California, PAGEOPH, v. 128, 
p. 251-260.

Lee, W. H. K., Tottingham, D. M., and Ellis, J. O., 1988. A low- 
cost PC-based seismic data acquisition and processing system. 
(Abstract), EOS, v. 69, p. 1321.

Lee, W. H. K., Tottingham, D. M., and Ellis, J. O., 1988. A PC- 
based seismic data acquisition and processing system, U. S. 
Geological survey, Open-File Report 88-751, 31 pp.

Aviles, C. A., and Lee, W. H. K., 1988. Amplitude decay with 
distance for northern California quarry blasts and earthquakes 
(Abstract), EOS, v. 69, p. 1332.
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Parkfield Prediction Experiment 

9930-02098

Allan Lindh, Andrew Michael, and John Estrem
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. Coordination of activities in the Parkfield Earthquake Prediction Experiment.
2. Seismological research associated with the Parkfield Earthquake Prediction Experiment.
3. Analysis of USGS coda-duration measurements for magnitude determination.

Results
1. A Real-time earthquake prediction experiment is underway at Parkfield.
2. The mechanics of the San Andreas fault at Parkfield and the Calaveras Fault near San Jose are 

better understood.

Reports
Michael, A.J., 1988, Temporal changes and spatial consistency in the Parkfield, California, Seismicity, 
abstract, EOS, v. 69, 1311.
Oppenheimer, D.H., B.H. Bakun, and A. G. Lindh, 1989, Recent slip behavior of the Southern 
Calaveras Fault, California, and the prospect for future earthquakes, submitted Journal of Geophysical 
Research.

Attachments:
Following are the synopsis firom each of the monthly Parkfield Data Review meetings held during the 
reporting period.
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OCTOBER 1988 PARKFIELD DATA SUMMARY

There were 25 located earthquakes in the Parkfield area in October, twenty of these 
event were northwest of Middle Mountain. Only one event occurred at Middle 
Mountain (5.7 km deep, just above MM3 zone). Two events located 12 km west of Middle 
Mountain, both 9 km deep. A M=3.Q event occurred near Gold Hill on October 23. 
causing a D-level alert (>M=2.5 in Parkfield boxl The rate of activity in October was 
normal compared to the rate during the past year at the M=1.0 level or to the rate 
during the past eight years at the M=1.5 level.

Creep events at XMM1 (Middle Mt.) and XMD1 (Middle Ridge) creepmeters on October 3 
coincided with a 24 cm water level drop in the Wmma deep water well on Middle Mt.. 
producing a C-level alert. A 0.56 mm RL creep event occurred on 10/25 at XMM1.

There were no alerts due to changes in the two-color data although lines to HOG-S and 
LANG showed significant positive extension-rate departures from long-term 
background rates during early October, while the line to NORE continued an 
unusually high, steady contractional trend for the sixth straight month. Generally 
weak signal returns were attributed to poor air quality and possibly the need for an 
instrument tune-up.

Another survey of the Parkfield networks was completed by John Langbein's 
terrameter crew. As expected, the largest signal was the 15-16 mm/yr slip on the San 
Andreas Fault.

There were two strain events in October. One transient was recorded at a surface 
extensometer (CLS1) and appeared to be due to the creep event of the same day. The 
second was a result of the M=3.0 earthquake under Gold Hill. The event produced 
strain steps on the Gold Hill dilatometers of about 1 nanostrain and 0.5 nanostrain, 
respectively.

Large intermittent spikes in the hydrogen and radon data were due to power failures. 
The difference in recovery rates of the two gases in addition to out of phase diurnal 
variations suggest a correlation between atmospheric pressure and atmospheric 
hydrogen and water radon concentrations.

Nine events within the Parkfield box were recorded on the GEOS network during 
October. The largest, a M=2.98 centered near Gold Hill, was recorded at nine stations. A 
relatively large (M=6.0) NTS shot triggered seven stations.

There was no unusual activity in the tiltmeter or magnetometer data during October.
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NOVEMBER 1988 PARKFIELD DATA SUMMARY

There were 20 events in the Parkfield area in November. Eleven of 
these were northwest of Middle Mountain, seven were in the MM 
alert box, and two were southwest of Middle Mountain. A M=2.09 
event on November 10 at 1252 GMT relocated 11.7 km deep in the 
MM3 zone: it caused a D-level alert. Magnitudes of all events in 
November were in the range M=l.2-2.4.

Concurrent with rainfall, XSC1 (Slack Cyn) recorded a left-lateral 
step, XVA1 (Varian) began recording left-lateral movement, and on 
the trace monitored by XMD1 (Middle Ridge), fault creep has 
apparently ceased for the time being. There were no unusual signals 
in the Parkfield creep data for the remainder of the month.

There were no unusual or unexpected signals in any of the remaining 
instrumentation in Parkfield during November.

Regarding the Varian-Phillips well, the originally suspected leaks 
have been confirmed and isolated. In the process, another and larger 
leak path was discoveded. It appears quite feasible, however, given 
some time and a bit of money, to fix this second, and hopefully final, 
leak.
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DECEMBER 1988 PARKFIELD DATA SUMMARY

There were 20 events in the Parkfield area in December. Thirteen of 
these were northwest of Middle Mountain, four were in the 
northwest end of the MM alert box, and three were southwest of 
Middle Mountain. All but three events occurred during the first two 
weeks of December. Magnitudes were in the range: 0.5-1.6.

There were no unusual or unexpected signals from the creepmeters, 
tiltmeters, magnetometers, strainmeters or water wells other than 
those due to rainfall. The two-color laser geodimeter continues to 
have difficulty making measurements. The problem, originally 
thought to be due to poor atmospheric conditions, may in fact be due 
to misalignment of the optics.

New radon monitoring instrumentation has been installed by Dr. H. 
Wakita of the University of Tokyo. In addition to adding a 
barometric pressure monitor, a new telemetry system was also 
installed which will transmit data for radon concentration, water 
temperature, and flow rate.
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JANUARY 1989 PARKFIELD DATA SUMMARY

There were fourteen events in the Parkfield area in January. Nine of 
these were northwest of Middle Mountain, one was in the middle of 
the MM3 alert box, llkm deep, and four were southeast of Middle 
Mountain. Magnitudes of all events ranged between 0.6 and 2.1. 
The M=2.1 event was near Gold Hill. The rate of event occurrence in 
January was relatively low.

There was a 0.28 mmRL creep event on January 1 at XMD1 (Middle 
Ridge) which was followed approximately an hour later by a 0.76 
mmRL creep surge at XVA1 (Varian), 3.1 km to the southeast. This 
surge was followed about 30-40 minutes later by a small drop in 
water level in the Middle Mountain deep well, approximately 1.85 km 
northwest of XMD1. There were no alerts issued.

There were no unusual or unexpected signals from the tiltmeters, 
magnetometers, or strainmeters. The two-color laser geodimeter 
continues to have difficulty making measurements. The few data 
that have been collected show no unusual signals.

There were small hydrogen events at HMM1 (Middle Mt) on Jan. 5 at 
HGH1 (Gold Hill) on Jan. 17 and 24. However, these events were not 
duplicated by newly installed sensors located 50 feet from the older 
sensors at both sites.
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FEBRUARY 1989 PARKFIELD DATA SUMMARY

There were twenty three earthquakes in the Parkfield area in February. 
Twelve of these were northwest of Middle Mountain, seven were 
clustered at the southern end of the MM alert box, and four were 
southeast of Middle Mt. Magnitudes ranged between 0.7 and 2.0, 
depths from 1.1 to 11.9 km.

There were two creep events during February, one of which was 
accompanied by a simultaneous water level drop in the Middle 
Mountain deep well. The first creep event, a 0.78 mmRL event at 
XMM1 (Middle Mt.). occurred on February 6 and was coincident in time 
with a 15 cm water level drop in the deep interval of the Middle 
Mountain deep well and a 5.6 cm drop in the shallow interval of the 
same well. Although each event triggered a D-level alert for its own 
network, combination water level drops and creep events at Middle Mt. 
instruments have become common enough to preclude the two D's being 
added together to make a C level alert. The second creep event, 0.33 
mmRL, occurred on February 23 at CRR1 (Carr Ranch)

There were no unusual or unexpected signals from the tiltmeters, 
magnetometers, or strainmeters.

The two-color laser geodimeter continues to have difficulty making 
measurements. Repairs have been made to the instrument and more 
data is being collected than was previously possible. The few data that 
have been collected show no unusual signals except what was attributed 
to the faulty blue laser (e.g. lines Mid-E, Todd, and Pitt).

There were no radon or hydrogen events during February. The radon 
monitoring has continued to be disrupted by frequent power failures 
due to testing of the backup power supply.

A special congratulations to Duanne Hamann who was recently awarded 
the John Wesley Powell award from the Secretary of Interior for his 
contributions to the USGS Parkfield Earthquake Prediction Experiment. 
The only other recipient of the award this year was National Academy 
of Science member and Chairman of the Dept. of Geography and 
Environmental Engineering at John Hopkins University, Dr. M. Gordon 
Wolman.
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MARCH 1989 PARKFIELD DATA________

There were eighteen events in the Parkfield area in 
March. Twelve of these were northwest of Middle 
Mountain, five were in the MM alert box, and one was 
southeast of Middle Mt. Magnitudes ranged between 
0.0 and 1.8, depths from 0.2 to 10.4 km.

There were two creep events during March. The first, 
a 0.88 mmRL event at XMM1(Middle Mt.) on 3/19. 
triggered a D-level alert by exceeding 0.5 mm in 30 
minutes. The Carr Ranch creepmeter (CRR1) recorded a 
2.4 mmRL event lasting over 5 days; no alert 
threshold was reached.

The two-color laser geodimeter is gradually moving 
back into full operation. To clarify last month's 
report, problems with the instrument's blue laser 
have affected only the frequency of measurements, not 
data quality. To the extent that lines have been 
measurable, results are reliable.

A D-level alert was triggered by a strain event at 
the Red Hills dilatational strain meter. The event 
was not seen on the closest instrument to this site 
(Jack Cyn), which is across the fault from the Red 
Hills instrument. However, only one past event has 
been detected simultaneously at the Jack Cyn and Red 
Hills instruments.

It was an uneventful month for the tiltmeters and 
magnetometers, as well as for water level, radon, 
and hydrogen measurements.

- J. Estrem
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14-08-0001-G1375

P. E. Malin
Institute for Crustal Studies,

University of California,
Santa Barbara, CA93106

(805) 961-3520

SUMMARY OF CURRENT RESULTS: Microearthquake data from the Parkfield 
downhole seismometer network on the San Andreas fault appear to outline two 
aseismic asperities that may correspond to the locations of the foreshocks and 
main shocks of the Parkfield characteristic earthquakes (Figures 1 and 2). The 
source parameters of the microearthquakes show that a small fraction of the 
earthquakes have significantly higher stress drops than most (Figure 3). 
Furthermore, the magnitude-frequency statistics suggest that at local magnitude 
0.6, the cumulative number of small events begins to fall off the usual 
Gutenberg-Richter (b = -1) relation (Figure 4).

BACKGROUND: The aftershocks of moderate to large earthquakes tend to cluster 
around the edges of the main event slip zone, which presumably was a strong 
point on the associated fault (Cockerham and Eaton, 1987; Mendoz and Hartzell, 
1988). This observation has led to the suggestion that microearthquake events 
should cluster around the asperities on which recurring or characteristic 
earthquakes take place.

The seismically quiet patch between Middle Mountain and Gold Hill 
corresponds generally to the zone of low creep seen in creep and geodetic data 
(Harris and Segall, 1987) and to the strong-motion slip plane of the 1966 
Parkfield (M=5.9) earthquake (Liu, 1983), which began under Middle Mountain 
and ruptured the San Andreas fault toward the southeast (Figures 1 and 2; Bakun 
andMcEvilly, 1985). The 1966 event was preceded by four smaller foreshocks, 
all of which appear to have been centered a few kilometers to the north of Middle 
Mountain (Lindh and Boore, 1981). The largest foreshock (M=5.1) ruptured the 
fault to the northwest.

On the basis of opposite first motions as observed at Gold Hill, Lindh and 
Boore proposed that the 1966 foreshocks and main shocks took place on different 
fault segments which have strikes that are misaligned by 5°, with the 
northwestward segment rotated counterclockwise with respect to the southeastern 
segment (Lindh and Boore, 1981). We propose that this northern segment 
corresponds to the aseismic patch north of Middle Mountain. If so, we have 
identified both the main shock and foreshock asperities at Parkfield (Figs. 1 and 
2). Both asperities are outlined not only by the background seismicity but by a 
number of high-stress-drop events that occur on their edges.

The relative magnitudes, corner frequencies, and depths of the Parkfield 
microearthquakes do not appear to be systematically related (Figure 3). The
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magnitude-depth threshold for complete detection by the DDSN appears to be 
MTJSGS = 0 at 12 kms. After all events located beyond the perimeter formed by 
the A/USGS ^ 0 events are eliminated, the cumulative magnitude-frequency 
statistics of the remaining events falls off the standard b--l slope at roughly 
A^USGS =0-6. At A/USGS = 0 we are detecting only half the number of 
microearthquakes that should be expected based on the standard Gutenberg- 
Richter relation. Given that we restricted our sample volume to ensure 
completeness at this magnitude, it appears that the standard b=-l relation may not 
be valid along this section of the San Andreas.

We propose that this character of the microearthquakes is related to the 
locking up of the San Andreas fault in this region. Our proposal comes from the 
fact that as events from the creeping fault section northwest of the network are 
progressively eliminated, the departure from b--l is progressively larger (Fig. 
4). In our model, slip at any point on the fault is a combination of earthquake 
ruptures and creep, the relative proportion of which might account for the relative 
numbers of small and large microearthquakes. Perhaps at locations where the 
fault is strong over longer times and distances, such as at the Parkfield asperities, 
small displacements are mostly expressed as creep events over large planes. At 
locations where the fault is easily broken over shorter distance and time scales, 
small microearthquakes can take place as well as creep, as seems to be happening 
to the north of Parkfield.

REFERENCES AND NOTES: The Parkfield Downhole Digital Seismic Network 
(DDSN) has been a joint effort between the University of California, Santa 
Barbara; the University of California, Berkeley; and the United States Geological 
Survey. After prototype downhole stations at Parkfield were tested in 1984 and 
1985, construction of the DDSN was begun in 1986 and completed in 1987. 
Except for the Joaquin South (JS) and Varian (VA) sites, all the stations consist 
of gimbal-leveled 3-component, 2-Hz Mark Products L22E seismometers 
cemented into roughly 75 to 275 m deep boreholes. At JS, 4.5-Hz phones were 
installed at 150 m; at VA, the same were installed every few hundred meters to a 
depth of 1 km.
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R. S. Cockerham and J. P. Eaton, in The Morgan Hill, California Earthquake of
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SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA

14-08-0001-G1703

T.V.McEvilly, R. Clymer, T.Daley, Wm FoxaU, E. Karageorgi, A. Michelini
Seismographic Station

University of California
Berkeley, CA 94720

415/642-3977

Introduction
Three programs of seismic wave measurements continue: Earthquake recording with the high- 
resolution seismic network (HRSN), begun in December, 1986; controlled-source monitoring 
with HRSN, begun in June, 1987; and controlled-source monitoring with the Varian well verti­ 
cal 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 resolution, 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 1), 
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 eliminated sensors below 968m. There is no indication of further loss. 
The original November, 1987 tests provide a 'benchmark' vertical seismic profile (VSP) using 
the full string. The remaining instruments are adequate to proceed with all the proposed uses 
of the VWVA. The array is recorded on a Sercel 338 96-channel reflection system.
We have come through an initial period in these studies of concentration on field acquisition 
and routine data reduction. These areas are now routine and relatively trouble-free, and our 
focus is now on development of scientific analysis tools.

Investigations
1) Earthquakes. Local microearthquakes of magnitude about -1 to about +1.8 are continuously 
recorded. An improved velocity model and location procedure have been developed, which 
will allow analysis with high precision of all earthquakes in this area. Relocated events will 
then be used to study failure processes, fault zone structure, and material properties within the 
Parkfield nucleation zone.

2) Controlled-source monitoring with HRSN. The nucleation zone is illuminated on a nominally 
monthly schedule by the UCB shear-wave vibrator operated at eight source sites (Figure 1), 
generating three shear-wave polarizations at each site. Preliminary data reduction is accom­ 
plished at the University of California's Lawrence Berkeley Laboratory (LBL). Data analysis 
procedures are being developed to detect changes in velocity, attenuation, and anisotropy.
3) Controlled-source monitoring with VWVA.
  Analysis of local anisotropy and velocity structure using short-offset VSP's.
  Monitoring of seismic parameters by monthly illumination of the array from several source 

sites.
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Results
1) Earthquakes.

We have developed a three-dimensional velocity model for both P and S velocities in the 
Parkfield nucleation zone. To fully exploit the high accuracy of the travel time readings 
recorded by the HRSN, we have implemented Thurber's (1983) joint hypocenter/velocity inver­ 
sion algorithm with the ray tracer of Prothero et al. (1988). The ray-coverage allows us to 
determine the velocity structure within a volume 20km long, 10km wide and 15km in depth 
aligned along the strike of the San Andreas and centered at the 1966 Parkfield mainshock epi­ 
center. A total of 75 microearthquakes (513 P and 235 S arrival times), selected according to 
the quality of their phase onsets, were used for the joint inversion. We used Vibroseis data to 
constrain the velocity models at shallow depths. Starting from a one-dimensional velocity 
model, we systematically increased the number of velocity nodes used in the inversion, basing 
our choice on the variance reduction of the final solution. The final average rms of the hypo- 
central locations is approximately 34 ms and was obtained with a grid mesh of 144 free nodes. 
Our preliminary analysis suggests that: 1) There is a strong ( = 20%) lateral velocity contrast 
across the fault trace for both P and S velocities (Rg.2). Higher velocities are resolved in the 
SW Salinian block and lower ones in the Franciscan to the NE; 2) We image a low velocity 
zone for both P and S directly below the surface fault trace. The S low-velocity zone is more 
pronounced, which results in an anomalously high Vp /V, ratio within the fault zone (Fig.3c); 
3) We locate a high-velocity body ( Vp =6.6 km/s) SW of the fault at a depth of about 6 Km 
(Fig.2). This body is present only to the SE of the 1966 main shock, and it may delineate a 
structural and/or material change in the fault zone related to the nucleation zone of the 
Parkfield earthquakes, as discussed below.
The 3D inversion improves the location resolution of hypocenters located within the Parkfield 
network by about an order of magnitude over the Calnet locations. In particular, the clustered 
nature of the seismicity is brought into sharp focus. As described in the Oct, 1988 report, we 
are able to determine the relative locations of the very similar earthquakes that are contained in 
many of these clusters to within an estimated 20m. The high-resolution overall picture of the 
nucleation zone seismicity enables us to reliably identify such clusters of similar earthquakes 
for detailed analysis, as well as being used directly to investigate fault zone properties and 
behaviour. Figure 3a relates the seismicity to the inter-event slip rate contours of Harris and 
Segall (1987). Intense shallow seismicity within the creeping segment to the NW contrasts 
with the almost aseismic locked segment denned within the lOmm/year contour to the SE. The 
Parkfield nucleation zone itself is at the transition between the creeping and locked segments, 
as defined by slip rate, seismicity and, as suggested above, by fault zone structure and material 
properties. Fig.Sb indicates that Poisson's ratio within the nucleation zone is anomalously 
high, which is perhaps direct evidence for the influence of fracture density and pore water on 
the nucleation process. Earthquakes within the nucleation/transition zone occur within three 
distinct depth ranges down to about 11 km. The zones of anomalously high and low Vp /Vs 
are aseismic; in particular, it is intriguing to speculate that the volume 1-2 km in radius sur­ 
rounding the 1966 hypocenter may be the mainshock asperity. Figure 3c indicates that 
whereas the Vp /Vs anomaly is centered directly below the surface fault trace, the seismicity is 
concentrated to the SW, and appears to follow the trend of the maximum lateral gradient in 
V /Vv pi v s

Future work includes further refinement and testing of the above preliminary results and their 
interpretation in light of theoretical and experimental fracture mechanics. We are now ready to 
begin the analysis of the information contained in the whole waveform. We intend both to 
map structural and material characteristics of the fault zone, such as attenuation and scattering, 
and to investigate rupture processes by studying the source mechanics and space-time
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behaviour of the microearthquakes and the tectonic stress field.
2) Controlled-source studies - HRSN. Eighteen data sets have now been acquired over a 
nearly two-year period. Routine, preliminary data reduction (editing, stacking, correlation) 
with SierraSEIS software is now efficient and relatively trouble-free, and can be accomplished 
in a few days after acquisition. New data are being reduced each month; the backlog of unre­ 
duced data is being gradually reduced.
Our basic reduced data sets are "time gathers": one source, one receiver, gathered across time. 
There are 720 possible time gathers which could be updated and analyzed each month. Several 
analysis tools are being developed to reduce as automatically as possible this large data set to a 
few key, robust parameters.
  We have developed an efficient windowing and cross-correlation/cross-spectral procedure to 

analyze relative travel-time changes within fixed windows. Figure 4 shows the results of 
applying this procedure to several receiver (time) gathers for one source polarization at 
source position eight. Travel times are stable to a few milliseconds.

  A somewhat different procedure is being developed to slide the correlation window, and 
thus use the entire trace rather than a few chosen fixed windows.

  Frequency-domain analysis, based on ratios of amplitude spectra, will be used to monitor 
attenuation.

  Particle motion eigenvector decomposition procedures have been developed to detect and 
monitor anisotropy. Plots of decomposition parameters - the direction of maximum linear 
motion and the linearity of motion - are stable to a few percent for the direct shear-wave 
arrival.

  The efficacy of so-called "trace attributes", e.g., instantaneous phase and instantaneous fre­ 
quency, will be examined.

3) Varian well.
Analysis of the initial VSP studies from November of 1987 has been completed, and results 
will be submitted for publication in the next few months. Shallow shear-wave anisotropy is 
clearly measureable, with waves polarized perpendicular to the fault trace being slower. 
Anisotropy of about 10% is indicated south-west of the well (toward the San Andreas fault), 
and only a few percent north-east of the well. Repeated observations show the anisotropy to 
be stable over time.
The anisotropy measurements from the 365m gate offset are being modeled at LBL using a 3- 
D anisotropic raytracer with synthetic 9-component VSP capabilities. The goal is to find an 
equivalent transversly isotropic medium which can match the Varian well observations. A 
one-time-only multi-azimuth VSP survey is being planned to provide better azimuthal control 
of the anisotropy measurements. Data from the other vibrator sites will be used to give more 
complete azimuthal coverage.
The VWVA was incorporated into the monthly monitoring beginning in June, 1988, using the 
nearer HRSN vibrator sites (sites 2, 3, 4 and 8, Figure 1) and the 365-m VSP offset.
The input panel for the sensor string has been rewired to allow signals to be shared by our 
recording system and a u,VAX operated by UC Santa Barbara to continuously record 
microearthquakes.
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RELATIVE TIME DELAYS - AVERAGE REMOVED 
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P. CAD

10 -

.10 -

-20
- V i'o 'tio'jio

S.CAD
20

10 -

.10 -

>20
o io

20

10 -

0 -

-10 -

-20

M. CAO

o lo tie 2to J*o 4io lio  

p. FRO

10 -

0 -

.10 -

-20

S. FRO

o' »'o 'tio'jio lie 4*0 iio  

20

10 -

-10 -

-20
o io

20

10 -

0 -

-10 -

-20
*0

M. FRO

9 10 lio 2*0 JiO 4&0 »40  

P. JCN $. JCN

10 -

-10 -

-20

20

10 -

0 -

.10 -

o 10 'ilo'jfto'iio^to'tio'ti o 

P. MUN

-20

M. JCN

-i o' i'o 'lio'iio'jio^io'iio't o

20

0 -

-10 -

-20
o 10 iio 2*0 Jto 4*0 lie ti o

S. MUN

10 -

0 -

i o' »'o 'ilo'aio'jio^io'iio'r o *

20
M. MMN

10 -

I ':

-20
-*0 10

1987 1988

  I 0

20

10 -

0 -

-10 -

-20
-io 10 sio ti o

1989
CLAPSCO DAYS
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and for an 8-9 sec event. The common source was site 8. Estimated patterns of 
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trace lJuly, I9o/;.

340



II.2

EXPERIMENTAL TILT AND STRAIN INSTRUMENTATION

9960-01801

C.E. Mortensen 
Branch of Tectonophysics

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

(415) 329-4856

Investigations

1. There are currently 132 Data Collection Platforms (DCP's) that transmit a variety of 
data through the GOES-6 spacecraft to the Direct Readout Ground Station (DRGS) 
in Menlo Park. Fifty-one of these DCPs transmit data at 10-minute intervals on an 
exclusively assigned random channel, which is being utilized under a special agreement 
with NESDIS. The remainder of the DCPs report at standard 3 or 4-hour intervals as 
assigned by NESDIS. This system transmits data from all types of low-frequency 
instruments including dilatometers, creepmeters, strainmeters, water-level meters, 
magnetometers, tiltmeters, and related measurements.

2. A system to backup the satellite telemetry system with non-volatile, solid-state 
memory and dialup or dedicated telephonic communications path has been developed. 
Included in this system is the capability to lock the DCP timing to a radio time 
standard. This feature will enable more efficient utilization of the assigned satellite 
bandwidth. This system is known as the Companion because of its interfacing role 
with satellite DCP's. The first five production models have been delivered and are 
currently being packaged for field use prior to testing and deployment.

3. A system has been developed that utilizes the emergency interrogate capability of 
GOES to switch the Sutron 8004 DCP to rapid reporting at random, frequent intervals. 
This adaptive random reporting will be interfaced with the Parkfield alert systems to 
test the feasibility of utilizing adaptive random reporting in earthquake prediction 
monitoring applications.

4. Networks of tiltmeters, creepmeters and shallow strainmeters have been maintained in 
various regions of interest in Califorina. A network of 14 tiltmeters located at seven 
sites monitor crustal deformation within the Long Valley caldera. Roger Bilham of 
the University of Colorado and John Beavan of Lamont-Doherty have installed a very 
long baseline tiltmeter in Long Valley. This project is providing three DCP's to collect 
the data and return it to Menlo Park via GOES satellite. We also monitor the data 
received to keep track of deformation within the caldera, comparing results frequently 
with the USGS tiltmeter array. Other tiltmeters are located in the San Juan Bautista
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and Parkfield regions. Creepmeters located along the Hayward, Calaveras and San 
Andreas faults between Berkeley and the Parkfield area are maintained in cooperation 
with the Fault Zone Tectonics project. A shallow strainmeter is located near Parkfield, 
while observatory type tiltmeters and strainmeters are sited at the Presidio Vault 
in San Francisco, and a tiltmeter is installed in the Byerly Seismographic Vault at 
Berkeley. Data from these instruments are telemetered to Menlo Park via the GOES 
satellite.

5. A short-haul telemetry system has been assembled from commerically available 
modules to acquire data from the tiltmeter that monitors rotational changes in the 
MIDE reflector pier of the two-color laser system at Parkfield. Components for 
additional pier tilt monitor sites are being assembled.

6. A system for remotely rezeroing and clamping a tiltmeter installed in a deep borehole 
is being developed, and two deep-borehole tiltmeters are being assembled.

342



11.2

Analysis of Crusted Deformation Along the Southernmost Segment
of the San Andreas Fault System, Imperial Valley, California:

Implications for Earthquake Prediction

14-08-0001-G1679

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 available geodetic observations in conjunction 

with other geophysical and geological information to investigate contemporary 
tectonic processes along the southernmost segment of the San Andreas fault 
system. Our primary effort during the present contract period has involved 
planning and carrying out a Global Positioning System survey in the Imperial 
Valiey-Salton Trough region, and continuing analysis and interpretation of 1986 
and 1988 GPS measurements in this area. This work is being done in 
collaboration with National Geodetic Survey, Lamont-Doherty Geological 
Observatory, and Caitech with supplemental support from the NASA Crustal 
Dynamics Project.

RESULTS
The principle accomplishments of the March 1989 GPS experiment were:

(1) Reobserved a dense network of GPS sites established in the Imperial Valley 
in 1986/1988 by NGS and MIT in order to continue developing a history of 
the spatial and temporal distribution of strain in this critical area.

(2) Established direct GPS ties to "new" sites located along the southern San 
Andreas fault between Palm Springs and Bombay Beach.

(3) Reobserved sites in the vicinity of the 1987 Superstition Hills earthquake to 
monitor post-earthquake deformation for the period February 1988 to 
March 1989 (approximately a 1 year period beginning 3 months after the 
earthquake).

(4) Conducted repeat GPS observations at 4 L-DGO tide gauge stations in the 
Salton Sea.

(5) Established GPS sites near the "Extra fault", which may trigger a large
earthquake on the southern San Andrews fault (Iludnut, L-DGO Phd. Thesis).

(6) Made GPS observations at 4 regional VLBI sites (Pinyon Flat, Black Butt, 
Monument Peak, Ocotillo) for intercomparison, and to densify VLBI spatial 
coverage.

(7) Strengthened ties between the Imperial Valiey-Salton Trough GPS network 
and a GPS network established by the Riverside Flood Control District/ 
Riverside Survey in March 1988.

(8) Undertook a high precision Kinematic GP? survey using Trimble 4000SD 
receivers in order to demonstrate the applicability of this technique to 
future geodynamic GPS surveys.
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FIGURE 1. Map of the Imperial Valley-Salton Trough area showing major faults 
(including orthogonal, cross faults in the critical transition zone between the 
Imperial and San Andreas faults). Solid dots show GPS stations observed by our 
group during the March 1989 campaign. Small open circles are GPS stations 
observed in 1986 and 1988 which were not occupied this year. NGS will most 
likely observe these stations this summer. Large open circles are GPS stations 
established by Riverside County Flood Control District in March 1988. We 
established strong ties to this network and are cooperating with RCFCD on 
reduction of their 1988 observations (made with dual frequency TI receivers). 
Triangles show mobile VLBI sites we occupied wilh GPS during the 1909 
campaign.
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MECHANICS OF FAULTING AND FRACTURING

9960-02112

Paul Segall 
Branch of Tectonophysics

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

(415) 329-4861

Investigations

1. Study of the mechanics of earthquakes induced by artificially decreased pore-pressures.

2. Analysis of deformation and slip on the San Andreas Fault near Parkfield, California 
(with Mark V. Matthews).

3. Analysis of the deformation of Kilauea volcano and the 1975 M 7.2 Kalapana 
Earthquake (with Paul T. Delaney, HVO).

Results

1. Earthquakes induced by injection of fluids into the subsurface are thought to result 
from increased pore pressures, which decrease effective normal stresses and allow fault 
slip to take place at ambient levels of shear stress. Thus, it may seem paradoxical that 
seismicity is associated in space and time with production from some oil and gas fields 
where pore pressures have declined by several 10's of MPa. Yet the empirical evidence for 
extraction induced seismicity is, in some cases, compelling. For example, Figure 1 shows 
the number of earthquakes recorded per year and decline in average reservoir pressure in 
two gas fields; one in Alberta, Canada, the other in the Pau Basin, in southwestern France. 
Gas production in Alberta (Figure la) began in 1971. Prior to 1976 there were only two 
earthquakes located by the regional network. By 1976 the average reservoir pressure had 
dropped by 25 MPa and the rate of seismicity had increased dramatically. Wetmiller 
(1986) used a local seismic network to show that this seismicity was occurring within a 5 
km diameter by 1 km thick zone located immediately below the gas pool (Figure 2).

In the Pau Basin the reservoir pressure decreased by 50 MPa since the onset of 
exploitation (Figure Ib). Earthquakes began in 1969 when the reservoir pressure had 
decreased by ~ 30 MPa. Grasso and Wittlinger (1989) showed that 95% of the well 
located events, and all of the M > 3 events are located within the boundaries of the gas 
field. Most events are shallow, with focal depths of 2.5 to 5.0 km; most are concentrated 
near the top of the gas reservoir.

345



11.2
o/

ItS? 1t*C IMS

Figure 1. Number of earthquakes recorded per year and decline in average reservoir pressure 
in two gas fields, (a) Strachan field in Alberta, Canada. Earthquakes recorded by Canadian 
regional network (Wetmiller,1986). Average static bottom hole pressure at 2.8 km depth, 
provided by R.J. Wetmiller (written communication); (b) Pau Basin, France. M > 3 
earthquakes and average reservoir pressure (after Grasso and Wittlinger, 1989).

»:*-t
 s*i:

Figure 2. Map and cross-section of micro-seismicity showing earthquakes clustered 1 to 2 
km beneath the Strachan field, Alberta, Canada. Earthquakes located by a local network 
in 1980, from Wetmiller (1986).
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Measurements of subsidence and horizontal strain show that the central subsiding 
zone contracts, whereas the flanking regions extend (Figure 3). Both normal and reverse 
faulting may accompany fluid extraction, with reverse faults in the centers and normal 
faults at the margins of the fields (Figure 4). Where focal depths are well constrained the 
seismicity is either above or below, but not in, the producing strata.

0.2 n

KM

Figure 3. Measured surface deformation at the Wilmington oil field, near Long Beach, CA; 
(a) Horizontal strain change, (b) Radial displacement (inward positive) between 1937 and 
1962, and vertical displacement (downward negative) between 1928 and 1962.
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Figure 4. Schematic cross section summarizing surface deformation and faulting associated 
with fluid withdrawal. Open arrows indicate horizontal strain at the earth's surface. 
Normal faults develop on the flanks of subsiding region. Reverse faulting occurrs both 
above and below the producing beds.

Extraction induced seismicity can be explained by stresses generated by the localized 
decline in porepressure, in much the same way that thermo-elastic stresses are generated 
by localized temperature changes. The predicted change in horizontal normal stress and 
the orientation of the planes of maximum shear, are shown in Figure 5. The rock above 
and below the producing layer is compressed horizontally, while the rock on the flanks 
experiences relative tension (or decrease in compression). Significant stress changes extend 
both above and below the producing layer. The stress distribution can be understood 
in a straightforward manner. Fluid extraction causes the reservoir rock to contract. 
Contraction in the vertical direction is accommodated by subsidence of the free surface. 
Contraction in the horizontal direction, on the other hand, is resisted by the surrounding 
rocks, which are pulled in toward the center of the reservoir. This causes the strata above 
and below the reservoir to be driven into horizontal compression. Rock to the side of the 
reservoir is displaced less than rock immediately above and below the reservoir, causing 
the flanking regions to extend.
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Figure 5. Calculated change in horizontal normal stress due to fluid extraction (relative 
tension positive). Stress is not contoured in the producing zone. Simulated focal 
mechanisms indicate planes of maximum shear stress, and sense of shear on those planes.

Calculations, such as these, with simple geometries give shear stresses oriented such 
that low angle thrusting is expected above and below the producing zone, whereas normal 
faulting is predicted on the flanks of the producing zone. The predicted orientations 
and locations are qualitatively consistent with observed seismicity. The magnitudes of 
the induced stresses scale with difference between the compressibility of the bulk rock 
and that of the rock's solid constituents. An experimental program to measure surface 
displacement and strain, porepressure, stress, and poroelastic rock properties could test 
detailed theoretical predictions and improve our understanding of earthquake mechanics.
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2. Since 1984, a two-frequency EDM device operating near the Parkfield segment of 
the San Andreas fault has been making frequent distance measurements to sites in the 
vicinity of the 1966 rupture zone. These measurments reveal pronounced variation in 
apparent line-length. Some of this variation is explained by well-understood mechanisms, 
e.g., random measurment error causes high-frequency noise; constant-rate, aseismic fault- 
creep produces linear trends on fault-crossing baselines.

Other sources of variation are more subtle and less easily distinguished than are 
measurement error and linear trends. This report presents our preliminary findings on 
the nature and possible causes of other apparent components in the two-color data. By 
fitting simple parametric models, we have found that several

baselines have significant components of variation with annual periodicity. These 
components are well-explained by a single sinusoid at frequency 1 cycle/year, i.e., no 
higher frequency harmonics are required to fit the annual signal. Furthermore, an apparent 
pattern in the relative phases of annual motion on each baseline is accounted for by nearly- 
circular annual wobble of about 1mm radial amplitude at Car Hill, the central site in the 
Parkfield network.

In addition to parametric analyses of seasonal effects, we discuss nonparametric 
approaches that rely on stochastic "smoothness models" for the various components that 
are potentially present. Following Wyatt (J. Geophys. Res., 87, 979-989, 1982; and J. 
Geophys. Res>, 94, 1655-1664, 1989.), we use Brownian motion to model time-dependent 
error introduced by local benchmark motion. We also model nonlinear signals as integrated 
Weiner processes and we use the K aim an filter as a computational tool for computing 
estimates.
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Low Frequency Data Network

Semi-Annual Report

S. Silverman, K. Breckenridge, J. Herriot
Branch of Tectonophysics

U. S. Geological Survey
Men/o Park, California 94025

415J829-4862
May 12, 1989

9960-01189

Investigations

[1] Real-time monitoring, analysis, and interpretation of strain, creep, magnetic, tilt and other 
low frequency data within the San Andreas fault system and other areas for the purpose of 
understanding and anticipating crustal deformation and failure.

[2] Enhancements to satellite-based telemetry system for reliable real-time reporting and 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

[l] 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. The satellite 
telemetry system has been expanded to replace all instruments formerly monitored via tele­ 
phone telemetry.

[2] The project has operated a configuration of an Integrated Solutions (ISI) V24S computer run­ 
ning under the UNIX operating system, with another ISI serving as data storgage backup. A 
PDF 11/44 computer also has copies of the telemetered data. The ISI has been operational 
with less than 1% down time. 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 pro­ 
duced which display data collected from various groups of instrumentation.

[3] The project continues to use a five meter satellite receiver dish installed in Menlo Park for 
retrieval of real-time surface deformation data from California and South Pacific islands. 
The GOES geostationary satellite together with transmit and receive stations make possible a 
reliable 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
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anomolous tectonic activity. Kate Breckenridge is the associate monitor for Parkfield creep 
events, which includes contact via paging system during periods of increased activity. Stan 
Silverman is the alternate monitor for Parkfield strainmeter data, which also includes contact 
via paging system 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] The project has developed a prototype display and monitoring capability for use on Sun 
workstations. Through windowing and menus, a user can display seismic and low-frequency 
data, as well as maps indicating instrument locations and other pertinent information. The 
system has been developed such that remote workstations or terminals may send displays via 
the local Ethernet or Internet to other workstations. The current software is implemented on 
a SUN 3/60C diskless color workstation networked to a SUN 4/280.

Reports

Silverman, S., Mortensen, C., Johnston, M. J. S., A Satellite-Based Digital Data System For 
Low-Frequency Geophysical Data, Bulletin of the Seismological Society of America, Vol. 79, 
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Parkfield Area Tectonic Framework

9910-04101

John D. Sims 
Branch of Engineering Seismology and Geology

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

(415) 329-5653

Investigations

1. Field investigations of structural and stratigraphic relationships between late Cenozoic 
sedimentary units and underlying Franciscan and granitic basement in central California 
with emphasis on the Parkfield-Cholame area.

2. Field investigations of late Holocene and historic slip rates in the Parkfield and Carrizo 
Plain segments of the San Andreas fault.

3. Field investigations of Pleistocene and Holocene fluvial terrace formation and 
deformation in the upper Salinas and Estrella Rivers and their eastern tributaries in 
central California, and their relationship to right-lateral deformation along the San 
Andreas fault.

Results

1. Preliminary mapping of the Cholame, Cammatta Canyon, and Holland Canyon 7-1/2- 
minute quadrangles southwest of the San Andreas fault is underway. Geologic maps 
at 7-1/2-minute scale will expand the coverage of the current mapping in the Parkfield 
area and will cover the newly discovered active faults to the southwest of the main 
trace of the San Andreas fault. The newly discovered active faults are the Red Hills, 
White Canyon, and Gillis Canyon faults. These faults, believed to be part of a now- 
abandoned paleo-San Andreas fault, show evidence of Quaternary and Holocene 
movement. This evidence consists of right-laterally offset streams, fault scarps in 
Quaternary and Holocene(?) fluvial deposits, and deformation of the Pliocene and 
Pleistocene(?) Paso Robles Formation.

The geologic mapping is also helping to define the distribution of late Quaternary 
terrace deposits in the Cholame Creek and Estrella River drainages. These terraces are 
probably related to now abandoned drainages that linked the San Joaquin Valley with 
the Salinas River. These old drainages have been disrupted by movement on the San 
Andreas fault.

2. A series of surveyed quadrilaterals have been established on the San Andreas, White 
Canyon, Red Hills, Gold Hill, and Gillis Canyon faults in the Parkfield-Cholame area - 
- a total of 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 will be used to determine small-scale long-term behavior of the faults as 
well as to study both coseismic and post seismic slip on the San Andreas in the
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predicted next Parkfield earthquake

3. The Pleistocene San Joaquin Valley (SJV) differed from its present configuration in that 
its outlet was in the southwest part of the valley rather than through Carquinez Straits. 
Uplift of the Coast Ranges isolated what is now the SJV from the Pacific Ocean in 
the late Pliocene. The valley, enclosed by the ice-capped Sierra Nevada to the east and 
the Coast Ranges to the west, was intermittently occupied by lakes in the Pleistocene. 
These lakes, fed by alpine glaciers in the Sierra, had an outlet which passed through 
Bitterwater Valley (BV), crossed SAF, and flowed through the Salinas River (SR) into 
the Pacific Ocean. This configuration of the outlet was largely influenced by right- 
lateral slip on the SAF.

A computer contoured map of topography~a digital terrain model derived from 
elevation data averaged over 15-minute cells, reveals three broad valleys that abruptly 
terminate against an 80-km-long segment of SAF in central California. The valleys, 
tributaries of SR, contain underflt streams and are characterized by multiple flights of 
alluvial terraces. Hypothetical removal of accumulated right slip along SAF suggests 
that the valleys were connected to Bitterwater Valley (BV) in the late Pliocene and 
Pleistocene and intermittently drained SJV. The history of these valleys may be 
reconstructed using Quaternary slip rates for SAF. The earliest recognizable connection 
of SJV to SR was by way of Pancho Rico Creek about 2.5 Ma. Slip along SAF 
lengthened the drainage until the streams were beheaded. Indian Valley was connected 
to BV about 2 Ma. Cholame Creek captured BV drainage about 0.7 Ma. Continued 
movement on SAF lengthened this connection until Cholame Creek was separated in 
the late Pleistocene and brought it near its present position about 25 ka ago, captured 
the Cholame Valley drainage, and emptied a lake present in the basin. We anticipate 
that a better understanding of SAF slip rates may be obtained by studying the geomor- 
phology and sedimentary units in these drainages.

Reports
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Dense Seismograph Array at Parkfield, California

9910-03974

Paul Spudich, Joe Fletcher, and Larry Baker 
Branch of Engineering Seismology and Geology

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

(415) 329-5654, (415) 329-5628, or (415) 329-5608

Investigations

1. Calibration of the digital field systems and calibration of the geophones.

2. Installation of all electronics and start-up of the array. 

Results

1. The Parkfield Dense Array is a 14 element, short baseline seismic array situated on the 
Work Ranch near Parkfield, California. Each site has 6 channels of data including a 
three-component velocity transducer and a three-component accelerometer to provide for 
on-scale recordings from the smallest microearthquakes to the main shock. Each channel 
is digitized at 200s/s with a 16-bit A/D and data is stored in local memory and then 
telemetered to a central recording site.

The 14 stations are irregularly spaced over a serial coaxial line with a total length of about 
8,000 ft. Arbitration of the coaxial line is handled using ARCnet protocols. The ARCnet 
controllers drive the coaxial line through Computrol modems that operate between 3.25 
and 6.75 MHz. Using high-quality cable, these modems can drive a network with a total 
length of about 32,000 ft. Time synchronization signals and power are also provided at 
each site through their own cabling system. In continuous mode the data rate of the 
Parkfield Dense Array is more than double that of the Anza array.

During this period we calibrated both the amp/filter boards of the field digitizing units and 
the geophones which are Mark Products L-22Ds. The amp/filter boards were checked both 
for low noise and small DC offset.

2. Installation of the electronics was started in March and several problems surfaced im­ 
mediately. First the gophers had been active since the cables were laid in October and they 
had caused cable breaks or shorts on the timing cable in several places. These breaks or 
shorts were found with a time domain reflectometer and fixed. It is apparent that an 
armored cable will be necessary to prevent further problems and spiral four has been 
installed on several of the legs where the breaks were especially numerous.
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During data transmission, the ARCnet controller checks the validity of the data with a 
CRC. A bad bit in transmission can cause a reconfigure, which is a stale period on the net 
when the controllers attempt to determine what other systems are plugged in and are also 
capable ofsending and receiving data. These reconfigures usually do not result in loss of 
data because the data transmission is asynchronous and the field unit simply waits until the 
net clears and then empties any data buffers that had accumulated while the reconfigure 
had been happening. However, reconfigures are ultimately a sign that something is wrong 
and needs to be fixed. At Parkfield it appears that the coaxial cable causes very little 
attenuation of the packets so that the modems need to be desensitized to be immune from 
external noise sources. We are performing this desensitizing in early May. External noise 
sources include an electric cattle fence near the first several sites. It also appears that the 
modems may be sensitive to heat. The electronics are stored in metal utility boxes under­ 
ground and should be protected from temperature extremes. However, when the lids are 
open, leaving the internal boxes exposed, the net is very unstable with many reconfigures. 
Tests to determine the magnitude of this effect are being conducted in early May also. The 
net will be operational as soon as we understand these network problems and can minimize 
them.

Reports
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Semi-Annual Technical Report XXVIII

Modeling and Monitoring Crustal Deformation 
9960-01488

Ross S. Stein & Wayne Thatcher
Office of Earthquakes, Volcanoes, and Engineering

345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-4840 
FTS 459-4840

Investigations

1. Study of the 4 August 1985 North Kettleman Hills Earthquake. Conducting 
releveling in the epicentral region of the ML =5.5, Mw=6.1 thrust event; relocating 
mainshock and aftershocks using 3-D velocity model and calculating error ellipsoids; 
determining focal plane solutions for foreshocks, mainshock, principal aftershocks. The 
objectives of the geodetic measurements are to deduce the fault geometry and slip, infer the 
relationship between the coseismic and long-term deformation, and to understand the 
relationship between this earthquake and the adjacent 1982 New Idria and 1985 Coalinga 
events to the north (in progress; Ross Stein, Goran Ekstrom, Lamont-Doherty Geological 
Observatory, Jerry Eaton, Donna Eberhart-Phillips).

2. Study ot the order and diversity in the modes of circum-Pacific earthquake 
reciurrence (completed; Thatcher). Comparison among geologic, geodetic, and 
seismologic observations of fault slip, and implications for earthquake mechanics 
(completed; Wayne Thatcher, Manuel Bonilla).

3. Investigation of the 1906 Earthquake slip on the San Andreas fault in Offshore 
northwestern California. No estimate of the 1906 slip north of Point Arena has been 
previously made. Coastal triangulation was used to estimate slip along the northernmost 
150 km of the rupture. Slip of 4-6 m extending to depths of about 10 km were deduced, 
(in progress; Wayne Thatcher, Michael Lisowski).

Results

1. Vertical Motion of the Transverse Ranges during 1977-1987. We find 
moderately correlated elevation and gravity changes in southern California, which reveal 
slow or negligible vertical motion of the Transverse Ranges during the past decade. 
Precise repeat measurements of elevation and gravity difference across the frontal fold and 
fault system of southern California since 1977 display no trend in elevation change in 
excess of 10 mm/yr, and no gravity trend >2 ^gal/yr. We corrected the annual leveling 
observations for rod, refraction, and magnetic errors. Biannual gravity observations were 
made at stations within 5 km of the leveling BM's with sets of 3-5 calibrated gravimeters. 
Sites near the San Andreas fault at Tejon Pass, Palmdale and Cajon Pass subsided an 
average rate of 5±2 mm/yr with respect to stations 40-100 km to the south, opposite in sign 
to the Quaternary deformation of the Transverse Ranges. The ratio of the annual change in
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gravity to elevation is about -0.2 ^gal/mm, equal to the Bouguer gradient and consistent 
with coseismic changes observed for the 1971 San Fernando shock. The cumulative 
changes between gravity and elevation are also coherent, although there is one offset in 
trend for which we cannot account. Dilatation changes observed by Geodolite electronic 
distance measurement in collocated networks are not statistically correlated with the 
elevation or gravity changes. The results for the elevation and gravity changes extend and 
generally confirm the 1977-82 correlation reported in Jachens et al. [SCIENCE, 279,1215, 
1983]. Because the observed changes only marginally exceed observational uncertainty, 
however, neither the elevation and gravity measurements can be confirmed or falsified as 
reliable indicators of aseismic ground motion (Ross Stein, Robert Jachens, and Michael 
Lisowski).

2. Fault slip from geologic, geodetic, and seismologic observations.
The spatial distribution of coseismic fault slip provides clues to the mechanics of 
earthquake strain release and sheds light on the nature and importance of fault segmentation 
in controlling the strain release pattern. Although the true distribution of slip is not 
accessible to direct observation, several methods can be applied to recover informative 
features of its spatial patterns. Earthquake slip distributions obtained by all three methods 
are typically highly irregular, with maximum slippage often localized in one or a few 
restricted regions that together comprise only a small portion of the entire rupture plane. 
The pattern, however, does contain some systematic elements, since rupture has a tendency 
to initiate towards the ends of the zones of seismic faulting and near or within regions of 
high coseismic slippage.

3. The Earthquake Potential of Folds. Many crustal folds form by repeated 
sudden displacement on inclined faults that do not cut the earth's surface. The folds 
produced by these "blind thrust faults" have yet to be included in our inventory of seismic 
hazards. During the past decade four earthquakes have struck which compel us to reassess 
our expectations for seismic risk and to revise our prescription for hazard reduction in 
regions of crustal compression (the 1980 M=7.3 El Asnam, Algeria earthquake; and the 
1983 M=6.5 Coalinga, 1985 M=6.1 Kettleman Hills and 1987 M=6.0 Whittier Narrows, 
California shocks). None of the faults which ruptured during these three California events 
cuts the surface of the earth, and in Algeria, the fault slip at the ground surface was only a 
fraction of the amount it slipped at depth. At all four sites, the layered sediments of the 
upper crust are arched upward in an anticline. The presence of an anticline indicates that 
these sites are subject to intense crustal compression. The folds are the geometrical 
consequence of faults on which the slip diminishes toward the earth's surface. Thus the 
folds are genetically related to the faults they conceal, and study of the folds an be used to 
divine the movement history of the hidden or "blind" faults beneath. At each of the four 
earthquake sites, a fold perceptibly rose during the earthquake. From this observation we 
infer that anticlines most likely grow during repeated shocks at depth. The possibility that 
most, if not all, active folds mark the sites of large earthquakes, must now be considered. 
Therefore youthful folds, which gird much of the globe as broad mountain belts, must be 
added to the roster of potentially dangerous seismic sites.

4. Circum-Pacific earthquake Occurrence. Recurrence characteristics of great 
circum-Pacific earthquakes and determinations of spatial distribution of seismic moment 
release are surveyed with the goal of delineating the general features of each and relating 
earthquake slip distribution to observations and models of recurrent rupture. As noted by 
others, the pattern of moment release is typically very irregular, with strong concentrations 
in a few isolated regions of a much larger aftershock zone. Well-documented case histories 
from 12 palate boundary regions demonstrate that seismic strain release tends to be 
temporarily well-ordered, while source dimensions, slip and cumulative moment release
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vary considerably from cycle to cycle. On none of the segments studied do earthquakes 
consistently recur in nearly identical events. Instead, individual great earthquakes differ 
significantly from cycle to cycle or re-rupture takes place in a sequence of two or more 
smaller events. Despite these differences the duration of the seismic cycle is approximately 
uniform. Furthermore, when strain release occurs in a sequence of large earthquakes, 
these events take place towards the end of the cycle, and occur with increasing rupture 
length and magnitude. These ordered and irregular features of earthquake recurrence argue 
for the existence of corresponding elements on plate boundary faults. Here the ordered 
characteristics are identified with zones of concentrated moment release that slip comparable 
amounts in each cycle and have high shear strength. The irregular features are associated 
with intervening weaker regions that move in responce to the stress concentration of 
dynamic rupture and slip by differing amounts in each event. Although these mechanistic 
associations are indirect and thus somewhat tentative, the features of recurrent behavior 
documented here have implications for long-term earthquake hazard assessment that are not 
dependent on the models proposed to explain them. Chief among these are the cycle-to- 
cycle differences among gap-filling events and the absence of shocks that fill minor slip- 
deficient regions early in the seismic cycle.

Reports published or submitted during this period (excluding abstracts):

Goldstein, N., and R.S. Stein, What's new in Long Valley? (Preface to collection of 
papers on Long Valley Caldera, CA), /. Geophys. Res., 93, 13,187-13,190, 1988.

Hauksson, E., and R.S. Stein, The 1987 Whittier Narrows earthquake: A metropolitan 
shock (Preface to collection of papers on the Whittier Narrows earthquake), in press,/. 
Geophys. Res., 94, July, 1989.

Lin, J., and R.S. Stein, Coseismic folding, earthquake recurrence, and the 1987 source 
mechanism at Whittier Narrows, Los Angeles Basin, California, in press, /. Geophys. 
Res., 94, July, 1989.

Stein, R. S., and R.S. Yeats, Hidden Earthquakes: Large earthquakes need not take place on faults 
that cut the earth's surface; they can also nucleate along "blind" faults beneath folded terrain, 
Scientific American, 260 (6), 48-57, June 1989.

Stein, R.S., C.T. Whalen, S.R. Holdahl, W.E. Strange and W. Thatcher, Reply to 
"Comment on 'Saugus-Palmdale, California, Field Test for Refraction Error in 
Historical Leveling Surveys, 1 by R.S. Stein, C.T. Whalen, S.R. Holdahl, W. Strange 
and W. Thatcher" and Comment on "Further Analysis of the 1981 Southern California 
Field Test for Leveling Refraction," by M.R. Craymer and P. Vanifcek, in press, /. 
Geophys. Res., 94, 1989.

Thatcher, W., and M.G. Bonilla, Earthquake fault slip estimation from geologic, geodetic 
and seismological observations: Implications for earthquake mechanics and fault 
segmentation, Proceedings of Workshop VL on fault segmentation and controls of 
rupture initiation and termination, U.S. Geol. Surv. Open-File Rep., in press, 1989.

Thatcher, W., Present-day crustal movements and the mechanics of cyclic deformation on 
the San Andreas fault, Chapter VII of U.S. Geol. Surv. Prof. Paper, The San Andreas 
Fault System, R.E. Wallace, Ed., 1989.

Thatcher, W., Order and diversity in the modes of circum-Pacific earthquake recurrence, /. 
Geophys. Res., submitted, 1989.
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Nearfield Geodetic Investigations of Strain across Faults in Southern California

14-08-0001-G1690

Arthur G. Sylvester
Department of Geological Sciences, and

Marine Science Institute
University of California

Santa Barbara, California 93106
(805)961-3156

Objectives: We have three objectives during the current funding period: 1) convert more of our existing 
leveling arrays into leveled alignment arrays by means of resurveys with a total station distance meter; 2) 
establish new, leveled alignment arrays across the southern end of the San Andreas fault and the northern 
half of the San Jacinto fault; and 3) locate and resurvey fault crossing arrays established in the 1960s by the 
U.S. Coast & Geodetic Survey and the California Division of Water Resources.

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 hi 
length from 300 m to 7000 m and are intermediate in scale, therefore, between the infrequent, regional 
geodetic surveys traditionally done by the National Geodetic Survey, and point measurements by 
continually recording instruments such as creepmeters, tiltmeters, and strainmeters. All leveling is done 
according to First Order, Class II standards, and horizontal surveys are done to First Order standards.

Results: During the first three months of the current funding period, we established two leveled 
alignment arrays and quadrilaterals across the Extra and Kane Springs faults in the Salton basin to search for 
displacements on those faults which may trigger a major earthquake on the southern San Andreas fault, as 
postulated by Hudnut and others (1989). We releveled five of our six alignment arrays across the southern 
San Andreas in Coachella Valley: Bat Caves (over Durmid Hill), Corvina Beach, North Shore, Box 
Canyon, and Miracle Hill. The levelings over the Corvina Beach and Box Canyon alignment arrays were 
the first done on these arrays.

Four of the leveling arrays across the southern San Andreas fault in Coachella Valley were releveled 
in December 1987 and March 1988 to determine if and how the 24 November 1987 earthquake may have 
perturbed the vertical strain field on the San Andreas fault. The principal result was that half of the 2200 
m-long line array over Durmid Hill (45 km north of the epicenter) rose (or the Salton Sea subsided) 1 mm 
between Sep and Dec 1987, and then it and the other half of the hill rose another 1 mm between Dec 1987 
and Mar 1988 (Fig. la; Sylvester, 1988). This pattern of vertical strain is small, but it is consistent with a 
dilatational strain radiation pattern expected at the end of the San Andreas fault at its extrapolated 
intersection with the Elmore Ranch fault (Bilham and King, 1989). In the time from March 1988 to the 
most recent survey hi March 1989, the northeast half of the hill has decreased in height by 3 mm (Fig. 
Ib).

The 870 m-long line array at North Shore (65 km NNW of the Superstition Hills earthquake 
epicenter) tilted southwestward 2 urad hi the first two weeks following the earthquake, and then about 1 
urad northeastward hi the next 16 weeks (Fig. 2a; Sylvester, 1988). Subsequently, it has resumed its 
southwestward tilt at a rate comparable to that before the earthquake (Fig. 2b).

Surveys in July 1987, July 1988, and March 1989 reveal no significant height changes in the 720 
m-long line array across the San Andreas fault at Miracle Hill (115 km NW of the Superstition Hills 
earthquake epicenter) relative to the initial survey hi 1985 (Fig. 3). The survey hi July 1986 was done on 
the 14th, 6 days after the North Palm Springs earthquake (M 6), then one month later, the bench mark 
heights rebounded almost to the September 1985 datum, similar to the rebound exhibited by the North 
Shore line after the November 1987 Superstition Hills earthquake (Fig. 2). Subsequently, the line has 
tilted progressively basinward at about 0.5 urad/yr.
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Durmid Hill, which is a 60 m high fold, began to rise 10,000 years ago (K. Sieh, pers. commun., 
1988), equivalent to a rate of 6 mm/yr. Our leveling data show that Durmid Hill has risen 2 mm in three 
and one-half years, from September 1985 when our surveys commenced, to March 1989, and that rise 
coincided with the only major earthquake in the region since we began to survey the hill. Thus, we 
conclude that Durmid Hill grows by episodic, coseismic uplift rather than by aseismic creep. Moreover, the 
greatest growth, probably occurs in conjunction with great earthquakes on the adjacent San Andreas fault 
rather than with lesser earthquakes elsewhere in the region.

The data also reveal long term trends in basinward tilt in several of the arrays, which are apparently 
interrupted by nearby earthquakes. The long term trends resumed within a year after the earthquakes. These 
tilts, both basinward and reverse, are on the order of from 1-2 urad/yr., that is, right at the level of precision 
of the leveling procedure, but at a level that is tectonically reasonable.

Reports

Sylvester, A. G., 1988. Vertical effects evinced in nearfield leveling arrays across faults after 1987-1988 
southern California earthquakes. Transactions of the American Geophysical Union 69 (44), 1424.
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Figure 1. Height changes across Durmid Hill (Bat Caves array). Standard error (SE) of the height 
changes relative to the datum is shown by the vertical bar. a) Height changes from September 1987 to 
March 1988; b) Height changes from March 1988 to March 1989; c) topographic profile.
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Pinon Flat Observatory: Cooperative Studies 
and Crystal Deformation Observatory Program
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Institute of Geophysics and Planetary Physics
Scripps Institution of Oceanography
University of California, San Diego

LaJolla, CA 92093
(619)534-2411

This program supports collaborative studies with investigators conducting research at 
Pinon Hat Observatory (PFO) under the auspices of the U.S. Geological Survey. As part of 
this program, some direct assistance is provided to the investigators in the form of (1) research 
coordination, (2) instrument operation and testing, (3) data logging, (4) preliminary data reduc­ 
tion, and (5) as results become available, data analysis. Part of this program, the Crustal 
Deformation Observatory Project (CDO), is a cooperative effort intended to help in the evalua­ 
tion of instruments for the measurement of vertical ground deformation. This "CDO" project 
was the beginning of formalized comparative work at PFO, the idea being to operate a number 
of tiltmeters, and small geodetic arrays, side-by-side and see to what extent they agreed. Most 
of the studies currently underway are conducted independently, with investigators establishing 
their own associations to compare results.

Below we list the research groups sponsored by the USGS NEHRP who presently are 
active at the site, and with whom we are collaborating.

Crustal Deformation Observatory Project

Air Force Geophysics Laboratory
The AFGL program at PFO is self-supporting, in fact a sponsoring member of the overall 

program. The instruments provided by the AFGL have produced valuable earth-tide data for 
comparison with the other nearby instruments. We have found that the Arthur D. Little 
diamagnetic sensors used in these tiltmeters have not had a long operating life because of 
failure of the incandescent bulbs used in the sensor. We have replaced these with solid-state 
sources, with excellent preliminary results, and reinstalled one of these instruments at PFO on 
December 10, 1988, to test the surprising variability of the tidal tilts seen on other borehole 
tiltmeters (Wyatt et al (1987), EOS 68, 1247). Depending on the outcome of this experiment, 
we plan to install the remaining AFGL sensors in two other boreholes at PFO.
Joint Institute for Laboratory Astrophysics

The two borehole tiltmeters run by Dr. Judah Levine (in boreholes BOA and BOB) func­ 
tioned well from their installation in early 1986, to November 1987, when a nearby lightning 
strike destroyed the electronics in these instruments (and others in the area). Two new sensors 
were successfully reinstalled in the summer of 1988. Figure 1 presents the records from the 
first installation, together with data from the Askania tiltmeter close by; the quality of the 
long-term records from these different instruments is quite similar here. The tidal results, as 
indicated above, are more troubling. In the early fall of 1988 a 120-m-deep borehole was 
drilled and cased (BOC) for investigating the effects of a deeper installation.
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Lamont-Doherty Geological Observatory
Over the last year, Dr. John Beavan's 535-m Michelson-Gale water-tube tiltmeter has 

produced excellent data. The secular tilt rate from this instrument now seems to be quite simi­ 
lar to the rate (-0.10 |irad/a) measured by the parallel UCSD long-base tiltmeter. Figure 2 
shows some of the recent data, compared with the UCSD tiltmeter record.
Saint Louis University

In 1985, Scan-Thomas Morrissey refurbished the three functioning Kinemetrics tiltmeters 
at PFO. The sensors (in uncased holes at depths of 4.5 m) showed the same large tilts after 
this reinstallation as they had before. This strengthens our belief that the near-surface materials 
are not stable enough for tectonic deformation monitoring. A report on this project has been 
published (Wyatt et al. (1988), JGRt 93, 9197-9201).
Schiltach Observatory

This project, formerly funded by a separate grant, is now supported by this one; it 
involves deployment and evaluation of an Askania tiltmeter, loaned to us by Dr. Walter Zu'm 
of the University of Karlsruhe. The sensor was first housed in a hole 25 m deep (borehole 
KUA). The instrument was installed on 1985:346 (only two weeks after cementing in the cas­ 
ing) and produced high-quality records until its failure from the lightning strike mentioned 
above. These results are shown in Figure 1. With advice from Dr. Zu'rn we were able to dis­ 
mantle, repair, and reinstall this instrument; it was put back in borehole KUA in the summer of 
last year (1988). We will be moving this instrument into the recently completed, 120-m-deep, 
borehole KUB this summer, for further investigation on ,the depth dependence of tilt noise.
University of California, Santa Barbara

This project is no longer funded as a specific CDO activity, but is included in the broader 
program of surveying conducted by Dr. Arthur Sylvester. During the latest occupations, the 
UCSB survey team has included repeated surveys to the new class A "bench mark farm" esta­ 
blished by the NGS. Monitoring these closely spaced monuments is intended to help us under­ 
stand better the stability of this style of bench mark.
University of California, San Diego

The long-fluid tiltmeter that we operate at PFO (constructed in 1981 under NSF and 
NASA sponsorship), has continued to operate satisfactorily, though with some recent perturba­ 
tions caused by cooling of the vaults because of utility problems (Figure 2). A large (and dis­ 
turbingly long-lasting) artifact was produced when a 115-m extension tube was added to this 
instrument in late 1986. The tiltmeter tube contained 44% ethylene glycol in water, and the 
extension 47.8% giving a 0.56% density contrast The mixing of these two fluids created a 
transient tilt; because of the large aspect ratio of the tiltmeter tube, the mixing was very slow, 
but is now completed. This year will see the installation of another long-base tiltmeter at PFO, 
perpendicular to the first one, under the first year of a two-year USGS grant to complete the 
development of the tiltmeter and for work on optical fiber anchoring. Together the orthogonal 
tiltmeters at PFO should give an unprecedentedly good record of tilt, useful both for monitor­ 
ing and for comparisons with other techniques.

Other USGS-funded Research
This category includes work funded by the EHRP external program and included in our 

cooperative efforts, but not specifically part of the CDO program.
Carnegie Institution of Washington

This project involves recording data from three borehole volumetric strainmeters (CIA, 
CIB, and CIQ. Two of these systems are no longer operating, apparently because of cable- 
seal leakage. From the beginning the data from all the sensors showed gradually decaying
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compression, caused by setting of the cement around them. The initial compressional signal on 
CIA ended in late 1985, four years after installation, and was followed by expansion. Figure 3 
shows the data since this time. The most obvious feature on this plot is the especially rapid 
expansion commencing in the fall of 1986, reversing abruptly to dilatation in early 1987, with 
(perhaps) a recovery to the earlier trend by 1988. (We note that this very-long term trend, 
while low compared with earlier strain rates recorded on this instrument, is larger than the sec­ 
ular area! strains measured at PFO by the laser strainmeters or by geodesy.) It is tempting to 
suggest that this event had some hydrologic cause, especially since the rapid expansion began 
just after the drilling of the holes for the USGS seismometers, about 130 m away. However, 
the water-level data from the same hole (which is open to within a few meters of the dilatome- 
ter) does not suggest any direct correlation between local pore-pressure and observed volume 
strain. The water level (Figure 4) began falling before the dilatometer event began and reached 
an equilibrium level (despite disturbances 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 Ku'mpel (1988, EOS, 69, 1193). A preliminary guess at explaining the strain 
record is that some external decrease in pressure around the time of the drilling diffused into 
the material around the dilatometer to cause an expansion. This external change must itself 
have diffused away over a longer time to cause the subsequent contraction, though such more 
gradual diffusion would not explain the abrupt reversal seen in the strain data.
University of Queensland

Dr. Michael Gladwin's three-component borehole strainmeter, cemented in at a depth of 
151 m, has continued to run with virtually no maintenance (except for occasional back-up bat­ 
tery changes). This instrument is capable of measuring shear as well as area! strain, and so is 
largely immune to the effects of grout curing which dominate much of the long-period dilatom­ 
eter record. Gladwin (1987, USGS Open File Report 88-16, 345-351) has shown 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 (e^ 1-axis east) was 0.6 |4,e/yr, but after this earthquake it fell to less than 0.1 |4£/yr; 
during the same time the area! strain eA maintained a steady rate of -1.5 U£/yr. We plan to 
study this interesting change in response by comparing the data from this instrument with the 
laser strainmeters at PFO, and the geodetic measurements made over the site (see below).
U.S. Geological Survey - Crustal Deformation

In the past few years several precise geodetic surveys have been made in the area around 
PFO. The longest-running is the Pinyon single-color Geodolite network, part of the larger 
Anza net, surveyed by the USGS Crustal Strain group of Drs. W. H. Prescott and J. C. 
Savage. This network (observed since 1973) serves as the low-frequency constraint on our 
continuous measurements. In 1986, Dr. J. Langbein set up a 2-color EDM network extending 
across Pinyon Flat. This array spans 4-km distances, and so is intermediate in scale to the 20- 
km 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 appear to be converging 
onto the long-running Geodolite values. Also in 1986, Dr. R. Stein established a 14-km-long, 
reference-calibration leveling line (with a loop going through PFO); this is surveyed annually 
by an NGS crew. Results from this should prove valuable in interpreting the tilt observations 
made at PFO, though it will take many years for the leveling data to detect and constrain the 
rates of tilt seen at the observatory.
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In-Situ Stress in Southern California

14-08-0001-G1604

Thomas J. Ahrens
Seismological Laboratory 252-21

California Institute of Technology
Pasadena CA 91125

(818) 356-6906

Investigations

1. Construct and test a new 6-inch fully pressurized, digitally controlled in-situ 
holographic stressmeter for initial deployment in San Andreas region scientific 
boreholes. This instrument is expected to measure the complete in-situ stress 
tensor over a wide range of downhole conditions in zones of solid and 
deformed rock.

2. Develop analytical and numerical tools to invert holographic interference 
fringe data taken in several orientations at a given depth in a borehole to 
obtain the complete 6-component in-situ stress tensor.

1. Holographic Stressmeter

During the last year most of our experimental effort has gone into the rigorous test­ 
ing of the now-completed 6-inch holographic stressmeter apparatus. This 475-ib. instru­ 
ment, consisting of computer controlled mechanical, optical, electronic and hydraulic 
components, is capable of measuring the state of stress from uncased, fluid-filled 
boreholes at depths of several kilometers. This instrument is designed to be deployed in 
boreholes having a diameter of 6 to 7 inches, a substantial reduction in size over the only 
previous holographic stressmeter, which required a hole of diameter 12 inches or more, 
and which could only be used in dry boreholes. Other important features of this instru­ 
ment are onboard gas pressurization that maintains the optical and electronic cavities of 
the instrument at pressures equal to the ambient pressure in the borehole, a mudcake 
removal and water flushing system to make the fluid optically clear, an optical television 
system for monitoring the progress of the experiment, and the ability to measure the in 
situ elastic modulus as a function of depth by an indention technique. Laboratory test­ 
ing of the apparatus in simulated wet borehole conditions has resulted in improvements 
and enhancement of the optical holographic system and double-exposure holograms have 
been produced. In addition to the laboratory testing of the 6-inch holographic stressme­ 
ter, final outfitting and refurbishing of the Schlumberger 7600 logging truck has been 
completed. A water pumping and filtration system for clearing the borehole fluid in the
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vicinity of the holographic camera, power supplies, cable tensioning, and depth monitor­ 
ing systems have been purchased and installed. We have also constructed an 11-m port­ 
able tower for field deployment of the stressmeter as well as an 11-m-long instrument 
casing to be lowered in boreholes prior to the deployment of the holographic stressmeter.

2. Holographic In-Situ Stress Data Analysis

The analysis of the holographic data requires a knowledge of the displacement field 
that is produced by the drilling of the stress-relief sidehole on the borehole wall. Previ­ 
ous work had used a two-dimensional thin-plate model. Two-dimensional finite element 
calculations, described in the previous year's report and published this year in the Int. J. 
Rock Mech. Min. Sci. & Geomech. Abstr suggested that this approach may be inade­ 
quate, especially in the region immediately surrounding the stress relief hole. Moreover, 
work with the 12-inch version of the stressmeter had resulted in some holograms, from 
regions of low borehole wall stress, that had been impossible to model with the simple 
plate theory. Therefore, following the approach of Youngdahl and Sternberg, we 
developed and implemented a model for analysis that considers a cylindrical hole in an 
elastic, isotropic half-space. The numerical solution shows the existence of a three- 
dimensional stress boundary layer near the edges of the hole in the related problem of a 
plate of finite thickness, as the ratio of the thickness of the plate to the diameter of the 
hole increases. This model was used to analyze the holograms obtained from field 
deployment of the 12-inch stressmeter. The new model, while it gave generally the same 
values of the in situ stresses, significantly reduced the errors associated with those 
values, and greatly improved and facilitated the analysis of the holographic data.

Publications

1. Analysis and modeling of holographic measurements of in-situ stress, Catherine L. 
Smither, Douglas R. Schmitt, and Thomas J. Ahrens, Int. J. Rock Mech. Min. Sci. 
& Geomech. Abstr., 25, 353-362 (1988).

2. In situ holographic elastic moduli measurements from boreholes, Douglas R. 
Schmitt, Catherine L. Smither, and Thomas J. Ahrens, Geophysics, 54, 468-477 
(1989).

3. Displacements from relief of in situ stress by a cylindrical hole, Catherine L. 
Smither and Thomas J. Ahrens, draft manuscript.
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Structure and Mechanics of Geometrical Barriers 
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Ronald L. Bruhn 
Dept. of Geology and Geophysics

University of Utah 
Salt Lake City, Ut. 84112

Objective: This project is focussing on the geometrical properties 
of fault zones and how these properties affect rupture propagation 
during earthquakes. Jogs, bends and cross-fault intersections are 
observed sites of rupture initiation and arrest in some earthquakes, 
but not in others. A major obstacle to applying seismic and 
paleoseismic data in hazards estimation is simply predicting how a 
specific type of fault structure will affect rupture propagation, and 
whether or not this effect will be consistent from one earthquake to 
the next. In order to investigate this problem we are studying the 
geometry, fluid transport characteristics and seismicity of fault 
structures in extensional and transtensional fault zones.

Data Aquisition and Analysis: This project was funded beginning 
March 1, 1989 so work to date has concentrated on compilation of 
existing data from several large fault zones and the development of 
computer algorithms for characterizing the properties of fault 
arrays.

1) We have geological data from previous and ongoing work on the 
following fault zones: a) Dixie Valley fault zone, Nevada, b) Lost 
River fault zone, Idaho, c) Wasatch fault zone, Utah, d) Jinchuan and 
Chenghai fault zones, Yunnan Province, China. Information on fault 
geometry is being digitized and analized to determine the statistical 
properties of fault population trace length, orientation and density 
within segments and at segment boundaries. Various methods of 
description are being tested, including commonly used engineering 
methods as well as fractal descriptions.

2) We have refined our geometrical model of the southern end of the 
intersection zone between the Thousand Springs and Mackay 
segments in the Lost River fault zone, Idaho. The 1983 Borah Peak 
earthquake appears to have nucleated within a zone of intense 
subsidiary faulting at the southern end of the Thousand Springs
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segment, perhaps on one the subsidiary faults instead of on the 
Thousand Springs segment proper.

3) W.A. Yonkee is carrying out a detailed study of the dimensions, 
geometry and fluid transport characteristics of an exhumed fault jog 
in the Wasatch fault zone, Utah. The purpose of this work is to 
characterize the potential volume of dilatant material within the 
fault jog and to develop actualistic models of fault fluids that may 
provide further insight into chemical precursors from springs or 
wells in the vicinity of jogs. This information will also be used to 
investigate possible variations in fault rheology and mechanics 
within jogs relative to adjacent segments.

4) The data analysis of part 1 above is being combined with strain- 
type models of fault initiation (Reches, 1983) and propagation in 
hopes of better understanding how the commonly observed zig-zag 
pattern of faulting develops. An example of this approach is shown 
in the attached Figure 1. The fault pattern is predicted by specifying 
a ratio of extensional to shear strain in the early history of 
deformation . The faults are located by assuming randomly 
distributed centers and the trace-lengths follow a negative 
exponential distibution. The numerous jogs and intersections are 
similar to actual geological maps of fault zones, particularly 
seismogenic faults in Yunnan Province, China. The pattern of faulting 
will change depending upon the intial strain conditions during fault 
formation and the statistical properties of the fault sets. These 
parameters are going to be constrained by our geological maps and 
measurements.
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Figure 1. Initial fault pattern developed in a deformable zone in 
a three dimensional, transtensional strain field. The heavy, zig-zag 
fault trace is one possible path of faulting across the zone. Hatch 
marks in direction of dip. The faults dip « 70°, with an equal number 
of faults of opposing dip expected within the zone. The fault traces 
were generated assuming a negative exponential distribution in 
trace length and random distribution of fault centers.

References

Reches, Z, 1983, Faulting of rocks in three-dimensional strain fields 
II. Theoretical Analysis: Tecontophysics, v.95,p. 133-156.

375



II.3

ROCK MECHANICS 

9960-01179

James Byerlee
U.S. Geological Survey

Branch of Tectonophysics
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4841

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

Seismologically determined fault-plane solutions, fold-axis orientations, and in situ 
stress data have recently been studied to determine magnitude and direction of the 
maximum principal stress along the San Andreas fault. These results indicate that 
the shear strength of the San Andreas fault is very low. Low-strength fault gouge at 
seismogenic depths has been widely suggested as a mechanism for explaining low ambient 
stress. Montmorillonite clay, the lowest strength material likely to be present in the 
San Andreas fault zone, forms stable mineral assemblages to mid-crustal depths, then 
at greater depth undergoes a phase change to illite. To determine the shear stress that 
montmorillonite gouge can support, we have performed frictional sliding experiments under 
drained conditions, in the absence of excessive pore pressure. Confining pressures of 30, 
150, and 300 MPa and pore pressures of 10, 50, and 100 MPa simulate lithostatic and 
hydrostatic conditions at 1, 5, and 10 km, respectively. For fault-gouge composition 
ranging from pure montmorillonite at 1 km, a mixture of montmorillonite and illite at 5 km, 
and pure illite at 10 km, results indicate an average crustal shear strength of about 60 MPa. 
Pure montmorillonite, throughout the same depth range, has an average shear strength of 
about 30 MPa. These data indicate that even anomalously weak montmorillonite gouge 
supports shear stresses much greater than the 10 MPa shear strength limit prescribed from 
heat-flow measurements across the San Andreas fault. We conclude that pore pressure 
greater than hydrostatic must be in effect to reduce shear strength to 10 MPa in San 
Andreas fault gouge.
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Investigations

Laboratory studies of the permeability of rocks and gouge are carried out to provide 
information that will assist us in evaluating whether in a given region fluid can migrate 
to a sufficient depth during the lifetime of a reservoir to trigger a destructive earthquake. 
The results of the studies also have application in the solution of problems that arise in 
nuclear waste disposal.

Results

The permeability of intact rock cores from the DOSECC Cajon Pass drill hole in 
southern California was measured at selected intervals between 2100 and 3500 m. Applied 
confining and pore pressures simulated the depth of burial for each sample. Permeability 
values for these rocks were generally quite low, on the order of 1020   1022 ra2 (10-0.1 
nda). A strong grain foliation in some samples resulted in anisotropy of at most a factor 
of 3 when tested in orthogonal directions. Samples with visible through-going fractures 
(many probably caused by stress-relief cracking due to drilling and retrieval) had values of 
around 1019ra2 (100 nda). Cracked samples aside, these data follow the general trend of 
sharply decreasing permeability with depth (10 18   1021 m2 ) previously observed in rocks 
from the surface to the 2100 m level in the drillhole. Thin-section observations reveal that 
repeated episodes of crack healing and sealing by hydrothermal fluids have rendered the 
rocks highly impervious to fluid flow. These results imply that m situ permeability values 
will be influenced almost exclusively by larger-scale joints and fractures.
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1. Investigations

1.1 The locations of areas of highest seismic moment release (=asperities) in main subduction 
earthquakes have been inferred from earthquake cycle observations of seismicity distributions for 
several areas (Rat Island 1965, Valparaiso 1985, Alaska 1964, Colombia 1979, Solomon Islands 
1971). These compare favorably with asperity locations obtained directly from inversion of 
wave fields generated during earthquakes.

1.2 A perturbation technique in 3-D elastic crack mechanics has been applied to study the 
stressing and break-through of localized obstacles to slip along faults.

2.Results

2.1 Recent observational and theoretical work on earthquake cycles in subduction zones 
(Christensen and Ruff, 1983, Dmowska et al.,1988, Dmowska and Lovison,1988a, Lay et 
al.,1989, Astiz et al.,1989) has advanced our understanding of the occurrence of certain seismic 
phenomena in relation to stress accumulation and release associated with great underthrust 
events. It has been realized that temporal variations of stress, associated with earthquake cycles, 
occur in the subducting slab and, as well, in the area of the outer-rise, oceanward from the main 
zones of subduction earthquakes. In the outer-rise, the bending stresses present get overprinted 
with tensional stresses in the beginning of the cycle, caused by the slip in the main subduction 
event. In the latter part of the cycle, the bending stresses in the outer-rise receive an additional 
compressional component, occurring because the main thrust zone remains locked between large 
earthquakes while converging motion of the remote ocean floor continues. These factors result 
in typical tensional outer-rise earthquakes following large subduction events, as well as sporadic 
compressional ones preceding large subduction events, as documented in the works cited above.

At intermediate depths, in the down-going subducting slab, the tensional stresses caused by 
slab pull receive an additional compressional component in the beginning of the cycle, caused by 
the slip in the main thrust subduction event. In the latter part of the cycle the continuing slab pull 
and the locking of main thrust zone result in higher tensional stresses at intermediate depths.

We have combined the recent insights into the mechanics of earthquake cycles in coupled 
subduction zones with results of studies of spatial and temporal heterogeneities of seismic 
moment release in some large subduction events by Ruff, 1983, Ruff and Kanamori, 1983, Beck 
and Ruff,1984, Schwartz and Ruff,1985, Christensen and Ruff,1986, Beck and Ruff,1987, 
Shwartz and Ruff, 1987, and Beck and Christensen,!988. In these works body wave inversion 
techniques and studies of directivity of the rupture process result in the space distributions of 
areas of highest seismic moment release (or highest slip), such areas being called "asperities". 
The methods used allow for placement of the most pronounced asperities only, and basically 
only along the strike of the rupture zone; the extent of asperities along the dip could not be 
assessed. By now a few large subduction events have been analyzed in this way, namely Alaska
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1964, Kuriles 1963, Colombia 1979, Valparaiso 1985, Rat Island 1965, Tokachi-Oki 1968, and 
Kurile Islands 1969. Knowledge of the space distribution of seismic moment release is of 
importance not only from the point of view of basic understanding of the earthquake rupture 
process, but also for purposes of earthquake hazard assessment, if we assume that whatever the 
mechanical causes of a particular asperity distribution, they would act again in the same places in 
a future large earthquake.

Recent attempts to understand the relationship between seismicity in the area of the rupture 
zone itself and moment release in the great earthquake (Houston and Engdahl,1988,Kisslinger 
and Engdahl, 1988) suggest that none or few preshocks or aftershocks occur in regions of the 
main asperities. This would suggest in turn that asperities are zones locked between main 
earthquakes, while other areas slip aseismically or exhibit lower magnitude seismicity (and/or 
rupture in aftershocks after the main event).

We identify the locations of such asperities with the use of seismicity in the outer-rise zones 
adjacent to mainshock rupture planes, and intermediate-depth seismicity as well. We assume 
that the pulsating stresses associated with the earthquake cycle of the main subduction event have 
a much higher magnitude in the outer-rise and down-dip areas adjacent to an asperity, than in 
areas adjacent to zones with lower moment release. The latter have lower slip during the main 
shock and must slip aseismically and/or with moderate seismicity during the cycle, and hence 
relax nearby stresses in comparison to the more strongly locked asperities. Thus the big 
compressional earthquakes in the outer-rise in the latter part of an earthquake cycle, if at all 
present, should occur rather in the areas adjacent to zones of future higher moment release 
(asperities). Also, the tensional earthquakes in the outer-rise, following the main subduction 
event, should concentrate in areas neighboring asperities. As concerns intermediate-depth,the 
effects of locking of asperities are more pronounced adjacent to asperities.That is, the higher 
tensional seismicity in the down-going slab towards the end of the cycle concentrates close to 
asperities, especially at shallow depths (40-100 km). This allows us to use outer-rise and 
intermediate-depth seismicity to identify the future areas of highest moment release, e.g., in 
zones where the previous large subduction event is unknown or occurred long enough in the past 
(before 1960 or so) that data quality does not allow asperities to be identified from its seismic 
radiation.

We have analyzed seismicity associated with some earthquakes with known asperities: Rat 
Island 1965, Valparaiso 1985, Colombia 1979, Alaska 1964 and Solomon Islands 1971; here we 
present results concerning first two earthquakes.

The aftershock zone of the great Rat Island underthrusting earthquake (Mw = 8.7) of Feb.4, 
1965 is shown in Fig.l. The earthquake represents subduction of the Pacific plate beneath the 
North American plate along a 600 kin long segment of the western end of the Aleutian Islands. It 
is a multiasperity event, and asperities are shown in Fig.l (areas Al, Bl, Cl), together with the 
moment density versus distance along strike (Beck and Christensen,1988). In the previous 
earthquake cycle the same segment of plate boundary failed in three M=8 earthquakes between 
1898 and 1907. The three asperities identified for the 1965 Rat Island earthquake probably failed 
as single asperity earthquakes in the previous earthquake cycle. We found all known 
intermediate-depth (40-250 km) earthquakes, which occurred before the main event, in the slab 
adjacent to the rupture zone. These are shown in Fig.l. Because of the early dates, locations are 
somewhat uncertain. However, the clustering down-dip from main asperities is pronounced. 
Fig.2 shows the same but for compressional earthquakes occurring after the main event, and with 
magnitude cut-off at mb=5.7. The clustering of events down-dip from the main asperities is 
pronounced, too. As concerns the outer-rise adjacent to the main rupture zone, we do not know 
of any earthquakes there before the main event Fig. 3 shows tensional outer-rise events after the 
main earthquake, for mb>5.0. Again, they cluster strongly in the areas adjacent to asperities 
(with exception of the earthquake of March 2,1986, mb=5.4, which may not be in the outer-rise).
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The aftershock zone of the Valparaiso 1985 earthquake (Ms =7.8, March 3, 1985) is shown in 
Fig.4 (from Dmowska and Lovison,1988, with asperity added after Christensen and Ruff,1986), 
together with seismicity before the event. In the outer-rise two compressional earthquakes of 
Oct. 16,1981 and Feb.25,1982 occur in the area adjacent to the asperity. The seismicity in the 
downgoing slab (40-250 km ) is more diffuse, however it also concentrates down-dip from the 
asperity. Fig.5 presents the same area (after Christensen and Ruff, 1988) with our data added 
with dates of earthquakes. There are three small earthquakes (Nov.1,1986, OctlO,1987 and April 
10, 1988) oceanward from the main rupture zone, and they cluster close to the asperity. 
Earthquakes to the east of the main rupture zone are all at depths 40-50 km; the rest of the slab is 
still fully quiet.

Our work shows the clustering of seismicity in the outer-rise and down-dip from the main 
rupture zone in the areas close to asperities. It opens the use of earthquake cycle seismicity 
observations as a means of identifying the areas of future highest seismic moment release.

2.2 A model for stressing in fault zones prior to crust-breaking earthquakes involves a slipping 
crack whose front penetrates upward from depth and is blocked in the lower region of the 
seismogenic zone. The crack surfaces represent the deeper, more stably sliding, portions of the 
fault. The upward penetration at the crack front is thus by mode HI in strike slip fault zones but 
by mode n in thrust or normal fault zones. We analyzed approximately, via a linear perturbation 
formulation, how such a tectonic crack front encounters and ultimately breaks through regions in 
which the fracture toughness varies locally with distance along strike. The local toughness 
variations are represented by arrays of "asperities" that are strung-out parallel to the crack front 
and have a toughness which is slightly greater than that of adjoining segments of the fault zone. 
When the spacing between such asperities is small compared to other tectonic length scales, the 
interaction between the crack front and the asperities may be analyzed based on our elasticity 
solution for shear-loaded half-plane cracks with slightly curved fronts (Gao and Rice, 1986). 
Similar results have been reported recently for mode I cracking (Rice, 1988; Gap and Rice, 
1989). The configuration of the crack front, as it partially penetrates between asperities (and thus 
further concentrates stress onto them), is obtained by equating the local stress intensity to the 
local fracture toughness at every point along the front.

For a given distribution of asperities and toughness values, the mode n front is found to 
penetrate approximately twice as far between the asperities as does the mode HI front, in order to 
concentrate enough stress to break through them. For moderately tough asperities, the more 
deeply penetrating mode II crack front segments will tend more readily, than for mode III 
segments, to coalesce unstably with one another and allow the crack front to advance so as to 
leave as yet unbroken asperities behind. The transition from breaking-through to surrounding 
tough obstacles has been studied by Fares (1989) for the mode I half-plane crack; he shows that 
for a row of circular obstacles with center-to-center spacing of 2 diameters, transition occurs at a 
ratio of 3.5 of obstacle toughness to background toughness.
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Objectives: The physical mechanisms of semi-brittle rock deformation in the earth are poorly 
understood and are important for understanding seismogenic faulting and aseismic fault creep. We are 
conducting an integrated laboratory and observational study of the deformation mechanisms operating 
during the brittle-ductile transition, the micromechanics of semi-brittle flow, the effect of variations in 
pressure and temperature on the strength of rocks deformed in the semibrittle field, and the theoretical 
investigation of crack nucleation mechanisms in the semibrittle regime.

Micromechanics of the Brittle to Plastic Transition in Carrara Marble I 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. 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 [1975] model. The theoretical values for the critical modulus decrease with increasing confining 
pressure and are consistently negative for axisymmetric compression. Please see prior reports for our 
earlier results. The details of this study are presented in Fredrich, Evans, and Wong [1989].

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. We recently completed a critical review [Evans et al., 1989] of recent progress focussing on 
four areas: phenomenological observations, microstructural studies, continuum models of shear 
localization, and micromechanical models of crack coalescence.

Effect of Grain Size on the Brittle-Plastic Transition in Calcite Aggregates; We have completed an 
experimental study to investigate the micromechanical basis for the grain size dependence of the brittle 
to plastic transition. The experiments (reported in a previous summary) were compared with a 
theoretical model developed by Horii and Nemat-Nasser [1986], and were presented at an AGU 
meeting [Fredrich et al, 1988]. A manuscript is being prepared.

Continuing Studies: During 1989-90, we will concentrate on high temperature testing of peridotite, 
diabase, and marble, and on acoustic emission measurements at room temperature. Mechanical tests 
will be performed on natural and synthetic dunite, Frederick (Maryland) diabase, and Carrara marble 
at varying confining pressures (0-700 MPa) and temperatures (23-1000#C). Microstructural studies
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will be conducted concurrently with the experiments. We are currently calibrating the pore fluid 
dilatometer against strain gauge measurements at room temperature.

Our microstructural observations indicate that several micromechanical processes are operative in the 
semibrittle regime. An acoustic emission system is being used at Stony Brook to quantify these 
observations. The experimental design is similar to that used by Yanagidani [1988a, 1988b]. Acoustic 
emission rate and b-values are determined during the deformation of marble, at room temperature. 
The acoustic emission results will be compared with observations of deformation-induced 
microcracking and twinning already completed.

Abstracts. Submitted Papers, and Manuscripts in Preparation:

Evans, B., Fredrich, J. T., and Wong, T.-f., The brittle to ductile transition in rocks: Recent
experimental and theoretical progress, to appear in The Brittle-Ductile Transition - The Heard 
volume, Geophys. Monogr. Ser., AGU, Washington, D. C., 1989.

Fredrich, J. T., B. Evans, and T.-f. Wong, Effect of grain size on the brittle-plastic transition in calcite 
aggregates (abstract), Eos, Trans. Amer. Geophys. Un., 69,1417,1988.

Fredrich, J. T., B. Evans, and T.-f. Wong, Micromechanics of the brittle to plastic transition in Carrara 
marble,, J. Geophys. Res., 94,4129-4145,1989.

Fredrich, J. T., B. Evans, and T.-f. Wong, Low temperature grain size sensitive deformation of marble: 
Implications for the brittle-plastic transition, to be submitted to J. Geophys. Res., 1989.

Wong, T.-f., A note on the effect of pressure on the propagation behavior of a crack nucelated by the 
Stroh mechanism, to be submitted to Mech. Mater., 1989.
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High Frequency Seismic and Intensity Data
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Menlo Park, California 94025
(415) 329-5627

Investigations:

1) Investigating via quantitative modeling of earthquake and explosion spectra the 
roles of elastic velocity structure, depth of focus and anelastic attenuation on the amplitude 
and spectral content of both compressional and shear phases (Pn , Pg , S n and Sg-Lg , etc.) 
as a function of distance.

2) Investigating via large data sets the P-wave spectral content of earthquakes and 
explosions, the intent being to place in the literature a definitive analysis of this relation­ 
ship.

Results:

1) In EUS-like terrains, the crustal velocity model must be such as to display a A~2 
fall-off for Pn from 150 to ~2000 km and a Pq /Pn amplitude ratio of 5 to 10. The code 
used does correctly predict a A~2 die off for Pn an abrupt velocity interface. However, 
modeling has shown such a die-off rate and amplitude ratio, even at high Qa values, 
requires a zone several kilometers thick just above the Moho in which velocity increases 
by ~0.6 km/sec. A somewhat similar velocity increase to that in the EUS-like area above 
the Moho is required in WUS-like terrain (even with the lower Qa values) to explain the 
A~3 ' 5 rate of die-off of PT.Q. Also, explanation of the zero-intercept travel-time curve for 
Pq requires a low velocity zone of a few tenths of a km/sec at ~10 km depth in the crust, 
the velocity increase below that zone being constrained by the requirement to fit observed 
rates of die-off of Pg .

2) The work on 1) has taken longer than expected, so progress on this phase of the 
work has been very slow.

3) We have proposed several computer files for San Mateo County for predicted values 
of various ground motion parameters resulting from a repeat of the San Francisco 1906 
earthquake. These are intended to augment the set of maps being developed by Earl Brabb
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for San Mateo County. We will shortly submit our digitized maps to the Technical Review 
Unit.

4) Work continues on 1) and 2). We have developed a velocity model for the USSR 
that agrees with observed spectral behavior of Pn between 250 and 650 kilometers, gives 
die-off rates of Pn as observed in EUS (presumably appropriate to the USSR) and has 
observed Pn /Pg amplitude ratio.

Reports:

It was discovered, after significant work, that errors in the large codes being used for 
prediction of ground motion invalidated work of the past year. All of the necessary analysis 
has been repeated and a new text will soon be done.
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Mechanical Analysis of Large-Scale Folds Forming Above a Detachment
14-08-0001-G1700

Raymond C. Fletcher
Center for Tectonophysics

Texas A&M University
College Station, TX 77843

(409) 845-3251

Objective: For the 1983 Coalinga Earthquake (M=6.7) and 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 aims of this 
study are to formulate and analyze mechanical models for fold development at small to 
moderate limb-dip (<30°); to test these models against observations of fold growth and 
internal structure for several natural folds; and to discuss the significance of the results for 
the assessment of earthquake hazard from fault slip connected with the folding process. 

After the first three months of the study, results have only been obtained for the 
first task. These are briefly described below.

Model results:
1. In view of the generally doubly-plunging form of folds, their echelon arrangement in 
areas of interest along the San Andreas Fault and in the Ventura Basin, and the likely 
deviation of the present maximum compressive stress to the fold axis (Yeats et al., 1988) 
we wish to model fully three-dimensional fold forms.

As a start, an analysis has been carried out for the three-dimensional folding of a 
single strong viscous layer embedded in an uniform medium. Both the layer and medium 
are subject to a basic state of homogeneous pure shear. The solution is explicitly carried 
out for a fold shape of the form cos(lx)cos(my), where x and y are the principal axes of 
strain-rate in the plane of the layer, but it is later shown that this is adequate to treat an 
arbitrary fold shape in the x,y-plane, with no restriction on symmetry. The results will be 
used to estimate the stress distribution within folds oriented obliquely to the direction of 
regional shortening (Yeats et al., 1988).

2. Fold and fault structure in the Ventura Basin, California, is relatively complex (Yeats, 
1983; Yeats et al., 1988). The Ventura Avenue Anticline (Figure 1) is an example of a 
relatively simple fold. A sequence of competent units « 5 km thick rests on « 1-2 km of 
weaker shales, which lies above a basal decollement. The fold has a syncline to syncline 
arc-length of about 11 km. For comparison, the gentle folds of the Appalachian Plateau 
Province (Figure 2) involve a competent unit ~ 3 km thick which overlies » 0.6 km of 
evaporites and thin-bedded carbonates, which in turn lies above the basal detachment 
"Wavelengths" of these folds range from 8-10 km. The ratio of fold "wavelength" to 
competent-layer thickness is ~ 2.2 for the Ventura Avenue anticline and « 3 for the 
Appalachian folds.

In folding above a planar detachment, the structural relief must go to zero at the 
detachment. Folding is accommodated by the flow of weak rocks into the anticlinal core, 
and by the thickening of the competent layer by faulting in the cores of the anticlines. 
Faulting evidently plays an important role in the folds of both areas. In the first model 
considered, we therefore treated the competent layer as a plastic solid with an uniform yield
strength, t, to approximate a material deforming by distributed faulting. Mechanical 
anisotropy associated with weak interbeds or bedding surfaces was ignored. We assume 
that the folding at this scale is the result of an interfacial instability, and is therefore
relatively insensitive to anisotropy. A weak viscous layer of thickness hi and strength i\ 
lies between the competent layer and the detachment. TTie detachment is treated as a 
frictionless surface.
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The results for the low limb-dip analysis depend on three dimensionless parameters: 
S = pgH/2i, the ratio of the lithostatic stress at the base of the strong layer to its yield
strength, R = TI/T, the ratio of the strength of the weak layer to that of the strong layer, and 
hi/H, the ratio of the weak layer thickness to the thickness of the strong layer. The results 
consist of the ratio of the dominant wavelength to the layer thickness, Ld/H, a quantity ,qd, 
which is a measure of the strength of the folding instability, and the ratio of the fold 
amplitude at the base of the strong layer to that at its top, A'/A. Ld should approximately 
correspond to the observed fold spacing. For a strong folding instability, qd should be at
least 20 (dA/dt = qAeXx, where eXx is the rate of shortening). The ratio A'/A is a measure 
of the relative contributions of the two mechanisms which accommodate the folding. If 
folding is chiefly accommodated by flow of the weak layer, A'/A > 1; if folding is chiefly 
accommodated by thickening of the strong layer in the cores of the anticlines, A'/A«1.

For a compressive strength 2i« lOOMPa, S « 0.25H(km), or about 0.75 to 1.25 
for the folds above. The thickness ratio is hi/H ~ 0.2 for both the Ventura basin folds and 
the Appalachian Plateau folds. Results are shown in Figure 3 for varying values of R and 
S for the thickness ratio hl/H = 0.2. It can be seen that the strength of the folding 
instability as measured by qd, is chiefly dependent on the strength ratio, R. Values of R 
less than about 0.1 are required for a strong instability. The value of Ld/H, on the other 
hand, depends chiefly on S, although the variation is not that large. The values of Ld/H are 
appropriate for the Appalachian Plateau folds for values of S within a range of at least 0.5 
to 2. The single value of 2.2 obtained from the cross-section of the Ventura anticline for a 
fold arc-length to competent-layer thickness ratio is lower than the values here. On the 
other hand, the fact that the model yields low values of Ld/H and a strong folding 
instability for a thick layer influenced by gravity for reasonable values of the strength ratio 
is viewed as suggesting that it is not an unreasonable model for the folding process. An 
amplitude ratio of 0.5 to 1 is in rough agreement with the observations.

Currently, the effects of a more realistic cohesive Coulomb rheological behavior for 
the strong layer and of mechanical anisotropy are being studied.

References:
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Yeats, R. S., Large-scale Quaternary detachments in Ventura basin, southern California,
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Figure 2. Cross-section through Chestnut Ridge anticline, central Appalachians (Wiltschko and 
Chappie, 1977).
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Figure 3. Model results for hi/H = 0.2; contours of qa, L<j/H, and A'/A in R,S-space.
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EXPERIMENTAL ROCK MECHANICS

9960-01180

Stephen H. Kirby 
Branch of Tectonophysics

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

(415) 329-4847

Investigations

Investigation of the deformation microstructures and elastic properties of the lower 
oceanic crust focusing on the shear-zone tectonites of the Ocean Drilling Program core 
from hole 735B.

The discovery of a new class of faulting connected with localized polymorphic phase 
changes in two mineral systems has stimulated further research on other systems with 
the objective to understand the physical mechanisms of deep earthquakes in subducting 
lithosphere.

The important role of hydrothermal alteration reactions on sliding surfaces in olivine 
at elevated temperatures and pressures was explored further in preliminary tests on dunite 
with controlled pore pressure.

Water transport and hydrolytic weakening quartz are being investigated in deformed 
crystals.

Results

1. Lower crustal shear zone properties. In collaboration with Chris Mawer of 
University of New Mexico, we have studied ODP drill core from hole 735B that penetrated 
0.5 km of lower oceanic crust and cut numerous shear ductile shear zones. These shear 
zones are elastically anisotropic, an anisotropy acquired by in-place plastic deformation by 
mid-ocean-ridge-forming regional stresses. The anisotropy and impedance contrast with 
the host gabbros stem from preferred mineral orientations produced by plastic deformation 
and from localized hydrothermal alteration. The observed impedances and shear zone 
thickness suggest that vertically incident P-waves should produce significant amplitude 
of reflected phases, a hypothesis borne out by the filtered and stacked VSP data from 
this hole (Kirby et a/., 1989). This work suggests that these shear zones are excellent 
candidates for the curvilinear structures observed in reflection profiles of the lower oceanic 
crust and there is some prospect that study of these fault zone materials could lead to a 
better understanding of the brittle-ductile transition and the depth of the bottom of the 
seismognic zone in the ocean basins.
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2. Transformation faulting deep earthquakes. Localized polymorphic phase change 
along faults in minerals that undergo phase transformations has been observed by others 
to occur in the olivine  >  spinel transformation in Mg^ GeQ^ confirming a hypothesis 
of fauting put forward by Kirby (1987) based on earlier experiments by Kirby and his 
colleagues on tremolite and in current work by Lisa Dell'Angelo on albite and quartz 
(minerals that undergo phase transformations under the test conditions) that shows 
anomalously low resistance to sliding on sawcut samples. This suggests that preexisting 
faults (inherited by the subducting lithosphere at ridges and outer rises) may be the locus 
of continued faulting. An idea previously put forward by Jim Savage.

3. Hydrothermal alteration along sliding faults in olivine. We have commenced 
controlled pore pressure tests on olivine sawcut samples with the objective of quantifying 
the chemical versus physical role of pore pressure in controlling sliding resistance.

4. The rates and mechanism of chemical equilibration of water with quartz 
are crucial to evaluating the extent to which the process of hydrolytic weakening controls 
the rheologies of crustal rocks under hydrous conditions. We have set up an exploratory 
experiment to evaluate the rates of transport of water along dislocations using H^V and 
Hz® 18 water to "tag" the diffusion of hydrogen and water. The samples will be analysed 
using infrared spectroscopy and an ion microprobe.

Reports

Kirby, S.H., and Iturrino, G.J., 1988, Physical Properties Section, Site 735B, Proceedings 
of the Ocean Drilling Program, v. 118, Initial Report "Fracture Zone Drilling in the 
Southwest Indian Ridge", p. 157-164.

Kirby, S.H., and Hemingway, B.S. and Lee, R.W., 1989, Anomalous fracture and thermal 
behavior of hydrous minerals, in Geophysical Monograph XX (the Heard Volume), 
American Geophysical Union (in press).

Kirby, S.H., Mawer, C., Iturrino, G., and Christensen, N., 1989, Ductile shear zones in 
layer 3 gabbroic rocks: their deformation structures, Vp anisotropy and candidacy for 
the curvilinear reflection structures of the lower crust, Trans. AGU, 70, 460.

Kirby, S.H., Iturrino, G.J., Christensen, N.I. and Kirby, S., 1989, Shear wave splitting and 
compressional wave anisotropy at high pressure in deformed gabbros recovered from 
the Alantis II fracture zone, Indian Ocean, Trans. AGU, 70, 460.
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ROCK DEFORMATION 
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Eugene C. Robertson
Branch of Geologic Risk Assessment

U.S. Geological Survey
MS 922, National Center
Res ton, Virginia 22092

(703) 648-6792

Investigations

Criteria for the strength of brittle rock generally consist of relations 
among the principal stresses, but it seems important to incorporate strain 
relations also in developing a strength criterion because strain characterizes 
important changes of state in deformation to failure. A preliminary 
expression of combined stress and strain in a criterion of strength has been 
studied.

Results

By elasticity theory, the maximum shear stress T^, which is equal to 
half the difference between the maximum principal stress <T^ and the minimum 
principal stress (Pj, will produce the largest strain in a presumedly 
isotropic and homogeneous rock. Lueder's lines are often observed as strain 
surfaces at 45° to the axis on the surface of a cylindrical rock sample under 
compressive and confining pressures, as shown in Figure 1; they follow the 
elastically predicted pattern of T*M trajectories (see Figure 1). 
(Photoelasticity is predicated on tnis relation.) It can be hypothesized that 
although uniaxial compression failure appears anomalous, the outer material of 
a cylindrical rock sample confines the inside of the sample and that 45° 
shears would be incipient; the final axial splitting results from restraining 
friction to shear by the end platens. Very short samples are stronger than 
long ones because of more confining material, like the strengthening of 
triaxial loading.

In the empirical result described here, the mean stress
<Tm = 1/3 ( <T\ + 0*2 + ^"3) will be used instead of confining pressure as the 

strengthening stress on rock samples. In addition, the mean principal 
strain 6 m = 1/3 (  j + 62 + £3) ancl the maximum shear strain y^ = (£^ - 63) 
will characterize the components of strain resulting from the corresponding 
components of stress. Data for analysis using these stress and strain 
parameters are taken from an experiment of Brace (1966) shown in Figure 2, in 
which <T2 = <T5 = 100 MPa.

The mean stress 0~m is assumed to have an opposing effect to the shear 
stress 'Tjvj in rock samples. In simple terms, G~m would be supportive and T^M 
disruptive of inter-and intra-granular bonds. Tneir ratio T^/'<T^ is plotted 
in Figure 3 against the ratio of the corresponding strains %M/ m> In the 
initial lower portion of the curve Figure 3, the strain ratio 9^M/ m ls 
constant because both 3^ and   m increase together uniformly with
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increasing T*M in the elastic range. The upper portion of the curve is 
divided into two parts where T^ becomes larger than Q~m , and it is fitted to 
the hyperbolic equation,

T*. / /i  = A-P/(*//_T )~W <Hn A LM °W   m ;

The following ranges and values apply to the curve in Figure 3. 

________Range_________ _______Equation______ 

Name Extent

Elastic 0 < "7V<rm < 0.7 
Inelastic 0.7 < <TM/d"l < 1-0
Dilatant "TW 0" m > 1.0 don w m

The Coulomb-Mohr relation is derivable from this equation, and in both 
expressions, the constants vary with the rock type and the principal 
stresses. Under low confining pressure, samples fail near T^/ ori = 1, and 
under high confining pressure, failure occurs at T^/ <T*m > 1. (For an 
earlier discussion, see Robertson, 1955.) As TM becomes larger than d"" m » 
the sample becomes irreversibly strained, and it will no longer sustain strain 
strengthening, that is, unloading and reloading to a higher stress 
difference. Failure occurs in the dilatant range at parameter values 
depending on the conditions of the experiment. In the earthquake experiment 
at Park field, CA, if a small patch target area of locked walls of the San 
Andreas fault is identified, observation of appropriate changes in velocity V 
might eventually be interpreted to show an approach to failure at
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Accurate Three-Dlmens ional Calculations for Advancing Slip Zones
in the Earth's Crust

(Joint funding with NSF Grant EAR-8707392)

J. W. Rudnicki and L. M. Keer 
Department of Civil Engineering 

Northwestern University 
Evanston, II 60208 

(312)-491-3411

(For period September 15, 1988 to May 15, 1989) 

Obj ectives

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

During this project period we have continued to develope and refine our 
computational procedures and have begun some applications to isolated slip 
zones near a free surface.

We are using the method of Lee et al. [1987], developed to
analyze cracks in bimaterials. The method uses the integral representation 
for a distribution of body force and the elasticity solution for a point 
force near a bimaterial interface (free surface in the present application). 
The problem is then reduced to the solution of an integral equation for the 
unknown crack surface displacements over the two dimensional surface of the 
crack. Because the method uses the exact asymptotic form of the 
displacement field near the edge of the crack in discretizing the kernel of 
the integral equation, the results are accurate.

An auxiliary program uses the slip surface displacements to calculate 
displacements at the free surface since these are the quantities that are 
most easily observed. The method uses convolution of the displacements 
calculated for the slip surface with the Green's function for a unit point
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dislocation in a half space. The latter is calculated from Mindlin's 
solution for a point force in a half-space.

As a preliminary application of these programs, we calculated the 
stress intensity factors and surface displacements for an inclined circular 
shear cracks near a free surface. For numerical values consistent with the 
moment and geometry inferred by Lin and Stein [1988] for the Whittier 
Narrows earthquake from geodetic elevation changes by using a uniform 
rectangular dislocation model, the magnitude and distribution of the surface 
elevation changes agree well with the observed values. However, because the 
ratio of the depth of the slip zone to its size is relatively large (about 
4.5) for the Whittier Narrows event, the stress intensity factors differ 
from their values in an infinite elastic body by only a few tenths of a 
percent. Calculations for shallower slip zones suggest that significant 
effects of the free surface on values of the stress intensity factors occur 
only when the ratio of the depth of a circular slip zone to its radius is 
less than two.

Current efforts are concentrated on calculations for surface-breaking 
slip zones and application to the Borah Peak earthquake. Although the 
calculations are not yet completed, a particularly interesting effect of 
the free surface is its tendency to cause opening of a slip surface 
subjected to uniform stress drop, a feature noted by Dmowska and Kostrov 
[1973] in two-dimensional problems. For deep slip surfaces, this effect is 
overwhelmed by the large normal stress across the slip surface. However, 
for surface-breaking slip zones, the calculations suggest that the tendency 
of the slip surface to open can significantly reduce the normal stress and 
permit larger slip to occur near the surface.

We have also continued efforts to develope a complementary procedure 
for exterior crack problems, as needed to treat problems of slip advancing 
toward a free surface or around an isolated asperity. This is being done 
using the solution for loading on the surface of an elastic quarter space. 
The solution for tangential loading of the surface of a quarter space can, 
by using symmetry, be used to construct the solutions for an isolated 
ligament (asperity or barrier) resisting slip on a fault plane in an elastic 
half-space.

A procedure has been developed to analyze the internal stress and 
displacement fields in an elastic quarter-space subjected to arbitrary 
surface loadings [Hanson and Keer, 1989]. The procedure involves direct 
solution of two coupled two-dimensional boundary integral equations over the 
surfaces of the quarter-space. This approach has computational 
advantages over previous methods used by Hetenyi [1970] and Keer et al. 
[1983]. The computer code for determining the stresses and displacements in 
a quarter-space has been completed. The modifications needed to account for 
a logarithmic singularity in the equations when Poisson's ratio differs from 
0.5 have been tested against the results of Keer et al. [1983]. Excellent 
agreement between the two methods has been obtained. Application of the
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method to analyze ellipsoidal distributins of tractions on a quarter space 
is given by Hanson [1989] .

Current work is proceeding to develop a tangentially loaded patch 
solution for the quarter space in order to model a slip resisting ligament. 
The ligament will be simulated by a distribution of patches over the 
ligament area. An influence matrix technique has been developed to solve 
for the magnitudes of the patch loadings such that the appropriate no-slip 
boundary conditions over the ligament region are satisfied. The method is 
sufficiently general to allow various geometries for the ligament region and 
to consider either bounded or singular distributions of shear stress at the 
boundary between the zones of slip and no-slip.
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Investigations:

Downhole temperature measurements in the Cajon Pass well and measurement of 
thermal conductivity and radiogenic heat production from core and cuttings samples are 
continuing. Preliminary interpretation of results to date has been completed.

A high-temperature high-pressure thermal conductivity apparatus has been designed. 

A geothermal reconnaissance of the Santa Maria Basin and environs is in progress.

Redesign and reconfiguration of the digital data-acquisition and data-management 
systems for both field and laboratory is continuing.

Results:

Cajon Pass (a) Observations. The Cajon Pass research well presents a rare opportu­ 
nity to study the vertical variation of heat flow in a deep (3.5 km) well in granitic rock. 
Data obtained during the phase I furlough suggested a decrease in heat flow of about 10% 
between the surface and a depth of 2.1 km (~90 to ~80 mW m~2 ). This decrease was 
difficult to document rigorously, however, because uncertainties of 10% or greater are as­ 
sociated with all but the highest quality determinations of heat flow. The large variations, 
both vertical and lateral, in the composition, structure, and texture of the rocks, as well 
as the fact that core was recovered from less than 5% of the drilled interval, preclude 
any high-precision characterization of heat flow over intervals of tens or even hundreds of 
meters. Most cores are gneissic and thus thermally anisotropic. Vertical thermal conduc­ 
tivity of 169 core samples was measured in the laboratory with a steady-state divided-bar 
apparatus at about 25° C. Horizontal conductivity was measured on 44 additional core 
samples to establish the degree of anisotropy. The ratio of horizontal to vertical conduc­ 
tivity ranges from near 1.0 to almost 1.5 and decreases with depth. About 200 splits of 
drill cuttings (whose mineral orientations tend to be random) yielded conductivities that 
were, on average, systematically higher than the vertical conductivities of corresponding 
cores. This discrepancy was resolved for the gneissic rocks by allowing for their anisotropy. 
The sandstones penetrated by the upper 500 m of the well were thermally isotropic and 
had a mean porosity of 12 ± 1%. Correction for porosity resulted in a downward ad­ 
justment of cuttings conductivities averaging 20%, as compared with a mean difference 
of about 25% between cores and cuttings. Below 500 m, it was necessary to correct for 
the effects of ambient temperature. Near the bottom of the hole, where temperatures
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exceed 140°C, this correction (well constrained by experimental data from granitic rocks 
of similar composition) reached  8%. From a time series of temperature logs, equilibrium 
temperature gradients were established over selected intervals of 250 to 500 m to within 
1% or 2% (95%-confidence limits). These gradients were combined with harmonic mean 
thermal conductivities having larger uncertainties to give interval heat flows, which vary 
systematically from 98 ± 7 mW m~2 in the uppermost 400 m to 75 rb 4 mW m~2 in the 
lowermost 300 m. Thus, at the Cajon Pass site, heat flow is decreasing at a mean rate of 
more than 5 mW m~2 per kilometer.

(b) Interpretation. The observed decrease in heat flow with depth in the Cajon Pass 
research well supports the position, long suggested by heat-flow studies, that frictional 
heating on the San Andreas fault is negligible and that the strike-slip portion of the system 
is weak.

Simple fault models based on laboratory measurements employ large friction and 
predict a locally high heat flow over the trace of the San Andreas fault although none has 
generally been observed. A common explanation is that frictional heat generated at depth 
has been swept away by moving ground water before it reaches the surficial 200 m where 
most heat-flow measurements are made. A primary goal of the Cajon Pass drilling was 
to measure the heat-flow variation from the surface to seismogenic depths to see if such 
hydrologic (or other) heat sinks do indeed occur. The 28 previous heat-flow measurements 
in the general vicinity of Cajon Pass average about 70 mW/m2 , and like measurements 
elsewhere in California are no higher near the fault than far from it. Ironically, the near- 
surface heat flow at the Cajon Pass site is much higher (90-100 mW/m2 ), high enough in 
fact to account for the previously undetected heat flow predicted by simple models of fault 
friction. However, studies by Ray J. Weldon show that the site had a unique history of 
rapid Pleistocene erosion as uplift and translation along the San Andreas fault caused the 
capture of Mojave drainage by a south-flowing system with a base level almost 1 km lower. 
The simplest heat-conduction models of such erosion not only require the high surface heat 
flow observed at the site, but they also predict the fall-off toward background values with 
depth that now seems to be confirmed with our measurements to 3.5 km. There is no 
evidence of thermal effects from moving ground water.

New Thermal-Conductivity Apparatus. A pressure vessel, associated hydraulics, and 
a high-temperature needle probe capable of operating at temperature up to 300°C and 
pressures of 1 kb have been designed. If and when funding permits, the components will 
be procured, assembled and tested. We presently have a backlog of about 100 samples from 
the Valles Caldera, with the possibility of additional samples from Cajon Pass, Salton Sea, 
and possibly other deep continental drilling projects.

Santa Maria Basin. An inventory of available, idle oil wells has been compiled, and 
a preliminary schedule of field operations has been mapped out. Petroleum companies 
operating in the Santa Maria Basin have been contacted, and negotiations are under way 
for access to the idle wells. Relevant well histories and wireline logs are being collected for 
analysis.

Data-Acquisition and Management: A PC-based system to replace the 12-year old 
Tektronix system presently used for both lab and field (logging truck) data acquisition
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and management is being installed and debugged. The new data-acquisition system will 
provide enhanced data-analysis capabilities in the field and enable digital recording of all 
open-hole logs. As much use as possible is being made of commercially available software; 
in part, to ease the programming burden on project personnel, and in part, to facilitate 
quality assurance procedures related to work on the Yucca Mountain Project.
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Micromechanics of Rock Friction 

14-08-0001-G1668

C. H. Scholz
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Objective: To develop, from the micromechanics of contacting surfaces, a quantitative model of
rock friction.
Progress:
1. The first step involved extending existing models for contact of two random elastic surfaces to 
predict their elastostatic behavior under both applied normal and shear loads. A model was 
developed in which the shear and normal compliances under no-slip conditions could be predicted 
from the topography of the surfaces. The model was tested experimentally with quantitative 
agreement. The results have been described in two manuscripts, Yoshioka, N. and C. H. Scholz, 
Elastic Properties of Contacting Surfaces Under Normal and Shear Loads. 1 - Theory, and 2 - 
Comparison of Theory with Experiment. These papers have been submitted to a journal for 
publication.
2. A problem regarding the scaling of contact between fractal surfaces was studied. It was found 
that when two mismatched fractal surfaces are in contact under a normal load, long wavelength 
apertures close, whereas short wavelength ones may remain open. This results in a critical length 
appearing, which may be identified with the critical slip distance that appears in friction constitutive 
laws. This result appears in Scholz, C. H., The Critical Slip Distance for Seismic Faulting. 
Nature, 336, 761-763, 1988.
3. To proceed from item 1 to slip conditions, we must understand inelastic fracture processes that 
occur at the contact. This is being studied experimentally by quantitatively measuring wear of 
surfaces with carefully controlled initial topography. By including a fracture criterion in the 
contact theory, we find that the entire wear curve, both transient and steady-state, can be predicted 
and the effect of normal stress properly accounted for. The theory presently does not account 
properly for the effect of topography on either wear or friction, and current investigations involve 
studying the source of this discrepancy.
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FAULT PATTERNS AND STRAIN BUDGETS

9960-02178

Robert W. Siinpson 
Branch of Tectonophysics

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

(415) 329-4865

Investigations

A 70 km-long section of the Calavaras fault centered on the 1984 Morgan Hill rupture 
has been divided into six segments by Dave Oppenheiiner. These six segments appear to 
produce characteristic earthquakes of moderate size (magnitude 5-6) with repeat times of 
approximately 40 to 60 years. I have constructed a model of this section of the Calavaras 
fault using rectangular dislocations in an effort to understand the interactions of the stuck 
patches and to simulate the observed pattern of seismicity,

Results

The model consists of a 35 by 7 retangular array of 2km by 2km dislocation surfaces. 
The model is driven by steady slip of 15mm/year on large dislocation surfaces at the 
bottom and at the ends of the 35 by 7 array. Stuck patches are built by assigning to 15 
dislocations in the array critical stress levels at which failure occurs. When one patch 
breaks it loads additional stress onto nearby stuck patches, thereby advancing their next 
rupture time. The dislocation surfaces between stuck patches are presently treated as 
frictionless, although they probably are creeping in response to a non-linear law. By 
assuming frictionless behavior, afterslip occurs immediately after failures and maximum 
stress changes are instantly observed on nearby stuck patches. When a stuck patch fails, 
its stress is assumed to fall to zero.

Although a single failing patch in this model is both slip- and time-predictable, the 
interactions of patches destroys simple predictability of either sort. There are undoubtedly 
additional reasons why recurring earthquakes do not obey slip- or time-predictability, but 
the model suggests an approach whereby the predictability lost through patch interactions 
could be accounted for and restored. Attempting this restoration of predictability with 
real earthquake sequences should give some idea of the importance of patch interactions 
relative to other causes for the introduction of randomness into earthquake repeat times.

Reports

Siinpson, R.W., Jachens, R.C., and Wentworth, CM, 1989, Average topography, isostatic 
residual gravity, and aeromagnetic maps of the Parkfield region, California: U.S. 
Geologoical Survey Open-File Report 89-13, 3 sheets, scale 1:250,000.
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MECHANICS OF LITHOSPHERE PLATES

9960-03419

William D. Stuart 
Branch of Tectonophysics

U.S. Geological Survey
Pasadena, California 91106

818 405-7816

Investigations

This project is new and replaces the project "Earthquake Forecast Models". The goal 
of that project was to develop new methods for attempting to forecast earthquakes.

The main goal of the current project is to construct a mechanical model for the 
causes of motions of the various tectonic plates that have underlain the Pacific Ocean 
since Jurassic time. The model is posed as an initial and boundary value problem for 
static equilibrium of mutually interacting plates. Provisions are made for plate growth 
by accretion at spreading boundaries, for plate consumption at subduction zones, and for 
plate splitting due to ridge nucleation or extension. Model simulations will attempt to 
reproduce the actual plate motions, accretion, and splitting as inferred from published 
analyses of paleomagnetic data.

Related goals are to understand in some detail a class of mechanical interactions at 
plate boundaries. The most important interactions for Tertiary California seem at present 
to be the formation of triple junctions due to impingement of an oceanic ridge-transform 
corner onto a continent, subduction against a continent whose apparent compressibility 
varies parallel to the plate boundary, and paired oblique subduction and strike slip faults.

Results

For the Pacific plate model most of the basic mechanical assumptions and approxi­ 
mations have been identified.

A preliminary kinematic model for the deformation and faulting in southern California 
leading up to and following the formation of the first Rivera and Mendocino triple junctions 
has been formulated. The model appears to be consistent so far with rotation of crustal 
blocks, orientation of right and left lateral strike slip faults, and plate velocity vectors 
during the early Neogene. The next step will be to calculate the stress and deformation 
fields for several simple elastic plate problems corresponding to the Farallon and Pacific 
plates sliding under the North America plate for the time interval of about 30 to 10 ma 
bp.
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A computer code for simulating repeated cycles of moderate earthquakes at Parkfield 
(or elsewhere) has been written and is available to anyone who wants it. The code is 
modified from a more general one applied to continuous interaction of the Superstition 
Hills and Elmore Ranch faults. The Parkfield version allows for unstable failure of a brittle 
patch, and for any anomalous pre-instability faulting that might be useful for earthquake 
prediction attempts. The model is a refinement of the Parkfield model by Stuart et al., 
JGR, 1985.

Reports

Stuart, W.D., Fault models for earthquake prediction (abstract), IASPEI, 21 August - 1 
September, 1989, Istanbul, Turkey, 1989.
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Rupture geometries and kinematics of pseudotachylyte-bearing 
mylonitic and cataclastic strike-slip fault zones

14-08-0001-G1702

Mark T. Swanson
Department of Geosciences

University of Southern Maine
Portland, Maine, 04103

(207)780-5051

Investigations: The faulted coastal exposures at Two Lights State Park in 
Cape Elizabeth, Maine are currently the focus of a detailed structural field 
investigation. The northeast-trending dextral strike-slip faults in these 
exposures developed well-cemented cataclasites with approximately 10 
meters of displacement. The exposed fault structures are asssociated with 
nearby major faults in the Casco Bay area which in turn are part of the 
regional Norumbega-Nonesuch River fault system. The host rock in the 
Cape Elizabeth area consists of phyllitic quartzites of the Precambrian to 
Ordovician (?) Cape Elizabeth Formation. A 1.3 km long strike-parallel 
outcrop in the Two Lights State Park area is being mapped at the field 
scale of 1:300 using an enlarged aerial photo base. The overall host rock 
structure consists of a recumbent (Fi) - upright (F2) Acadian deformation 
history that locally at Two Lights is expressed as gently-dipping planar 
SQ-SI bedding-cleavage anisotropy most likely developed near the hinge 
zone of a larger F2 upright fold structure. Regional northeast trending 
horizontal (F2) hinge-parallel extension and dextral simple shear strain 
have been accommodated through a variety of ductile, brittle-ductile and 
strictly brittle mesoscale deformation mechanisms.
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Initial Observations: Cross-cutting relations between a variety of minor 
structures in the Two Lights exposures indicate a progressive sequence of 
structural development reflecting strain accommodation under varying 
conditions at ductile to brittle levels within the crust. The varying ductile 
to brittle deformation mechanisms, being depth controlled, are interpreted 
to be related to uplift and passage of the deforming host rock through the 
brittle-ductile transition with erosional unroofing during convergence.

Ductile deformation mechanisms are responsible for the development of 
the dominant F2 regional upright fold structures and the principal 82 
foliation. F2 folds have developed oblique (20-350) to the regional 
Norumbega fault trend in an apparent en echelon array in the Casco Bay 
area and trend to near parallelism as they approach the main Norumbega 
fault trace. Severe flattening, intense hinge-parallel elongation and 
reorientation of the F2 upright folds is thought to have developed during 
distributed dextral simple shear deformation. Early quartz veins, now 
oriented at low angles to the principal F2 schistocity, show ductile pinch & 
swell type boudinage. Local prograde biotite-garnet metamorphic 
mineralogies suggest approximate temperatures of ductile deformation of 
350-500°C and depths of 15-20 km assuming normal geothermal 
gradients of 25°C/km.

Brittle-ductile deformation mechanisms that crosscut the earlier ductile 
structures presumably developed at higher levels in the crust. A 
pervasive 83 shear band fabric deforms the hinge-line elongation 
lineations and F2 layering into sigmoidal lenses as a form of asymmetric 
foliation boudinage. Earlier ductilly deformed quartz veins within this 83 
fabric are modified to asymmetric quartz vein boudinage. Intermittent 
localized brittle deformation developed a series of symmetric foliation 
boudinage as quartz-filled partings and veins reflecting the overall 
hinge-parallel elongation. Modification by the bulk 83 shear bands during 
progressive dextral simple shear effects a clockwise rotation of these initial 
discontinuities with the development of passive sinistral slip. These, now 
asymmetric boudinage features, serve as kinematic indicators for the bulk 
dextral simple shear deformation. The development of initial structures 
normal to the F2 limbs and hinge-lines suggests a channelizing effect for 
stress trajectories by the anisotropy within the deforming host rock. This
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process is incorporated into recent deformation models proposed by 
Malavielle & Lacassin (1988) for the development of similar asymmetric 
boudinage structures in progressive shearing.

Brittle deformation structures that overprint all earlier structures 
developed at still higher levels within the crust. These brittle features 
include pseudotachylyte-bearing dextral strike-slip faults, mineral-filled 
extension fractures, kinks, joints and small-dihedral angle conjugate shear 
fractures. The dextral strike-slip faults are arranged in an en echelon 
array with left-stepping offsets of 200-300 m and segment lengths on the 
order of a km or greater each with approximately 10 meters of 
displacement. These en echelon faults are interpreted as an R-shear array 
related to the nearby Broad Cove and Cape Elizabeth faults. The fault rocks 
at Two Lights consist of characteristically well-cemented cataclasites 
formed in an apparently fluid dominated system. The minor development 
of slip surfaces with thin mm-scale pseudotachylyte suggests the 
occurrence of paleoseismic events related to these fault surfaces. 
Estimates of Mesozoic erosion rates (Doherty & Lyons, 1983) suggest 
minimum depths for this probable Late Paleozoic faulting of 5-8 km 
corresponding to minimum temperatures of 125-200^C.

Associated with these dextral strike-slip faults is a pervasive set of 
cross-cutting planar quartz-calcite veins typically up to 5 cm in width. 
Planar vein systems and joints in these exposures are vertical fractures 
oriented normal to the regional F2 limbs and hinge-parallel lineations. 
Small-dihedral angle conjugate shear fractures also accommodate 
additional hinge-parallel extension. The quartz-calcite veins show an 
apparent spatial and temporal relation to the associated dextral faults with 
evidence for at least two fault-vein sequences. These fault-vein 
associations are interpreted as a fossilized seismic pumping system (Sibson 
et al., 1975). Repeated fault rupture, and cyclic stress release would cause 
dilatancy collapse and concommitant high fluid pressures. Hydrofracturing 
during transient fluid pulses related to paleoseismic events could form the 
observed veins and fault-vein relations.
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Preliminary Interpretations: The sequence of structures and deformation 
mechanisms in these exposures is interpreted to represent the progressive 
deformation of the host rock in the ductile, brittle-ductile and the brittle 
deformation regimes within the crust from Mid Devonian to Late 
Carboniferous. The inferred progression of depth-age relations during the 
development of these structural assemblages suggests passage of the host 
rocks through the brittle-ductile transition with the development of 
pseudotachylyte during paleoseismic events. This progression of 
deformation mechanisms is being tentatively related to erosional unroofing 
during uplift due to transpression along a restraining bend in the regional 
Norumbega-Nonesuch River fault system. Severe flattening and intense 
elongation of ¥2 fold structures within fault-bounded host rock slices 
reflects transpressional strain at the restraining bend and is responsible 
for the observed assemblages of minor structures. Similar interpretations 
of progressive structural development during uplift along strike-slip faults 
have also been recently described for the Alpine fault zone in New Zealand 
(Holm et al., 1989).

References:
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Study of the Correlation Between Water Level Fluctuation 
and Reservoir Induced Seismicity Phase I

14-08-0001-G-1713

Pradeep Taiwan!
Department of Geological Sciences 

University of South Carolina 
Columbia, SC 29208

(803) 777-6449

Introduction

Duke Power Company is constructing a pumped storage facil­ 
ity at Bad Creek in northwestern South Carolina. Construction 
on the project began a few years ago and all dams are expected 
to be built by 1990. The drawdown at Bad Creek is expected to 
be significantly larger than at other sites, and the proposed 
research is aimed at understanding the role of rate of lake 
level fluctuation on the nature of reservoir induced seis- 
micity.

Funding for the project was approved late and it started 
in March, 1989.

Investigations

In the preimpoundment phase we plan to obtain the back­ 
ground hydrological and seismological data.

Duke Power Co. routinely monitors a series of approx­ 
imately 20 wells and piezometers along the east dike and main 
dam, five around the west dam and one well at the north end of 
the lake. This summer we will collect data pertaining to the 
depth to the water table and other aquifers. At locations 
where the well coverage is missing or is sparse, we will 
obtain these depths by conducting resistivity soundings.

We plan to establish a four station telemetered seismic 
network and carry out noise surveys to select sites for perm­ 
anent stations.

Results

We have just obtained maps showing the locations of wells 
and piezometers together with water level data. These are 
being examined and evaluated for their spatial and temporal 
coverage.
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We have also obtained maps showing detailed aerial mapping 
in the vicinity of Bad Creek Site. These maps are being 
examined for potential seismometer sites.

Reports 

None.
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An Experimental and TEM Study of Cataclastic Flow 
in Quartzo-Feldspathic Rocks

14-08-0001-G-1363

Jan Tullis and Richard Yund 
Department of Geological Sciences

Brown University
Providence RI 02912

(401) 863-1921

Objectives

1. The brittle-ductile transition in feldspar rocks appears to be accomplished by a switch 
from faulting to cataclastic flow consisting of distributed cracking with no involvement of 
dislocations. In order to characterize the constitutive behavior of this cataclastic flow regime 
we are adapting the molten salt assembly developed by Green and Borch to our Griggs-type 
deformation apparatus.

2. We have discovered that quartzites with 7% porosity develop a pre-fault damage zone 
when loaded just to peak stress. We are conducting further investigations to try to determine 
how en echelon mode I cracks connect to form a shear fracture.

3. Our previous investigations have shown that the nature and the conditions of the 
transitions from faulting to cataclastic flow to dislocation creep are very different in 
monomineralic aggregates of feldspar and of quartz. In order to determine how these dif­ 
ferent responses affect the failure and flow of 'granitic' rocks, we have begun investigations 
of these transitions in a fine-grained aplite consisting of -1/3 quartz and -2/3 feldspars.

4. We have finished our investigations of the effects of porosity on the brittle-ductile 
transition in quartzites, and our TEM investigations of fault gouge developed in rotary shear 
friction experiments, and papers on both topics have been accepted by JGR.

Results

Constitutive Behavior for Cataclastic Flow of Feldspar Rocks

In the cataclastic flow regime for feldspar rocks, many of our constant displacement rate 
axial compression experiments show close to steady state flow, even out to strains of 
30-40%. Preliminary strain rate stepping experiments at constant temperature indicate a 
very high stress exponent, on the order of n=90, which is consistent with a process of crack 
propagation and frictional sliding of fragments. Experiments over a range of temperatures 
from 300-600°C indicate a low activation energy, on the order of 20 kcal/mole, again 
consistent with environmentally assisted stable crack growth.
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At the relatively low temperatures of the cataclastic flow regime, the errors in our 
measured stresses due to friction are probably large. In order to better test whether cataclas­ 
tic flow is capable of producing steady state flow, and in order to more accurately deter­ 
mine the constitutive behavior so as to enable more accurate predictions of the faulting- 
cataclastic flow transition in nature, we are in the process of adapting the molten salt 
assembly developed by Green and Borch for a 3/4 inch pressure vessel to our one inch 
pressure vessel. Use of low melting temperature salts should allow a stress sensitivity almost 
as great as that of a gas apparatus (Borch and Green, AGU, 1989) while operating at the 
high confining pressures required for cataclastic flow and achievable only in a solid 
medium apparatus.

Shear Localization in Porous Quartzites

One of the most fundamental questions about brittle deformation concerns the process by 
which initially distributed axial microcracking develops into a localized shear fracture. We 
have observed that a quartzite with 7% porosity unloaded just at the peak stress contains a 
localized 'damage zone' consisting of en echelon mode I cracks which goes most, but not 
all, of the way across the sample. Samples loaded past the peak stress show decreasing 
stress and then fault unstabley. This mono-minerallic aggregate appears to show some 
advantages for studying the micromechanics of faulting, avoiding the complications result­ 
ing from the presence of different minerals. We plan further experiments and SEM and 
TEM observations on both longitudinal as well as radial sections through the samples to 
determine at what point localization commences, whether it is reproducible, and whether 
the mode I cracks which are localized in a shear plane are randomly oriented about the 
loading direction.

Brittle-Ductile Transition for Apllte

In our previous work on fine-grained monomineralic aggregates of quartz and feldspar 
(Ani and An78) we found that feldspar exhibits a broad regime of distributed cataclastic 
flow, at pressures >~500 MPa and temperatures of 300-700°C (for a strain rate of 
lO-^/sec); within this regime deformation occurs by distributed stable cracking and crush­ 
ing, with rotation and frictional sliding of the fragments, but no dislocation multiplication 
or motion. From 700-1000°C there is a broad transition from cataclastic flow to disloca­ 
tion creep. In contrast, quartzites undergo faulting to much higher temperatures (600 °C) 
and they show no regime in which there is only distributed cracking. Instead there is a 
narrow temperature interval (700-850°C) between faulting and dislocation creep within 
which high densities of dislocations cause strong work hardening which leads to some 
cracking and crushing. This contrast in behavior makes it somewhat hard to predict the 
behavior of 'granitic' rocks which are a mixture of these two phases. Therefore we have 
undertaken a modest program of experiments on Enfield aplite, a fine-grained (-150 jxm) 
granite consisting of roughly 30% quartz, 40% microcline, 27% oligoclase, and 3% biotite, 
magnetite etc. The quartz occurs as isolated grains within a stress-supporting framework of 
feldspars.

Preliminary results show that the aplite undergoes distributed cataclastic flow over essen­ 
tially the same temperature range as do monomineralic feldspar aggregates (~300-700°C), 
which is not too surprising, given that the rock contains a semi-continuous matrix of 
feldspar. Within this low temperature regime, where quartz is inherently stronger than
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feldspar, the isolated quartz grains remain almost undeformed, and the sample deforma­ 
tion is accommodated almost entirely by distributed cataclastic flow within the feldspars. 
Our preliminary observations show no significant difference in the behavior of the 
microcline and the oligoclase.

Cataclastic Flow in Porous Quarlzites

We have shown that for quartzites deformed in axial compression at room temperature, 
samples with no porosity show brittle faulting at confining pressures up to 1500 MPa. 
Samples with 7% porosity fault at a lower differential stress at low pressures, due to the 
stress concentrations at the pores (which do not collapse under hydrostatic pressure). The 
porous samples show a transition to cataclastic flow at a pressure of about 600 MPa, but 
this ductility is transient, associated with gradual pore collapse and hardening. After the 
pores are completely collapsed, further deformation results in a net dilatancy, leading to 
unstable (audible) faulting. There are important implications of these results for the defor­ 
mation of shallow level porous sedimentary rocks; many instances have been reported of 
initial ductility succeeded by brittle failure.

A paper describing our results has been accepted for publication in JGR (Hirth and 
Tullis, 1989), and we are currently performing additional experiments to evaluate the 
effect of pores on deformation over a wide range of temperatures.

Microstructures in Experimental Gouge

It is important to identify the micromechanical processes operative in experimental fault 
gouge, but its extremely fine grain size makes optical observations of limited value. We 
have used transmission electron microscopy (TEM) to characterize the microstructures of 
gouges produced in room temperature, rotary shear frictional sliding experiments on 
granite, quartzite, and marble performed by T. Tullis, J. Weeks, and students. The shear 
strain in the gouges ranged from 15 to 19,400.

We found no new dislocations in any gouge fragments in the granite or quartzite, so 
crystal plasticity cannot explain the observed velocity dependence of friction. We did ob­ 
serve an increase in the dislocation density in the marble gouge fragments, and dislocation 
creep may have allowed local flow at point contacts on sliding surfaces. However, it con­ 
tributes very little to the overall strain.

The gouge generated by sliding of bare rock surfaces is extremely fine-grained; fragments 
several microns in diameter are observed, but almost all of the material is less than one 
micron in diameter, and there are substantial amounts of amorphous material (5-60%) in 
the granite and quartzite gouges. (There is little or no amorphous material in the marble 
gouges.) The amorphous material appears to result from extreme comminution rather than 
melting. In the granite gouge, almost all of the remaining crystalline fragments tend to be 
quartz, despite the fact that this mineral makes up only -30% of the rock, indicating that 
feldspars are more easily comminuted and produce most of the amorphous material. This 
is consistent with our demonstration of a much more extensive regime of cataclastic flow 
for feldspar than for quartz aggregates, and is not surprising given the two excellent 
cleavages of feldspars.
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The amount of amorphous material in the granite experiments apparently does not sig­ 
nificantly affect the coefficient of friction or the constitutive laws. The granite experiment 
with the least amount of amorphous material (-5-10%) has similar values of the coefficient 
of friction fji and constitutive law parameter L as the sample with more (-35%) amorphous 
material. Amorphous material was observed in samples slid stably at low velocities, as well 
as in samples which slid unstabley at high velocities. Although the influence of this amor­ 
phous material on the constitutive behavior is unclear, it may have important implications 
for physical models of the frictional sliding process. For example, it is possible that amor­ 
phous material might allow the effective contact area to be a larger percentage of the total 
surface area.

A paper describing our results has been accepted for publication by JGR (Yund et al., 
1989).

Reports

Hirth, G. and Tullis J., 1988, The effect of porosity on the room temperature deforma­ 
tion of quartzite: Amer. Geophys. Union Trans., 69, 1446.

Hirth, G. and Tullis, J., In Press, The effect of porosity and pressure on the room 
temperature deformation of quartz aggregates: Jour. Geophys. Res.

Hadizadeh, J. and Tullis, J., Cataclastic flow of anorthosite, I: P,T conditions and 
mechanical behavior: to be submitted to Jour. Geophys. Res.

Tullis, J. and Yund, R. A., Cataclastic flow of anorthosite, II: Micromechanisms of 
deformation: to be submitted to Jour. Geophys. Res.

Yund, R.A., Blanpied, M. L., Weeks, J.D., and Tullis, T.E., In Press, Observation 
and interpretation of microstructures in experimental fault gouges: Jour. Geophys. 
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EXPERIMENTS ON ROCK FRICTION CONSTITUTIVE LAWS APPLIED TO 
EARTHQUAKE INSTABILITY ANALYSIS

USGS Contract 14-08-0001-G-1364

Terry E. Tullis
John D. Weeks

Department of Geological Sciences
Brown University

Providence, Rhode Island 02912
(401) 863-3829

INVESTIGATIONS:

1. We have completed a study of evolution of gouge textures and velocity dependence of friction 
for simulated granite gouge and compared its behavior with that of samples having initially bare 
surfaces.

2. We have measured temperatures generated during frictional sliding and compared them with 
predictions of numerical models to determine the effect of frictional heating on velocity 
dependence.

3. We have begun an investigation of the frictional properties of feldspar as a continuation of our 
program to study a variety of pure materials.

RESULTS:

1. We have completed a study of the evolution of gouge textures and velocity dependence of 
friction of simulated gouge (crushed granite) and find that with sufficient sliding the behavior of 
samples with simulated gouge matches that of initially bare surfaces. Although in some senses the 
samples have not reached a steady state, the two types of samples have attained a state similar 
enough to each other that their behavior is in close agreement. During the initial 10-20 mm of 
sliding the mechanical behavior of samples containing simulated gouge differs from that of samples 
having initially bare surfaces, and their textures also differ. With only these short sliding 
displacements, the simulated gouge samples show velocity strengthening, whereas the initially bare 
surfaces show velocity weakening. Microscopic examination of the gouge shows that with these 
short displacements the simulated gouge still consists of large particles surrounded by smaller 
ones, a set of RI Riedel shear surfaces exists, and shearing parallel to the layer is localized on one 
or both boundaries, similar to gouge in mature natural fault zones. In contrast, the gouge produced 
during sliding of initially bare surfaces after these small amounts of sliding is uniformly very fine 
grained and the localized slip surfaces include RI and boundary-parallel shears that are contained 
within the gouge layer rather than located at its boundaries. Continued slip on both types of 
samples leads to evolution in behavior and in gouge textures, with the changes in the simulated 
gouge samples being more significant so that after about 30 mm of slip they closely resemble the 
initially bare samples. The evolution of the velocity dependence for both sample types is illustrated 
in Figure 1. As shown, the behavior ceases to change significantly with further slip of up to at least 
80 mm. The evolution in the textures of the simulated gouge involves continued comminution of
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Figure 1. Velocity dependence of frictional 
resistance for two types of granite sample. 
Experiment FR60 had a nominally 1 mm thick layer 
of simulated gouge between ground granite 
samples, while FR68 had initially bare surfaces that 
developed a layer of gouge during sliding. After 
the initial 10 to 20 mm, where the two data sets are 
very different, the data are essentially the same.

the grains and the localization of slip on a system of anastomosing boundary parallel 'Y' shears
located within the gouge rather than at either 
boundary. Simulated gouge samples having 
different initial particle size distributions, 
different roughness of the adjacent rocks, or 
different gouge thicknesses, show somewhat 
differing initial behavior, but after sufficient slip 
they all show the same velocity dependence and 
similar textures. This independence of eventual 
behavior and textures on initial sample 
configuration shows that, if sufficient slip can be 
attained, rock frictional response can be studied 
in the laboratory that may be representative of 
the behavior of natural mature faults. Our 
results also suggest that a good way to attain this 
mature behavior, using experimental 
configurations that are more limited in total 
displacement than our rotary shear geometry, is 
to use either initially bare rock surfaces or very 
thin layers of simulated gouge.

2. A transition from velocity weakening at low velocity to velocity strengthening at higher velocity 
has been observed for sliding on a variety of materials by ourselves and others. To investigate the 
physical basis of this behavior, to identify conditions under which it occurs and to determine if the 
behavior depends on shear-induced heating, we measured a-b on rough, initially bare granite 
surfaces at an = 10 and 25 MPa, room temperature and without confining pressure. The increase 
in surface temperature from shear heating was calculated assuming spatially homogeneous heat 
production, and verified by direct measurement. For slip at a given velocity, about 2.5 times more 
heating occurs at Gn = 25 MPa than at 10 MPa because of the greater frictional resistance. We 
found that the velocity of the transition from velocity weakening to velocity strengthening is lower 
at Gn = 25 MPa than at 10 MPa ( about 102-9 and about 1033 ^m s' 1 , respectively; see Figure 2). 
The transition for both normal stresses occurs at a heat production rate of 1.7 J/m2/s and therefore 
appears to be caused by increased asperity contact temperatures from shear heating. The stress 
dependence of the velocity at which the transition takes place may explain the apparently 
contradictory values in the literature for a-b measured at high slip rates by other workers. At 25 
MPa and velocity of 103.5 \im s' 1 , a-b = +0.0155 ± 0.0074. At lower velocities where shear 
heating is negligible ( V = 0.01 to 100 ^im s' 1 ) a-b = -0.0041 ± 0.0010 at 10 MPa and -0.0038 ± 
0.0007 at 25 MPa. To explain this phenomenon, we propose that the value of the parameter b is 
determined by the thermally activated diffusion of surface contaminants at asperity contacts. The 
strength grows with time because of the diffusion of adsorbed contaminants, such as water, away 
from the highly stressed contacts, allowing increased adhesion. At low slip rates where shear 
heating is negligible, an increase in slip rate decreases the time for diffusion of contaminants and 
thereby lowers the contact strength and causes a negative dependence of contact resistance on slip 
rate. At high rates, and with sufficient normal stress to cause significant shear heating, the 
increased temperature increases the diffusion rate, counteracting the loss of strength due to the 
shorter time of contact. In addition to this effect on the velocity dependence of friction, we observe
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Figure 2. Velocity dependence of frictional resistance of granite to high velocity and at two normal stresses. 
Note that at 25 MPa, for which the frictional heating is about 2.5 times greater, there is a transition to velocity 
strengthening at the highest velocities. Each data point is an average of more than one measurement; the 
number of measurements is shown below the data. Horizontal bars represent the two velocities of the jump 
used to make the measurement; the vertical bars the scatter in the data. Because the samples were run 
unconfined, there was no jacket and no correction is required for jacket friction.

a gradual but significant decrease in the frictional resistance during extended sliding at 25 MPa and 
the highest slip rates. This also appears to correlate with shear heating, but upon returning to low 
velocity, the strength recovers at a much slower rate than the cooling rate of the sample. This 
phenomenon may reflect a change in the microstructure of the fault gouge in response to the change 
to velocity strengthening.

3. We have completed a preliminary investigation of the frictional constitutive properties of the 
friction of feldspar. The material studied is a fine-grained albite rock from the Tanco pegmatite in 
Ontario, Canada. Sliding surfaces were surface ground flat and finished with loose 24-grit 
alumina on a glass plate in order to give a surface roughness similar to that achieved on Westerly 
granite using 60-grit alumina. The surfaces were initially bare, but a 20 to 100 Jim thick layer of 
gouge developed during sliding. Because feldspar is the principal component of granite, we
(A) (B)
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Figure 3. Velocity dependence for frictional resistance of albite feldspar vs. displacement (A) and vs. 
log(V) (B). For clarity, (A) includes only jumps from 1 to 10 micron per sec. In order to eliminate the 
running-in period. (B) shows data for displacements greater than 20 mm.__________________
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expected that the frictional properties of granite and feldspar might be similar. However, by 
comparing the data in Figure 3 with similar data for bare granite (plusses in Figure 1), it can be 
seen that this is not strictly true. In the first 5 to 10 mm, the two materials are very different, the 
granite starting from very strong velocity weakening and the feldspar showing velocity 
strengthening in this range of displacement. After this initial "running-in" period, the two materials 
are more similar, converging to a moderate negative value of a-b, with pure feldspar showing a 
value somewhat more negative (about -0.004) than granite (about -0.003 in Figure 1). It should be 
pointed out that these measurements include some contamination from the frictional resistance of 
the sample jacket and are probably slightly more negative than shown. A crude measure of this 
error is provided by comparing Figure 2 for unjacketed bare granite (a-b = -0.005) with the data 
shown by plusses in Figure 1, for jacketed bare granite (a-b = -0.004). Both the granite in Figure 
1 and the feldspar in Figure 3 were run using identical jackets so that this error should be 
approximately equal for both, allowing meaningful comparisons between the two materials.
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Investigations

1. Seismic source zones are being revised for a new generation of probabilistic ground- 
motion hazard maps for the United States.

A. An investigation of regional aspects of the Quaternary fault data base for the Great 
Basin (Nevada and Utah) has disclosed a regional pattern of fault belt segmentation 
and termination along three transverse, range-tilt domain boundary zones identified 
by Stewart (1980). The tilt domain boundary zones trend approximately N60°W 
for hundreds of kilometers across the Great Basin Province, roughly parallel to the 
regional extension direction.

B. Revisions of seismic source zones for the central and eastern U.S. treat geological and 
seismological evidence separately. This allows each body of information to be analyzed 
in a logical and documentable manner and is expected to result in seismic source zone 
definitions that are comparatively insensitive to changes in ephemeral seismotectonic 
hypotheses.

C. Review and compilation of slip-rate data and fault segmentation models for Quaternary 
faults of the Peninsular and western Transverse Ranges of California.

2. Work is continuing to reconcile conflicting interpretations of the persistence of 
segmentation boundaries of the Wasatch fault zone, Utah.

3. Coding of a FORTRAN computer program, Friendly, is nearing completion. This 
program permits an analyst to perform probabilistic ground-motion hazard analysis inter­ 
actively at a computer terminal. The ground motion can be calculated for earthquakes 
that occur as areal ruptures on dipping planes and/or as linear ruptures along faults or 
in areal source zones. Conceptually, the calculations for ground motions resulting from 
earthquakes along faults or in areal source zones are similar to those performed in the the 
seismic hazard analysis programs Seisrisk II, and Seisrisk III currently in use.

4. The site geology was characterized and depth to basement estimated for 80 accelero- 
graph stations that recorded the April 24, 1984 Morgan Hill earthquake. This information 
and data was incorporated into the worldwide strong-motion data base of K.W. Campbell.

5. Statistical research on the estimation of the largest possible earthquake in a region 
continues.

6. Work has begun on the estimation of losses to dwellings in California using both 
deterministic (scenario) and probabilistic approaches.
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Results

l.A. Three structural zones that mostly separate domains of east- or west-tilted moun­ 
tain blocks trend easterly across much of the Great Basin Province (Stewart, 1980). These 
structural zones must accommodate contrasts in the direction, magnitude or rate of ex- 
tensional strain due to the differences in regional structural vergence across the zones. For 
that reason, the structural zones are defined as extensional accommodation zones. The 
distribution of Quaternary faults is interpreted to show that the accommodation zones 
play a controlling role in limiting the north-south lengths of range-bounding belts of Qua­ 
ternary faulting. Figures la-c illustrate the Quaternary fault data base for the Great Basin 
Province in terms of the relative density of Quaternary faulting in alluvium normalized to 
kilometers of surface rupture length per 625 km2 . The west-northwest trending lines are 
the transverse, range-tilt boundary zones of Stewart (1980) (referred to here as extensional 
accommodation zones). Figure la shows Holocene and historic (post-pluvial, <0.012m.y.) 
faulting as a spatial pattern of relative concentrations throughout the province. Prominent 
features are hills and valleys where the density of faulting in alluvium is relatively high 
and low, respectively. Figure Ib is the same type of portrayal for faulting of late Quater­ 
nary age (<0.5 m.y.) and figure Ic is all Quaternary faulting, undifferentiated as to age 
(<2 m.y.). The series of figures reveal the termination of some fault belts at or near the 
accommodation zones and a marked decrease in surface-fault concentration where other 
fault belts intersect and cross the accommodation zones. From an interpretation of scarp 
heights mapped in the Sou Hills barrier of the Central Nevada Seismic Zone (CNSZ) (Fon- 
seca, 1988), the paucity of identified Quaternary surface faulting along the accommodation 
zones is interpreted to be the consequence of erosional obliteration of small scarps within 
these zones. This explanation is consistent with patterns of scarp heights in rupture bar­ 
riers of the CNSZ and we conclude that the three extensional accommodation zones are 
not singular features in themselves but rather, are a series of generally nonconservative 
rupture barriers aligned roughly parallel to the N60°W regional extension direction. In 
the western part of the Province, future earthquake rupture in a 40-km-long gap bounded 
on the south by the Tobin Range scarps of the 1915 Pleasant Valley earthquake and on the 
north by the northernmost of the three Great Basin accommodation zones would complete 
a belt of historical rupture between the central and northern accommodation zones. We 
define this area as the Sonoma Range Seismic Gap (Figure 2).

l.B. East of the Rockies, the association between geology and seismicity remains am­ 
biguous. Accordingly, source zones have varied considerably from one worker to another 
and as seismotectonic hypotheses come and go. Thenhaus suggested minimizing this un­ 
certainty by separating geological and seismological bases for the two kinds of source zones. 
Wheeler defined geologic source zones based on expected characteristics of groups of faults 
likely to penetrate to seismogenic depths. These characteristics are estimated from geologic 
history and from structural and geophysical evidence. In contrast, seismicity source zones 
are defined from seismicity alone. Typically, geologic source zones are much larger than 
seismicity source zones. By treating geologic and seismological evidence separately, each 
can be analyzed in a logical and documentable manner that is comparatively insensitive to 
changes in ephemeral tectonic hypotheses. For example, the Appalachians are divided into 
two northeast-trending, parallel, geologic source zones. The northwestern Appalachians 
are underlain by the lapetan passive margin. The margin is cut by lapetan normal faults, 
but the faults are few enough that the Grenville-age continental crust retains approxi­ 
mately its original thickness and acts as a coherent mechanical unit. The southeastern 
Appalchians, Coastal Plain, and near offshore constitute a second geologic source zone, 
the Appalachian erogenic crust. The orogenic crust comprises the attenuated Grenville 
crust of the fault-thinned outer part of the lapetan passive margin, as well as rocks formed 
or accumulated during the Paleozoic construction of the Appalachians, and faults and 
rocks formed during Mesozoic extension. The boundary between the two source zones is
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the line separating relatively intact from comparatively attenuated Grenville crust, and 
is identified on eight seismic-reflection profiles between Georgia and the continental shelf 
northeast of Newfoundland. This boundary runs approximately along the Appalachian 
gravity gradient.

1.C. In the ten years since seismic source zones were defined for the 1982 series of 
national seismic hazard maps, significant advances have been made in the field of paleo- 
seismology and significant applications have been made to Quaternary faults of western 
California. Whereas previous source zones were defined on scales of 1:2.5 M, the sub­ 
stantial detail available in recent fault studies requires larger map scales to usefully apply 
the paleoseismological data. Using a digitized Quaternary fault data base, fault mod­ 
els are being constucted for Quaternary faults of the western Transverse and Peninsular 
Ranges of southwestern California at a scale of 1:1 M. Particular attention is focussed on 
published fault segmentation models and slip-rate determinations addressing the last 0.01 
m.y. although longer term slip-rate data (i.e., 0.1-2.0 m.y.) is also being compiled.

2. Paleoseismological evidence of late Quaternary faulting indicates that the Wasatch 
fault zone might have as many as 12 segments separated by 11 segment boundaries. In 
contrast, analysis of geological and geophysical evidence that reflects faulting over periods 
longer than the Quaternary indicates that as few as 4 of these boundaries might be per­ 
sistent enough that they are likely to limit the length of the next large, nearby rupture. 
Reconciling this discrepancy indicates that 15 locations along the Wasatch fault zone have 
geological or gravity signatures characteristic of segment boundaries. Of these 15 locations, 
10 have controlled large, nearby, late Holocene ruptures and are persistent enough that 
they are likely to control the next such ruptures. The other 5 locations are less persistent; 
they have controlled few or no late Quaternary ruptures and are unlikely to control the 
next large, nearby ruptures.

3. The program Friendly is designed to allow the analyst to rapidly test the effects on 
probabilistic ground-motion calculations of varying source locations, seismicity parameters, 
attenuation functions, etc. Therefore, the analyst is permitted to interactively enter source 
zone coordinates, to specify seismicity parameters (a and b-values, magnitude range, direc­ 
tion of faulting-if any), to specify boundary location uncertainty for each source, to enter 
an attenuation function, to define attenuation variability, to select sites (either single sites, 
a line of sites or a grid of sites) at which computations are to be performed, to specify time 
and probability levels of interest, and to indicate the type of output desired at the terminal 
(e.g., ground motions with a fixed probability of exceedance) and the type of output to be 
saved on a file. Friendly records the coordinate information and seismicity information for 
each source on separate files; the files are then available during the current session at the 
terminal and are saved for future use. Similarly, the program records inputs for the current 
run on a file as the information is entered; this information remains available if a session 
is interrupted. Once entered, the various inputs can be modified. Friendly guides the user 
by asking a number of questions; it allows the user to enter data in any sequence and to 
modify existing data at any time. It also notifies the user if any of the data required for a 
hazard calculation has not yet been entered, and permits the user to specify data as needed 
without terminating the run. Friendly currently permits some of the results to be plotted 
on the Vax and eventually will permit more sophisticated graphics on a microcomputer. 
Friendly is planned to permit the analyst to investigate historic seismicity in a proposed 
source area by determining which earthquakes in a given catalog are located within the 
source zone (or within some specified distance of the source). The dipping-plane model is 
an advanced version of that found in Seisrisk III and allows ruptures on articulated planes. 
That is, continuous ruptures are allowed across intersections of dipping planes if desired.

4. Basement depth is an important site parameter in regression modeling of strong 
ground motion. Basement is distinguished from cover by attention to the physical prin-
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ciples and geological processes that govern amplification of ground motion. Three kinds 
of complimentary evidence identify the cover-basement boundary within a sequence of 
layers beneath an accelerograph station. First, cover layers have larger gradients of shear- 
wave velocity impedance with depth than do basement layers. Second, impedance changes 
across the lower boundary of a cover layer more than it changes across the lower boundary 
of a basement layer. Third, amplification is concentrated in sediments and sedimentary 
rocks that are still undergoing diagenesis. Applications of this evidence to west-central 
California identify crystalline rocks and the Jurassic-Cretaceous Franciscan Complex as 
basement, and overlying Cretaceous and Tertiary strata as cover. In the Livermore basin, 
high-velocity Miocene strata are basement for ground-motion modeling.

5. A number of techniques currently employed to estimate mmox , the magnitude of the 
largest possible earthquake in a region, make use of sets of observed earthquake magnitudes. 
Analysts who use these techniques typically either do not estimate or else underestimate 
the uncertainty in the fitted mmox . The distribution of observed maximum magnitudes 
in N sets of n earthquakes can be analytically determined for any assumed 6 value and 
magnitude range mmox   mo, given the assumptions that earthquakes have a Gutenberg- 
Richter magnitude-frequency relationship with the magnitude range mo < m < mmox , 
and that earthquakes with magnitudes higher than mmox do not occur. Thus, one can 
simulate the estimation of maximum magnitude for techniques that use every earthquake, 
that use the largest annual earthquake, or that use only the largest magnitude of the 
entire set. A comparison of confidence limits for mmox obtained for various combinations 
of 6 value, magnitude range, and sample size, indicates severe limitations in discriminating 
between such combinations. The analysis shows that usually only the largest or few largest 
magnitudes of the set are useful in selecting between various values of mmox , and a high 
sample-to-sample variability in these observed largest values may make the estimated 
rhmax highly uncertain, even if the 6 value is known. The conclusion must be that, for 
most real data sets, the amount of information available is too small to permit a reliable 
estimate of mmox to be obtained using magnitudes of the earthquakes observed in the 
region.

6. Probabilistic and deterministic loss models are being developed using Modified 
Mercalli intensity as a measure of ground shaking. Intensity is being used because, at 
present, loss vulnerability relationships (replacement cost vs. ground shaking) are based 
on MM intensity. Intensity attenuation curves have been developed using 27 California 
earthquakes I0 > VII representing 4045 intensity observations at 1634 sites. Site response 
(in terms of intensity) has been evaluated by taking the difference /0 & 8   7me0n = A/ for 
each site, where I0i8 is the intensity observed at a site during an earthquake and /me0n 
is the mean intensity during the earthquake from a regression of the form I0   I = f(d) 
where d is the distance from the macroseismic center of shaking.
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Figure 1. Relative density of A) Holocene and historic (post-pluvial, <0.012 m.y.), B) late Qua­ 
ternary (<0.5 m.y.), C) all Quaternary surface faulting (<2 m.y.) in alluvium through­ 
out the Great Basin normalized in terms of kilometers of surface rupture length per 625 
km2 (z-axis). West to northwest lines are trends of accommodation zones (transverse 
range-tilt boundary zones from Stewart, 1980).
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Figure 2. Map of surface faulting comprising the northern Central Nevada Seismic Zone showing 
ruptures of the October 2, 1915 Pleasant Valley earthquake and Holocene scarps com­ 
prising the Sonoma Range Seismic Gap. Ruled areas indicate approximate boundaries 
of the central and northern extensional accommodation zones where the zones cross 
the seismic belt at Sou Hills and Krum Hill, respectively.
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Regional and Local Hazards Mapping in the Eastern Great Basin*

9950-01738

R. Ernest Anderson 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal center

Denver, CO 80225
(303) 236-1584

^Without changing the name of the project it has been expanded to include a 
major component of study by G.C.P. King of Methods of Assessing local and 
Regional Seismic Hazards.

Investigations

1. Assembled and analyzed from varied sources geologic evidence for north- 
south constrictional strain of late Cenozoic age in the southern Great 
Basin.

2. Developed methods and the necessary computer programs to model geological 
structures and morphological features associated with active dip-slip and 
strike-slip faults. A specific purpose of this work is to allow general 
features of the geology and landscape to be used to assess rates of fault 
motion and hence add to the tools available to assess seismic hazard. The 
work is also of fundamental importance to understanding strain 
distributions associated with active faults.

3. Developed methods and the necessary programs to express seismicity maps in 
terms of contour maps of slip distribution. Combined with geodetic data, 
this will allow the traditional methods of using b-values to assess 
seismic hazard to be placed on a more solid physical basis.

Results

1. The common occurrence of strike-slip focal mechanisms from widely
distributed areas in the Great Basin has yet to be explained in terms of a 
unifying tectonic model because there is a general lack of geologic fault- 
slip data consistent with the orientation and slip characteristics 
inferred from the earthquake record. There are within and directly south 
of the southern Nevada seismic belt many fault and fold structures of 
widely varying scale that are broadly consistent with regional north-south 
late Cenozoic constrictional strain. We have assembled and begun to 
analyze data pertaining to these structures and have determined numerous 
localities from which additional data on the architecture and kinematics 
are needed and will be gathered as part of an effort to understand whether 
or not these structures are compatible with the earthquake record.

2. The geological structures associated with the White Wolf fault (1975, Kern 
County earthquake), the Lost River fault (1985, Borah Peak earthquake), 
and the Cricket Mountain fault have been modeled using methods previously 
used only to model the seismic cycle (King and others, 1988; Stein and
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others, 1988). It has been shown that the assumption that earthquakes 
repeat on the same fault can be used to predict the form of geological 
structures. This means that geological features can be used to assess 
seismic hazard without the need (necessarily) to trench surface faults. 
In the case of reverse-faulting environments, faults can be hard or 
impossible to locate; hence, the techniques under development are of 
particular importance. The Los Angeles basin is a prime candidate for 
application of the methods being developed.

The structures around strike-slip faults also provide information about 
fault rates and the technique has been applied in the Parkfield and 
Coachella Valley regions of California (Bilham and King, 1989; Shedlock 
and others, 1989). Preliminary work has also been carried out on the 
northern San Andreas (Point Reyes region).

The work so far has emphasized seismic hazard but other hazards can arise 
from progressive tectonic deformation. John Whitney (USGS Western 
Regional Geology) has shown that the Ganges delta of Bangla Desh is 
undergoing active deformation because of its location above a wrench fault 
system. The vertical motions apparently control the long-term course of 
the rivers. This view has important implications. It means that flooding 
is triggered and not caused by weather. Building levees must fault in the 
long term. River management based on a proper understanding of the 
tectonics will provide a realistic solution. Similar problems exist in 
other parts of the world including the United States. For example, the 
creation of the Salton Sea by the diversion of the Colorado River resulted 
from elevation changes caused by tectonics. In this case, the trigger for 
change was the Army Corps of Engineers and not the weather. The methods 
of tectonic modeling being developed for seismic-hazard purposes are 
ideally suited to these problems.

3. It has been customary in seismic-hazard evaluation to look at seismic
hypocenter distribution, energy release and so forth. Commonly the hazard 
from large earthquakes is predicted on the assumption that the Gutenburg- 
Richter relationship may be extrapolated from small to large magnitudes. 
Other methods of establishing hazard depend on studying fault slip or 
geodetic deformation. Bakun and others (1984) and King and Bakun (1986), 
however, showed that geodetic slip, fault slip, and seismic slip can be 
compared directly in terms of a slip budget. The important step was to 
establish earthquake moments and convert this to slip, and the method was 
tested for a region of the Calaveras fault in California with a primary 
emphasis on understanding fault mechanics. The early computer programs 
that King and Bakun developed are now being modified to suit them to more 
general seismic-hazard purposes.
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King, G.C.P., Stein, Ross, and Rundle, J., 1988, The growth of geological
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Strong Motion in San Bernadino and Riverside Counties from 
a Moderate Earthquake on the San Jacinto Fault

14-08-001-G1689

Ralph J. Archuleta
Institute for Crustal Studies and Department of Geological Sciences

University of California, Santa Barbara
Santa Barbara, CA 93106

(805) 961-4477

Objectives: The objective of this project is to compute strong ground 
motion at selected sites within 25 km of the northern San Jacinto 
fault assuming a moderate earthquake on this section. The 
earthquake source model is a spontaneously propagating stress 
relaxation on an inhomogeneously stressed fault. The dynamics of 
the rupture are modeled using a 3-D finite element code by which the 
slip rate is determined at a grid of points on the fault. The slip rate is 
convolved with numerical Green's functions computed from a discrete 
wavenumber/finite element code and integrated over the fault to 
produce strong motion at sites off the fault. The critical element, and 
admittedly ad hoc, is the specification of the distribution of stress 
inhomogeneity on the fault. Our approach is to consider other faults 
that intersect the San Jacinto (Figure 1) and the seismicity pattern on 
the San Jacinto fault (Figure 2). Our assumption is that areas of the 
San Jacinto fault where other faults intersect and/or regions where 
the seismicity is low have higher yield stress than other parts of the 
fault.

Results: This project was started in January 1989. We have started 
to develop the spontaneous rupture code based on a previous code for 
simulating a propagating rupture with a specified rupture velocity. 
The data showing location of intersecting faults and seismicity has 
been collected. Strong motion data to be used to constrain the model 
are not yet available.
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Depth to Bedrock map in the greater Tacoma area, Washington

9950-04073

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

Investigations

Depth to bedrock in the southern Puget Sound Basin is being determined 
with data obtained from logs of deep water, oil, and mineral exploration wells 
collected from published and unpublished sources throughout the Tacoma and 
part of the Centralia 30' by 60' quadrangles (scale 1:100,000), and with new 
marine seismic surveys in Colvos Passage-Commencement Bay area.

Results

The southern Puget Basin is delineated by Tertiary bedrock that either 
crops out or is thinly covered by Quaternary unconsolidated sedimentary 
deposits of both glacial and non glacial origin. In general, bedrock is 
volcanic along the west and southwest edges of the basin, and is sedimentary 
along the south and east sides of the basin. Most deep wells and seismic 
lines used to explore for coal and oil deposits have been sited around the 
perimeter of the basin where shallow bedrock presents greater possibilities 
for economic recovery. Within the deeper parts of the basin, no wells have 
reached bedrock although a few were drilled to depths of as much as 900 m 
thereby providing a minimum thickness of unconsolidated materials. Throughout 
much of Pierce, Thurston and parts of King counties, semiconsolidated and 
unconsolidated Tertiary sedimentary rocks lie above consolidated bedrock. 
These deposits cannot readily be distinguished from the overlying 
unconsolidated Pleistocene deposits in well logs due to similarities in 
lithologies and consolidation.
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Puget Sound Paleoseismicity

9950-NEW

Robert C. Bucknam
U.S. Geological Survey

M.S. 966, Federal Center
Denver, Colorado 80225

(303) 236-1604

Investigations

1. Stratigraphy of uplifted bog deposits at Restoration Point, Bainbridge Island, Washington.

2. Stratigraphy of uplifted marsh deposits at Lynch Cove, Mason County, Washington. 

Results

1. A well-defined marine terrace at Restoration Point, about 5 km west of Seattle, has been uplifted about 7 
m in late.Holocene time. A bog behind a gravel bar that coincides with the raised shoreline is underlain by 
more than 5 m of peat and interlayered mud. The strata beneath the bog are inferred to be marsh deposits that 
formed at about pre-uplift sea level, and the deposits may record details of the pre-uplift relative sea level 
history at the site. The lowest distinctive unit in cores is a white volcanic ash layer 3 cm thick at a depth of 405 
cm. The base of a peat layer at a depth of 330-338 cm is dated 5,630 ± 100 yr B.P. (Beta-29144). The top of the 
peat below the bog is at a depth of 64 cm and has been dated 1,770 ± 70 yr B.P. (Beta-29143). The uppermost 
peat layer is overlain by about 40 cm of silty sand with patches of rusty-orange mottling; the uppermost 20 cm 
of section is a dark brown plastic mud. Diatoms are abundant throughout the section and should provide a 
basis for determining the relative sea level history of the section.

2. Additional work at the salt marsh at Lynch Cove at the head of the Hood Canal near Belfair further 
supports the inference of recent vertical deformation at the site reported in the previous semi-annual summary. 
A transcript of the field notes of an 1872 survey of the Lynch Cove marsh, provided by Douglas Canning, 
Washington Department of Ecology, suggests a recent rise in relative sea level at the marsh. The notes record 
the presence of"... willow... trees ..., 3 inch diameter" growing in what is now a predominantly Distichlis spicata 
salt marsh, which is too brackish to support the growth of upland shrubs and trees. Beneath the salt marsh 
sediments there is about 40 to 50 cm of peat which locally contains abundant wood fragments, sparse leaves, 
and roots interpreted to be in growth position. The peat overlies muds and sands of an intertidal flat. The base 
of the peat immediately overlying the intertidal flat muds is dated 1,170 ± 90 yr B.P. (Beta-29145). This age is 
interpreted to closely date the time that the intertidal flat was abruptly raised out of the tidal range, permitting 
the growth of freshwater plants. A previously reported age of 440 ± 90 yr B.P. (Beta-27171) from a wood 
fragment with bark attached, taken from near the base of the peat section, suggests that the fragment is a root 
and that the site was out of tidal range at the time the root was growing. The stratigraphic relations and age 
determinations suggest that, following an uplift event about 1,170 yr B.P., salt water did not rise to a level high 
enough to inundate the marsh until sometime after 1872,

Definitive interpretation of the relative sea level histories at those sites is pending identification of 
microfossil assemblages from the sections at both Restoration Point and Lynch Cove.
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neology and Tectonic Evolution of the Western Transverse Ranges

Project Number: 9950-04063
Project Chief: Russell H. Campbell
Address: U.S. Geological Survey

MS 922, National Center
Res ton, Virginia 22092

Telephone: (703) 648-6784 (commercial)
FTS 959-6784

May 5, 1989

This project is designed to prepare a systematic overview of the geology 
and tectonic evolution of the western Transverse Ranges in order to 
provide a much-needed geologic framework for efforts at predicting 
future earthquakes and assessing variations in the level of earthquake 
risk within the region. Project studies include completion of the 
preparation of maps and reports from the western Santa Monica Mountains 
(work done chiefly between 1961 and 1976, at which time the project was 
recessed while the project chief undertook a sequence of administrative 
assignments). Project 04063 was initiated on a part-time basis in 
1985. The earlier work provides the basis for the compilation, at 
1:100,000 scale, for the Los Angeles 1° x 30'quadrangle, to include new 
mapping at various scales by the USGS, the CDMG, and students from 
various universities in the area. Compilation is now under way in test 
areas to evaluate adaptations of digital mapping procedures and 
editing/merging capabilities of ARC/INFO for the purpose. Digital files 
of sample areas, created in GSMAP (version 5), have been transferred to 
ARC/INFO on a Reston GIS Lab Prime for editing in ARC/INFO.

Fieldwork in April, 1989, has provided additional control on the ages of 
principal displacement on a set of northeast-trending faults in the 
Santa Monica Mountains and the Simi Hills. Some are truncated by the 
base of the Conejo Volcanics (mid middle Miocene), some are overlapped 
by post-Conejo middle Miocene sedimentary strata, and a few cut upper 
Miocene strata. Published paleomagnetic evidence (see, for example, 
Luyendyk and others, 1985) indicates that the Conejo has been rotated 
about 80° counter-clockwise between the time of its deposition and the 
present. The pre-rotation orientation of this set of faults would have 
been northwesterly, and the ages of overlaps by sedimentary deposits may 
provide some further constraints on the age of rotation.

The objectives of project 04063 have been merged with the Landslide 
Program objectives of project 03871 (Landslide Probability and Risk) to 
include testing of conceptual models of debris-flow probability and risk 
developed in cooperation with hazards-economics research studies by R. 
L. Bernknopf (OCG). The combination will improve efficiency by joint 
support for fieldwork in a region of common interest.

The l:24,000-scale preparation of the Point Dume and the eastern part of 
the Triunfo Pass 7.5' quadrangles (western Santa Monica Mountains) has 
proceeded more slowly than originally hoped. The explanation for the 
geologic map of the Point Dume quadrangle (1:24,000) has been revised 
and expanded and a section of text and illustrations on the geologic
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structure of the quadrangle has been prepared. Both sections have been 
resubmitted to the reviewers and GNC, to give them a chance to comment 
on the added material.

Reports on about 600 fossil collections from the western Santa Monica 
Mountains have been entered on the VAX 11730 in Reston, and programming 
to search and sort the file is in progress. In addition, the latitude 
and longitude for most localities have been digitized. General 
stratigraphic and faunal charts for the western Santa Monica Mountains 
are in preparation, however, the earliest potential target for 
completion (originally the end of calendar year 1987) is now the end of 
calendar year 1989. Most of the procedures involve a significant 
learning experience.

Reference

Luyendyk, B. P., Kamerling, M. J., Terres, R. R., and Hornafius, J. S.
1985, Simple shear of southern California during Neogene time
suggested by paleomagnetic declinations: Journal of Geophysical
Research, v. 90, p. 12,454-12,466
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Holocene and Quaternary Geologic Studies 

9540-03787

Robert 0. Castle
Branch of Western Regional Geology 

345 Middlefield Road, MS 975 
Menlo Park, California 94025 

(415) 329-4941

Investigations

1. Began update and revision of report on historic vertical displacements in 
the Salton Trough in anticipation of its conversion from an open-file 
report to publication as a Survey Bulletin.

2. Completed for publication MF report on vertical surface displacements 
along a part of the Newport-Tnglewood zone.

3. Attempted to test for the reliability of the empirically based procedure 
intended to correct for the magnetic-deflection error identified with the 
Zeiss Ni 1 level.

Results

1. Revisions in our reconstructions of the southern California uplift show 
that short-lived uplift within the southern Salton Trough probably 
persisted for no more than about 3 years; it apparently sustained major 
collapse by 1978, fully 1.5 years before the 1979 Imperial Valley 
earthquake. The revised configuration of the uplift is characterized by a 
sharp, well-defined reentrant in the uplift isobases roughly coincident 
with the Salton Basin. It is now believed that this reentrant roughly 
mimicked a similar one associated with the early-20th-century uplift that 
occupied roughly the same area as its modern analogue. The existence of 
this reentrant is attributed to northwest extension across the Salton 
Basin rhombochasm operating concurrently with regionally developed 
contraction across the North American-Pacific plate margin.

2. Investigation of the magnetic-deflection error associated with the Ni 1 
level indicates that the time-dependent aspect of this error precludes 
development of a reliable hindcast correction. And, in fact, application 
of the so-called empirical magnetic corrections of the National Geodetic 
clearly on occasion (if not in the general case) adulterates the 
conventionally corrected data. Procedures have been and are being 
developed that permit discrimination of those Ni 1 surveys that were no 
more than trivially contaminated by this error and hence salvageable. It 
now seems certain, however, that a large percentage of the Ni 1 levelings 
should be discarded for crustal deformation studies. Period.

3. Earthquake Hazards Reduction Program funding for this project terminated 
on or about March 4, 1989.
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Reports

Castle, R. 0., and Buchanan-Banks, J. M., 1989, Vertical surface displacements 
along a part of the Newport-Inglewood zone of folds and faults, Los 
Angeles and Orange Counties, California: U.S. Geological Survey MF 
2088. Approved by Director.

Castle, R. 0., and Simpson, R.W., 1978, An early-20th-century uplift in
southern California: Associations with Seismicity: Proceedings of China- 
United States Symposium on Crustal Deformation and Earthquakes, Institute 
of Seismology, State Seismological Bureau, Beijing, p. 44-55.
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EVALUATION OF HOLOCENE SUBSIDENCE EVENTS OF COOK INLET ESTUARINE FLATS 
NEAR ANCHORAGE, ALASKA, AS A BASIS FOR ASSESSING SEISMIC HAZARDS IN

SOUTHCENTRAL ALASKA

14-08-0001-G1582

Rodney A. Combellick and Richard D. Reger 
Alaska Division of Geological & Geophysical Surveys

3700 Airport Way
Fairbanks, Alaska 99709

(907) 474-7147

Project Summary 
April, 1989

Investigations

Borehole drilling with continuous sampling is being undertaken for the purpose of recovering 
evidence of prehistoric subsidence events associated with major megathrust earthquakes in south- 
central Alaska. The program includes drilling into estuarine flats at four sites in upper Knik Arm and 
two sites in upper Turnagain Arm; radiocarbon dating of buried organic soil layers; and sedimento- 
logic studies for interpretation of paleoenvironment, rate of deposition, and magnitude of subsidence 
during each event.

Results

Vegetated estuarine flats in upper Cook Inlet, Alaska, were submerged by regional subsidence 
and compaction during the great Alaska earthquake of 1964 (Foster and Karlstrom, 1967; Plafker, 
1969). Following submergence, intertidal deposition of fine sand and silt buried the preexisting soil 
and vegetation, and has since nearly restored Portage Flats, in upper Turnagain Arm, to its pre-1964 
level (Ovenshine and others, 1976; Bartsch-Winkler and Garrow, 1982).

In an earlier study (Combellick, 1986), drilling with discontinuous sampling revealed the pres­ 
ence of older peats and organic soils below the 1964 layer in two boreholes in upper Turnagain Arm. 
Organic layers are each overlain with 2 to 10 ft of fine silty sand, sandy silt, and clayey silt. We inter­ 
pret these buried organic layers to record prehistoric subsidence events in Turnagain Arm similar to 
that resulting from the 1964 earthquake. Radiocarbon ages of four of the six organic layers encoun­ 
tered in Turnagain Arm correspond favorably to published radiocarbon ages of elevated marine ter­ 
races in the uplift zone of the 1964 event (Plafker and Rubin, 1978). The Turnagain Arm data sug­ 
gest that recurrence intervals between subsidence events ranged from about 425 to 800 years between 
1320 and 4240 radiocarbon years ago. No layers were encountered that would represent events be­ 
tween 1320 years ago and the 1964 event; however, these recurrence intervals must be regarded as 
maximums because sampling was not continuous. Additional organic layers may exist in the intervals 
between samples and could provide evidence for more frequent subsidence events.

The current program consists of continuous drilling and sampling at the two sites in Turnagain 
Arm where organic layers were previously encountered, and at seven new sites in upper Knik Arm, 
about 50 miles to the northwest. Our objective is to recover and date samples of all existing soil lay­ 
ers and to document that the submerged soils can be correlated regionally between basins.

Drilling at all sites has been successfully completed. The two Turnagain Arm sites were drilled 
in September, 1988; the remaining seven Knik Arm sites were drilled in January and February, 1989. 
Of the seven Knik Arm sites, two were at Goose Bay and five were on the Palmer Hay Flats. A new
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method of continuous sampling with a standard hollow-stem auger was used with good results at all 
sites. Borehole depths ranged from 23 to 63 ft, with 78 to 99% recovery.

All borehole samples are now being processed to subsample organic layers for radiocarbon 
dating and paleoenvironmental studies. Numerous organic layers were encountered to depths up to 
50 ft in the Turnagain Arm boreholes. The Knik Arm boreholes also yielded organic layers, but they 
are fewer in number and concentrated closer to the surface.
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QUATERNARY TECTONICS OF THE WICHITA FRONTAL FAULT SYSTEM, OKLAHOMA

9950-04419

ANTHONY J. CRONE
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966,
Denver, CO 80225

(303) 236-1595

INVESTIGATIONS

1. Prepare report summarizing investigations of the late Quaternary history of the Meers fault in Comanche 
County, Oklahoma.

2. Continue interpretation of potential field data near the Meers fault to clarify structural relations between 
the Wichita uplift and the Anadarko basin across the Wichita Frontal fault system.

3. Begin interpretation of industry seismic-reflection profile across the Wichita Frontal fault system.

RESULTS

1. Stratigraphic relations and radiocarbon ages of deposits exposed in trenches and excavations at five sites 
help establish the timing, sense of slip, and style of deformation caused by Holocene surface faulting on 
the Meers fault. At Canyon Creek near the central part of the scarp (CCT, fig. 1), Permian-age 
Hennessey Shale and Quaternary alluvium exposed in two trenches are deformed mainly by monoclinal 
warping. One trench was excavated in Browns Creek Alluvium that is middle Holocene in age (Madole, 
1988), and the other was excavated in Porter Hill Alluvium that is probably middle Pleistocene in age 
(Madole, 1988). The stratigraphy in these trenches shows evidence of one surface-faulting event that 
produced about 3 m of throw. Plastic deformation in the shale and alluvium makes it difficult to detect 
lateral displacement in these trenches. Radiocarbon dating of soil-humus samples from these trenches 
indicates an age of 1,200-1,400 yr for last surface-faulting event.

Excavations in the Permian-age Post Oak Conglomerate along the west-central part of the scarp revealed 
evidence of Holocene-age left-lateral strike-slip. Studies at two sites where alluvium has been ponded 
behind the scarp (PA, fig. 1) show that the amount of lateral displacement is equal to or greater than the 
vertical displacement. Measurements of the separation of thalwegs at these sites indicate the ratio of 
lateral to vertical displacement is between 33:1 and 1.6:1. In a nearby pit excavated into colluvium at the 
base of the scarp (CP, fig. 1), subhorizontal striae are evidence that some past slip events have had nearly 
pure strike-slip movment. The age of these striae are unknown but are believed to be the product of a 
Quaternary faulting event because the fine striae are preserved in soluble carbonate rock. It is unlikely 
that such easily destroyed features would be preserved in a near-surface weathering environment for many 
hundreds of thousands of years.

A comprehensive report describing these investigations has been submitted to the Geological Society of 
America Bulletin for publication.
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Figure 1. Generalized geologic map of the area near the Meers fault scarp (modified from Havens, 1977). 
CCT is site of Canyon Creek trenches. PA/CP is location of ponded alluvium and pit-in-colluvium sites. 
Blue Creek Canyon fault is BCC.

Data from more than 600 new gravity stations, collected and reduced in cooperation with S. L. Robbins 
(Branch of Sedimentary Processes, USGS, Denver), have been incorporated into the regional gravity data 
base. The gravity data and previously digitized aeromagnetic data have been reduced and plotted in color 
as maps of the total magnetic field intensity, and isostatic gravity anomalies and their horizontal 
derivatives. These maps help identify three significant structural features in the region: (1) they define the 
boundaries of crustal blocks within the Wichita uplift, (2) they identify a body of high-density/ 
susceptibility rock basinward of the Meers fault that is folded and faulted, and (3) they show possible 
splaying of the Meers fault a few kilometers northwest termination of the Holocene fault scarp. The 
orientation of the foldings in the buried body is consistent with the orientation of second-order folds that 
would be produced by left-lateral strike-slip movement. The interpreted splays may identify a structural 
barrier that arrested the propagating rupture at the northwest end of the Holocene fault scarp. This 
barrier may be a boundary between two segments of the Meers fault.
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The simplest models of the aeromagnetic data require a near-vertical Meers fault. However, as with all 
potential field modelling, these models are non-unique. Models of the data from the ground magnetic 
profiles show a strongly magnetic body directly south of the Meers fault that is a few hundred meters wide 
and close to the surface. This body dips steeply to the northeast. Additional models will integrate the 
ground magnetic data, the aeromagnetic data, and the gravity data.

3. In cooperation with the Branch of Petroleum Geology (USGS, Denver), we have purchased 17.8 miles of 
a 512-fold, non-exclusive, seismic-reflection line that extends across the Wichita Frontal fault system from 
the Anadarko basin to the Wichita uplift. The line extends from near Apache, Oklahoma on the northeast 
to the foot of the Wichita Mountains near Lake Lawtonka on the southwest. Industry-processed migrated 
and immigrated record sections, and magnetic tapes of the data have been delivered to the USGS. These 
data will be reprocessed to enhance details of structural features that are pertinent to this project.

The industry-processed record sections show several prominent structural features associated with the 
Wichita Frontal fault system. A series of subhorizontal reflections on the northeastern end of the profile 
corresponds to the thick section of well-stratified Paleozoic sedimentary rocks in the Anadarko basin. To 
the southeast, the reflections are generally less coherent although some reflections can be traced for 
distances of several kilometers. The Mountain View fault is conspicuous on the record sections, whereas 
the Meers fault is less obvious. A strong shallow reflection in the upper 200 ms of the profiles appears to 
be vertically displaced down-to-the-south where it crosses the Meers fault. This sense of displacement of 
this reflection is the same as the sense of throw indicated by the topographic relief on the scarp.
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Development of Ground-Motion Attenuation
Equations for Subduction-Zone Earthquakes

in the Pacific Northwest

14-08-0001-G1513

C.B. Grouse
Dames & Moore
500 Market Place Tower
2025 First Avenue
Seattle, MA 98121
(206) 728-0744

Objective; Ground-Motion data consisting of peak ground 
accelerations (PGA) and 5 percent damped pseudovelocities (PSV) 
have been collected for subduction-zone earthquakes that occurred 
in Western Washington, Alaska, Japan, Chile, Peru and Mexico. 
Using these data, attenuation equations are being developed for 
application to the Pacific Northwest.

Data Acquisition and Analysis; Most of the work to date has 
been devoted to the acquisition of new ground-motion data from 
subduction-zone earthquakes including: (1) two records from the 
1965 Puget Sound earthquake; (2) over 200 unprocessed records from 
Japan's Port & Harbor Research Institute (PHRI) during the period 
1985-1987; (3) processed records from the 1985 Chilean and Mexican 
earthquakes; and, (4) processed records from Southern Alaskan 
earthquakes received from Lamont Doherty Geological Observatory. 
The new data from the 1965 Puget Sound earthquake consist of a 3- 
component accelerogram and 2-component Carder displacement record, 
which were recorded in Tacoma, and a 3-component accelerogram 
recorded in Portland. These records are being digitized and 
processed by the California Division of Mines and Geology; 
supplemental funding for the collection and analysis of these data 
has been provided by the Electric Power Research Institute.

Some limited analyses have been performed to study the attenuation 
of PGA during several of the subduction-zone earthquakes including 
the 1985 Chilean, 1985 Mexican, 1978 Miyagi Oki, 1983 Akita Oki, 
and 1968 Tokachi Oki events, all of which had magnitudes greater 
than 7-1/2. Corrected PGA data from Japanese earthquakes similar 
in magnitude to the 1949 and 1965 Puget Sound earthquakes have been 
compared with the PGA data from these Puget Sound earthquakes. The 
results of these and other analyses will form the basis for 
selecting a regression model and developing the ground-motion 
attentuation equations for subduction-zone earthquakes in the 
Pacific Northwest.
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Seismicity and Hydrothermal Processes

9950-01574

W.H. Diment 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, Ms 966, Denver Federal Center

Denver, CO 80225
(303) 236-1574

Investigations

1. Studied relations among seismicity, tectonism, and hydrothermal regime in 
the west moat of the Long Valley Caldera, California.

2. Assisted S.T. Harding and T.C. Urban in interpretation of seismic- 
reflection profiles in Puget Sound, Washington.

Results

1. Temperatures in borehole RD08 near Mammoth Lakes, California are within 
10 °C of boiling at 1,100 ft. Subsurface boiling and brecciation may have 
contributed to earthquake swarms in 1980 and 1983 (Urban and others, 
I98?a, b, c). Steps in precision temperature logs obtained in boreholes 
RD08 and PLV-1 (Urban and others, 198? and 1988) are remarkably persistent 
with time. Ratios of gradients are too large to be accounted for by 
conductive heat transport with normal variations in thermal 
conductivity. Other heat-transport mechanisms must be involved. Obtained 
precision temperature logs in RDO-10 and UNOCAL 44-16 (Urban and Diment, 
1988); analysis is underway.

Reviewed thermal conductivity data for some rock-forming minerals (Diment 
and Pratt, 1988) and published a tabulation of results from the literature 
as well as measurements we obtained in the laboratory some years ago. 
Determined capillary corrections for acid-etch inclinometry in glass tubes 
of various diameters to temperatures of 80 °C (Urban and Diment, 1989) so 
that the inclinations of hot, small-diameter boreholes can be measured.
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Seismic Hazard Studies, Anchorage, Alaska

9950-03643

A.F. Espinosa 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1597

Investigations

1. Field investigations were undertaken in the areas of the Anchorage B-7 SW, 
B-8 SE, B-8 NE, and A-8 NW quadrangles. Preparation of the surficial 
geologic map of the B-7 SW quadrangle is complete, and preparation of the 
combined B-8 NE/SE quadrangles is nearing preliminary compilation-phase 
completion prior to field check. Both maps include extensive introductory 
texts. Ongoing studies of gradients of lateral moraines, especially in 
the B-7 SW quadrangle aid in correlating geologic map units both within 
these areas and with type or reference deposits elsewhere in the region.

2. In cooperation with the Branch of Central Mineral Resources, Denver, 
results of previous field investigations of emergent tidal sediments and 
intercalated organic materials, from which paleoseismicity of the region 
may be interpreted, are being evaluated using about 34 radiocarbon dates 
received thus far. An additional suite of samples for radiocarbon 
analysis was collected in 1988 in order to clarify previous results. A 
paper intended for publication in the USGS Bulletin series is in 
preparation and nearing review phase.

3. Twenty-five earthquakes recorded in the seismological field experiment 
conducted in Anchorage, Alaska, are being analyzed. This topic on "Ground 
Amplification Studies in Areas Damaged by the Alaskan Earthquake" will be 
jointly used in the site-response study, obtained on different geologic 
environments, with the damage evaluation, along 15th and DeBarr Avenues.

4. Following field reconnaissance work in 1988 with personnel of the Water 
Resources Division, Alaska District, a surficial geologic map of the 
Eklutna Valley, Municipality of Anchorage, is undergoing final preparation 
from existing manuscript maps for inclusion in a WRD report on this new 
source of municipal water supply.

5. Focal-mechanism solutions and their distribution in Alaska and the 
Aleutian Islands for earthquakes which have occurred from 1927 through 
1985 are cataloged. A focal mechanism solution catalog is being prepared 
for publication.

6. Intensity attenuation relationships for different regions in Alaska are 
being determined from the Intensity-Magnitude Catalog released by 
scientists working in this project. Intensity-magnitude relationships for 
Alaska will also be determined with the above data base.
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7. A new concept is being applied to Alaska and the Aleutian Islands in order 
to delineate the "seismic zones" in a subduction region. The "Geometry of 
the Benioff Zone and Mode of Subduction Beneath Southwestern Alaska and 
the Aleutian Islands" methodology is used to ascertain the seismogenic 
zones. The results from this effort will be used in the probabilistic 
seismic risk evaluation for Alaska and the Aleutian Islands.

8. Surficial geologic manifestations of the Chilean Tectonic Subduction Zone 
were investigated in middle and southern Chile during part of the austral 
summer as part of a special grant. Sampling transects of several kinds of 
organic materials were completed, and their relation to submerged and 
emergent sediments is currently under study in cooperation with Branch of 
Central Mineral Resources geologists.

Results

1. The surficial geologic map of the Anchorage B-7 SE quadrangle has been 
completed and released in the USGS open-file series, 1988.

2. The report describing geochemical and paleontological analyses of samples 
from the Tikishla Park drill hole (USGS A-84-1) in Anchorage was published 
in the annual USGS Geologic Studies in Alaska circular, 1988 
Accomplishments.

3. The report describing the probable source of the Sanford volcanic debris 
flow was published in the annual USGS Geologic Studies in Alaska circular, 
1988 Accomplishments.

1. A surficial geologic map of the Nabesna B-6 quadrangle has been prepared 
by reinterpretation of previously developed material and transmitted to 
the Branch of Central Mineral Resources for inclusion in the GQ-series map 
of the area, and is presently undergoing final author revision.

5. Surficial geologic mapping for Anchorage B-7 SW quadrangle has been 
revised following reviewers comments, and is ready for Branch 
consideration for approval.
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Soil Development as a Time-Stratigraphic Tool 

9540-03852

Jennifer W. Harden 
Branch of Western Regional Geology

U.S. Geological Survey
345 Middlefield Road, M/S 975
Menlo Park, California 94025

(415) 329-4949

Investigations

1. Conversion of soil survey data to index of soil development for
determining ages of major geomorphio surfaces in western Riverside County, 
California: Jennifer Harden, Cindy Hill, cooperation of Richard Harriman, 
Soil Conservation Service and Arnold Knecht, retired soil surveyor.

2. Slip-rate studies along Calaveras Fault near Tres Pinos and San Felipe 
Creek: Jennifer Iferden, Katherine Kendrick, Malcolm Clark.

Results

1. Over 300 soil descriptions were compiled onto a spreadsheet-based program 
for the soil development index. The area covered by the soil survey is 
approximately 33°30» to 34°00» latitude, 117° to 118° longitude and covers 
parts of the Elsinore, San Jacinto and San Andreas Faults. Deposits 
derived from several lithology types occur in the area, most predominantly 
granitic and acid igneous, basic igneous, mafic, and sedimentary 
(including limestone facies). Geomorphic surfaces include a wide range of 
alluvial fan, terrace, slope, and basin types. These data will be reduced 
to define the number of major time-stratigraphic or morpho-stratigraphic 
surfaces, their approximate age and soil characteristics. These data will 
be interfaced with maps by Morton and others of Quaternary deposits and 
faults in the region.

2. Ongoing studies include preparation of Open-File Report of all basic data 
collected at Tres Pinos and other Bay Area localities. Soil analysis for 
samples at San Felipe Creek are nearly completed at University of New 
Mexico.

Reports

Harden, J.W., McFadden, L.D., Reheis, M.C., and Taylor, E.M., 1988, The 
formation of calcic soils over time. Agronomy abstracts, p. 258.
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INVESTIGATION OF SEISMIC-WAVE PROPAGATION 
FOR DETERMINATION OF CRUSTAL STRUCTURE

9950-01896

SAMUEL T. HARDING 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1572

Investigations

1. Research into best methods of processing the marine seismic-reflections line hi Puget Sound in order to 
enhance portions of the survey where possible faulting was seen on the preliminary processing.

Results

1. Major advances in the signal enhancement have been made. By a combination of filters used during 
acquisition and judicial use of spectral whitening in the processing phase, the dynamic range of the usable 
data is from 20 Hz to 200 Hz, slightly more than 3 octaves. The upper parts of the section can be 
filtered from 60 Hz to 200 Hz with usable reflectors below the water bottom. The deeper parts of the 
section can be filtered from 20 Hz to 60 Hz to enhance the deeper parts of the section. This permits 
the high frequency fine structure below the water bottom to be interpreted along with the lower 
frequency deeper data. This procedure has permitted the interpretation of several faults and date these 
faults to a time after the retreat of the continental glaciation.
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Conference, May 1-4,1989, Houston, Texas (Director's approval, 1988).

Rymer, M J., Harding, ST., and Wesson, R.L., 1989, Fault orientation and style of deformation within the San 
Andreas fault zone, Indio Hills, southern California [abs.]: Geological Society of America Abstracts with 
Programs, v. 21, no. 5, p. 138.

Shedlock, K.M., Brocher, TJVf., and Harding, ST., Shallow structure and deformation along the San Andreas 
Fault in Cholame Valley, California, based on high-resolution reflection profiling. (Branch approval 
1/89).

458



III.l

Seismic Slope Stability 

9950-03391

Edwin L. Harp
Branch of Geologic Risk Assessment

345 Middlefield Road, MS 998
Menlo Park, Ca. 94025

(415) 329-4891

Investigations

Studies of modified rock mass quality (Q) and rockfall concentrations in 
the 1980 Mammoth Lakes, Ca. earthquake sequence have resulted in the 
calculation of a probability density function that allows relative failure 
probabilities to be assigned to rock slopes based on their respective values 
of Q. These relationships have been applied to rock slopes in the Salt Lake 
City area of the Wasatch Range for potential earthquakes of approximately 
M=6.0. Relative failure probabilities have been assigned to rock slopes with 
meassured Q values in a demonstration area of the Wasatch Front near Salt Lake 
City, Utah. Report is nearing completion.

Calculation of Arias intensity values (I h ) for strong motion 
accelerograms from the 1987 Whittier Narrows and Superstition Hills, Ca. 
earthquakes have established a range of threshold values for the triggering of 
landslides (mainly falls and slides of soil and rock). These data sets have 
allowed us to take the first step in establishing an instrumental numerical 
intensity for the onset of landsliding based upon strong-motion acceleration 
seismograms.

Results

Rock slopes from which modified rock mass quality (Q) values have been 
measured in the Wasatch Front near Salt Lake City, Utah have been categorized 
in terms of relative failure probability during an earthquake. The calculated 
probability density function for earthquake induced rock falls predicts that 
50% of the rock falls triggered in an earthquake will occur on rock slopes 
having Q values between 0 and 1.1, another 25% of the rock falls will occur on 
slopes with Q values between 1.1 and 2.2, an additional 10% will occur on 
slopes with Q of 2.2-3.0, and the remaining 15% will be found on slopes with Q 
of 3.0 and greater. Higher values of Q indicate more competant rock and 
therefore those slopes more resistant to earthquake shaking. These 
predictions are developed from rockfall data and Q value measurements from the 
1980 Mammoth Lakes, Ca. earthquake. We have applied the relationship 
developed from the Mammoth Lakes data to slopes in the Wasatch Range near Salt 
Lake City because of the overall similarity of rock types and slopes in the 
two regions, but restrict its application to earthquakes of approximately 
magnitude 6.0.

Arias intensity values (1^) calculated from strong motion accelerograms 
from the 1987 Whittier Narrows and Superstition Hills, Ca. earthquakes have 
established a threshold range for falls and slides of soil and rock of between
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I^= 0.025 and 0.9 m/s. To a first approximation, this difference of over an 
order of magnitude appears to be due to basic differences in the 
susceptibilities of lithologic units to seismic induced landslides. Results 
are preliminary, however, lithologic units with relatively high local relief 
and fracture systems that have high aperture (openess of fractures) are at the 
low end (greater susceptibility) of the I n threshold range. This seems to be 
true even if the slopes with high relief and open fractures are highly 
indurated lithologies. Relatively young lithologies with steep slopes with 
only moderate relief and tight fracture systems tend consistently toward the 
high end of the threshold range and to be more resistant to producing 
seismically induced failures.

Reports

Harp, E.L., and Wilson, R.C., 1989, Shaking intensity thresholds for
seismically induced landslides, Geological Society of America Cordilleran 
Section Meeting, Spokane, Washington, Abstracts with Programs, p. 90.
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TITLE: PROJECTING RISKS FROM A TSUNAMI GENERATED IN THE JUAN DE 
FUCA REGION

NUMBER: 14-Q8-QQQ1-G1346

INVESTIGATOR: 
INSTITUTION:

PHONE:

GERALD T. HEBENSTREIT
SAIC
1710 GOODRIDGE DR.
MCLEAN, VA

703-827-4975

JANE PREUSS
URBAN REGIONAL RESEARCH 
1800 SEVENTH ST. 
SEATTLE, WA

206-624-1669

The Juan de Fuca Plate region, lying off the west coast of the 
North American continent, extends from the Mendocino Fracture Zone 
(roughly 40° N) to the Queen Charlotte Sound region of British 
Columbia (roughly 52° N). Geologic evidence suggests that great 
subduction earthquakes have most likely been accompanied by 
tsunamis. Future earthquakes occurring off the Washington-Oregon- 
Northern California coast or under Puget Sound will, in all 
likelehood, also be accompanied by tsunamis. Recently complete 
research indicates that the dominant energy dustributions of such 
events are expected to be more or less confined to the immediate 
sou rce area.

The objective of this research effort is to define the risk in 
terms of vulnerability to property damage and life loss from a 
locally generated tsunami. The research combines fine scale wave 
modeling with detailed land use analysis. The product will be a 
fairly simple, low cost methodology for estimating loss levels 
before engaging in much mo re complicated planning efforts. It will 
also demonstrate a methodology that could easily be transferred to 
other coastal hazards.

Major tasks include:

0

0

0

Identification of genera I/regionaI land use patterns for the 
coastal areas and collection of detailed information at a 
scale sma! i enough to impact friction creating variables. The 
target area of investigation is the South Cascadta zone with 
special emphasis on Grays Harbor, Washington.

Numerical projection of tsunami characteristics in the near 
shore and on shore, including limits, wave elevations, and 
velocities at 2 kilometer grid size.

Projection of indirect damage 
material release and from fire.

and risks from hazardous
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Analysis of Gravity Data for the Greater Portland Area

14-08-0001-G1675

Ansel G. Johnson & Paul Beeson
Geology Department 

Portland State University
PO Box 751

Portland, Oregon 97207-0751 
(503) 464-3022

Objectives: Gravity data has been collected in the 
Greater Portland area for many years. This study is 
designed to collect all that data into a single data set, 
and process all the data in a uniform manner. Contoured 
gravity maps are to be produced at scales of 1: 250,000, and 
1 : 100,000, covering much of northwest Oregon and some of 
southwest Washington. In order to assist in determining the 
structure of the region, cross-sectional models are to be 
developed incorporating the most recent near surface 
geological information.

In the first six months, the data has been processed, and 
incorporated from the many theses. All the data has been 
corrected using the 1967 Gravitational Formula. The data 
has been checked for duplicate entries, and the more recent 
data selected to represent the gravity values. Figure 1 
shows a contour map produced using the data set. The data 
points are shown using an asterisk.

Two previous gravity models are shown in Figures 2 and 3 to 
illustrate gravity models which were produced in the mid 
1970's. Dr. Beeson (personal communication) indicates that 
rather than an intrusive being responsible for the gravity 
high in the southeastern part of Portland, there is an 
ancient (30-40 MYBP) basaltic highland. In order for this 
to produce the needed contrast, sedimentary deposits will 
be required on the flanks of this ancient highland.

The next steps will include final production of the gravity 
contour maps of the Portland Area, submission of these maps 
to the Department of Geology and Minerals Industries 
(DOGAMI) for publication, and development of cross-sectional 
Free Air Gravity models through the Portland Basin, 
incorporating the many surficial studies in progress, by lan 
Maddin of DOGAMI, Beeson (Portland State University), by the 
Water Resources Division of the United States Geological 
Survey, in Portland, Oregon, and by K. Lite of the Oregon 
Department of Water Resources.
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Urban Hazards Seismic Field Investigations and the 
Study of the Effects of Site Geology on Ground Shaking

9950-01919

K.W. King and A.C. Tarr 
Branch of Geologic Risk Assessment

U.S. Geological Survey 
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225 
(303) 236-1591; (303) 236-1605

Investigations

The objectives of this project are: (1) To improve the understanding of 
how shallow underlying geology affects ground motion; (2) develop methods to 
investigate the geologic/engineering parameters of the shallow (upper 200 ft) 
surface soils/geology; (3) to develop integrated techniques and methodologies 
for efficiently and effectively processing large quantities of digital seismic 
response data, seismic reflection and refraction data, seismic and geological 
borehole data, and building response data; and (4) to produce relative ground 
response maps for urban study areas.

Specific goals for this reporting period were: (1) To analyze the ground 
response data from the operations in the Olympia-Lacey urban area, (2) to 
complete borehole velocity studies in the Olympia area, (3) to publish the 
White Sands seismic report, (4) to finalize the preliminary shallow-reflection 
investigations done in cooperation with WRD, and (5) to continue the 
implementation of geographic information systems (GIS) technology for seismic 
hazards map production in the Pacific Northwest study area.

Results

(1) Olympia-Lacey area

Seismic response data have been analyzed from approximately 80 sites in 
the Olympia-Lacey, Washington, area. The sites were selected, in cooperation 
with the Washington Division of Geology and Energy Resources, according to 
known or suspected subsurface geology, documented seismic intensities from the 
19^9 and 1965 earthquakes, and the USGS drilling program. The energy source 
for the induced ground shaking was blasts from a large open-pit coal mine in 
the Centralia, Washington, area.

The most significant result of this study was the very good correlation 
between 1965 intensity values and the ground response functions (GRF) in the 
very narrow frequency band of 2-4 Hz. Good correlation was found between the 
GRF values and the surficial geology.

The downhole geophysical surveys in the Olympia-Seattle urban area were 
not completed because funding was not available for the completion of the 
project. However, downhole geophysical data were obtained from three 
boreholes in the Olympia-Lacey area during the FY 88 field season. The 
velocity data from the three boreholes have been analyzed and show similar
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correlations with GRF as did the Wasatch borehole data. The remaining three 
boreholes in Olympia and the two boreholes in West Seattle will be logged when 
additional funds become available.

(2) Puget Sound - Portland

Preliminary analysis of the limited seismic data indicates that relative 
spectral ratios of ground response generally compare well with observed MM 
intensities of the April 1965 Puget Sound earthquake; that is, higher spectral 
ratios are found near sites of higher MM intensity. Spectral ratios derived 
from several types of seismic sources are generally compatible, although 
reliable seismic response could not always be determined from coal mine 
explosions. Thus far, microearthquakes near Seattle seem to provide the best 
spectral ratio data to date. A network of seismic systems was installed in 
the west and south Seattle areas to record small earthquakes for the 
development of GRFs for the area. Because funding restrictions did not allow 
maintenance of the sites, data were recovered from only four sites. The 
network has been removed to northern Washington for other studies by another 
project.

(3) White Sands National Monument

The purpose of the seismic study at White Sands National Monument was to 
determine vibration engineering parameters for historic buildings and to study 
the vibration effects of local vehicular traffic and acoustic sources on the 
buildings. The analysis indicates that certain aircraft can induce damaging 
vibrations to certain types of adobe buildings. An open file report has been 
published.

(4) High Resolution Shallow Reflections (HRSR)

Analysis was completed for three projects to help improve the HRSR 
methods; that is, we used the HRSR methods on three field projects (one for 
BGRA, two for WRD) as a means to improve the HRSR methods and analysis.

The HRST methods were used to detect sinkholes and related geologic 
structures for WRD in Alabama and Arizona. Both projects were relatively 
successful. An improved method was developed to induce energy with a shotgun 
for the reflection surveys. The method was successfully used to detect near- 
surface faults in South Dakota. Several reports were made from the analysis.

(5) Geotechnical Data Base

Production of a relative ground response map for a large urban area 
requires the acquisition and analysis of many hundreds of pieces of seismic, 
geological, and geotechnical data. The rational organization and manipulation 
of so much data requires a data base management system (DBMS) and a data base 
structure which permits linking many types of data. Portability of the DBMS 
and data sets to several kinds of computers and ability to access the data 
base in the field suggested implementation on a microcomputer system.

Additional data from the Puget Sound studies have been added to the data 
bas.e. All new data acquisition of ground response and borehole studies uses 
the same software and data structures.
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(6) Geographic Information System (GIS)

Production of a seismic hazards map for an urban area requires 
integrating results of research (such as relative site response, landslide 
susceptibility, lifeline vulnerability) in a map format. GIS technology has 
shown promise in recent years as a powerful tool for spatial analysis and 
manipulation of data with geographical attributes. Because a seismic hazards 
map is multi-disciplinary, an interdivisional investigation was established to 
use GIS technology in production of preliminary seismic hazards maps; this 
project took the lead in the investigation. A GIS project was established to 
integrate expertise and data sets to produce seismic hazards maps expected 
from the Regional Earthquake Hazards Assessment of the Pacific Northwest urban 
hazards.

The hydrography, land use/land cover, and transportation digital data for 
the 1:100K Seattle and Tacoma quadrangles have been converted into ARC/INFO 
compatible form. Surficial geology of the southern half of the Tacoma 
quadrangle was completed. Several seismicity and geotechnical data sets have 
been transferred to the Urban Hazards Data Base.

Acquisition of digital cartgographic data sets continues. Digital Line 
Graph (DLG) and Digital Elevation Model (DEM) data at 1:24K scale have been 
ordered for quadrangles encompassing Olympia (2), Tacoma (4), and Seattle (6); 
the two Olympia quadrangles have been received and added to the data base. 
SPOT images of the major urban areas of the Puget Sound have been acquired and 
will be analyzed with ERDAS software.

Installation of hardware and software for a BGRA GIS facility have been 
completed. The resources available include a SUN 3/60 workstation, Altek 
digitizing table, and an ARC/INFO software license.

Publications

Crane, M.P., and Tarr, A.C., 1988, Application of GIS technology to assessment 
of seismic hazards in the Pacific Northwest (abs.): GIS/LIS'88, Houston, 
Texas.

King, K.W., Carver, D.L., and Worley, D.M., 1988, Vibration investigation of 
the museum building at White Sands National Monument,-New Mexico: U.S. 
Geological Survey Open-File Report 88-544.

King, K.W., and Williams, R.A., 1989, Seismic reflection profiling of 
subsurface cavities and related structures (abs.): Association of 
Engineering Geologists, 1989 Meeting.

Williams, R.A., King, K.W., and Worley, D.M., 1989, Refraction and reflection 
seismic profiling for unconsolidated sediment thickness along the Puerco 
River, Arizona: U.S. Geological Survey Open File Report. (In CTR).

Williams, R.A., King, K.W., Carver, D.L., and Worley, D.M., 1988, A high- 
resolution seismic reflection profile at the Prince Ranch, South Dakota: 
U.S. Geological Survey Open-File Report 89-13.
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QUATERNARY GEOLOGY ALONG THE WASATCH FAULT ZONE, UTAH

9950-04182

MICHAEL N. MACHETTE
Branch of Geologic Risk Assessment

U.S. Geological Survey, Box 25046, MS 966
Denver, Colorado 80225

(303) 236-1243

INVESTIGATIONS

Machette, Nelson, and Personius continue to prepare a series of maps, summary reports, and journal articles sum­ 
marizing their five-year long investigation of the Wasatch fault zone (WFZ) in Utah. Nelson and Personius have 
gone on to new research areas in the Pacific Northwest, whereas Machette is the remaining full-time scientist for 
the project. This project is in its final stage and will be terminated at the end of FY1989.

1. Maps. Preparation of l:50,000-scale maps of the WFZ is continuing. The map of the Weber segment (Nelson 
and Personius) is in the final stages of compilation, whereas the maps of the Salt Lake City segment (Personius 
and Scott) and Utah Valley (Machette) have cleared technical review. The map of the Brigham City segment 
(Personius) was published in black and white (MF-2042) and is being prepared for color (1-1979). Our series of 
maps includes about 40 surficial geologic units that are subdivided on the basis of genesis (lacustrine, alluvial, 
glacial, eolian, and colluvial), facies, and age (early Holocene, mid to early Holocene, latest Pleistocene, late 
Pleistocene, and middle to early Pleistocene). Tertiary to Precambrian bedrock formations are lumped hi 6 to 8 
units that retain important structural and lithologic information. Each map contains a fairly lengthy discussion of 
tuning for the WFZ as deduced from mapping, trenching, and dating studies.

2. Trenching reports. Preparation of summary reports describing the result of trenching along the WFZ is 
continuing, albeit at a slow rate. These reports will be published by the Utah Geological and Mineral Survey, and 
include a complete listing of radiocarbon and thermoluminescence dates from our trenches and a systematic 
description of faulting events, slip rates, and recurrence intervals. They provide the substantiating data for our 
U.S. Geological Survey Professional Paper (see reports). Personius has submitted the Brigham City trench report 
to technical review and is completing a report on the Pole Patch site, near Pleasant View, Utah. Machette has a 
rough draft of the American Fork Canyon site in Utah Valley and Nelson is just starting his report on the East 
Odgen site. Each of the authors has summarized his results in a guidebook for last years Annual GSA meeting 
(published by Utah Geolgical and Mineral Survey, Miscellaneous Publications 88-1).

3. Journals. We continue to abstract important scientific results of our research for publication in peer-reviewed 
journals. Machette and Nelson have been collaborating with S.L. Forman (University of Colorado) on TL dating 
of faulting events (see reports).

4. Summary report. We completed revision of chapter (A) for the U.S. Professional Paper "Assessment of 
Regional Earthquake Hazards and Risk along the Wasatch Front, Utah (part A). Our chapter describes the 
Quaternary geology along the Wasatch fault zone and summarizes results of segmentation modeling, recent 
trenching investigations, and analyses of slip rates. This manuscript has been abstracted in a recent open-file 
report by Machette and others (see reports).

5. Conferences. Machette represented the project at the Fifth-annual Earthquake Hazards Reduction meeting 
for the Wasatch Front on January 31-February 2,1989, at Salt Lake City, Utah. One of the main goals of the final 
conference was to write a consensus statement of scientific results for the Wasatch Front program. This 
consensus document will be used as an interpretative summary for the implementation phase and as a primer for 
the lay audience. Machette served as a moderator for the conference and coauthored several sections of the 
consensus report.
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RESULTS

1. Our current understanding ofHolocene movement on the Wasatch fault zone (from Machette and others, 1989).

The Wasatch fault zone (WFZ) has been the focus of extensive trenching efforts since the initial 
investigations by Cluff and others in the 1970's. Including the trench studies that were completed in 1987, 43 
trenches and three natural exposures have been logged and described from 18 sites on six segments of the WFZ. 
Most of the trench sites have provided some control on the time of most recent faulting and set limits on 
recurrence intervals and slip rates. In the past 2 years, we have obtained about 50 radiocarbon dates using both 
conventional and accelerator mass-spectrometry methods on charcoal and soil organic matter and 12 experimental 
thermoluminescence age estimates. Although many of these dates are not yet published, they are used herein to 
construct a chronology of Holocene surface-faulting events and recurrence intervals along the WFZ (fig. 1). More 
importantly, differences in the timing of the most recent and older events along the length of the WFZ are the 
most diagnostic data for defining segments (that is, "earthquake segments").

Several interesting patterns evolve from the chronology shown in figure 1. One pattern is the apparently 
random distribution of faulting events during the 1,500 to 6,000 year time interval. Within this time span there 
seems to be a spatial difference in recurrence intervals; the southern segments (Salt Lake City to Nephi) have 
fairly long intervals, typically 2,000-3,000 years to as much as 4,000 years, whereas the Weber and Brigham City 
segments have been characterized by intervals of 2,000 years or less. The second pattern is more striking. There 
is strong evidence for a recent period of temporal clustering of large earthquakes; that is, a strong grouping of 
surface-rupturing earthquakes on the WFZ over an unusally short time interval. If one assumes that the most 
recent event on the Salt Lake City segment occurred about 1,500 years ago (rather than closer to the 1,800 year 
limit shown in fig. 1), then faulting has occurred between about 4QO(?) and 1,500(?) years ago on five of the six 
segments of the Wasatch that have Holocene movement. On the basis of the WFZ's behavior during the past 
4,000-5,500 years, we calculate that a major earthquake occurred once every 415 years (see table 1) somewhere on 
the active segments of the WFZ (Brigham City to Nephi). However, the recent episode of clustering of the WFZ 
(six faulting events during an interval of 1,100 years) indicates one major surface-rupturing event every 220 years  
or about twice as often as we would expect from the longer (Holocene) record. In addition, we have no evidence 
for a major surface-rupturing earthquake on the WFZ during the past 400 years (which is the youngest time we 
allow for the Weber segment and our best estimate for the most recent event on the Nephi segment). Although 
these relations point strongly to a process of temporal clustering of large-magnitude earthquakes on the WFZ, the 
process seems to be intermittent through time (that is, no other strong clustering episodes between 1,500 and 
5,500 years ago).

Our chronology for times of faulting demonstrates the variability in recurrence intervals on segments of the 
central WFZ. Figure 1 shows that recurrence intervals may vary from as little as 500 years (for the past two events 
on the Weber segment) to as much as 4,000 years (on the Salt Lake City segment). Conversely, data from the 
American Fork site shows two recurrence intervals of similar durations (2,100 and 2,650 years; see Forman and 
others, 1989). Of particular interest is the lack of recent movement along the Brigham City segment. There were 
three faulting events between about 6 ka to 8 ka and 3.6 ka~an average of one event every 1,500-2,200 years and 
the last two faulting events have a recurrence interval of 1,100 years (fault events at 3.6 and 4.7 ka, fig. 1). 
However, the most recent faulting occurred nearly 3,600 years ago. Of all the WFZ segments, only the Brigham 
City has an elapsed time (time since the most recent faulting) that exceeds its recurrence interval.

Our calculations of recurrence intervals for the segments having repeated Holocene movement are shown on 
table 1. The average recurrence interval on any single segment is about 2,050 years (for either five or six 
segments). However, there is so much variation between and within segments (fig. 1) that this value for 
recurrence is statistically meaningless. The composite recurrence interval, which is defined as the average time 
between two faulting events anywhere on the central part of the fault zone, ranges from a maximum of 415 years 
to a minimum of 340 years. We prefer the 415 year (maximum) value because it is based on our preferred simple 
model of a long Provo segment. The method of calculating composite recurrence interval uses the total number of 
intervals between events in variable time windows (column C, table 1) and fault segments having two or more 
datable faulting events and discarding unconstrained values for recurrence (open-ended intervals).
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TABLE 1.--TIMING, NUMBER OF MAJOR SURFACE-FAULTING EARTHQUAKES, AND RECURRENCE 
INTERVALS FOR HOLOCENE MOVEMENT ON THE WAS ATCH FAULT ZONE

[All values for age and time intervals (columns A-C) are rounded to the nearest 100 years. Ages based on calendar- 
corrected radiocarbon dates and thermoluminescence analyses. The average recurrence interval is determined by 
dividing the sum of time intervals (column C) by the sum of intervals between faulting events (column D). 
Time intervals (column C) for some segments include time between the oldest (undated) event at a site and the 
age of the datum; thus, some values in column C are maximum values. MRE, most recent faulting event; N/A 
indicates a value that is not applicable to the calculation]

(A) (B) (Q P)

Fault Trench Oldest event Estimated 
segment site (t) or datum time of 

(d) (yr ago) MRE (yr ago)

Brigham City.... Brigham City....... 4,700t 
Weber.............. East Ogden........... 4,000t
Salt Lake City... Dry Creek............ 5,500t
Prove (AF)....... AF-1, AF-2.......... 5,300t
Prove (SF)....... Mapleton............. 3,000t
Nephi.............. North Creek......... 5,300d
Levan........ ...... Deep Creek.......... 7,300d

tTotals(based on five segments; segments 1-4, 6)............
Totals (based on six segments; segments 1-6)................

§Calculated recurrence intervals (in yr) for segments 

of the WFZ having repeated Holocene movement:

Average recurrence interval (RI) on a single segment....

Average composite recurrence interval (CRI)...............

3,600 
500 

1,500 
500 
600 
400 

1,000

Time No. of events (E) 
interval and intervals (I) 

(A-B,yr) E I

1,100 
3,500 
4,000 
4,800 
2,400t 
4,900 

>6,300N/A

18,300 
20,700

Minimum 

value

2035 

340

2 
4 
2 
3 
2t 
3 
1

14 
16

1 
3 
1 
2
It 
2 
0

9 
10

Maximum 

value

2070 

415

Notes: t--Time of oldest well-dated faulting event
d~Age of datum from dating, stratigraphic, or tectonic considerations (rounded to nearest 100 years).
f~For a live segment model we use only the number of events and intervals from American Fork for the 

Prove segment).
§--Three significant figures are used to compute average values of recurrence from the totals in columns C 

and D. Values are rounded to nearest 5 years. Minimum values calculated from 20,700 years, 10 
intervals, and 6 segments. Maximum values calculated from 18,300 years, 9 intervals, and 5 
segments. The latter model (maximum value) is based on our preferred model of segmentation.
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TIME, IN YEARS BEFORE PRESENT
TODAY 1,000 2,000 3,000 4,000 5,000 6,000

Brigham City 
segment (1)

Weber segment 
(1.2)

Salt Lake City 
segment (3)

American Fork 
subsegment (1,4)

Spanish Fork 
subsegment (3)

Nephi segment 
(5.6)

Levan segment 
(5.6)

TODAY 1,000 2,000 3,000 4,000 5,000 6,000

Sources of information:
(1) Machette and others (1987), modified in this report
(2) Swan and others (1980), modified in this report.
(3) Schwartz and others (1988), modified in this report.
(4) Forman and others (1989).
(5) Schwartz and Coppersmith (1984).
(6) Jackson (1988).

Figure l.~Timing of movement on segments of the WFZ during the past 6,000 years as determined in January, 
1989 (from Machette and others, 1989). Heavy-dashed lines indicate our best estimates of times of faulting 
and cross-hachure pattern indicates likely limits for faulting as determined from radiocarbon dates and 
thennoluminescence age estimates. Although the American Fork and Spanish Fork segments are shown 
separately, they appear to be parts of a single segment as originally proposed by Schwartz and Coppersmith 
in 1984.

2. General conclusions about the Wasatch fault zone (from Machette and others, 1989).
The Wasatch fault zone (WFZ) is one of the longest (383 km) and most active (1-2 mm/yr) normal faults in 

the Basin and Range province of the Western United States. Our segmentation model suggests five or six active, 
medial segments that average about 50 km in length and five less active, distal segments that average about 20 km 
in length. The lengths of segments proposed for other prehistorically active faults in the northern Basin and 
Range province are 20-25 km, or about half of that proposed for the WFZ. The central part of the WFZ has 
ruptured repeatedly along five or six segments during the Holocene, and individual recurrence intervals on these 
segments average about 2,050 years. The record of surface-faulting along the WFZ for the past 6,000 years 
indicates that a major earthquake has struck on the average of once every 415 years somewhere along the central 
active portion of the fault zone. Between about 400 and 1,500 years ago, however, faulting occurred at an 
accelerated rate of one major surface-rupturing event every 220 years-or about twice as often as expected. The 
WFZ's pattern of temporal clustering is much like that of historic faulting in the Central Nevada-Eastern 
California Seismic Belt, where 11 major earthquakes have occurred since 1860 (one every 13 years). Although the 
scale of the temporal-clustering patterns is different-120 years versus 1,100 years~we consider the Central 
Nevada-Eastern California Seismic Belt to be good model for future activity on the WFZ.
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Refinement of Thermo!uminescence (TL) Dating for the 
Wasatch Fault, Utah

14-08-0001-G1396

James McCalpin 
Dept. of Geology 

Utah State University 
Logan, UT 84322-0705 

(801) 750-1220

Steven L. Forman
Center for Geochronological Research 

INSTAAR, Campus Box 450 
University of Colorado 
Boulder, CO 80309-0450

Objective: This project utilizes the TL dating technique to help date large 
paleoearthquakes on the Wasatch fault. TL samples were collected from backhoe 
trenches excavated across fault scarps in 1988 by ourselves, Utah Geological 
and Mineral Survey, and U.S. Geological Survey. All TL analysis is performed 
at the Center for Geochronological Research, Boulder, Colorado. This report 
summarizes our activities during the last six months of this FY88 project (14- 
08-0001-G1396), and builds upon data collected in a preceding NEHRP project 
(14-08-0001-G1096) in FY87.

Data Acquisition and Analysis: TL samples analyzed during the last six months 
of the project were collected at two sites, the Kaysville site (Swan and 
others,others, 1980) and the East Ogden site (Nelson, 1988) both on the Weber 
segment.

1. Field data collection - in October 1988 we re-excavated the Kaysville, Utah 
trench site originally excavated in 1978 by Woodward Cylde Consultants. 
Reexcavation was justified because: 1) the graben contained a thick sequence of 
fine-grained sag pond deposits and soils well-suited for TL dating, and 2) the 
site provided data to compare with other trench sites and exposures within the 
Weber segment, which at 57 km long is the longest Wasatch fault segment. 36 TL 
samples from 14 strati graphic or soil units were collected (Fig. 1). In 
addition six radiocarbon samples of bulk buried A horizon material were 
collected. These samples provide a check on the chronology of faulting 
proposed by Swan and others (1980) based on one radiocarbon date from the 
trench.

We also continued analysis of samples from the East Ogden trenches excavated 
by UGMS on the eastern margin of Ogden, Utah. In addition we collected nine TL 
samples from six strati graphic or soil units at the Rock Canyon trench site in 
eastern Provo, UT, while UGMS personnel collected eight radiocarbon samples.

2. Laboratory analysis - Methods used to date TL samples at the Center for 
Geochronological Research have been summarized in Forman and others (1988). To 
date three TL samples from the Kaysville site, and eight TL samples from the 
East Ogden site have been analyzed. In addition, seven samples from Kaysville 
are in progress. Three radiocarbon samples from buried soils (average mean 
residence time, AMRT) have been dated at the Kaysville trench.
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3. Results - Based on three TL dates and three AMRT dates we propose a 
chronology of faulting events at the Kaysville site which is distinctly older 
(Table 1) than that proposed by Swan and others (1980). We identify the same 
strati graphic and soil units that they did, but we infer four events in the 
last 10-12 ka, only one of which is of late Holocene age. We surmise that the 
single radiocarbon date which supported the 1980 chronology was contaminated by 
young carbon, and was much too young. However, our chronology does not mesh 
well with that of the East Ogden trench site (18 km to the north) where three 
events evidently occurred in the last 4.5 ka (we see only two at Kaysville). 
The reason for this discrepancy is currently being studied.

The single event revealed at Rock Canyon is bracketed by AMRT and 
charcoal dates of roughly 2000 and 660 yBP (Bill Lund, personal communication). 
TL dates also constraining this event are currently being processed.
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TABLE 1
Comparison of 1988 chronology of Kaysville site faulting with the 1980 
chronology.

Our chronology (1988) Swan and others chronology (1980)
Age ControlFault Event Fault EventAge Control
900+80 A
1130+70 B
1.2 ITa 1500

A C

B
5780+90 
6-7 ITa

C 
9-10 ka

D
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MISSISSIPPI VALLEY SEISMOTECTONICS 

FRANK A. MCKEOWN

9950-01504

Branch of Geologic Risk Assessment
U.S. Geological Survey

Box 25046, MS 966
Denver, CO 80225

(303) 236-9355

INVESTIGATIONS

1. Continued interpretation of seismic-reflection profiles in the New Madrid seismic zone.

2. Edited computer data file of stratigraphic information from drill holes in the Upper Mississippi Embayment.

3. Digitized four reflectors correlated throughout 19 seismic-reflection profiles and made preliminary fence 
diagrams using computer software.

4. Started making detailed lithologic log of the Dow Chemical #1 Wilson drill hole and continued petrographic 
studies of samples from the hole.

5. Started detailed analysis of seismic-refraction data collected hi the Upper Mississippi Embayment several 
years ago.

RESULTS

1. An association of seismicity with the Blytheville arch between Caruthersville, Mo., and Marked Tree, Ark., 
has been recognized for several years. Detailed examination of relocated hypocenters and seismic- 
reflection profiles, however, shows differences hi the seismicity and geologic structure northeast and 
southwest of Blytheville, Ark. Southwest of Blytheville, hypocenters are dispersed under the arch and range 
in depth from near the surface to about 15 km. Northeast of Blytheville, hypocenters are concentrated 
along a fault zone and cluster between 6 and 12 km. A seismic trend that extends south-southwest from 
near Charleston, Mo., projects to the southwest side of the arch near Blytheville, where the seismicity 
changes character, and the southeast boundary of the arch changes to an easterly direction.

Preliminary results of analysis of the seismic-refraction data show anomalously high attenuation in either 
Paleozoic rocks or upper part of Crystalline rocks. The significance of this observation is not known, but 
may be related to lithologic heterogeneity of rocks in the Paleozoic section and abundance of faults. Drill 
holes hi the area that commonly penetrated dikes or sills of mafic rocks suggest lithologic heterogeniety, 
and the abundance of earthquakes hi a broad northwest-trending zone suggest that the area is highly 
faulted.

Petrographic, geochemical, and water-quality studies, most of which are conducted in other Branches, are of 
importance to and are being integrated with earthquake studies in the New Madrid region, because they are 
providing information on the structural and thermal history, and on contemporary thermal and hydrologic
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conditions of the seismogenic parts of the Reelfoot rift.

It is becoming clear from potential-field, seismic-reflection, seismicity, geologic, and geochemical data that 
most earthquakes in the New Madrid seismic zone are associated with very complex geologic structures that 
are the result of repeated deformation, thermal, and hydrothermal events over several hundred million 
years. Recognition that the earthquakes are occurring in an ancient rift was a major discovery. But we are 
now able to show that they are occurring in the oldest and unique parts of the rift. If additional studies 
continue to support current concepts, we may be able to demonstrate that the New Madrid seismic source 
zone is associated with parts of the rift that have unique physical and, petrologic characteristics. A physical 
explanation for the source zone would then provide a much sounder basis for delimiting it than just spatial 
relationships.
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Database Management

9910-03975

Charles S. Mueller 
Branch of Engineering Seismology and Geology

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

(415) 329-5646

Investigations

1. Development of techniques for data playback, processing, management, and export with 
emphasis on large datasets collected with portable digital event-recording seismographs 
(e.g., GEOS).

2. Design and implement relational databases for strong-motion (ESM) and aftershock/spe­ 
cial-experiment data (ESGDB). The goal of the databases is to enhance researcher access 
to diverse Branch datasets.

Results

la. New datasets played back, processed and archived:
Armenia S.S.R. - aftershocks of 7 December 1988 earthquake.

Ib. Datasets exported:
Miramichi, Canada aftershocks of 1982 earthquake: Woodward-Clyde Consultants. 
Enola, Kansas 1982 earthquake swarm: Woodward-Clyde Consultants. 
Coalinga, California aftershocks of 1983 earthquake: Woodward-Clyde Consultants. 
Borah Peak, Idaho aftershocks of 1983 earthquake: Woodward-Clyde Consultants. 
Whittier Narrows, CA aftershocks of 1987 earthquake: Woodward-Clyde Consultants.

Reports

Mueller, C.S., Brady, A.G., Converse, A.M.., and Watson, J.C., 1988, Near-source high- 
frequency seismic waveform data available from the U.S. Geological Survey: U.S. 
Geological Survey Open-File Report 88-569, 12 p.

Mueller, C., Dietel, C., Glassmoyer, G., Noce, T., Sembera, E., Spudich, P., and Watson, J., 
1988, Digital recordings of aftershocks of the 1 October 1987 Whittier Narrows, Califor­ 
nia, earthquake: US. Geological Survey Open-File Report 88-688.
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EARTHQUAKE RECURRENCE AND QUATERNARY DEFORMATION IN THE CASCADIA 
SUBDUCTION ZONE, COASTAL OREGON

9950-04180

Alan R. Nelson, Stephen F. Personius, and Susan Rhea
U.S. Geological Survey

Branch of Geologic Risk Assessment
MS 966, Box 25046
Denver, CO 80225

(303) 236-1596; FTS 776-1596

INVESTIGATIONS

There are three components to this project: (1) Nelson's study of middle and late Holocene sea level 
history as revealed by salt marsh stratigraphy, (2) Personius' study of fluvial terrace remnants along major Coast 
Range rivers to determine style and rates of late Quaternary deformation, and (3) Rhea's study of river and 
drainage basin morphology in the Coast Range to determine relative rates of tectonic uplift.

RESULTS

Recurrence of Holocene earthquakes in central Oregon

Nelson's reconnaissance study of cores and rare outcrops at 12 marsh sites in seven tidal inlets shows that the 
history of relative sea-level along the south-central Oregon coast differs from one estuary to another. Some sites 
yield cores with mud-peat couplets similar to those studied by Atwater in southwestern Washington (fig. 1). 
Other sites show a stratigraphy characteristic of slowing submerging coasts with no abrupt changes in 
sedimentation. Coseismic subsidence on local structures may be an explanation of these different 
stratigraphies. However, there have been significant fluctuations in the rate of sea level rise and even minor 
regressions during the late Holocene on some coasts. Few of these studies are convincingly documented, but it 
is dear that the character of late Holocene sea level change differs from one coast to another and that 
significant oscillations cannot be ruled out. Significant changes in sediment influx cannot be ruled out either. 
Thus, even small changes in the rate of sea level rise combined with changes in sediment influx might produce a 
sequence of interbedded peats, peaty muds, and muds that closely resembles those inferred to have been 
produced by coseismic subsidence. The key is to show whether or not the peats were buried suddenly and 
whether the transition to intertidal muds was gradual. In progress microfossil studies designed to address these 
problems are described in our previous report.

Most of Nelson's time in the second quarter was spent in the field in south-central Chile working on a 
closely related project supported by a USGS Gilbert Fellowship. The stratigraphic record of the 1.5-2.5 m of 
coseismic coastal subsidence that took place near Valdivia in 1960 is a wonderful analogy for inferred similar 
events in the Pacific Northwest. Lithologies, fades relationships, and stratigraphic contacts produced in Chile 
during the 1960 earthquake dosely follow models being used to interpret the stratigraphic record in Oregon and 
Washington. Future analysis of foraminiferal samples from one core that records the 1960 event should show if 
changes in foraminiferal assemblages are similar to changes being documented in Oregon cores. 
Unfortunately, differences in Holocene sea level history between Chile and the Pacific Northwest have 
prevented an extensive stratigraphic record of pre-1960 events from being preserved in south-central Chile. We
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speculate that this is due to: (1) a slight relative fall of sea level since the mid-Holocene in Chile rather than a 
continuous rise, (2) a greater, slow, long-term rate of uplift of the whole coastal region in Chile than in Oregon, 
and (3) substantial post-seismic recovery (uplift) of subsided regions in Chile prior to the next major event. 
These results highlight the unusual character of the preserved late Holocene stratigraphic record in Oregon and 
Washington.

Late Quaternary deformation rates indicated by fluvial terraces in central Oregon

The purpose of this part of the project is to evaluate some of the longer-term (middle and late Quaternary) 
effects of subduction along the Cascadia subduction zone by examining the styles and rates of deformation of 
Quaternary deposits within the Oregon Coast Range. Personius is continuing to examine fluvial terraces for 
evidence of deformation in the drainages of the Coast Range. Radiocarbon analyses of the lowest fluvial 
terraces on the Umpqua, Siuslaw, and Siletz Rivers indicate relatively slow (0.2-0.6 mm/yr) uplift of the central 
Oregon Coast Range in Holocene time. Preliminary thermoluminescence (TL) ages on older deposits along 
the Umpqua River appear to yield similar rates for the higher terraces. No evidence of active Holocene 
structures has been observed in the drainages examined in central Oregon. However, numerous active folds 
and faults are associated with the Mendotino triple junction in northern California (Kelsey and Carver, 1988), 
and several active structures have recently been identified in the Coos Bay area (Mclnelly and others, 1989; 
Peterson and Darienzo, 1989). Because these structures are located near the southern end of the Cascadia 
subduction zone, Personius is planning to examine fluvial sequences along at least one southern Oregon river 
(probably the Coquille) in the coming year.

Differential uplift of the western slope of the Oregon Coast Range

Rhea's investigation of regional evidence for differential uplift using drainage basin and river valley 
morphology underscores the complex inter-relationships between lithology, structure, and tectonics. Last years 
study of 22 rivers and tributaries on the western side of the Coast Range was expanded to include rivers flowing 
into the Willamette Valley from the east (Cascade Range) and the west (eastern Coast Range). About 1800 km 
of digitized river profile data was added to the 2300 km of previously digitized data. Analysis of river profile 
data shows no unusual patterns that might be related to differential tectonics, lithology, or structure. Valleys 
that are steep and narrow upstream become wider and gentler downstream in the eastern Coast Range and 
western Cascades. Thus, the unusual gradients and valleys geometries observed in some western Coast Range 
drainages are not found in the Willamette Valley suggesting the latter area is not experiencing as much 
differential uplift as the western Coast Range area.

REPORTS
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Society of America Abstracts with Programs, v. 21, no. 5, p. 115.

Nelson, A.R., 1988, Implications of late Holocene salt-marsh stratigraphy for earthquake recurrence along the 
coast of south-central Oregon, in Hays, W.W., Workshop on "Evaluation of earthquake hazard and risk in 
the Puget Sound and Portland areas", Proceedings of Conference XLII: U.S. Geological Survey Open-File 
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AN INTERACTIVE ENVIRONMENTAL/SOCIETAL PROCESS MODEL FOR THE 
ASSESSMENT OF VULNERABILITY TO EARTHQUAKES AND RELATED HAZARDS

9950-04477

SHERRY D. OAKS
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1587

Inve s t i gat ions

This study develops and tests a generalized, theoretical model for the assessment 
of vulnerability and resiliency to earthquakes and related hazards. The model 
includes geophysical, geotechnicai, and engineering parameters and also includes 
key societal variables. The interrelationships between natural and technological 
hazards, and the environmental and societal processes that contribute to their 
occurrence, are analyzed. This is accomplished by testing the theoretical model 
to empirical data in case studies slated for investigation. The theoretical 
model has utility for the development of appropriate hazard reduction strategies 
and is designed as a planning and decision-making tool for sustainable 
development. The model can be applied globally, regionally, nationally, 
subnationally, locally, or to a specific site.

Results

The project began in February 1989. At first, the project focused on model 
development including the selection of key variables to be tested, determination 
of limits of the mathematical functions capable of explaining causal 
interrelationships to be analyzed in the project, and selection of the best 
statistical methods to test this highly complex model. A ratio of vulnerability 
(V) to resiliency (R) is functionally dependent on interrelated environmental 
(E) and societal (S) systems V/R - f± (E,S). E [E - f2 (e , eb , S,A*)] is 
functionally dependent on the interconnected processes of the geosphere (eg ) , the 
biosphere (eb ) , and S.

S [S - f3 (s, e, p, c. E, A*)] is functionally dependent on the interrelated 
social (s), economic (e), political (p), and cultural (c) processes and E. The 
rate of change is represented by A*. Statistical analyses of sets of 
subvariables (i.e., eg , eb , etc.) will be used to determine the vulnerability/ 
resiliency ratio for case studies.

Reports

Oaks, S. D., 1989, An interactive environmental/societal processes model for the 
assessment of vulnerability to hazards: American Association of Geographers 
Annual Meeting Program and Abstracts, p. 155.

Oaks, S. D., 1989, Hazards and economic development: multiple considerations for 
environmental and economic sustainability, in Taller Internacional de 
Ecoturismo (in press).
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INVESTIGATIONS OF SITE RESPONSE

9950-03899

A. M. Rogers

U. S. Geological Survey
P. O. Box 25046

Denver Federal Center, MS 966
Denver, CO 80225

303-236-6978

Investigations

1.) The intent of this project is to compare earlier predictions of site effects in the Los 
Angeles basin with measured site effects in the Whittier Narrows mainshock and 
aftershocks. Although much of the aftershock data has been processed, this task must be 
completed and efforts were undertaken to do so. Data analysis will begin after this initial 
phase of data processing is complete.
2.) As principal editor of the first Professional Paper on the Pacific Northwest Seismic 
Hazard Studies, I have worked on finding co-editors and other tasks related to 
announcments and contacting potential contributors.
3.) During this period I completed a paper on the seismicity of Nevada for the DNAG 
volume on the seismicity of the U.S.

Reports

Rogers, A. M., Harmsen, S. C., Cprbett, E. J., Priesdey, K., and DePolo, D., 1989, The 
seismicity of Nevada and Some Adjacent Parts of the Great Basin, DNAG
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Simulating, Verifying, and Predicting the SH and P-SV Low 

Frequency Resonance in Salt Lake Valley

Grant No. 14-08-0001-G1518
Gerard T. Schuster

Mary Murphy
Harley Benz

Geology and Geophysics Dept.
University of Utah 

Salt Lake City, Utah 84112

Objective. Salt Lake Valley (Figure 1) is in an area of high seismic risk. It is 
the objective of this study is to determine how deep basin structure controls the 
amplification of seismic ground motion along the valley floor. Is ground shaking 
primarily controlled by the upper 100 meters of strata, or is it influenced by a 
combination of near surface and deep basin structure resonance? We will at­ 
tempt to answer this question by simulating two-dimensional elastic wave propa­ 
gation in East-West cross sectional models of Salt Lake basin. A previous study 
(Hill, 1988) showed that SH resonance from deep (> 1 km) basin structure can 
play a major role in ground motion amplification.

Two-dimensional P-SV Wave Simulation Results. A second-order finite 
difference method is used to simulate P-SV wave propagation through 2-D 
models of Salt Lake Basin. The source is a vertically incident plane wave with 
vertical particle motion, propagating upward from the bottom of the model. The 
source wavelet is a low frequency Ricker wavelet with a dominant frequency of 
0.9 Hz. The objective is to determine which layers in the Figure 2 model pri­ 
marily control seismic amplification at the near surface. This model is derived 
from well log and CDP seismic data from the northern part of the valley 
(reflection line in Figure 1).

Synthetic horizontal and vertical displacement seismograms were calculated 
at the basin surface for models consisting of R2 (Figures 2a, 2b), Rl and R2 
(Figures 2c, 2d), and Rl, R2 and R3 (Figures 2e, 2f). The particle motion on the 
horizontal component is east-west, and both the horizontal and vertical com­ 
ponent seismograms are normalized to the maximum amplitude of either seismo- 
gram. Poisson's ratio is assumed to be 0.25 throughout the model, and attenua­ 
tion is assumed to be zero.

Results from these simulations are:

1) The R2 reflector controls the general characteristics of the seismo­ 
grams. Adding the Rl reflector increases the complexity and the duration 
of the shaking. The R3 reflector has little influence on the seismograms. 
These conclusions are consistent with those from the SH wave study of 
Hill (1988). Rl is interpreted to be the base of the unconsolidated sedi­ 
ments, R2 is the contact between the unconsolidated and semi- 
consolidated sediments, and R3 is interpreted to be the interface between 
the basement and semi-consolidated sediments.
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2) Rayleigh waves are the dominant wave form on all the P-SV seismo- 
grams. Rayleigh waves are generated off the fault and propagate west­ 
ward. The eastward dipping edge of the basin greatly diminishes the am­ 
plitude of the Rayleigh waves.

3) The asymmetrical shape of the basin tends to convert vertically pro­ 
pagating seismic energy into horizontally propagating wave energy. The 
maximum displacement is always the direct arrival on the vertical com­ 
ponent at 23.2 km, although adding the lower velocity layer Rl increases 
the horizontal displacements with respect to the vertical displacements. 
The maximum displacement on the horizontal component always occurs 
at the surface expression of the fault for these models.

4). The synthetic horizontal spectral ratios (Figures 3a, 3b) show good 
correlation with the USGS spectral ratios for sites 8 and 9. Both the 
resonant frequencies at 0.9 and 1.5 Hz and the spectral ratio amplitudes 
are accurately predicted within the 0.5 to 1.7 Hz frequency band. The 
synthetic vertical spectral ratios (Figures 3a, 3b) correlate poorly with the 
USGS spectral ratios.

Future Work. Future simulations will include basin models along the central 
and southern portions of Salt Lake Valley. These include both two-dimensional 
and three-dimensional elastic wave simulations.

REFERENCES

Hill, J., 1988, A finite difference simulation of seismic wave propagation and 
resonance in Salt Lake Valley, Utah; M.S. thesis, University of Utah, Salt Lake 
City, Utah.
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y USGS Seismograph

*'    Reflection profile

  Well

N- County Line

Figure la. Salt Lake Valley, Utah
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V4 - 6.00 km/s 

p4 « 2.75 g/cm3

10 
Distance (km)

2O

Figure Ib. Cross-sectional basin model derived from the East-West 
CDP section line in Figure la.
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Deep Structural Complexity and Site Response 
in Los Angeles Basin

14-08-0001-G1684

Mrinal K. Sen 
Woodward-Clyde Consultants

566 El Dorado St.
Pasadena, CA 91101

(818)449-7650

OBJECTIVE: The objective of this project is to use geologic and seismic information to develop a de­ 
tailed structure of the Los Angeles Basin that can be used to predict strong ground motions in the 
basin.

INVESTIGATION AND RESULT :

In order to derive a detailed structure of the basin, we have been analyzing the records of a series of 
aftershocks following the October 1, 1987 Whittier Narrows earthquake. The analysis tools being used 
to model wave propagation in laterally varying structure are multifold path integrals (Sen and Frazer, 
1987) and finite-difference methods (Vidale and Helmberger 1987). Shortly after the occurrence of the 
main Whittier event, the US Geological Survey installed digital GEOS seismographs at temporary sites 
in the mainshock area in order to record aftershock motions over a broad range of magnitude at small 
source-to-receiver distances. As an example, we discuss here the results of modeling the waveform and 
amplitude of the tangential component of acceleration from an aftershock (Oct 11, 1987 22:34 
ML=2.6) recorded along a profile AB. The location of the GEOS stations and that of the profile and 
the event are shown in Figure 1. This event was chosen because of its location very close to the 
profile (AB) along which Davis (1988) developed an improved geologic cross-section and five (max­ 
imum of all events) recording staions were were avaialable along this profile. The location , depth and 
mechanism of the event were taken from Hauksson and Jones (1989).

The three component data were first filtered to a maximum frequency of 4 Hz and were then rotated to 
radial and tangential components. The data rotated very well at this frequency and thus a two- 
dimensional modeling was justified.

An initial model was developed by using the geologic cross-section of Davis up to a depth of 10 km 
below which Langston's (1989) model was used. The velocities to a depth of 10 km were taken from 
Vidale and Helmberger (1987). The model was then perturbed first by using an interactive 2-D ray- 
tracing code so as to obtain a fit in travel time between synthetics and observations. Then multifold 
path integral approach was used to construct synthetic seismograms for the direct arrival only. Finally, 
a finite-difference code was used to compute the complete SH seismograms. The final model along the 
profile AB is shown in Figure 2 and the comparison between observed and synthetic seismograms is 
shown in Figure 3. As seen in Fig. 3, the waveform, polarity and peak amplitude of the observations 
can be simulated very well by finite difference seismograms.
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The strong arrival following the largest direct arrival at stations SVS and GAR is caused by multipath- 
ing of upgoing rays from source to receiver via the basin while the late arrivals are multiple reflections 
and scattering from the sedimentary layers. The stations to the north of the Raymond-Hill fault such 
as MIL and ECP show small phases following simple large arrivals . Initially, we attempted to model 
this phase as reflection from the top of the low-velocity zone proposed by Langston (1989). Although 
the travel-time of the first of these can be explained by slightly perturbing the depth to the top of the 
low velocity layer, the amplitude of the reflection from this layer is too low compared to the observa­ 
tions. However, these late-arriving phases are modeled well as multiple reverberations from a thin sed­ 
imentary layer with a shear wave velocity of 0.9 km/sec and a thickness of 350 m lying to the north of 
the Raymond-Hill fault.

Thus, we have completed the following tasks :

(i) A two-dimensional interactive ray-trace code has been developed to run on the SUN work-station.

(ii) Multifold path integral (MFPI) has been calibrated against generalized ray theory and finite- 
difference seismograms for earthquake sources.

(iii) Initial data collection and processing have been completed.

(iv) Modeling the tangential component of motion along a profile has been completed resulting in an 
improved structure model.

REFERENCES :

Davis, T. L. (1988). Subsurface study of the late cenozoic structural geology of the Los Angeles Basin, 
final technical report to USGS.

Hauksson, E. and L. M. Jones (1988). The Whittier Narrows earthquake sequence in Los Angeles, 
southern California : Seismological and tectonic analysis, submitted to JGR.

Langston, C. A.(1988). Scattering under Pasadena, California, in press, JGR

Sen, M. K. and Frazer, L. N. (1987). Synthetic seismograms using multifold path integrals, Geophys. 
J. R. astr. soc., 88, 641-671.

Vidale, J. E. and D. V. Helmberger (1987). Elastic finite difference modeling of the 1971 San Fernan­ 
do, California earthquake, BSSA
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Figure 1. Location of the event and the GEOS stations
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Whittier Aftershock

10/11/87 22:34 Tangential

EOF

.269E+00 

.259E+00

.619E+00 

.397E+00

.228E+00 

.288E+00

.300E+00 

.387E+00

.216E+00 

.237E+00

10.0 Sec

Figure 3. Comparison between observed and synthetic finite-difference
seismograms 499
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Simulation and Empirical Studies of Ground Motion Attenuation 
in the Seattle-Portland Region

14-08-0001-G1516

Paul Somerville and Brian Cohee
Woodward-Clyde Consultants

566 El Dorado Street, Suite 100
Pasadena, CA 91101

PHASE I: SUBDUCTION EARTHQUAKES

OBJECTIVE: The objective of the first phase of this project is to estimate strong ground motions 
for hypothetical Mw=8.0 subduction zone thrust earthquakes in the Puget Sound - Portland region 
using a semi-empirical computational method. The use of strong motion simulation procedures is 
motivated by the complete absence of subduction earthquakes on the Cascadia subduction zone 
during historical time (and the consequent absence of strong motion recordings of such events), 
and the paucity of applicable strong motion recordings from other subduction zones.

METHOD: The simulation procedure assumes the rupture surface may be represented by a grid 
of fault elements. Green's functions are computed with generalized ray theory in an appropriate 
two-dimensional velocity structure for each element-receiver propagation path. Scattering, 
attenuation structure, and off-path propagation are not deterministically modelled, but are contained 
in the individual fault element "source functions" which are constructed from corrected accelerograms 
from Mw~6.9 Michoacan, Mexico and Valparaiso, Chile aftershocks. The "source functions" also 
contain information about the recording site, allowing different site conditions to be empirically 
included in the simulation procedure. Spatial variations in slip on the fault (asperities) are introduced 
by weighting the fault elements, and the synthetic accelerogram is generated by lagging and summing 
element contributions as rupture moves across the fault plane. We have validated the technique 
for large subduction zone earthquakes by modeling acceleration time histories and response spectra 
from the 1985 Michoacan (Mw=8.1) and Valparaiso (Mw=7.9) mainshocks.

RESULTS: Two fault models are shown in Figure 1, appropriate for the Puget Sound and Portland 
areas respectively, that differ in fault dip (11 deg, 21 deg), length (150 km, 120 km), and downdip 
width (120 km, 75 km). For each model, three-component acceleration time series are computed 
for a grid of stations, and the dependence of ground motion on uncertainties in source parameters 
is quantified. We explore three generalized asperity models where 60% of total moment is released 
in the upper, middle and lowermost third of the fault. In Figure 2 we show an example of calculated 
horizontal peak acceleration for the three depth distributions of slip at each receiver location in 
the 11 deg dip model. Peak accelerations for all receivers along a line equidistant to the fault are 
averaged to produce a single value. These values are plotted vs. distance in Figure 3. With distance 
defined as closest distance to the fault plane, there is significant variability in peak horizontal 
accelerations for the three slip distribution models, but there is little difference for the two fault 
dips considered. If distance is defined from receiver to nearest asperity, we obtain a peak acceleration 
vs. distance function independent of fault dip or downdip slip distribution that has relatively little 
scatter. The results of this study agree well with accelerations and response spectra predicted in 
the Pacific Northwest by other investigators using empirical strong motion data from other 
circum-Pacific subduction zones. Our simulations mimic the behavior observed in Chile and 
Mexico for different site conditions: motions on soil sites are larger and more variable (particularly 
at periods greater than 1 sec) than motions recorded on rock sites.

IMPLICATIONS: For periods less than 1 sec, the estimated response spectral values in the Seattle 
- Portland region for a Mw=8.0 subduction earthquake are not much larger than those recorded 
during the 1949 Olympia and 1965 Seattle earthquakes that occurred in the Benioff zone (see Figure 
4). However, the duration of strong motion is expected to be significantly longer (60 sec vs. 10-20 
sec), and the motions at periods less than 1 sec are expected to be significantly larger.
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PHASE II: BENIOFF ZONE EARTHQUAKES

OBJECTIVE: The objective of the second phase of this project is to estimate ground motion 
attenuation resulting from earthquakes in the Benioff zone that lies within the subducted oceanic 
plate downdip of the subduction zone plate interface (depths greater than 40 km). Both the 1949 
Olympia and the 1965 Seattle earthquakes were events of this type.

METHOD: Accelerograms from the 1949 and 1965 earthquakes, together with recent, well- 
calibrated velocity recordings of smaller earthquakes provide an empirical data base that will be 
used to define attenuation relations specific to this source zone. Additionally, we will examine 
the data to identify possible focussing and defocussing effects resulting from laterally-varying 
velocity structure. If such effects are observed, forward modeling techniques (finite difference, 
multifold path integral) will provide estimates of amplitude focussing and defocussing in areas of 
Puget Sound not sampled by the seismic network.

PROGRESS: We have acquired calibrated velocity seismograms from 65 small (magnitude 1.2-4.5) 
earthquakes within the Benioff zone that were typically recorded by fifteen or more stations in 
the western Washington seismic network. We are currently analyzing wave propagation charac­ 
teristics and the attenuation of ground motion in western Washington using these events. We are 
also modeling the strong motion recordings of the 1949 and 1965 events using the same method 
as for the subduction events, in order to develop realistic source models of large Benioff zone 
earthquakes. Corrected strong motion recordings from the 1976 Pender Island earthquake are being 
used as empirical source functions in this modeling procedure.

PUBLICATIONS

Somerville, P.G., M.K. Sen and B.P. Cohee (1989). Simulation of strong ground motions recorded 
during the 1985 Michoacan, Mexico and Valparaiso, Chile subduction earthquakes, Seismological 
Research Letters, 60, p. 16; and manuscript in preparation.

Cohee, B.P. And P.G. Somerville (1989). Simulated strong ground motions for hypothetical Mw = 
8 earthquakes on the Cascadia plate interface, Seismological Research Letters, 60, p. 16; and 
manuscript in preparation. _________ __ __

CO 
CL

1.0

subduction zone simulation (soil site)

avg of 4 stations (8 horiz records) 

1949 and 1965 Benioff Zone events

0.1 1.0 10.

period (sec)

Figure 4. Comparison of average response spectra (5% damped) from eight horizontal accelerograms 
recorded during the 1949 and 1965 Benioff Zone earthquakes (at Seattle and Olympia) with the 
Mw=8.0 subduction zone simulation for Seattle and Olympia locations.
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49

Figure 1. Base map showing study area and two fault models used in the simulation. Map view 
of the fault plane is shown; the northern fault dips at 11 deg, the southern fault dips at 21 deg. 
Three-component acceleration time histories are computed for each receiver location, indicated by 
open squares.
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horiz peak acceleration (dip=11)

s.

up

In avg horiz peak accel (dip=11)

Cal.up.11
CaLmW.11
CaUdown.11

O

distance to fault (km)

0.368 g

to
0> 
Q.

down

Cal: rock site

Figure 2. Average horizontal peak accel­ 
eration for each receiver location (11 deg 
fault dip) for three depth distributions of 
slip. Note that the largest accelerations are 
produced at all receiver locations when slip 
is concentrated in the bottom third of the 
fault plane. The acceleration values are 
plotted on a common scale.

In avg horiz peak accel (dip=11)

CaUip.11 
CaUmW.11 
CoLdoim.11

distance to asperity (km)

Figure 3a. Average horizontal peak 
accelerations vs. closest distance to the fault 
plane. See text for explanation. Figure 3b. 
Average horizontal peak accelerations vs. 
distance to nearest asperity.
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Quaternary Framework for Earthquake Studies 
Los Angeles, California

9540-01611

John C. Tinsley 
Branch of Western Regional Geology

U.S. Geological Survey
345 Middlefield Road, MS 975
Menlo Park, California 94025

(415) 327-2368

Investigations

1. Geology and relative ground motion, Wasatch region, Utah:

Analysis of geologic and geophysical data from 43 sites in the Salt Lake 
Valley continues, and writing of interpretive reports is in progress. The 
studies involve comparisons among parameters including thickness of key 
stratigraphic intervals, degree of cementation of materials, shear-wave 
velocity, and soil index parameters in relation to alluvium-to-rock spectral 
ratios in two period bands (0.2-0.7 sec and 0.7-1.0 sec). (J. Tinsley, K. 
King, R. Williams, and D. Trumm).

2. Geology and relative ground motion, Puget Sound-Portland region:

In-situ evaluation of geologic and geophysical factors that contribute to 
amplification or attenuation of ground motion at basin sites relative to rock 
sites in the Port land-Puget Sound areas was undertaken during FY.88. Efforts 
during early FY.89 were directed at locating existing cased boreholes to which 
USGS seismic crews might arrange to gain access for purposes of conducting 
down-hole shear-wave velocity tests.

Results

1. Finding limitations have resulted in termination of key personnel 
conducting this study; consequently, publication of results has been delayed 
approximately 6 months relative to earlier anticipated publication 
schedules.

2. A preliminary set of relative ground motion maps was prepared for the 
Portland area (Portland, OR, 7.5 minute USGS quadrangle) using the parameters 
and regression equations derived by Rogers and others (1985) on the basis of 
regional studies of the Los Angeles area. The results of the Los Angeles 
study were applied to maps showing distribution, thickness and physical 
properties of bedrock and near-surface materials compiled by lan Madin 
(DOGAMI). The model-dependent, hypothetical results indicate that the 
principal variations in relative ground response across the Portland basin are 
likely to occur in the short period (0.2-0.5 sec) and intermediate period 
(0.5-3.0 sec) bands at sites underlain by alluvium relative to sites underlain 
directly by Columbia River basalt bedrock. This relation is consistent with 
the geologic reality that the Portland basin is relatively shallow (less than 
0.5 km) compared to the Los Angeles basin (10 km maximum). The maps,
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displayed at a poster session during a workshop and available for inspection 
at DOGAMI offices, Portland, suggest numerous possible empirical tests that 
could be conducted to evaluate the effects on ground response of observed 
variations in subsurface geology (chiefly the thickness and character of 
Missoula Flood deposits). The funding for this research has been terminated 
for FY 1989; prospects for funding in FY 1990 and beyond uncertain at this 
writing. J. Tinsley, K. King (USGS) and lan Maiden (Oregon Department of 
Geology and Mineral Industries).

Reports

1. Tinsley, John C., 1988, Geologic factors and the regional evaluation of
site response for urban seismic hazards studies ±n_ Hays, W. W. (ed.), 
Workshop on "Evaluation of earthquake hazards and risk in the Puget 
Sound and Portland areas", Olympia, WA, April 12-15, 1988: U.S. 
Geological Survey Open-File Report 88-541, p. 159-167.

References Cited

Rogers, A.M., Tinsley, J.C., and Borcherdt, R.D., 1985, Predicting relative 
ground response: in Ziony, J.I., ed., Evaluating earthquake hazards in 
the Los Angeles region: U.S. Geological Survey Professional Paper 1360, 
p. 221-247.
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Seismic Reflection Investigations of 
Mesozoic Basins, Eastern U.S.

9950-03869

John D. Unger
Branch of Geologic Risk Assessment

U.S. Geological Survey
922 National Center

Reston, VA 22092
(703) 648-6790

ONGOING INVESTIGATIONS

1. To consolidate and synthesize the available seismic
reflection information that pertains to the internal and 
external structure of Mesozoic basins, with special emphasis 
on the hypocentral area of the present seismicity of 
Charleston, South Carolina and the Ramapo fault zone in New 
Jersey and Pennsylvania.

2. To use 2-D synthetic seismic reflection models of the 
basement structure along selected seismic reflection 
traverses in the Charleston and Ramapo regions as an aid to 
processing and interpretation of the seismic reflection data 
and to allow the use of ray-tracing algorithms to be used for 
earthquake relocation.

3. To use 2- and 3- dimensional GIS (Geographical Information 
System) techniques to display, analyze, and interpret 
geological and geophysical data collected in and around 
Mesozoic basins and other seismogenic structures in the 
Eastern U.S.

4. To investigate the role of Mesozoic basins as seismogenic 
tectonic features in the Eastern U.S.

RESULTS

This project continues data interpretation and analysis, 
which relies principally on the use of proprietary software from 
Dynamic Graphics Corp. (ISM) and ESRI (ARC/INFO). Research to 
date has resulted in promising possibilities for displaying 
interpreted seismic reflection data along with gravity, magnetic, 
and refraction information as three-dimensional models of the 
crust in and around Mesozoic basins. A key component of this 
operation is the ability to integrate in-house software written 
on high resolution, color graphics workstations with the 
proprietary programs. The process is expedited by being able to 
transfer data among the workstations and mini-computers, where 
these software packages reside, via high-speed networks.
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REPORTS

Unger, J. D., 1988, A simple technique for analysis and migration 
of seismic reflection profiles from the Mesozoic basins of 
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Jeffrey D. , and Liberty Lee M., 1988, Geologic processes 
shown by the digitized Quebec-Maine-Gulf of Maine Global 
Geosciences Transect, Invited Poster, 28th International 
Geological Congress, Director's Approval 10/88.

Stewart, David B., Unger, John D., Wright, Bruce E., Phillips, 
Jeffrey D., Liberty Lee M., Spencer, Carl P., and 
Charlesworth, Phyllis, 1988, The digitization of the Quebec- 
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John D. , in press, Northern Appalachian Transect: 
Southeastern Quebec, Canada through Western Maine, USA; Field 
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Surficial geology of the Oak City Area, Utah 

9950-00638

David J. Varnes
Branch of Geologic Risk Assessment 

U.S. Geological Survey
Box 25046, M.S. 966 

Denver, Colorado 80225 
(303) 236-1614

Project members: D.J. Varnes, Richard Van Horn (retired, volunteer) 

Investigations

1. This is a reactivation of a long unfunded study of the deposits of 
Pleistocene Lake Bonneville where they are exceptionally well exposed in 
cliffs along the Sevier River near Delta, Utah. This report covers the first 
6 months of activity, as now within EHRP Element III.

2. With support of non-program funds, a field conference was held in 
October 1988 with Robert Miller, who has had experience with Lake Bonneville 
stratigraphy along the Wasatch Front. This was to obtain his views on the 
following two problems in Lake Bonneville stratigraphy.

a. The area of the Sevier River delta shows, near the surface, an 
extensive fluvial gravel overlain in many places by fine­ 
grained, gastropod-bearing silts. We correlate these probable 
lacustrine beds (Van Horn and Varnes, 1988) with Morrison's 
Draper Formation of Salt Lake Valley. Morrison's Draper 
Formation has been disputed by recent workers.

b. We have mapped two thin basaltic ashes in the Lake Bonneville 
lacustrine deposits, one near the top of the section and one 
near the base (Varnes and Van Horn, 1984). Although the ashes 
are similar, we believe they are separated in age by 100,000+ 
years. No single stratigraphic section contains both ashes. 
Oviatt, working near this area (Utah Geological & Mineral 
Survey USGS COGEOMAP), has discredited our interpretation 
(1987, 1989), contending there is only one ash, and fixing the 
age of the delta as no older than 14,500 years.

3. We plan to submit already collected samples from critical horizons 
for radiometric and thernioluminescence age determinations if funds become 
available.

4. A field conference with Oviatt is planned for late June 1989 using 
personal or non-program funds.
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Results

1. Consensus of the field conference with Miller:

a. The fine-grained deposits above the Lynndyl gravel (of Provo 
age) record a rise in base level from a lower level at unknown 
elevation. Whether these represent deposition in an open lake 
or extensive deltaic ponds cannot be determined from the 
exposures available.

b. There are two ashes, not one; one near the top and the other 
near the base of the Lake Bonneville deposits.

2. Two AMS radiocarbon age determinations have been recently received on 
ostracodes and gastropods from the base of the lacustrine section. They are 
both more than 29,000 years old, thus supporting our interpretation of an old 
age for the delta.

3. The establishment of a critical part of the lake Bonneville history 
and stratigraphy in the delta of the Sevier River has inplications on the 
validity of the reinterpretations of Lake Bonneville made recently by workers 
of the UGMS and USGS.

References
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A Search for Active Faults In the Wlllamette Valley, Oregon

14-08-0001-G1522
Robert S. Yeats

Department of Geology
Oregon State University

Corvallls, Oregon 97331-5506

Investigations

We have completed the compilation for a bedrock geologic map of the 
Wlllamette Valley, 1:100,000. This map was displayed at the NEHRP Workshop on 
the Puget Sound-Portland metropolitan area in Portland in March and at the 
Cordilleran Section, Geological Society of America meeting in Spokane in May. 
Greenline mylars have been ordered from USGS to publish this map in three 
sheets.

The map contains all petroleum-exploratory wells drilled in the Valley 
together with formation tops compatible with formation nomenclature used in the 
bedrock geologic map. At the present time, we are constructing structure 
contours on key horizons: the top of the Columbia River Basalt In the Northern 
Willamette basin and Tualatin basin, and the top of the Eocene Spencer 
Formation In the Willamette Valley south of the Waldo Hills and west of the 
Salem-Eola Hills. Structure contours will be constrained by multichannel 
seismic lines and by gravity modeling using industry data. The structure of 
the valley will be described in the next NEHRP summary.

Results

The direction of maximum horizontal compressive stress has been deter­ 
mined for northwestern Oregon using borehole breakouts, which are hole 
elongations produced by spalling of the borehole wall perpendicular to the 
direction of maximum horizontal compression. Borehole elogation is determined 
using oriented four-arm, dual caliper dipmeter logs run in holes drilled for 
petroleum exploration.

18 straight holes (not directionally drilled) contained dual-caliper logs 
showing evidence for borehole breakouts. These are located In Figure 1, and 
the tabulations for each well are given in a table (Figure 2). The breakouts 
are ranked according to the criteria of Zoback and Zoback (in press) (see 
Springer, 1987):

A = four or more breakouts in a single well with standard deviation £. 15
B «« four or more breakouts in a single well with 15 < standard deviation < 30
C «« Less than four distinct breakouts (consistent orientation) in a single

well 
D  » Breakouts in a single well with standard deviation > 30 , or a single

breakout In a well

Most of the breakouts indicate north-south maximum horizontal compressive 
stress. This orientation is consistent with most earthquake focal mechanisms 
in adjacent regions (southwestern Washington, northern California, Juan de Fuca
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plate) and is in agreement with subhorizontal sllckensldes in NW- and NE- 
trending fracture sets in the Coast Range and the Western Cascades.
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Intraplate Stress and Deformation 

9930-02669

Mary Lou Zoback
U. S. Geological Survey
Branch of Seismology

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

(415) 329-4760

Investigations

1) Continued compilation and analysis of global m situ stress data.

2) Analysis of moderate-sized midplate earthquakes in North America using 
independent stress data as constraints.

Results

2) More than 3500 stress orientation datapoints have now been compiled as 
part of the World Stress Map project of the International Lithosphere Program. 
Data coverage is shown on the map of maximum horizontal stress (5jfmoz) 
orientations in Figure 1. A first order observation is that globally there are 
broad regions of the earth's crust which are presently experiencing a relatively 
uniformly oriented stress field (±20°). On several plates the Samax directions 
are subparallel to absolute velocity directions, This correlation is examined in 
the histograms in Figure 2. Data from the African, Antarctic, Nazca, and Cocos 
plates are too sparse to confirm or contradict this correlation.

Most intraplate regions are characterized by compressional stress regimes 
(strike-slip or reverse faulting). The regions of active extension witin the con- 
tients occur in regions of anomalously high elevation (broad uplifted regions 
with average elevations in excess of about 1.5 km above sea level): western 
United States Cordillera, East African rift, Tibet, the Baikal rift, and parts of 
the Andes.

A workshop focused on the European contribution to the World Stress Map 
project was held in Karlsruhe, Federal Republic of Germany, on September 29- 
30, 1988. Roughly 40 participants came from eleven European countries, four­ 
teen universities or government research organizations and four oil companies. 
Discussions were held on the compilation and evaluation of the data and a qual­ 
ity ranking criteria for tectonic stress indicators. The consensus reached on these 
criteria is summarized in Table 1 (see Table 1). Preliminary interpretations of 
the European data were also presented at the workshop.

2. Available stress data indicate a relatively uniform ENE maximum horizontal 
compressive stress (Sjimax) orientation throughout midplate North America.
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Three main hypotheses have been suggested to explain intraplate seismicity in 
the central and eastern United States: 1) the deformation is occurring on well- 
oriented pre-existing zones of weakness in response to the relatively uniform 
stress field, 2) the seismicity is occurring on fault zones of extremely low shear 
strength which may be randomly and unfavorably oriented with respect to the 
local stress field, or 3) the intraplate deformation may be due primarily to 
localized stress concentrations which should appear as local anomalies in both 
stress magnitude and orientation.

These three hypothesis of reactivation are being critically examined using 
independent data on stress orientations (largely breakout data) and the best- 
constrained focal mechanisms from the intraplate regions. A subset of well- 
constrained (±10°) focal mechanisms (currently 32 events with mj, > 4.0) have 
been identified in the central and eastern United States and Canada. Slip in 
these events is compared with nearby, high-quality data on stress orientations. 
Three criteria have been established to distinguish between the above hypothe­ 
ses:

a. the angle between the inferred Sffmax directions and the fault (should
be between about 25°   50° for favorably oriented zones of weakness), 

b. whether or not the observed slip vector is consistent with the Sffmax
direction and a strike-slip or thrust faulting stress regime with <j> values
(</> = (52 - 83)/(Si - 53)) in the allowable range of 0 to 1. 

c. the apparent friction (ratio of shear to normal stress) and/or pore
pressure required to produce slip on individual fault planes.

Of the 32 earthquakes analyzed to date, 2 events are normal faulting events 
clearly anomalous with the regional compressional stress regime and another 
3 events show slip incompatible with the inferrred regional stress orientations. 
Both of these groups of events fall under hypothesis 3 above. Five events require 
slip on extremely weak (apparent friction, "/x" < 0-4) faults or alternately re­ 
quire pore pressures close to or exceeding the least principal stress (hypothesis 
2 above). However, these 5 events may also represent local stress rotations not 
detected with current stress data sampling (hypothesis 3). The remaining 22 
events (70% of the dataset) are best categorized as being due to slip on "favor­ 
ably" oriented pre-existing zones of weakness (hypothesis 1). For these events 
the angle between Sumax and 5i ranged between 30   45° and apparent fric- 
tional values were about 30% lower than assumed regional frictional strength 
value. Alternately, slip on these events could be explained by relatively mod­ 
est pore pressure increases (up to 70% of lithostatic-note that hydrostatic pore 
pressure is about 37

The analysis to date also indicates that: l) independent knowledge of 
 Sj/maz orientation can be used to uniquely determine which of two nodal planes 
is the likely fault plane (for 27 of 28 events investigated, only one of the two 
nodal planes was consistent with a regional Sfjmax direction, even with a ±15° 
uncertainty in the stress direction); 2) the United States intraplate events are 
primarily strike-slip with nodal plane dips of 60 - 70° which are rather steep
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for proposed simple reactivation of old normal faults; and 3) the southeastern 
Canadian events are dominantly thrust-this contrast in stress regime with the 
central United States may be due to the superposition of stresses related to 
glacial rebound.

Reports

Zoback, M. L. and others, 1989, Global patterns of tectonic stress: Nature, in 
press.

Mastin, L. and Zoback, M. L., Report on the international workshop on the Eu­ 
ropean contribution to the World Stress Map, Karlsruhe, Federal Republic 
of Germany, September 29-30, 1988: Eos (Trans. Am. Geophys. Union), in 
press.

Figure Captions

Figure 1. World Stress Map, Sjjmax orientations. Center symbol desgnates type 
of stress indicator. Length of lines proportional to quality (A, B, or C, see Table 
l). Only A and B quality data are plotted in the western United States because 
coverage is so dense there.

Figure 2. Histograms showing angular difference between observed Snmax ori­ 
entations and absolute velocity directions (determined using poles of Minster 
and Jordan, 1978, JGR) for specific plates, subplates, and regions.

516



tn

fo
ca

l 
m

e
ch

a
n

is
m

b
re

a
ko

u
ts

g
e
o
lo

g
ic

in
 s

itu
 s

tr
e
ss

F
ig

u
re

 
1.



III.l
200-

Midplate North America 100 -i

80-

60-

Asia

-00-60-30 0 30 80 00 -00 -60 -30 0 30 60 00

30-i
South America India-Australia

-00-60-30 0 30 60 00 -00 -60 -30 0 30 60 00

Europe 
Great Britain

20

10

Africa

-90-60-30 0 30 60 00

Aegean

-00 -60 -30 0 30 60 00

Western North America

 00 -60 -30 0 30 60 00 -00-60-30 0 30 60 00

10- 

8
Pacific

< 80 m.y. 
> 80 m.y.

Q ^^^^f^^*l^^ I^^*l^^*F^^*l^^^^^^l^^^l^^^l^^^1^^^

-00-60-30 0 30 60 00 Figure 2.

v«b« 518



FM
1

B
-B

O
2

T
A

B
L

E
 1

 
R

A
N

K
IN

G
 S

Y
ST

E
M

 F
O

R
 S

T
R

E
SS

 O
R

IE
N

T
A

T
IO

N
S

A
ve

ra
ge

 P
-a

xi
s 

or
ie

nt
at

io
n 

or
 fo

rm
al

 
in

ve
rs

io
n 

of
 fo

ur
 o

r 
m

or
e 

si
ng

le
 e

ve
nt

 
so

lu
tio

ns
 i

n 
cl

os
e 

ge
og

ra
ph

ic
 

pr
ox

im
ity

 (
at

 le
as

t o
ne

 e
ve

nt
 M

 >
_4

.0
, 

ot
he

r 
ev

en
ts

 M
 £

 3
.0

).

Te
n 

or
 m

or
e 

di
st

in
a 

br
ea

ko
ut

 z
on

es
 in

 a
 

si
ng

le
 w

el
l w

ith
 c

om
bi

ne
d 

le
ng

th
 >

30
0

A
ve

ra
ge

 o
f b

re
ak

ou
ts

 in
 tw

o 
or

 m
or

e 
w

el
ls

 in
 c

lo
se

 g
eo

gr
ap

hi
c 

pr
ox

im
ity

 w
ith

 
co

m
bi

ne
d 

le
ng

th
 >

30
0 

m
 a

nd
S.

D
. £

 1
2°

.

B

W
el

l-c
on

st
ra

in
ed

 s
in

gl
e-

ev
en

t 
so

lu
tio

n 
(M

>4
.0

) o
r 

av
er

ag
e 

of
 tw

o 
si

ng
le

-e
ve

nt
 

so
lu

tio
ns

 (
al

so
 M

^.
3.

5)
 d

et
er

m
in

ed
 f

ro
m

 
fir

st
 m

ot
io

ns
 a

nd
 o

th
er

 m
et

ho
ds

 (
e.

g.
 

m
om

en
t t

en
so

r 
so

lu
tio

n,
 w

av
e 

fo
rm

 
m

od
el

in
g 

or
 in

ve
rs

io
n)

.

A
t l

ea
st

 s
ix

 d
is

tin
a 

br
ea

ko
ut

 z
on

es
 a

nd
/or

 
a c

om
bi

ne
d 

len
gt

h 
>1

00
 m

 in
 a 

sin
gl

e w
el

l w
ith

S.
D

.<
20

°.

Si
ng

le
 e

ve
nt

 s
ol

ut
io

n 
(c

on
st

ra
in

ed
 b

y 
fir

st
 m

ot
io

ns
 o

nl
y,

 o
ft

en
 b

as
ed

 o
n 

au
th

or
's 

qu
al

ity
 a

ss
ig

nm
en

t)
 (

M
^2

.5
).

A
t l

ea
st

 fo
ur

 d
ist

in
ct

 b
re

ak
ou

t z
on

es
 a

nd
/o

r a
 

co
m

bi
ne

d 
le

ng
th

 >
30

 m
 in

 a
 s

in
gl

e 
w

el
l, 

w
ith

S.
D

.<
25

°.

A
ll 

si
ng

le
 c

om
po

si
te

 s
ol

ut
io

ns
. 

Po
or

ly
-c

on
st

ra
in

ed
 s

in
gl

e-
ev

en
t 

so
lu

tio
n 

or
 s

in
gl

e 
ev

en
t 

so
lu

tio
n 

fo
r 

M
^2

.0
 e

ve
nt

.

L
es

s 
th

an
 th

re
e c

on
sis

te
nt

ly
-o

ri
en

te
d 

br
ea

ko
ut

s o
r 

<3
0 

m
 c

om
bi

ne
d 

le
ng

th
 in

 a
 

si
ng

le
 w

el
l.

C
n i-«
 

vo

B
-H

F3

B
-P

C
4 

IS
-O

C5

G
-E

S6

G
-V

A
'

H
yd

ro
fr

ac
 o

ri
en

ta
tio

ns
 in

 s
in

gl
e 

w
el

l
w

it
hS

.D
.s

l2
°

A
ve

ra
ge

 o
f h

yd
ro

fr
ac

s 
fo

r 
2 

or
 m

or
e

w
el

ls
 i

n 
cl

os
e 

ge
og

ra
ph

ic
 p

ro
xi

m
ity

.

A
ve

ra
ge

 o
f c

on
sis

te
nt

 (
S.

D
.<

12
°)

 
m

ea
su

re
m

en
ts

 in
 t

w
o 

or
 m

or
e 

bo
re

ho
le

s 
ex

te
nd

in
g 

m
or

e 
th

an
 o

ne
 e

xc
av

at
io

n 
ra

di
us

 fr
om

 th
e 

ex
ca

va
tio

n 
w

al
l, 

an
d 

fa
r 

fr
om

 a
ny

 o
th

er
 lo

ca
l d

ist
ur

ba
nc

es
. 

D
ep

th
 >

 2
00

m
.

In
ve

rs
io

n 
of

 fa
ul

t 
sl

ip
 d

at
a 

to
 fi

nd
 b

es
t-

 
fit

tin
g 

m
ea

n 
de

vi
at

or
ic

 s
tr

es
s 

te
ns

or
, 

us
in

g 
Q

ua
te

rn
ar

y-
ag

e 
fa

ul
ts

 o
r 

th
e 

yo
un

ge
st

 fa
ul

ts
 i

n 
a 

te
ct

on
ic

aU
y-

su
bl

e

Fi
ve

 o
r 

m
or

e 
Q

ua
te

rn
ar

y 
ci

nd
er

 c
on

e 
al

ig
nm

en
ts

 o
r 

"p
ar

al
lel

" 
di

ke
s 

w
ith

 S
.D

.

Th
re

e 
or

 m
or

e 
hy

dr
of

ra
c 

or
ie

nt
at

io
ns

 in
 

a 
si

ng
le

 w
el

l w
ith

 1
2°

<S
.D

.<
20

°.

M
ul

tip
le

 c
on

si
st

en
t 

(S
.D

.<
20

°)
 

m
ea

su
re

m
en

ts
 in

 o
ne

 o
r 

m
or

e 
bo

re
ho

le
s 

ex
te

nd
in

g 
m

or
e 

th
an

 o
ne

 e
xc

av
at

io
n 

ra
di

us
 fr

om
 th

e 
ex

ca
va

tio
n 

w
al

l 
D

ep
th

 >
 

10
0m

.

Sl
ip

 d
ir

ec
tio

n 
on

 f
au

lt 
pl

an
e 

ba
se

d 
on

 
m

ea
n 

fa
ul

t a
tti

tu
de

 a
nd

 m
ul

tip
le

 
ob

se
rv

at
io

ns
 o

f 
th

e 
sl

ip
 v

ec
to

r.
 

St
re

ss
 

di
re

ct
io

n 
in

fe
rr

ed
 fr

om
 P

-a
xi

s m
ea

su
re

d 
at

 3
0°

 (n
ot

 4
5°

) t
o 

fa
ul

t

T
w

o 
or

 m
or

e 
Q

ua
te

rn
ar

y 
ci

nd
er

 c
on

e 
al

ig
nm

en
ts

 o
r 

"p
ar

al
lel

" 
di

ke
s 

w
ith

 S
.D

.
<

20
°.

FM
=F

oc
al

 m
ec

ha
ni

sm
 

4I
S-

PS
=P

et
al

 c
en

ie
rl

in
e 

fr
ac

tu
re

 
7G

-V
A

=V
ol

ca
ni

c 
al

ig
nm

en
t

2I
S-

B
O

=W
el

lb
or

e 
el

on
ga

tio
n 

(b
re

ak
ou

t)
5I

S-
O

C
=O

ve
rc

or
e

S.
D

.=
St

an
da

rd
 d

ev
ia

tio
n

D
is

ti
na

 h
yd

ro
fr

ac
 o

ri
en

ta
tio

n 
ch

an
ge

 
w

ith
 d

ep
th

, d
ee

pe
st

 m
ea

su
re

m
en

ts
 

as
su

m
ed

 v
al

id
.

O
ne

 o
r 

tw
o 

hy
dr

of
ra

c 
or

ie
nt

at
io

ns
 in

 a
 

si
ng

le
 w

el
l.

M
ea

n 
or

ie
nt

at
io

n 
of

 fr
ac

tu
re

s 
in

 a
 s

in
gl

e 
w

el
l w

ith
 S

.D
.<

 2
0°

.

A
ve

ra
ge

 o
f m

ul
tip

le
 m

ea
su

re
m

en
ts

 m
ad

e 
ne

ar
 th

e 
su

rf
ac

e 
(d

ep
th

 >
 1

0 
m

) a
t t

w
o 

or
 

m
or

e 
lo

ca
lit

ie
s 

in
 d

os
e 

pr
ox

im
ity

, 
w

ith
S.

D
.;S

l5
0.

M
ul

tip
le

 m
ea

su
re

m
en

ts
 a

t d
ep

th
 w

ith

A
tti

tu
de

 o
f f

au
lt 

an
d 

pr
im

ar
y 

se
ns

e 
of

 
sl

ip
 k

no
w

n,
 n

o 
ac

tu
al

 s
lip

 v
ec

to
r.

Si
ng

le
 w

ell
-e

xp
os

ed
 lo

ng
 Q

ua
ter

na
ry

 d
ik

e 
no

t 
in

tr
ud

in
g 

in
to

 r
eg

io
na

l j
oi

nt
 s

et
. 

Si
ng

le
 c

in
de

r 
co

ne
 a

lig
nm

en
t w

ith
 a

t 
le

as
t 

fiv
e 

ve
nt

s.

Si
ng

le
 h

yd
ro

fr
ac

 m
ea

su
re

m
en

t a
t <

10
0 

m
 d

ep
th

.

A
ll 

su
rf

ac
e 

m
ea

su
re

m
en

ts
 (d

ep
th

 <
 1

0 
m

)
w

ith
 S

.D
.>

15
°.

A
ll 

si
ng

le
 m

ea
su

re
m

en
ts

 a
t d

ep
th

 o
r

su
rf

ac
e.

M
ul

tip
le

 m
ea

su
re

m
en

ts
 a

t d
ep

th
 w

ith
S.

D
.>

20
°.

O
ff

se
t c

or
e 

ho
le

s.
Q

ua
rr

y 
po

p-
up

s.
Po

st
 g

la
ci

al
 s

ur
fa

ce
 fa

ul
t 

of
fs

et
s.

Fa
ul

ts
 in

fe
rr

ed
 b

y 
dr

ill
in

g.

V
ol

ca
ni

c 
al

ig
nm

en
t i

nf
er

re
d 

fr
om

 le
ss

 
th

an
 f

ou
r 

ve
nt

s.

3I
S-

H
F=

H
yd

ra
ul

ic
 fr

ac
tu

re
 

6G
-F

S=
Fa

ul
t s

lip



III.2

Geologic studies for seismic zonation of the Puget Sound lowland

9540-04004

Brian F. Atwater
U.S. Geological Survey at Department of Geological Sciences 

University of Washington AJ-20
Seattle, WA 98195 

(206) 442-2927 FTS 399-2927

INVESTIGATIONS AND RESULTS
Atwater spent four months at the estuary of the Rio Maullin, south- 

central Chile, examining geologic archives of the great 1960 Chile 
earthquake (Mw 9.5) and of its late Holocene predecessors. Principal 
findings pertinent to the Pacific Northwest:
(1) The chief depositional records of 1960 subsidence and tsunami at the 
Rio Maullin resemble the estuarine strata that imply great subduction- 
zone earthquakes along the Washington-Oregon coast.
(2) The stratigraphic record of late Holocene tectonic subsidence is less 
complete at the Rio Maullin than in southwestern Washington. 
Completeness seems favored by rapid sedimentation and net late Holocene 
submergence factors that needn't depend on subduction-zone seismicity.
(3) Well-exposed beach-ridge sand of late Holocene age along the Rio 
Maullin shows little sign of sand blows. Consequently, a similar scarcity 
of sand blows in the Pacific Northwest does not necessarily preclude the 
past occurrence of great Cascadia earthquakes.

PUBLICATIONS:
Atwater, B.F., 1988, Comment on "Coastline uplift in Oregon and

Washington and the nature of Cascadia subduction-zone tectonics":
Geology, v. 16, p. 952. 

Atwater, B.F., 1989, Potential stratigraphic record of great historical
earthquakes along the Rio Maullin, south-central Chile: Geological
Society of America Abstracts with Programs v. 21, no. 5, p. 52.

25 April 1989
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EARTHQUAKE LOSS ESTIMATION MODELING 
OF THE SEATTLE WATER SYSTEM

14-08-0001-G1526

Donald B. Ballantyne
Kennedy/Jenk s/Chi1 ton

33301 Ninth Avenue South, Suite 100
Federal Way, Washington 98003

(206) 874-0555

Objective: The Puget Sound region suffered magnitude 7.1 and 6.5 earth­ 
quakes in 1949 and 1965, respectively. USGS is currently evaluating poten­ 
tial for a magnitude 8+ earthquake in the region.

The Seattle Water Department (SWD), supplying water to over one million 
people, is the largest water supplier in Washington State, serving City 
residents as well as wholesaling water to 31 purveyors. While SWD has 
recently undertaken a project focusing on vulnerability of system structural 
components, their system has not been evaluated for operability following an 
earthquake.

This project is developing and applying techniques for estimating earthquake 
losses to the water system. The SWD system is being inventoried, and then 
modeled to estimate the loss of function based on the severity of ground 
shaking. Economic losses will then be estimated based on water loss and 
cost of repair. Secondary losses, such as business interruption, will be 
considered.

Data Collection and Review: Geological and seismological data being devel­ 
oped by USGS will be identified and used as applicable for input in the 
model. Ground motion attenuation study results, by Grouse, and liquefaction 
evaluation data, by Grant, both being funded by USGS, will be considered. 
Other liquefaction and landslide data collected, by Hopper, is being used. 
Existing applicable data will be collected and organized based on one mile 
square micro zones.

The system is being inventoried by line and node number, and facility cate­ 
gory with all facilities located by coordinate. System operation param­ 
eters, such as flow and pressure, are being determined. Earthquake vulnera­ 
bility data such as pipe and joint material type and structural design cri­ 
teria are being gathered.

The pipeline database with over 8,000 pipe segments, maintained by the 
Seattle Water Department, is being used to identify pipe material and 
installation date. The database is particularly effective to calculate 
total pipe lengths of different pipe material for various earthquake inten­ 
sity zones in the City.

Intensity data from the 1949 and 1965 earthquakes as well as intensity esti­ 
mates made by USGS on their 1975 loss estimation study are being gathered. 
This intensity data is being plotted, and isoseismal zones established.
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Water main failure data from the 1949 and 1965 earthquakes in the City of 
Seattle are being collected, plotted, and failure rates calculated for each 
isoseismal zone. Pipeline damage data in the 1985 Mexico City earthquake 
and 1987 Whittier Narrows Earthquake are also being gathered.

System Characterization: A system network computer model (Kentucky program) 
is being developed. System features important to vulnerability assessment, 
such as isolation valve locations, are being incorporated.

Hazard Definition: Hazards maps, divided into one mile square micro zones, 
will be prepared to facilitate input of data currently under development by 
USGS.

Component Vulnerability: Damage algorithms are being developed and/or 
updated for percent loss of function for categories of system components for 
varying earthquake scenarios. Scenarios will include magnitude 6.5 and 7.5 
events similar to the 1965 and 1949 earthquakes, and a magnitude 8.5 sub- 
duction zone earthquake. Algorithm input will be based on site-specific 
geotechnical data, as well as structural and mechanical design of the facil­ 
ities.

Failure rates for the 1985 Mexico City and 1987 Whittier Narrows earthquakes 
will be incorporated in the algorithms. The algorithm will be calibrated 
using 1949 and 1965 Seattle earthquake pipeline failure rate data. Previous 
algorithms for pipeline damage have identified and modeled all reported 
failures as breaks. This study differentiates between categories of fail­ 
ure, more closely modeling the system following an earthquake.

System Vulnerability: A system vulnerability model is being developed to 
modify input data files to KYPIPE, based on component vulnerability algo­ 
rithms. As part of this model, system connectivity will be assessed to 
allow operation of KYPIPE. In previous models, system network connectivity 
analysis following an earthquake assumed that when a pipeline failure occur­ 
red, either the water would discharge freely from each end of the broken 
pipe, or the break must be isolated by closing all adjacent isolation 
valves. This study will utilize that same analysis for pipeline breaks, but 
will model leaks as flow demands on the system. The differentiation between 
leaks and breaks will significantly alter the model results. Earthquake 
parameters will be varied to establish operational criticality of each com­ 
ponent.

Earthquake modeling criteria, such as location and configuration of seismic 
zones, magnitude, ground attenuation and liquefaction, will be varied to 
assess the sensitivity of the model.

Loss Estimation: The number of pipe failures will be estimated, and repair 
and water loss costs calculated. Losses from fire and business interruption 
will be considered.
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Project Title;
Frequency and Survivability Profiles of Highway Bridges 

Along the 1-5 Corridor Between Everett, Washington and Salem, Oregon
(dated 1/26/88 as amended 1/6/89)

Award Number:
14-08-0001-G1698

Principal Investigator; 
Dr. Ralph Alan Dusseau

Institution and Address;
Wayne State University
College of Engineering

5050 Cass, 1064 Mackenzie Hall
Detroit, Michigan 48202

Telephone Number; 
313-577-3842

1.0 INTRODUCTION

Work on the USGS-NEHRP Project entitled "Frequency and Survivability 
Profiles of Highway Bridges Along the 1-5 Corridor Between Everett, Washington 
and Salem, Oregon," began as scheduled February 1, 1989. The preparatory 
tasks leading up to this starting date included the completion and approval of 
the project budget (amended 1/6/89), the completion and submittal of a renewal 
proposal for 1990 funding (submitted 1/21/89), and the choice of two graduate 
research assistants (GRA's) for the project. The GRA's chosen and their 
responsibilities are discussed below.

2.0 GRADUATE RESEARCH ASSISTANTS (GRA'S) 

2.1 Hassan Dubaisi

The first GRA chosen for the 1-5 Bridge Project was Mr. Hassan Dubaisi. 
Mr. Dubaisi is currently a masters degree candidate in the Department of Civil 
Engineering at Wayne State University and he will be completing his degree in 
May 1989. He will begin his Ph.D. coursework during the 1989 Fall Semester. 
Mr. Dubaisi has a very good honor-point-average of 3.7 out of a possible 4.0 
and he has proven to be a very hardworking and dedicated GRA. Mr. Dubaisi f s 
main responsibility will be the creation and maintenance of the 1-5 Bridge 
Database.

Mr. Dubaisi f s work on the 1-5 Project started February 1, 1989 with 
training in the use of the dBASE 111+ database management program. Much of 
this training was self-paced with periodic review sessions with the P.I. on 
the status of his training. During these sessions, the needs of the project 
were discussed and the direction of the training was continuously changed to 
meet the project needs. In this way, only those features of dBASE II1+ that 
could be useful for the project were incorporated into Mr. Dubaisi f s training. 
A brief report written and submitted by Mr. Dubaisi which discusses the dBASE 
III+ program and the features that will be useful for the 1-5 Project is
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contained in Appendix A. Mr. Dubaisi's training proceeded ahead of schedule 
and after four weeks he began to create the database that will eventually con­ 
tain all of the pertinent information on the bridges along the 1-5 Corridor. 
Further details about the 1-5 Bridge Database are discussed in Section 3.0 
below.

2.2 Samer Jomaa

The second GRA chosen for the 1-5 Bridge Project was Mr. Samer Jomaa. 
Mr. Jomaa is currently a Ph.D. candidate in the Department of Civil Engineer­ 
ing at Wayne State University. He has an excellent honor-point-average of 3.9 
out of a possible 4.0 and is presently working as a graduate teaching assis­ 
tant (GTA) in the Department. Mr. Jomaa will be completing this assignment 
and his Ph.D. coursework on April 30, 1989 and he will begin working on the 
USGS Project May 1, 1989. I have worked with Mr. Jomaa on previous research 
projects and he has been assigned as a GTA in my senior-level design courses 
for the last two years. As a GTA, Mr. Jomaa has received awards from both the 
University and the College of Engineering for his excellence in teaching. 
Mr. Jomaa also proved to be a capable, hardworking assistant on my previous 
research projects.

Mr. Jomaa's three key assignments for the 1-5 Project will be to photo­ 
graph the bridges along the 1-5 Corridor, to locate and record important 
bridge drawings using a digitizing scanner, and to use the IBM Infowindow 
Hardware and Software System to incorporate these bridge photographs (stored 
as laser-disk images), bridge drawings (stored in digitized form), and infor­ 
mation stored in the 1-5 Bridge Database into a single comprehensive visual 
presentation.

3.0 1-5 BRIDGE DATABASE 

3.1 Database Status and Plans

The current version of the 1-5 Bridge Database contains preliminary data 
on all 418 highway and railroad bridges on and over 1-5 between the Columbia 
River in Vancouver, Washington and the Snohomish-Skagit County Line north of 
Everett, Washington. Table 1 is a list of the fields (columns of data) con­ 
taining bridge information and bridge parameters that are currently stored in 
the 1-5 Bridge Database. Figures 1 and 2 are summary printouts of the current 
data stored in the database for two typical bridges. This preliminary data 
was supplied by Mr. C. S. Gloyd of the Washington State Department of 
Transportation (WSDOT). Preliminary information and parameters for bridges on 
the 1-5 accessways, exit ramps, and entrance ramps has also been obtained and 
will be added to the 1-5 Bridge Database as time permits.

Table 2 is a list of some of the fields that will be added to the 1-5 
Bridge Database before we depart for Washington State on May 16, 1989. The 
bridge information and parameters contained in these additional fields will 
be gathered in Washington State and Oregon during the Summer of 1989. Fields 
containing other bridge parameters will be added to the 1-5 Bridge Database 
after consultation with engineers and other officials of WSDOT, the Oregon 
Department of Transportation (ODOT), and the Oregon Department of Geology and 
Mineral Industries (DOGAMI).
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3.2 Project Computers

In order to complete the 1-5 Bridge Database, we will be using an IBM 
PS/2 Model 60 computer and a Zenith Z/386 computer. To facilitate our work in 
the field, a 3.5-inch high-density disk drive was purchased for the Zenith 
Z/386 computer. This drive will enable us to transfer files between the two 
computers, thus insuring that no data is lost. In addition, a copy of the new 
dBASE IV program was purchased thus giving us two copies of dBASE (III+ and 
IV), one for each computer.

4.0 BRIDGE PHOTOGRAPHY

4.1 Bridge Slides and Laser-Disk Imaging

Two to four slides of each bridge on and over 1-5 will be taken during 
the Summer of 1989. As time permits, slides will also be taken of as many 
bridges on the 1-5 accessways, exit ramps, and entrance ramps as possible. 
The best one or two slides of each bridge will then be selected and cata­ 
logued. On the return trip to Michigan in August 1989, the slides will be 
delivered to Image Premastering Services, Inc. of St. Paul, Minnesota. There 
the slides will be transferred first to video tape and then to laser-disk. 
The resulting video tape, master laser-disk, and laser-disk copies will then 
be sent to Wayne State University where the final interactive inventory will 
be created using the IBM Infowindow Hardware and Software System.

4.2 Canon T-90 Camera and Accessories

The bridge slides will be taken using a Canon T-90 professional camera. 
This camera is extremely advanced and should enable us to take slides under 
any lighting conditions. Two key accessories have been purchased for the 
Canon T-90 camera. One accessory is a databack which will enable us to record 
any combination of six digits (from among 0 to 9, A, B, C, D, E, or F) direct­ 
ly on the slides. Thus the bridge numbers used by Washington State and Oregon 
can be used to identify the bridge in each slide without the need for time- 
consuming and cumbersome slide film logs. This should result in substantial 
savings in time and effort.

The second camera accessory purchased is a grid focus matte which will 
enable us to center each bridge in the top one-half of each frame, thus leav­ 
ing the bottom half to be filled initially with the bridge number. After the 
slides are recorded on laser-disk, the bottom half of each frame will be used 
to present bridge data and bridge drawings using the IBM Infowindow System.

5.0 IBM INFOWINDOW SYSTEM

The IBM Infowindow Hardware and Software System consists of the IBM PS/2 
Model 60 Computer described above, an IBM Infowindow Touch-Screen Monitor, a 
Sony laser-disk player, an IBM digitizing scanner, and an IBM Infowindow soft­ 
ware package. This system will be used to combine the laser-disk images made 
from the bridge slides, the digitized bridge drawings, and the data contained 
in the 1-5 Bridge Database to create a comprehensive visual presentation of 
the bridge inventory. In addition, we will attempt to use the touch-screen 
features of the Infowindow Monitor to create an interactive inventory in which 
users can request various combinations of images and data for on-screen
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viewing by simply touching the desired options as displayed on the Infowindow 
Monitor.

6.0 PUGET SOUND/PORTLAND AREA WORKSHOP ON EARTHQUAKE HAZARDS

Mr. Jomaa attended the Third Annual Puget Sound/Portland Area Workshop on 
Earthquake Hazards that was sponsored by the USGS and held in Portland, Oregon 
on March 28 and 29, 1989. A brief report that was written and submitted by 
Mr. Jomaa describing the workshop is contained in Appendix B. In addition, 
Mr. Jomaa also traveled to Olympia and Seattle, Washington in order to make 
preliminary observations of the bridges along 1-5, to meet officials of WSDOT, 
and to make initial inquiries concerning housing for the summer.

7.0 FIELD TRIP 

7.1 Field Trip Plans

Our current plans call for the P.I. and his two GRA's to depart from 
Detroit, Michigan on Tuesday, May 16, 1989, to proceed to Olympia, Washington, 
and to make our first contacts with officials of WSDOT on Monday, May 21, 
1989. We will begin photographing bridges along 1-5 and gathering data at 
WSDOT offices immediately upon arrival. We have arranged for office space in 
the WSDOT offices for the summer and WSDOT has offered to let us make copies 
of bridge plans at no cost to the 1-5 Project.

Since the bulk of the bridges we are studying are located in Washington 
State, we plan to make either Olympia or Seattle our base of operations for 
the summer. Our hope is to rent an apartment in Olympia or Seattle and then 
to stay at hotels in Portland or Salem when we are gathering data on the 
bridges in the latter areas. This plan should give us maximum flexibility, 
while meeting the budget requirements for housing expenses.

Two field trips to the Portland-Salem area are planned for the summer 
with durations of one to two weeks each. One trip will be made by the P.I. 
and Mr. Dubaisi in order to gather information on the 1-5 bridges in and 
between Portland and Salem. During this first trip, Mr. Jomaa will remain in 
Olympia or Seattle in order to continue photographing the bridges in the 
Seattle area.

The second trip will be made by the P.I. and Mr. Jomaa in order to photo­ 
graph the 1-5 bridges in and between Portland and Salem, and to locate and 
digitize important bridge drawings. During this second trip, Mr. Dubaisi will 
remain in Olympia or Seattle in order to continue gathering information on the 
1-5 bridges in the Seattle area and incorporating this information into the 
1-5 Bridge Database.

7.2 Vehicle Rental

In order to provide the transportation needed, a mini-van will be rented 
from Avis Rental Co. for the entire summer beginning May 15, 1989. This mini- 
van will be used to transport project personnel and equipment from Michigan to 
Washington State in May, in Washington State and Oregon during the summer, and 
from Washington State back to Michigan in August. In addition, a second vehi­ 
cle will be rented in Washington State or Oregon as needed for the trips to
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Portland and Salem. This additional vehicle will give us the flexibility we 
need in order to accomplish all of the work planned for the summer.

8.0 FIELD CONTACTS AND SUPPORT

During the last 18 months, two important contacts were established in 
Washington State and Oregon. One of these contacts is with the Washington 
State Department of Transportation (WSDOT), while the other is with the Oregon 
Department of Geology and Mineral Industries (DOGAMI).

8.1 WSDOT

Initial contacts with Mr. C. S. Gloyd of WSDOT were made 18 months ago 
when the original USGS-NEHRP proposal was written. Since that time, Mr. Gloyd 
has been extremely helpful and generous, and has offered substantial tactical 
support for our project. As described above, WSDOT will provide office space 
and copy services for the project. In addition, they are assisting us in 
obtaining housing in Washington State and will provide us with proper safety 
vests and hardhats for use while we are photographing the bridges along 1-5 
and taking field ambient vibration measurements. Without the cooperation and 
assistance of WSDOT, the 1-5 Bridge Project would not be possible.

8.2 DOGAMI

During the 1988 Fall Semester, I was contacted by Mr. lan Madin of 
DOGAMI. Up to that time, I had had little success in obtaining cooperation 
from the Oregon Department of Transportation (ODOT). Mr. Madin, however, has 
offered the services of his department in obtaining the necessary data and 
information from ODOT. In addition, Mr. Madin has offered the use of office 
space and copy services, as well as information from his office concerning the 
soil conditions at each bridge site. With Mr. Madin's assistance, we are very 
confident of success with respect to the Oregon portion of our 1-5 Bridge 
Project.

9.0 PRELIMINARY FIELD AMBIENT VIBRATION MEASUREMENTS

9.1 Field Measurements

In addition to the personal computers and camera equipment described 
above, we will also be taking our field ambient vibration measurement equip­ 
ment to Washington State. This field equipment will be used to measure the 
ambient vibrations of three bridges that WSDOT has had permanent seismic 
monitors on for the last ten years. The equipment will also be used to take 
preliminary measurements on other bridges. This preliminary data will be used 
to facilitate planning for the second-year of the project if renewal funding 
is approved. The data will also provide a basis for preliminary computer 
modeling of the bridges tested.

9.2 Insurance

To insure all of the Wayne State University equipment (including the 
computers) against losses while in the field, an insurance policy was obtained 
from State Farm Insurance Company of Marshall, Michigan. Such a policy is re­ 
quired by the University before any of this equipment can be moved off campus.
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A list of all the University equipment that will be taken and that is covered 
by the insurance policy is contained in Table 3 along with its approximate 
replacement cost.

10.0 RENEWAL PROPOSAL

As requested by the USGS, a renewal proposal for second-year funding of 
the 1-5 Project was submitted on Janaury 21, 1989. This renewal proposal 
requests funding for computer modeling, field ambient vibration measurements, 
and computer seismic analyses of 30 to 50 typical bridges along the 1-5 
corridor. A possible third year of funding involving the extrapolation of the 
second-year results to all bridges along the 1-5 corridor is also discussed. 
A proposal for third-year funding would be submitted in January 1990.

11.0 CONCLUSION

In conclusion, we are pleased to report that our 1-5 Bridge Project is on 
schedule. We do not foresee any obstacles that might delay the successful 
completion of our first-year activities. We now anticipate that the final 
deliverables will consist of:

1) MS-DOS microcomputer disks (3.5-inch, 1.44 MB) containing the 1-5
Bridge Database and all digitized images of important bridge drawings.

2) A laser-disk containing the slides of all bridges on and over 1-5. As 
mentioned earlier, additional slides of bridges on accessways, exit 
ramps, and entrance ramps will also be taken as time permits. These 
additional slides will be recorded on the master laser-disk and will 
thus will be included on each laser-disk copy.

These deliverables will be available to other researchers by February 1, 1989. 
The number of laser-disk copies is currently budgeted at 20. While the cost 
of each laser-disk copy is only $15 if ordered initially, a re-order charge of 
$900 (plus $15 per laser-disk copy) is required if additional laser-disk 
copies are ordered at a later date.
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Table 1 Fields (Column Headings) in the Current Bridge Database

Field

Bridge Number

Milepost

Control Section

Crossing Name

Location

Structure Identi­ 
fication Number

Roadway Width

Vertical Clearance 
Northbound Maximum

Vertical Clearance 
Northbound Minimum

Vertical Clearance 
Southbound Maximum

Vertical Clearance 
Southbound Minimum

Length 

Span Type

Description

A unique combination of digits beginning with a 
"5" for 1-5, followed by a "/", and then by a 
number indicating the state route being crossed 
and/or by abbreviations describing the crossing

The State Route Milepost of the bridge measured 
from 0.00 at the Oregon State Line (the Columbia 
River) and increasing northward to 217.66 at the 
Snohomish-Skagit County Line

A four-digit number for the Control Section in 
which the bridge is located

Descriptive name of the bridge using road, river, 
or other names and using predefined abbreviations

Distance measured in the direction of increasing 
mileposts from a given feature such as a State 
Line, a County Line, or a State Route Junction

State construction contract number or another 
unique combination of numbers

Roadway width if less than 20 feet

Maximum vertical clearance of the bridge above 
the northbound lanes of 1-5, the first two digits 
indicating feet and the last two digits inches

Minimum vertical clearance of the bridge above 
the northbound lanes of 1-5, the first two digits 
indicating feet and the last two digits inches

Maximum vertical clearance of the bridge above 
the southbound lanes of 1-5, the first two digits 
indicating feet and the last two digits inches

Minimum vertical clearance of the bridge above 
the southbound lanes of 1-5, the first two digits 
indicating feet and the last two digits inches

Total bridge length measured to the nearest foot

Abbreviations indicating the type of span based 
on the material and/or the type of construction
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Table 2 Fields (Column Headings) to be Added to the Bridge Database

Field

Bridge Spans
- Number
- Length #]
- etc.

Main Members
- Type
- Number
- Spacing
- Size

Number of Lanes 

Deck/Thickness

Expansion Joints
- Number
- Type #1
- Location #1
- etc.

Pin Connections
- Number
- Type #1
- Location #1
- etc.

Bridge Supports
- Type #1
- Height #1
- Found. #1
- etc.

Soil Conditions
- Type #1
- Depth #1
- etc.

Bridge Condition

Topography

Approaches

Description

Numbers denoting the number of spans and the span lengths
Total number of spans in the bridge
Length of span #1
(Previous field repeated as needed)

Abbreviations and numbers describing the main members 
Abbreviations describing the type of main members 
Number of main support members
Number denoting the spacing of main support members 
A sequence of digits denoting the main member sizes

The number of roadway lanes on or over 1-5

Abbreviations describing the type of deck if the deck is 
not a reinforced concrete slab, or the thickness if the 
deck is a reinforced concrete slab

Abbreviations and numbers describing the expansion joints
Number of expansion joints
Abbreviation describing expansion joint #1
Number denoting the location of expansion joint #1
(Previous two fields repeated as needed)

Abbreviations and numbers describing the pin connections
Number of pin connections
Abbreviation describing pin connection #1
Number denoting the location of pin connection #1
(Previous two fields repeated as needed)

Abbreviations and numbers describing the bridge supports
Abbreviation describing bridge support #1
Number denoting the height of bridge support #1
An abbreviation describing the foundation of support #1
(Previous three fields repeated as needed)

Abbreviations and numbers describing the soil conditions 
Abbreviations describing the type of soil in layer #1 
Number denoting the depth of soil layer #1 
(Previous two fields repeated as needed)

Abbreviations describing the existing condition of the 
bridge based on field observations or bridge slides

Abbreviations describing the topography of the bridge 
site based on field observations or bridge slides

Abbreviations describing the bridge approaches and/or 
the bridge approach spans
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Table 3 Wayne State University Equipment to be Used on the 1-5 Project

Item

HP 3562A Dynamic Signal Analyzer
with HP-IB Cable 

HP 3968A Instrumentation Tape Recorder
with 4 FM Data Adapter Cards
with HP-IB Cable 

HP 3488A Switch Control Unit
with Dual 4 Channel VHP Module
with HP-IB Cable 

HP 7440A Plotter 
Klnemetries Ranger Seismometer

Model No. SS-1, Part No. 100500 
Kinemetrlcs Ranger Seismometer

Model No. SS-1, Part No. 100500 
Kinemetrlcs Ranger Seismometer

Model No. SS-1, Part No. 100500 
Kinemetrlcs Force-Balance Accelerometers

Model No. FBA-11, Part No. 105000 
Kinemetrlcs Force-Balance Accelerometers

Model No. FBA-11, Part No. 105000 
Kinemetrlcs Force-Balance Accelerometers

Model No. FBA-11, Part No. 105000 
Kinemetrlcs Field Cabinet with SC-1 Input

Panel, PP-13 Power Unit, AP-3 Amplifier
Panel, 2 AM-2 Amplifier/Filters, 2 AM-3
Amplifier/Filters, and 8 cables 

IBM PS/2 Model 60 Personal Computer with
GPIB2 Card, Infowindow VGA Controller,
and 3117 Token Ring Adapter 

IBM Infowindow Touch-Screen Color Monitor 
IBM Scanner 3117-010
SONY Laservision Videodisc Player LDP-1500 
Hayes Smartmodem 1200 
Zenith Model Z-386 Computer

with 149P Monochrome Monitor,
40 MB Hard-Disk Drive,
360 KB 5.25-inch Floppy-Disk Drive,
1.44 MB 3.5-inch Disk Drive, and
1 MB Memory Board 

Epson LQ 1050 Printer 
Epson FX 286 Printer 
HP 85901A Portable AC Power Source

Serial No.

A 328858 

2314A02477

2605A09802

2539A42091 
1541

1556

1560

22081

22082

22083

257

72-8162196

N0013246
97-01000
102958
A12600153697
804AF0654
9596255

Approximate 
Replacement 

Cost

$25,600 

13,400

2,300

1,900
1,500

1,500

1,500

1,000

1,000

1,000

10,200

4,300

2,700
800

1,300
500

4,100

0031024371
12000332
to be delivered

700
500

1,000

Total Approximate Replacement Cost $76,800
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BRIDGE NUMBER: 5/1E MILEPOST: 0.00 CONTROL SECTION: 0601 

CROSSING NAME: COLUMBIA R INTERSTATE LOCATION: 0.0 N OREGON

STRUCTURE IDENTIFICATION NUMBER: OOOOFW

NB CLEAR. MAX: 2003 MIN: 1506 SB CLEAR. MAX: **** MIN: **** 

ROADWAY WIDTH (IF LESS THAN 20 FEET): *****

LENGTH: 3535 SPAN TYPE: SL ST CTB DATE: 02/28/89

Figure 1 Summary of Current Data in the Database for Bridge Number 5/1E

BRIDGE NUMBER: 5/13 MILEPOST: 2.87 CONTROL SECTION: 0602 

CROSSING NAME: MAIN ST NB & N-N RAMP UC LOCATION: 0.6 N JCT SR 500

STRUCTURE IDENTIFICATION NUMBER: 04611A

NB CLEAR. MAX: 1800 MIN: 1700 SB CLEAR. MAX: 2101 MIN: 1707 

ROADWAY WIDTH (IF LESS THAN 20 FEET): *****

LENGTH: 253 SPAN TYPE: CTB DATE: 03/03/89

Figure 2 Summary of Current Data in the Database for Bridge Number 5/13
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Appendix A 

Utilization of dBASE III+ for the 1-5 Project

We have finished entering the data for the bridges on and over 1-5 in the 
Seattle, Washington area and south to Vancouver, Washington. This data is 
organized into the following fields or columns of information: bridge number, 
milepost, control section, crossing name, location, structure identification 
number, maximum and minimum vertical clearances of northbound and southbound 
lanes, length, and span type. This information is stored in a database file.

A database file is a program in dBASE III+ that is created to help 
collect and manage information or data. In this file, we can display, change, 
find, rearrange, relate, and print any data stored. There are two ways to use 
dBASE III+. The first method is through the "Assistant", a collection of 
menus we can use to accomplish most of our day-to-day data collection 
activities. The second method is by using individual commands that allow us 
to perform directly any operation we select.

The greatest advantages of dBASE III+ with respect to the 1-5 Project 
are:

1. The ability to enter large numbers of records (lines of data).

2. The ability to enter up to 128 fields or columns in every record.

3. The ability to search for a particular record containing specific 
information.

4. The ability to list and display a group of records that have specific 
data in a given field in common. For example, displaying bridges 
that have equal length.

5. Index files which order the records according to a specific field 
thus reducing search time.

6. Sorting files which allow us to rearrange the records in descending 
or ascending order. The records can also be sorted alphabetically, 
chronologically, or numerically.

7. Query files which can ask dBASE III+, "which records meet these 
conditions?"

8. File programs which contain lists of frequently used commands thus 
providing easier access to these commands.
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Appendix B 

The Third Annual Puget Sound/Portland Area Workshop on Earthquake Hazards

Introduction

The workshop dealt with three main subjects with regard to the earthquake 
hazards in the Pacific Northwest: the causes of long-experienced earthquakes 
in the region, the effects and scatter of these long-experienced earthquakes, 
and the anticipated large subduction earthquake in the region. The subject 
matter is of great value to earthquake engineers who need to accurately assess 
the characteristics of the earthquakes to be used for structural analysis.

Relation to the 1-5 Project

The 1-5 Project addresses the need to inventory bridges along the 1-5 
Corridor, to assess the distribution of lifeline bridges along the 1-5 
Corridor, and to assess their susceptibility to the long-experienced earth­ 
quakes and, more importantly, to the anticipated large subduction earthquake. 
For this purpose, it is very important to understand the characteristics of 
the earthquakes in the Seattle-Portland area.

The inventory should contain all pertinent information that bridge and 
structural engineers need to know to adequately predict the response of these 
bridges in the event of an earthquake. For this reason, it is necessary to 
fully understand the energy outputs of these earthquakes, their propagations 
and magnitudes, and their associated ground motions. Based on this informa­ 
tion, the crucial bridge parameters could be identified. In carrying out the 
inventory, special attention should be given to these parameters.

Presentations Relevant to the 1-5 Project

Several papers concentrated on the engineering aspects of the subduction 
earthquake. Presentations by Ivan Wong from Woodward Clyde Consultants, K. J. 
Coppersmith from Geomatrix Consultants, C. B. Grouse from Dames and Moore, and 
Paul Somerville from Woodward Clyde Consultants included valuable information 
as to the expected time-history of the subduction earthquake, simulated spec­ 
tral curves, epicenter locations, and soil magnification. This information is 
essential to accurately assess existing bridges. We are in the process of 
contacting these presenters to get detailed information about their work. 
Concentration will then be given to the bridges that will be more susceptible 
to earthquake hazards.
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Earthquake-Resistant Design and Structure Vulnerability

9950-04181

Edgar V. Leyendecker 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Denver Federal Center, M.S. 966

Denver, CO 80225
(303) 236-1601

Investigations

1. Work is in progress to examine, evaluate, and improve the estimation of 
casualties and aggregate monetary losses associated with the occurrence of 
earthquakes.

2. Work is continuing on improving measures of vulnerability of structures to 
damage, including the refinement of our understanding of earthquake damage 
and the applicability of the existing data base on earthquake damage.

3. Investigations continue for development/identification of cost-effective 
techniques for determining inventory at risk.

4. Work is continuing on damage survey procedures that were tested following 
the Whittier Narrows earthquake. Revised procedures are planned for field 
testing.

Results

1. Plans are being made for development of an improved and consistent loss- 
estimation methodology that can be applied in a uniform way on a regional 
basis for the estimation of losses throughout the United States. Some 
work has been done in Utah. A joint USGS/California Department of 
Insurance Workshop was held to determine the needs of the insurance 
industry in the area of earthquake losses.

Earthquake loss studies may be of the "deterministic" or "probabilistic" 
type, both types of studies have important uses. A scenario study might 
consider the consequences of one or more earthquakes; frequently this 
might be the largest likely earthquake. Such a study is very useful for 
purposes such as emergency planning. The probabilistic study considers 
both magnitude and frequency of occurrence and may be "more realistic" 
than the above "worst case" scenario. Both deterministic and 
probabilistic studies have been done in Utah and is planned for the 
Pacific Northwest, an area under current study in the Urban Hazards 
Program. Emphasis is being placed on developing the tools for use in loss 
studies rather than a complete assessment for the region. Accordingly, 
limited areas will be selected for conducting a detailed study of losses.
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2. Examination of current vulnerability relationships is underway with a
review of existing earthquake damage data bases including San Fernando and 
Coalinga. Plans for the collection of earthquake damage data following 
selected earthquakes have been made, including development of data 
collection techniques. Improvement of vulnerability relationships, 
including parameter variability, depends heavily on the collection of 
earthquake damage data.

The 1983 Insurance Services Office (ISO) classification system is being 
used for the inventory survey of buildings and vulnerability 
relationships. This classification uses a system of 5 major classes as 
shown below:

Class 1: Wood frame structures
Class 2: All-metal buildings
Class 3: Steel frame buildings
Class 4: Reinforced concrete buildings, combined reinforced

concrete and structural steel buildings 
Class 5: Concrete, brick, or block buildings

This system was selected partly for existing data bas compatibility and 
for its relative simplicity and ease of use by a lay person with a limited 
amount of training. However, recent classification systems such as the 
"Rapid Visual Screening Techniques" developed by the Applied Technology 
Council are being evaluated for use.

3. Development of inventory at risk is costly and is a major impediment to 
accurate loss estimates. A study of the critical elements of inventory 
needed for loss assessment in urban areas, including field inventory 
techniques is in progress. Plans for preparation of inventory training 
procedures are underway for trial use. Important strides have been made 
under the U.S.G.S. grant program and these results will be used where 
possible.

The data collection procedures are centered around (1) a simple system for 
classifying buildings, (2) the census tract as the basic area for data 
collection, and (3) machine read "mark-sense" sheets for compiling a 
computer data base. It should be noted that the procedures can be used 
for either inventory or damage surveys although there may be slight 
modifications between the two.

The census tract is being used as a data collection unit in order to 
simplify the inventory of buildings. Since census data provide a 
relatively accurate count of residential construction, this is one 
component of an inventory that does not have to be compiled in detail. 
The type of residential construction (type of frame, siding, etc.) can be 
determinied relatively simple statistical sampling. Other types of 
structures require additional inventory work. Additional extensive 
sampling will be required in order to develop suitable inventories for 
structures other than dwellings.
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Data collection procedures use "mark-sense" sheets which describe building 
class and various types of damage if it is a damage survey. The mark- 
sense sheets are preprinted forms with multiple choice responses that are 
filled out with a soft lead pencil. The "marks" by the soft lead pencil 
can be "sensed" by an optical scanning device and read into a computer 
data base.

A plan for an inventory in a limited portion of the Seattle urban area is 
being developed for using these techniques.

4. The methodologies under development for damage surveys were tested
following the October 1, 1988 Whittier Narrows Earthquake. The survey 
procedures worked relatively well. Procedures are being as a result of 
this effort and nearing the field testing stage.

Reports

Leyendecker, E.V., Highland, L.M., Hopper, M.G., Arnold, E.P., Thenhaus, P.C., 
and Powers, P.S., 1988, Early Results of Isoseismal Studies and Damage 
Surveys for the Whittier Narrows Earthquake, Spectra, Earthquake 
Engineering Research Institute.

Leyendecker, E.V., 1988, Earthquake Damage to Commercial and Industrial 
Buildings, in Proceedings of Workshop on Earthquake Risk: Information 
Needs of the Insurance Industry: U.S. Geological Survey Open-File Report 
88-669.

Algermissen and, S.T. and Leyendecker, E.V., 1988, Estimation of earthquake 
Losses in the Pugent Sound Area, in Proceedings of Conference XLII, 
Workshop on Evaluation of Earthquake Hazards and Risk in the Puget Sound 
and Portland Areas: U.S. Geological Survey Open-File Report 88-541.
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LATE QUATERNARY FAULTING, SOUTHERN SAN ANDREAS FAULT

9910-04098 

Michael J. Rymer

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

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

(415) 329-5649

Investigations
1. Continued investigation of Quaternary history of the Indio Hills, Coachella Valley, with special 

emphasis on structure and stratigraphy.

Results
1. Geologic mapping in the Myoma quadrangle, central part of the Indio Hills, revealed six new 

exposures of volcanic ash. The ash beds, along with ash beds found in 1987 and 1988, are all in 
the same stratigraphic position, near the top of the upper part of the Palm Spring Formation. 
One of the ash beds found in 1987 was chemically and paleomagnetically identified as the 
Bishop ash (0.74 Ma). Another of the ash beds was studied for its heavy mineral assemblage. 
The heavy minerals strongly correlate with the Bishop ash, suggesting that this and possibly 
the other ashes, again at the same stratigraphic position, are indeed the Bishop. These 
ash beds thus help in determining age control for strata and the timing of depositional and 
tectonic events in the Indio Hills. The ash beds and magnetostratigraphy reported by Rymer 
and others (1987) now indicate that significant and rapid vertical components of tectonism 
have taken place in the Indio Hills during the Quaternary. This is especially the case between 
the Banning and Mission Creek faults of the San Andreas fault zone, where fault-normal 
compression has taken place. For example, exposures of the Palm Spring Formation enclosing 
the Bishop ash are tilted up to 50° NE along the Banning fault. The new Quaternary age 
control in the Indio Hills also shows that the bulk of the Ocotillo Formation began deposition 
shortly after deposition of the Bishop ash, in places from 8 to 60 m of sediment separates 
the Bishop from the base of the Ocotillo. These data and new geologic mapping show that 
uplift within the Indio Hills locally preceeded deposition of the Ocotillo Formation. Also, 
much of the folding between the Banning and Mission Creek faults postdates deposition of 
the Bishop ash and the Ocotillo Formation. The vertical component of tectonics, although 
large, is small compared to the horizontal component of movement. The horizontal and net 
movements currently are unresolved but with the new age control and continued geologic 
mapping of displaced lithologies an answer may be coming soon.

Reports
Sharp, R.V., Budding, K.E., Boatwright, J., Ader, M.J., Bonilla, M.G., Clark, M.M., Fumal, T.E., 

Harms, K.K., Lienkaemper, J.J., Morton, D.M., O'Neill, B.J., Ostergren, C.L., Ponti, D.J., 
Rymer, M.J., Saxton, J.L., and Sims, J.D., 1989, Surface faulting along the Superstition 
Hills fault zone and nearby faults associated with the earthquakes of 24 November 1987: 
Seismological Society of America Bulletin, v. 79, no. 2, p. 252-281.

Rymer, M.J., in press, Surface rupture in a fault stepover on the Superstition Hills fault, California, 
in Schwartz, D.P., and Sibson, R.H., eds., Fault segmentation and controls of rupture 
intitiation and termination: U.S. Geological Survey Open-File Report.

Rymer, M.J., Harding, S.T., and Wesson, R.L., 1989, Fault orientation and style of deformation 
within the San Andreas fault zone, Indio Hills, southern California [abs.]: Geological Society 
of America Abstracts with Programs, v. 21, no. 5, p. 138.

Rymer, M.J., 1989, Earthquake-induced landslides in San Salvador, El Salvador: Clues to a
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regional hazard [abs.]: Geological Society of America Abstracts with Programs, v. 21, no. 5, 
p. 137-138.

Rymer, M.J., Blome, C.D., and Irwin, W.P., 1989, Lower Jurassic rocks in the Franciscan 
assemblage [abs.]: Geological Society of America Abstracts with Programs, v. 21, no. 5, 
p. 138.

Rymer, M.J., and White, R.A., 1989, Hazards in El Salvador from earthquake-induced landslides, 
in Brabb, E.E., ed., Landslides: Extent and economic significance: Proceedings of the 28th 
International Geological Congress: Symposium on landslides, July 17, 1989, p. 105-110.

Rymer, M.J., in press, New Quaternary age control for strata within the Indio Hills, southern 
California [abs.]: San Bernardino County Museum Quarterly.
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INVENTORY AND POST-EARTHQUAKE FUNCTIONALITY OF EMERGENCY 
RESPONSE RESOURCES: FIRE SERVICE OPERATIONS IN THE PUGET SOUND

AREA

14-08-0001-G1693

Charles Scawthorn, S.E. 
EQE Engineering, Inc.

595 Market Street
San Francisco CA 94105

(415) 495-5500

and

Jane Preuss, Urban Regional Research, Seattle WA 98101 
Kevin Coppersmith, Geomatrix, San Francisco CA 941105

Obiective: To perform an inventory and limited analysis for likely earthquake effects on 
fire stations and other emergency response facilities (eg, communications, dispatch centers, 
etc), within urban portions of the greater Puget Sound area, (ie, the Seattle corridor, 
extending from Tacoma to Everett). The project will determine potential impacts on the 
post-earthquake functionality of the Puget Sound area's first line post-earthquake 
response capability (ie, the fire service), identify particularly vulnerable facilities which 
might be cost-effectively upgraded, and develop a methodology for application elsewhere. 
The project team consists of EQE (responsible for methodology development and 
assessment of post-earthquake functionality), Urban Regional Research of Seattle 
(responsible for inventory of facilities and assisting in assessment of region-wide 
disruption), and Geomatrix Consultants of San Francisco (responsible for seismic hazard 
definition).

Fire Station Functionality: Fire departments are the first responders in a major 
earthquake. They alone have the skills and equipment for combatting the outbreaks of 
major fires, mitigating releases of hazardous materials, and performing search and rescue 
in collapsed or damaged buildings, during the initial post-earthquake period. This "first- 
line" role, makes fire department post-earthquake functionality crucial. Historically, 
damage to stations and other critical facilities has impaired post-earthquake functionality. 
Fire stations have sustained damage in the 1906 San Francisco, 1925 Santa Barbara, 1933 
Long Beach, 1964 Alaska, 1971 San Fernando, 1983 Coalinga and 1984 Morgan Hill 
earthquakes. The 1987 Whittier earthquake resulted in demolition orders for two fire 
stations (just as two were demolished following the 1983 Coalinga earthquake). Unless 
specially reinforced, the large open ground/floor apparatus areas and doors make fire 
stations, as a structural type particularly vulnerable, to lateral forces. Prior to 1976, the 
Uniform Building Code did not identify fire stations as requiring special reinforcement 
for earthquake forces. Even relatively new 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 similar great damage to the County Services Building in the 1979 
Imperial Valley event. Thus, fire stations of relatively "modern" vintage (ie, 1960's or 
*70's) may still be seismically very vulnerable.
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This vulnerability can impair fire department functionality in a number of ways: death 
and injury of firefighters (for example, the death of San Francisco Chief of Department 
Sullivan in 1906 is often cited as a contributory factor in the conflagrations), damage to 
apparatus, or simple delays in responding (due for example to jammed fire doors, or 
damaged communications equipment).

In order to address this problem the project approach is:

* identify the location, agency, etc of the 100+ fire stations and other 
critical facilities in the area,

* based on seismic hazard research currently being supported by the
Geological Survey and other groups, determine probable levels of ground 
shaking, liquefaction potential, tsunami and other earthquake hazards, 
for each facility,

* determine likelihood of damage to structures and critical equipment, on 
the basis of approximate techniques, employing information in fire and 
building department files (ie, age of construction, structural drawings 
where available, etc) and site visits as appropriate,

* compile this information and, together with local fire officials, develop 
an estimate of the impacts of predicted damage on total post-earthquake 
response,

* document the methodology and findings in a written report, for use by 
local Puget Sound area fire and planning officials, as well as by 
officials in other regions who have similar responsibilities.

The emphasis of our approach is on identifying collapse or gross structural damage 
potential and impaired functionality, rather than on minor or moderate monetary loss.

Inventory: Preliminary inventory of fire department facilities in the Puget Sound region 
indicates 112 stations are present. Distribution of these stations includes 57 municipal 
stations: Seattle- 33, Tacoma- 11, Bellevue- 7, and Everett- 6, as well 55 stations operated 
by county departments: King- 35, Pierce- 7, Snobhomish- 13.

The distribution, by age, of these facilities may be indicated by those for the Seattle 
department. Of 33 stations, 10 were constructed prior to 1940, 15 prior to 1960 and 28 
prior to 1971. Consequently, nearly all of these critical facilities were constructed prior 
to major building code revisions adopted following the 1971 San Fernando Earthquake. 
Despite recent rehabilitation of 11 of these facilities, substantial seismic vulnerability 
may still exist.

Seismicitv. Western Washington is an area of active tectonics with the oceanic Juan de 
Fuca plate subducting beneath the North American crust. Three sources of potential 
damaging earthquakes have been associated with this process: 1) shallow crustal 
earthquakes occurring within the North American plate directly beneath Puget Sound 
population centers; 2) subcrustal earthquakes occurring with the subducting Juan de Fuca 
plate; and, 3) a potential large subduction zone earthquake occurring on the interface 
between the Juan de Fuca and North American plates. The first two sources have 
produced many historic earthquakes. Although no earthquakes associated with the third 
source have been recorded, paleoseismic data suggest that they may have occurred in the 
past.
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Figure 1 presents contour maps of projected peak ground accelerations for scenario 
earthquakes from each of these sources. Scenarios for sources 1 and 2 are slightly larger 
than the largest historically observed event. For source 3, the scenario earthquake is 
comparable to those that occurred in Mexico and Chile in 1985 and is estimated to be a 
reasonable maximum size for a plate interface event in the region. Peak acceleration 
values shown are for "firin soil" sites, based on attenuation developed by Sadigh et al for 
source 1, and Youngs et al for sources 2 and 3. Each source is expected to produce 
similar maximum levels of acceleration. The major differences between scenarios is the 
areal extent of intense ground shaking and thus the number of facilities affected by a 
single event.

Additional analysis to be performed includes adjustment of acceleration estimates for site 
conditions at each fire facility. Site conditions will be inferred from regional geologic 
mapping together with studies of spatial variation in shaking intensity by other 
investigators. »'5 The potential for damage due to secondary effects including 
liquefaction and tsunami will also be investigated. These studies will be based on 
methods suggested by other investigators (liquefaction6, inundation ).

Vulnerability Surveys: The survey methodology, is intended to identify major structural 
deficiencies, likely to contribute to significant structural damage and collapse, on the 
basis of rapid analysis. Engineering calculations are minimized in this methodology, so 
that preliminary surveys may be performed by municipal architects and engineers, fire 
and public works officials, without the assistance of structural consultants. It is assumed 
that drawings for the original building construction are not typically available and that 
analysis data is obtained on the basis of building walkthroughs.

o

FEMA publication, ATC-21 , intended for general purpose rapid screening of seismically 
hazardous buildings was used as the basis for the approach. Modifications are being 
developed to account for the particular vulnerabilities found common to fire stations in a 
survey recently completed for a major west coast city . For each of several generic 
building types: masonry bearing wall, masonry infill, concrete bearing wall, concrete 
frame, steel frame, and timber; a survey form directs the analyst to key vulnerability 
indicators. A vulnerability score is developed based on these indicators, that qualitatively 
defines the level of seismic risk for the buildings.

For unreinforced masonry buildings, typical vulnerabilities screened include: mortar 
condition (on the basis of screwdriver scrape test), wall height to thickness ratios, 
presence of thru-bolts at floors, presence of shear resistive piers on all sides, percent of 
diaphragm openings for skylights and hose towers, and rapid evaluation of gross shear 
capacity of walls. Similar key indicators are presented for each of the other generic 
construction types.

Implication of Results: The results of this project will have wide implications: each 
department in the Puget Sound region will have a much better idea of the potential 
effects of an earthquake - this should stimulate emergency planning on their part. 
Additionally, those departments with especially vulnerable facilities will be motivated to 
have detailed structural analyses performed, and to initiate retrofitting where required. 
Regional fire officials will have an estimate of initially available resources, heretofore 
lacking. Lastly, the methods and precedence of this study will likely motivate similar 
efforts in other regions.
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Historical Normal Fault Scarps - Wasatch Front and Vicinity

9910-04102

David P. Schwartz 
Branch of Engineering Seismology and Geology

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 
(415) 329-5651, FTS 459-5651

Investigations:

The project goal is to study historical and recent normal fault scarps in the Great Basin in order to 
calibrate geological techniques used to identify individual past earthquakes and the amount of 
displacement during each, quantify earthquake recurrence intervals, and evaluate earthquake recurrence 
models and fault segmentation models. Investigations have concentrated on 1) recurrence and seg­ 
mentation along the 1983 Borah Peak, Idaho surface rupture and associated scarps of the Lost River fault 
zone, and 2) recurrence and paleo-displacements on the Wasatch fault zone at the Dry Creek site near 
the southern end of the Salt Lake segment and at the Rock Canyon site on the Prove segment.

Results:

1. Lost River fault zone, Idaho (with A.J. Crone, USGS, Denver).

No field work was undertaken during this report period. Trenches at Lower Cedar Creek on the 
Mackay segment will be logged during Summer 89.

2. Wasatch fault zone, Utah (with W.R. Lund, Utah Geological and Mineral Survey).

No new field work was initiated during this report period. Preliminary discussions between 
USGS and UGMS were held concerning the Megatrend! Program along the Wasatch fault zone. 
The concept is to locate sites that have the most complete post-Provo (post-13,500 yr) deposi- 
tional sequence and excavate deep trenches at these locations. The goal of this work is to extend 
the detailed paleoseismic record back past 6000 yr. The 6000 yr time line reflects the generally 
limited depth of trenching at sites previously studied.

Lund, W. R., Schwartz, D. P., Budding, K. E., and Mulvey, W. E., 1989, Fault behavior and earthquake 
recurrence on the Wasatch fault zone (WFZ) at Mapleton, Utah [abs.]: Geological Society of 
America Abstracts with Programs, v. 21, no. 5, p. 109.

05/89
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San Andreas Segmentation: Cajon Pass to Wallace Creek

9910-03983

David P. Schwartz, Tom Fumal, and R.J. Weldon 
Branch of Engineering Seismology and Geology

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

(415) 329-5651, (415) 329-5630

Investigations

The project goal is to refine existing and/or develop new segmentation and fault behavior models 
for the San Andreas fault between Wallace Creek and Cajon Pass.

1. Develop new slip rate and recurrence data from Wallace Creek to south of Cajon Creek.

2. Critically review published and unpublished data and develop new information to define 
and quantify uncertainties in timing, displacement, and lateral extent of individual past 
earthquakes.

Results

1. Wrightwood site. Work continued to date the stratigraphic section at Wrightwood. Figure 
1 shows a comparison of the stratigraphy and our new radiocarbon dates at Wrightwood 
with the stratigraphic column and revised dates from Pallett Creek (Sieh et al., 1989). 
Pallett Creek is located 40 km to the northwest. Details of peat stratigraphy and ages are 
strikingly similar. Note particularly the two thick peats near the top of each section and the 
three thick peats at the bottom. Although the depositional environments of the two sites 
are different, it appears that periods of peat formation and sedimentation are generally 
synchronous. This suggests that regional climate exerts a controlling influence on deposi­ 
tion at the two sites.

During summer 1989 we will excavate a long trench from the main fault to the secondary 
fault (see Summaries of Technical Reports XXV) in order to correlate stratigraphy and 
structural relations at both locations. The goal of this field season is the timing of the past 
three or four events on the San Andreas fault at Wrightwood. This will involve high-preci­ 
sion radiocarbon dating of peats, whcih will be done in collaboration with M. Stuiver at the 
University of Washington.
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2. 1857 slip distribution. Work has been initiated on re-measuring the amount of displace­ 
ment that occurred during the 1857 earthquake. Our initial focus is the section of the fault 
between Lake Hughes and Cajon Pass. Slip along this reach of the fault in 1857 is re­ 
ported (Sieh, 1978) as averaging 3-1/2 to 4-1/2 m, approximately one-half the amount of 
the section to the north (Three Points to German). New 1:2400 low-sun-angle aerial 
photographs have been obtained for sections of the fault displaying well-defined gully 
offsets in Leona Valley and the Littlerock area.

Reports
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Development of Inventory and Seismic Loss Estimation
Model For Portland, Oregon Water and Sewer Systems

14-08-0001-G1694

Leon R.L. Wang, P.I. 
Joyce C.C. Wang, Co-P.I.

Isao Ishibashi, F.A.
Department of Civil Engineering

Old Dominion University
Norfolk, Virginia 23529

(804) 683-3753

Donald Ballantyne, Co-P.I. William M. Elliott, Co-P.I. 
Kennedy/Jenks/Chilton Bureau of Water Works 
33301 Ninth Avenue S. Suite 100 City of Portland 
Federal Way, WA 98003 1120 S.W. 5th Avenue 
(206) 874-0555 Portland, OR 97204

(503) 796-7486

Objectives:

Water and sewer systems have been damaged by recent earthquakes that included the recent 
1985 Mexico City Earthquake and the most recent Whittier, California Earthquake of October 1, 
1987. Portland, Oregon has been identified by USGS as one of the earthquake-prone areas that needs 
attention for earthquake hazard mitigation planning.

The purpose of this project is to develop methodologies for inventorying water and sewer 
systems and developing loss-estimation algorithms for damage to such lifeline systems under 
different levels of earthquake and ground shaking. This will be done by investigating two specific 
sewage drainage basins in the City of Portland, Oregon. Each of these basins contains important 
water and sewage facilities.

The product of this study will be PC based computer programs that can be used in the 
inventory and rapid loss estimation calculations of damage that would be expected from different 
levels of earthquake.

Scone:

Two test areas as shown in Figure 1 have been selected for case studies. The first of these 
test areas (Tanner) contains critical water transmission and storage facilities and sewage collection 
facilities serving a portion of the central business district of downtown Portland. The second 
subbasin (Fiske) includes the principle sewage treatment plant for the City of Portland, the Columbia 
Blvd. Sewage Treatment Plant.

Project Coordination:

The project will be carried out by a well coordinated team of qualified professionals spanned 
from East to West Coasts. The P.I. will be Dr. Leon R.L. Wang, Professor and Chairman of Civil 
Engineering, Old Dominion University (ODU). In addition, he will be assisted by three co-principal 
investigators, Dr. Joyce C.C. Wang of ODU, Mr. Donald B. Ballantyne of Kennedy/Jenks/Chilton 
Engineers (KJC) of Seattle as a sub-contractor, Mr. William M. Elliott of the Portland Bureau of 
Water Works, (PBWW) which will contribute their effort to the project as in-kind service. Dr. Isao 
Ishibashi, Professor of Geotechnical Engineering at ODU serves as Faculty Associate, and Mr. lan 
P. Madin of Oregon Department of Geology and Mineral Industries and Mr. Derek H. Cornforth of 
Cornforth Consultants, Inc. as Project Advisors.

At the initiation of the Project in February 1989, Dr. L. Wang and Dr. J. Wang visited 
Kennedy/Jenks/Chilton in Seattle and Portland Bureau of Water Works in Portland. Discussions and
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coordinations of project task assignments among all team members were held in Portland. 

Data Collection:

To develop computerized inventory for Portland water and sewer systems, graphical and text 
data of water and sewer networks for the studied areas are being gathered with the assistance of the 
Bureaus of Water Works and Environmental Services, City of Portland. Data being gathered for 
overlays include existing water facilities, sewage facilities, topography, geology, and related layers 
to be used in the analysis scheme.

For the development of seismic loss estimation model, geological, seismological as well as 
geotechnical data in the region are being collected with the assistance of Oregon Department of 
Geology and Mineral Industries and Cornforth Consultants, Inc. The data is being reviewed and 
synthesized for automated inventory and seismic loss model developments. Recent work by lan 
Maden at the Oregon Department of Geology and Mineral Industries is being made available to the 
investigation as it is being developed.

Documentation Review:

Appendix I shows the references and related documents that have been compiled. These 
documents are being reviewed for the applications in the seismic loss estimation model. The 
seismicity in terms of ground shaking, the liquefaction potential in reference to sandy soil and 
ground water conditions and standard penetration blow count information, the land slide potential 
in terms of topological and geotechnical parameters, and the estimation of fault movement, if any, 
will be studied.

Software Selection For CIS Application:

To develop automatic inventory and seismic loss estimation model for water and sewer 
systems, it is necessary to overlay various graphical and digital information such as pipeline networks 
with line connectivity, soil condition, seismic intensities as area representation etc.. This overlaying 
requirements of lines and polygons lead to the application of the so-called Geographic Information 
Systems (CIS).

Several GIS softwares as indicated in Appendix II have been examined and compared. With 
the availability of SUN 386i Work Stations and the limited supporting budget from the Civil 
Engineering Department at Old Dominion University, it was decided to use FMS/AC (Facility 
Mapping System for Auto-Cad) system as the GIS application software for this project for its cost- 
effectiveness and engineering application consideration. FMS is associated with Auto-Cad as graphic 
driver and dBase III-plus as the data base management system. The acquisition of FMS/AC and 
Auto-Cad with Unix operating system for SUN 386i Computer is underway.

Seismic Hazard to Distributed Networks:

The study of seismic hazards to distributed water and sewer networks requires the inventories 
and display of the digitized water and sewer networks geometric and attribute data, the topological 
an geotechnical conditions at the site and the seismic zonations of the region using several earthquake 
scenarios.

The two test areas are being worked on to produce data files for existing water and sewer 
facilities. This work is being done at Old Dominion University from maps and records supplied by 
the City of Portland. In addition, topographic maps and specialized geologic, fault and hazard maps 
are being input.

The affected areas from a damage point for the sewer system can be determined relatively 
simple by using the flow directions. The affected areas for the water distribution system using 
KYPIPE (a water flow distribution program developed by the University of Kentucky) to determine 
flow pressures and quantities are being developed.
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Seismic Hazard to Concentrated Facilities:

Kennedy/Jenks/Chilton is responsible for inventory, field review and development of loss 
estimation models for concentrated facilities serving the two basins. Kennedy/Jenks/Chilton team 
met with other project team members in mid-February for initial field review and data gathering. 
After transfer of mapping and report data, field visits were made to the Sullivan and Ankeny 
Wastewater Pump Stations, the Columbia Boulevard Wastewater Treatment Plant, as well as a water 
reservoir facility.

The concentrated facilities which will be evaluated are being identified for the water and 
wastewater systems. It is the intent that four categories of earthquake failure will be evaluated for 
each facility and a damage algorithm developed. Those four categories included:

Soil/foundation 
Structure 
Electrical 
Mechanical/hydraulic

Summary Remarks:

This project is at its beginning and the elements of data gathering are nearly complete. The 
importance of lifeline systems including water and sewage is recognized. The resulting simplified 
inventory and loss estimation models should be of help to us in developing a methodology on loss. 
In addition, the need to rapidly develop loss figures for disaster declaration purposes will be 
reviewed.

Appendix I - References/USGS - Portland Project

1. C.G. Bader and W.A. Jajou
Seismic Evaluation of Steel Water Storage Facilities, Vol. 1 & 2 
Tech Report, URS Corp, May 1987.

2. C.G. Bader, K.B. Clark and W. Jajou 
Seismic Evaluation of Denver Water Tank 
Tech. Wooster Engineering Inc., Feb. 1985.

3. Joh D. Beaulieu
Geologic Hazards of the Bull Run Watershed
Multnomah and Clackamas Counties
Oregon Bulletin 82
Oregon Dept. of Geology and Mineral Industries, 1974.

4. Derek Cornforth
Mt. Tabor-Reservoir No. 6 Foundation Liquefaction Study 
Tech Report, Cornforth Consultants Inc., January 1986.

5. Derek Cornforth
Tunnel Feasibility Study, West Side Light Rail Project, Portland, Oregon 
Tech. Report, Cornforth Consultants Inc., Dec. 1988.

6. Derek Cornforth
Geotechnical Considerations of the Surface Alignment Westside Light Rail Project, Portland
Oregon
Tech. Report, Cornforth Consultant Inc., Dec. 1988.
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7. Richard W. Couch & Robert E. Peterson
Geological and Geophysical Factors Related to Portland International Airport Expansion or
Resisting Alternatives
Report, Department of Geophysical Oceanography, Oregon State University, 1971.

8. Thomas H. Heaton & Stephen H. Hartzell
Estimation of Strong Ground Motions for Hypothetical 
Earthquakes on the Casadia Subduction Zone 
Pacific Northwest 
USGS Report 1986.

9. Thomas H. Heaton and Stephen H. Hartzell
Earthquake Hazards on the Cascadia Subduction Zone 
Science Vol. 236, April 1987.

10. Thomas H. Heaton and Stephen H. Hartzell
Earthquake Hazards on the Cascadia Subduction Zone 
U.S.G.S. Report, Jan. 1987.

11. W.H. Hoffstetter
Geology of the Portland Well Field 
Oregon Geology, Vol. 44, No. 6, June 1984.

12. Landslide Technology
Washington Park, Geotechnical Study, City of Portland, Tech. Report, Landslide Technology, 
May 1986.

13. Marquan Hill Project Team
Environmental Geology for Planning of the Marquam Hill Area, Portland, Oregon 
Report, Earth Science Department, Portland State University, 1973.

14. Leonard Palmer and Roger Redfern
Environmental Geology For Planning of the Marquam Hill Area, Portland Oregon, Tech. 
Report Earth Science Department, Portland State University.

15. C.D. Peterson and M.E. Darienzo
Coastal Neotectonic Field Trip Guide For Netarts Bay, Oregon 
Oregon Geology, Vol. 50, No. 9/10, Sept/Oct 1988.

16. R.A. Redfern
Portland Physiographic Inventory: A Study of the Physical Environmental and Implications to 
Planning and Development. Tech. Report Bureau of Planning, City of Portland, December 10, 
1976.

17. Rick Rubin
The Big One - Maybe it can Happen Here 
Northwest Magazine, Sept. 1986, pp. 7-13.

18. Shannon & Wilson Report
Seismic Regionalization Studies, Washington, Oregon, Idaho and Western Montana, Oct. 1972.

19. Donald E. Trimble
Geology of Portland Quadrangle 
USGS 1957

20. Robert H. Willis 
Pilot Well Study 
Report to City of Portland, Willis Ass., Nov. 1978.

553



111.2

21. Steven P. French
An Automated Lifeline Inventory for Earthquake Damage Modeling.
Proc. 26th Conference of the Urban and Regional Information Systems Assoc. (VRISH), 1988,
Vol. 4. pp. 14-20.

22. C.E. Taylor
Continuing Investigations of Earthquake Risk to Utah Water and Gas Systems. 
NTS Engineering Report to USGS, March 1988.

23. Donald B. Ballantyne and W.V. York
Seismic Vulnerability Analysis of Seattle Metro Wastewater Facility. 
WPCF Conference, Dallas TX, Oct. 1988.

Appendix II - Software Information 
USGS/Portland Project

ARC/INFO
Integrated Geographic Information System
Environmental Systems Research Institute (ESRI)
380 New York Street
Redlands, CA 92373

FMS/AC
Facility Mapping System for Auto-CAD
Facility Mapping Systems Inc.
38 Miller Avenue, Suite 11
Mill Valley, CA 94941

GeoVision
CIS Software
GeoVision Corporation
1401 E. Iliff Avenue, Suite 109
Aurora, CO 80014

Intergraph
The Next Generations of GIS
Intergraph Corp.
One Madison Industrial Park
Huntsville, AL 35807
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Earthquake Hazards Studies, Metropolitan Los Angeles 
Western Transverse Ranges Region

954Q-OS9Q7

R. F. Yerkes
Branch of Western Regional Geology

345 Middlefield Road, MS 975
Men1o Park, Callfornia 940S5

(415) 3E9-4946

Investigations and results

1. Historic earthquakes (Yerkes and W. H. K. Lee). With T. L. Davis 
and J. Namson completed journal report on the deep crustal ramp and 
thrust system associated with the Whittier Narrows earthquake of 1987, 
its tectonic setting, and relations to regional structure.

The Whittier Narrows earthquake, a deeply-buried south-vergent 
thrust, occurred in a broad band of north-dipping thrust/reverse 
earthquakes, well south of the exposed southern boundary of the 
central Transverse Ranges, and near the north margin of the modern Los 
Angeles basin. E«ecause the structural basin and adjoining Peninsular 
Ranges are dominated by right-slip fault zones of the San Andreas 
System (San Jacinto, Elsinore, Newport-Inglewood), the location of the 
1987 "Transverse Ranges" earthquake, well south of the exposed 
provincial boundary, suggests that the Transverse Ranges are 
propagating southward, undercutting exposed provincial-boundary 
faults. Investigation and mapping of this buried tectonic boundary 
continues.

2. Quaternary stratigraphy, chronology, and tectonics, southern 
California region (Sarna-Wojcicki). Not funded.

Reports

Davis, T. L., Namson, J. , and Yerkes, R. F., A cross section of the 
Los Angeles area: seismically active fold and thrust belt, the 1987 
Whittier Narrows earthquake, and earthquake hazard: accepted 3/18/89 
by Journal Geophysical Research (paper tt£184WNE) for publication July 
1989.
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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 84112-1183

(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 are: (1) to coordinate with the 
scientific investigators who have worked in the Wasatch Front earthquake-hazards program 
for developing a synthesis of important technical information, (2) to produce 
intermediate-level summaries from those discussions, and finally, (3) to "translate" the 
technical information into a book on the earthquake threat in Utah for non-earth scientists. 
The book is being designed to appeal to (1) the general public (who must encourage 
elected and appointed officials to implement earthquake-hazard-reduction measures), (2) 
teachers and students, and (3) decision-makers themselves.

Results: January 1-April 30, 1989

Funds for this project were received in mid-January 1989. Preparations began as 
early as August 1988 when plans were developed for achieving goals (1) and (2) in con­ 
nection with the Fifth Annual Workshop on Earthquake Hazards and Risk Along the 
Wasatch Front, Utah (January 31-February 2, 1989, Salt Lake City) jointly sponsored by 
the Utah Geological and Mineral Survey, the Utah Division of Comprehensive Emergency 
Management, USGS, and FEMA. As part of the workshop, a large working group of 
scientists, engineers, and other professionals was convened to develop a consensus sum­ 
mary of up-to-date technical information relating to the earthquake threat in Utah. Prior to 
the workshop, about 20 key individuals were invited to meet in Salt Lake City on 
November 9, 1988, to help formulate a draft document. Small working groups were 
assigned the task of preparing summary statements dealing with the characterization of 
hazards variously arising from surface faulting, ground shaking, and ground failure  
together with a quantification of the level of hazard and the estimation of expectable 
losses.

By January 3, 1989, a draft "consensus document" entitled, "Reducing losses from 
the physical effects of earthquakes expected in Utah," was completed and circulated to the 
technical participants invited to the late-January workshop. The "consensus document" 
was intended to serve both as a summary of available technical information and hence be 
the first stage of the book writing of this project and also as an immediately-available 
guide for local decision-makers to take realistic actions aimed at reducing earthquake 
losses in the region. More than 50 technical professionals spent two days at the workshop
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discussing and revising the draft document section by section. It became evident that the 
draft document was still too technical for an audience of non-earth scientists and that 
tutorial explanations needed to be added.

As of this writing (May 1989), the consensus document is being revised and recon­ 
structed to include: a tutorial introduction to the earthquake threat in Utah, a simplified 
"translation" of the technical information summarized by the contributing experts, a com­ 
pendium of precisely worded scientific statements formulated by those experts, an outline 
of basic strategies for loss reduction, and arguments for acting on those strategies.

In terms of the book writing for this project (still in its early stages), the Pi's are 
being helped by a social scientist (Dr. Gary E. Madsen, Associate Professor of Sociology 
at Utah State University) and by a professional planner (Jerry Barnes, Director of the Salt 
Lake County Planning Division). A professional writer will provide services later to 
ensure production of a high-quality, effective book.
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Near-Surface Lithologic and Seismic Properties
9910-01168

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

Investigations

Measurement 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. P- and S-wave velocities have been measured in a borehole near Lake Hemet, CA. The borehole was drilled 

to a depth of 220 m, however, only the upper 100 meters were logged due to blockage either by drilling mud 
or by a cave-in below the casing. Preliminary results indicate that the alluvium/granite boundary (approxi­ 
mately 25 m depth) is a formidable barrier 10 energy from both S-wave and P-wave sources. The barrier 
causes surface generated waves to be converted/reflected reducing energy reaching the geophone and making 
interpretation difficult. A partial relogging will be undertaken by T. Fumal and J. Gibbs after the borehole is 
cleaned. An array of five accelerometers will be installed in boreholes at this site located 5 km and 30 km 
from the San Jacinto and San Andreas faults, respectively. Principal investigators are Ralph Archulela and 
Peter Sangas of U.C. Santa Barbara.

2. A newly designed electronic clamping device for the downhole geophone was field tested at the Lake Hemet 
borehole. The system worked well and required only a small modification to the actuating rod. The 
clamping action is much faster (locking and releasing) and has a more positive clamping pressure than the 
hydraulically actuated system previously used.

3. Interpretation of S-wave loggings from Kaiser Quarry (near Cupertino, California) has been completed. The 
borehole, 230 m total depth, was logged with the source oriented in three directions to detect possible 
anistropy. The results indicate that S-wave anistropy, if present at all, exists mostly in the upper 20 m. This 
may be due to an unloading effect of the mined out rock.

The velocities determined from the three S-wave loggings are:

Logging Depth Interval S velocity Depth Interval S velocity 
(sequence)

(1) 0-25 meters 1310 m/s 25-230 meters 1390m/s
(2) 0-20 meters 780 m/s 20-230 meters 1350 m/s
(3) 0-25 meters 990 m/s 25-230 meters 1340 m/s

Gibbs, James F. and Roth, Edward F., 1989, Seismic velocities and attenuation from borehole measurements near 
the Parkfield prediction zone, central California: EERI, Earthquake SPECTRA, v. 53, in press.

05/89
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Evaluation of Liquefaction Potential, Seattle, Washington 
Award No. 14-08-0001-G1385

W. Paul Grant
Shannon & Wilson, Inc.

400 N. 34th Street, Suite 100
P.O. Box C-30313

Seattle, WA 98103
(206)632-8020

Investigations

Liquefaction during the 1949 and 1965 Puget Sound earthquakes has resulted in 
substantial damage to buildings, bridges, highways, railroads, water 
distribution systems, and marine facilities. While total property damage from 
these historical earthquakes has been estimated at $25 million and $12.5 
million, respectively, there is a greater damage potential from future 
earthquakes considering recent industrial development along low-lying river 
valleys and the potential occurrence of a subduction zone earthquake in the 
Pacific Northwest.

Therefore, it is the purpose of this study to delineate areas of potential 
liquefaction in the vicinity of Seattle and to evaluate the probability of 
future liquefaction. This will be accomplished by categorizing soil units 
within the study region based upon susceptibility to liquefaction. Reports of 
historical liquefaction in the Seattle area will be documented for future 
reference. Field investigations consisting of borings and Standard 
Penetration Tests (SPT) and Cone Penetrometer Tests (CPT) will be conducted at 
a total of four sites, with two sites selected based upon prior reports of 
liquefaction. The end result of this study will be a liquefaction hazard map 
for the Seattle area, which may be used in land use planning, building 
development, and planning for disaster response.

Results

Work accomplished to date has focused upon gathering subsurface information on 
soils encountered within the Seattle North and Seattle South Quadrangles and 
developing this information into a liquefaction susceptibility map. Logs from 
over 700 borings within the Seattle city limits have been collected to provide 
a wide breadth of coverage on possible materials that may be encountered 
within the city limits. To assure adequate geographic distribution of boring 
information, the city was divided into a system of grids measuring 
approximately 0.6 miles on each side. Within each grid, it was attempted to 
secure at least two borings to define subsurface soil conditions. Subsurface 
soils information was obtained from the files of Shannon & Wilson, the City of 
Seattle, METRO, and the Washington State Department of Transportation.
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A liquefaction susceptibility map was developed for the city based upon 
existing geologic maps of the area and supplemented by information obtained 
from the boring logs acquired for the project. The liquefaction 
susceptibility map was prepared at a scale of 1:63,000. This map illustrates 
three generalized geologic units within the study area including bedrock, 
glacially consolidated sediments, and unconsolidated Holocene deposits. The 
glacially consolidated sediments, which consist of tills, outwash sands and 
gravels, and other competent materials, are not the susceptible to 
liquefaction due to their relative density or gradation characteristics. The 
alluvial and Holocene deposits, on the other hand, typically have the highest 
susceptibility to liquefaction based upon their low SPT resistant values and 
their gradation characteristics.

Locations of the historical occurrence of liquefaction have been documented on 
a table and included on the liquefaction susceptibility map. These historical 
locations of liquefaction agree with the generalized soil groupings, 
indicating that the sites of historical liquefaction correlate with the 
alluvial deposits.

Future work on the project will include entering the boring information on a 
data base which may be accessed using a personal computer. This task will be 
acccomplished to permit the use of the subsurface boring data by other 
investigators (Dr. Leslie T. Youd) to evaluate the liquefaction severity index 
of the soils in the Seattle area. This data base will also allow us to 
perform statistical studies of the subsurface data to evaluate liquefaction 
potential considering various earthquake return scenarios as well as the 
individual geographic locations of the boring data.

Another element of future work will include advancing borings with SPT testing 
at sites of historical liquefaction during the 1949 and 1965 earthquakes. The 
purpose of these explorations is to provide data on the subsurface soil 
conditions which will then be correlated to levels of acceleration which were 
recorded in Seattle during both of these events. The results of our studies 
will be incorporated in a final report which will feature the liquefaction 
susceptibility and liquefaction opportunity maps developed for the study area 
at a scale of 1:24,000. These maps will be available for use of the City of 
Seattle and for the general public.
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Experimental Investigation of Liquefaction Potential

9910-01629

Thomas L. Holzer 
Branch of Engineering Seismology and Geology

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

(415) 329-5613

Investigations

1. Establishment and maintenance of an instrumented site in Parkfield, California, to monitor 
pore-pressure build-up in a sand undergoing liquefaction and strong ground motion during 
the predicted Parkfield earthquake.

2. Post-earthquake analyses of field data and pore pressure and downhole and surface ground 
motion records at the Wildlife Liquefaction array from the November 23-24, 1987, Super­ 
stition Hills earthquakes.

3. Subsurface exploration of 1868 and 1906 Coyote Creek (San Jose, CA) liquefaction sites 
to find a location for a South Bay liquefaction array.

Results

1. The Parkfield liquefaction array with 14 pore pressure transducers and five three-compon­ 
ent force-balanced accelerometers was maintained. Recording systems consists of two 
CRA-1 film recorders and a GEOS digital recording system connected to five transducers 
to improve the dynamic range. Geotechnical laboratory testing of undisturbed soil samples 
taken in November, 1987 was completed and the liquefaction potential from the laboratory 
tests is presently being compared to the field results.

2. Measurements of pore pressures in a silty sand undergoing earthquake-induced liquefac­ 
tion are providing insight into how a deposit liquefies and behaves once liquefied. Analy­ 
sis of the records reveal a strong dependence of liquefaction on peak acceleration, a 
dependence that is predicted well by conventional engineering methods. The strong- 
motion and pore-pressure records indicate that the liquefaction process began at 13.6 
seconds after first motion. This time marks the arrival of the peak horizontal ground 
acceleration, a factor of two reduction in the average shear-wave velocity to 7.5-m depth,
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the onset of pore-pressure increase in the liquefying layer, the loss of phase coherence 
between the uphole and downhole acceleration time histories, and the divergence of 
recorded energy in the uphole and downhole accelerograms. The pore-pressure data, 
however, indicate that lithostatic conditions were not reached until 60 to 90 seconds, well 
after the earthquake ended. Although the delay may be an artifact of soil disturbance 
caused by transducer emplacement, the records still permit analysis of the behavior of the 
deposit. Liquefaction began in the upper part of the silty sand and progressed downward; 
reconsolidation started at the base of the deposit and worked upward.

Fourier transforms with small windows of the surface ground motion records could not 
pinpoint the time at which liquefaction occurred but did reflect gradual changes in fre­ 
quency contents due to liquefaction. Cross correlation of the surface and downhole 
records showed a steady decline in the value of the cross-correlation coefficient beyond the 
14-second mark which is consistent with the onset of liquefaction..

Grain size distributions of sand boils generated during the 1981 Westmorland and 1987 
Superstition Hills earthquakes were compared to distributions of the silty sand layer at the 
liquefaction array. These comparisons suggest that only the upper part of the deposit 
liquefied in 1981 and all of the deposit liquefied in 1987. These observations are consis­ 
tent with liquefaction predictions based on field measurements of liquefaction resistance.

3. Cone and standard penetration testing at 1868 and 1906 liquefaction sites along Coyote 
Creek at the south end of San Francisco Bay discovered the liquefiable layer was a 7-m 
thick channel sand that is confined beneath a 6-m thick finer grained layer. The deposit 
looks feasible for installation of a new liquefaction array. Geotechnical testing of the soils 
at the potential site were completed.

Reports

Bennett, M.J., 1988, Sand boils and their source beds November 24, 1987, Superstition Hills 
earthquake, Imperial Valley, California: Association of Engineering Geologists, 31st 
Annual Meeting, p. 38.

Holzer, T.L., Youd, T.L., and Bennett, M.J., 1989, In situ measurement of pore pressure build-up 
during liquefaction, in Wind and Seismic Effects Meeting, 20th, Gaitherburg, MD, 1988, 
Proceedings: National Institute for Standards and Technology Special Publication 750, p. 
118-130

Holzer, T.L., Youd, T.L., and Hanks, T.C., 1989, Dynamics of liquefaction during the 1987 
Superstition Hills earthquake: Science, v. 244, p. 56-59.
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Implementation of an Earthquake Hazard Mitigation 
Program in Salt Lake County, Utah

Contract Number: 14-08-0001-G1531

Principal Investigator: Gary Madsen, 
Jerald Barnes and Loren Anderson

Utah State University, Logan, Utah 84322 

(801) 750-1233, (801) 468-2061, (801) 750-2775 

Investigators:

Investigations during the last six months centerd around three tasks: 
(1) to assess earthquake hazard reducation priorities of public technical 
officials (planners and building officials) in Salt Lake County, (2) to 
assess the Salt Lake County publics 7 awareness and understanding of 
earthquake risks, as well as their level of acceptance of the technical 
officials' mitigation priorities, and (3) develop an education program for 
Salt Lake County community groups. The program is directed toward increasing 
awareness and understanding of earthquake risks in the Salt Lake Valley as 
well as identifying mitigation strategies which can be sponsored to reduce 
such risks. The first two tasks have been completed, and work is continuing 
on the third task.

Results:

Salt Lake County contains twelve municipalities, ten of which have at 
least one planning or building official. Unincorporated areas are served by 
personnel of Salt Lake County government. Twenty-eight officials were 
identified for inclusion in the first survey. In the largest governmental 
units, the highest level administrative personnel were identified. Each 
individual was interviewed in person during May and June of 1988. The 
completion rate was one hundred percent. The public survey was composed of 
409 male and female adults who resided in Salt Lake County. They were 
randomly drawn from Salt Lake County telephone listings and interviewed over 
the phone during September of the same year. Among the findings are those 
which pertain to the assessment of four factors: earthquake hazard knowledge, 
perceptions of earthquake risks, earthquake risk, and earthquake risk 
reduction priorities.

The planners and building officials were asked to rank seven causes of 
damage from potential earthquakes in the Salt Lake Valley. They were asked 
to assign the number one to the item with the highest potential for damage 
and the number seven to the item with the lowest potential, with 
corresponding numbers assigned to items between the extremes. The results 
are presented in Table 1. They indicate a high correspondence between the 
local officials and the scientific community (see Christenson, 1987). For 
example, the problem of ground shaking is considered to be the greatest 
potential hazard based upon scientific investigations. The general public 
were not asked this question because of its highly technical content.
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Next, how do local planners and building officials (technical officials) 
and the public perceive earthquake risks? Both samples were asked to 
indicate how likely it is that there will be an earthquake causing widespread 
and severe damage in the Salt Lake Valley during three time periods: writhin 
the next 100 years, the next 50 years, and the next 10 years. The response 
alternatives were very high, high, moderate, low and very low. The results 
are presented in Table 2.

These data indicate a great deal of concern about the likelihood of a 
future damaging earthquake affecting the Salt Lake Valley. In the 100 year 
period the technical officials' mean of 4.64 approaches the highest ranking 
of "very high," while the public sample mean of 3.97 is associated with the 
ranking of "high." For each time period the mean of the technical officials 
is higher than that of the public. However, even the publics' rating of the 
ten year time period (2.80) approaches the ranking of "moderate" likelihood.

The technical officials were also asked open-ended followed by fixed 
alternative questions regarding actions they felt should be taken to reduce 
the risks from earthquakes in the Salt Lake Valley. Items receiving the 
highest overall ranks using both methods were identified. These same items 
were then presented to the public sample for their evaluations. The data 
comparing the two samples are presented in Table 3. The response 
alternatives to the policy items were: very high importance, high 
importance, moderate importance, low importance and not at all important. 
The averages of the technical officials for ten of the eleven policy items 
were higher than those of the public sample. However, with the exception of 
"requiring disclosure of earthquake hazard(s) to real estate buyers," which 
the public rated 3.61 no item fell below a mean of 4.0 (corresponding to high 
importance) among the public resident sample.

The data from these two surveys are important for future earthquake 
mitigation for several reasons. The survey of planners and building 
officials indicates high degrees of scientifically supported knowledge 
concerning types of earthquake-related hazards in the Salt Lake Valley. 
Furthermore, the technical officials and public indicate concern about the 
likelihood of future earthquakes. The higher concern levels on the part of 
the technical officials are likely related to greater knowledge of earthquake 
hazards. In addition, the technical officials consistently supported several 
specific policies to help mitigate the risks. As Salt Lake County moves 
further in the direction of comprehensive earthquake mitigation planning it 
is important to know that the planners and building officials have broadly 
based public support for such policies.

Christenson, G.E., Suggested Approach to Geologic Hazards Ordinances in 
Utah, Utah Geological and Mineral Survey, Circular 79, 1987.

o 
Several Fixed alternative items were derived from W. J. Kockelman "Community
Planning To Reduce Mudflow and Mudflood Hazards," in Improving the 
Effectiveness of Floodplain Management in Arid and Semi-Arid Regions, 
Proceedings: Association of State Floodplain Managers, Inc., Las Vegas, 
Nevada, (66-71 pp.), March 1986.
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Table 1

Rankings of Potential Damage From Earthquake Hazards In
the Salt Lake Valley by Local Government Planners

and Building Officials

Causes of Damage

Ground Shaking
Ground Failure Induced by
Fault Rupture
Landslides and Rockfalls
Tectonic Deformation
Dam Failure
Water Waves

Liquification

X of
Ranks

1.52
2.26
3.63
4.04
4.82
5.22
6.52

S.D.
of Ranks

.75
1.13
1.55
1.29
1.39
.94

1.37

*Number 1 = highest potential for damage, number 7 = lowest potential for 
damage

Table 2

Perceptions of the Likelihood of a Future Damaging Earthquake In The Salt 
Lake Valley: Comparing Local Technical Officials (Planners and Building 
Officials) and Public Residents

Technical Officials* Public Residents*

Earthquake Risk Time Period
X of 

Ranks*
S.D. of 
Ranks

X of 
Ranks*

S.D. of 
Ranks

S.E. 
of X

How likely do you think it is that 4.64 .62 
there will be an earthquake causing 
widespread and severe damage in the 
Salt Lake valley within the next 
100 years?

How likely do you think it is that 4.18 .77 
there will be an earthquake causing 
widespread and severe damage in the 
Salt Lake valley within the next 
50 years?

How likely do you think it is that 3.14 .71 
there will be an earthquake causing 
widespread and severe damage in the 
Salt Lake valley within the next 
10 years?

3.97 1.02 .05

3.56 1.08 .06

2.80 1.10 .06
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Table 3
Policies to Reduce Earthquake Risks in the Salt Lake Valley: Comparing Local 
Technical Officials (Planners and Building Officials) and Public Residents

Policy Item'

Technical Officials
X of S.D. of

Ranks Ranks

Public Residents
X of S.D. of
Ranks Ranks

Controlling the location and specific design
requirements of new hospitals, schools, police
facilities and fire stations to better prepare , ,
for earthquakes ' 4.68° .54° 4.45 .82

Strengthening existing hospitals, schools,
police facilities and fire stations to better ^ ^
prepare for earthquakes 4.58 .67 4.15 .95

Informing and educating the public about earth­ 
quake hazards and earthquake preparedness 4.75 .44 4.29 .86

Providing public officials with earthquake hazard
information for use in reducing earthquake risks 4.64 .56 4.22 .91

Providing public officials with professional 
technical assistance in order to help reduce 
earthquake risks ... ... 4.13 .94

Promoting land use planning which considers
earthquake hazard areas 4.54 .74 4.11 .99

Adhering to --existing earthquake-related build­ 
ing codes, zoning ordinances, and building 
inspections 4.58 .88 4.31 .87

Establishing more stringent earthquake-related
building codes, zoning ordinances, and build- d
ing inspections 3.86 1.08 4.06 .97

Adopting uniform earthquake-related building
codes, zoning ordinances, and building
inspections ... ... 4.02 1.03

Requiring disclosure of the earthquake
hazard(s) to real estate buyers 4.32 1.02 3.61 1.15

Encouraging public agency programs which
improve emergency responses 4.21 .79 4.03 1.08

The response alternatives to the items (except the two indicated) were: very high 
importance was assigned a point value of 5, high importance = 4, moderate importance = 3, 
low importance = 2, and not at all important = 1.
These first two policy items were originally presented to the technical officials as 

eight separate items. Each type of facility was presented separately. The means and 
standard deviations for the technical officials are the averages of the four means and 
S.D.s_for each item. The actual figures for controlling the location of new hospitals 
were X = 4.96, S.D. .19; schools 4.82 and .39; police facilities 4.39 and .79; and fire 
stations 4.54 and .79. Corresponding figures for strengthening hospitals were X = 4.82, 
S.D. = .39; schools 4.75 and .52; police facilities 4.29 and-.90; and fire stations 4 46 
and .88.
Two items were identified in the open-ended questions which solicited policy items 

without the prompting one gets from fixed-alternative items. These two items were not 
ranked in the same way as the fixed-alternative. They were included because they were 
identified more often than others as being important policies.
This item fell below all others ranked by the technical officials. It was used in the 
public survey because the mean of the planners was 4.29 while the buidling officials was 
3.18. This difference between the two subgroups was greater than for any of the original 
forty-nine policy items which were ranked.
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Assistance in Implementing Seismic Safety Programs 
in the Wasatch Region, Utah

14-08-0001-G1681

Martha Blair-Tyler 
George G. Mader

William Spangle and Associates, Inc.
3240 Alpine Road

Portola Valley, California 94025 
(415) 854-6001

Objective; The objective of the project is to assist state and local 
officials in Utah implement programs to increase seismic safety. To meet this 
objective, the project will provide local government officials access to 
expertise in earthquake hazard mitigation. More specific objectives include:

1. To transfer direct, practical experience with local government programs to 
mitigate earthquake hazards to at least one staff member or elected 
official in each county and major city along the Wasatch Front who can 
become a "champion" for earthquake safety within the jurisdiction.

2. To assist the county geologists to understand and respond to the
information needs of local officials designing implementation programs.

3. To help state officials, especially in Utah Geological and Mineral Survey 
and Comprehensive Emergency Management, understand the problems, 
potentials and options for earthquake hazard reduction through actions of 
local governments and how the state can help.

4. To improve the general level of awareness and knowledge of local officials 
about the range of options available to improve earthquake safety.

Methods; The proposal calls for Martha Blair-Tyler and George G. Mader, two 
California urban planners who have extensive experience in earthquake hazard 
mitigation, to conduct workshops on local earthquake hazard mitigation 
programs and to offer assistance to local and state officials as requested. 
The idea is to facilitate transfer of relevant experience in mitigation from 
California to Utah through direct personal contact. The emphasis will be on 
local government programs and, particularly, land use measures which can 
reduce earthquake risks.

Progress to Date; Efforts to date include the following:

1. Fifth Annual Workshop on Earthquake Hazards and Risk along the Wasatch 
Front, January 31-Februarv 2, 1989. Martha Blair-Tyler and George Mader 
attended the full workshop. This gave us an opportunity to learn what 
geologic and seismic information is now available for application in 
hazard reduction programs and also to meet key people from local 
governments along the Wasatch Front. We were given a chance to explain 
the project to workshop attendees and to seek comments from them. In 
particular, we spent time with the three county geologists. These 
informed and dedicated young men are critical links in local use of

567



111.3

geologic and seismic information and we were pleased to find them 
unusually sensitive to the public policy aspects of their jobs. We will 
be supporting them in any way we can, but suspect they do not need the 
support as much as officials in other jurisdictions without the services 
of a staff geologist.

2. Questionnaire. Before the annual workshop in Salt Lake City, we prepared 
a questionnaire directed to elected and appointed officials, 
administrative officers, urban planners and emergency managers for 
distribution at the workshop. The questionnaire included a statement 
describing the project and a series of questions designed to give us a 
sense of where local governments were in the mitigation process and what 
assistance we might appropriately offer. The questionnaire was made 
available at the annual meeting and could be given to us there or mailed 
later. Exhibit 1 is an abbreviated version of the questionnaire.

So far we have received six completed forms, not nearly as many as we 
expected. Yet, the responders included all three county geologists and 3 
staff members involved with planning in West Valley City, Sandy City and 
Provo and the answers were thoughtful and helpful. In each instance, the 
primary responsibility for earthquake hazard reduction rested with the 
department also responsible for planning. All six respondents would like 
information about programs in other cities and counties and references to 
sources of information about earthquake hazard reduction programs. Four 
think that workshops would be helpful, three would like personal contact 
with us; and three favor telephone contact. Two respondents favored all 
three suggested means of discussion.

All but one respondent cited the lack of political support for earthquake 
hazard reduction as the biggest barrier to using the geologic and seismic 
information from the Wasatch Front study. Two of these attributed the 
lack of support, in part, to the fact that urban Utah has not experienced 
a damaging earthquake in historic times. One cited the lack of site 
specific geologic information as the greatest barrier.

When asked for comments on what we could do that would be most helpful, 
the respondents replied as follows:

a. "An analysis of enacted ordinances from other jurisdictions to 
determine weak points or items which may imply liabilities."

b. "Be part of a discussion of earthquake hazards and what to do about 
them at a Council of Governments meeting which is attended by county 
commissioners, mayors, and, if possible, planning commissioners."

c. "Mostly provide information about other city programs."
d. "Site specific geologic information."
e. "Compare California and other states where geologists are registered 

and certified as engineering geologists to Utah where they are not, 
quality and usefulness of reports, how to educate preparers of 
substandard reports. How do other folks handle disclosure? How do 
others' report requirements and review processes work? What are the 
major tasks of other county geologists?"

f. "The #1 priority is community education the people, engineers and 
designers and politicians."
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Based on this information, we are in the process of preparing 
presentations which we think will address the needs. The focus will be on 
describing actual experiences in other jurisdictions with geologic hazards 
ordinances, report requirements, review procedures, and measures used to 
reduce hazards in both existing and new development. We will also follow 
up with personal contacts with each of the respondents.

3. Wasatch Front Forum. Following the Annual Workshop, we drafted a brief 
description of our project and shortened the questionnaire for inclusion 
in the next issue of the Wasatch Front Forum. Exhibit 1 is this shortened 
version. This material appeared in the Winter 1989 edition which was sent 
out late in April. We are hoping to receive more completed questionnaires 
to help us focus our efforts in preparing workshop presentations and 
materials.

4. Review of Salt Lake County Natural Hazards Ordinance. At the request of 
County Geologist, Craig Nelson, we reviewed a draft of the Salt Lake 
County Natural Hazards Ordinance just prior to hearing by the Planning 
Commission. A letter containing specific comments was forwarded to the 
county geologist along with material from San Jose, California and Los 
Angeles County regarding geologic hazard disclosure statements.

5. Preparations for Workshops. We have contacted the Utah Chapter of the 
American Planning Association and are arranging for a meeting with 
planners focusing on earthquake hazard reduction. We also plan to contact 
the Council of Governments to arrange a similar meeting.

Problems Encountered; The only difficulty to date has been some slowness in 
firming up plans for workshops in Utah. We have been waiting for the 
questionnaires which have been slow in coming. We believe, however, that we 
can now complete our presentation materials and make definite plans to be in 
Utah.

Next Six Months; The second half of this one-year project will require more 
intensive effort than the first. We anticipate drawing from the work done to 
date to put together a series of meetings in Utah which will successfully meet 
the objectives of this project.
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EXHIBIT 1. QUESTIONNAIRE ON USE OP EARTHQUAKE HAZARD INFORMATION 

Name_____________________________________________________ 

Position/Title___________________ Jurisdiction/Agency___________ 

Address

Telephone^

Have you made use of any of the information from the Wasatch front study in 
any of your plans or regulations? If so, please list.

Does your jurisdiction have procedures for requiring and reviewing geologic 
reports? If so, please describe briefly.

What actions do you think your jurisdiction needs to take to more effectively 
use geologic and seismic information in plans and regulations?

What do you see as the greatest barriers to using such information?

Can we assist you in any of the following ways? Please comment.

o Provide information about programs in other cities

o Identify sources of information

o Discuss approaches to using earthquake hazard mitigation

a) at workshops

b) in person

c) by telephone 

Other suggestions?

Please return to William Spangle and Associates, Inc., 3240 Alpine Road, 
Portola Valley, CA 94025. Also, please do call either Martha Blair-Tyler or 
George Mader with comments and suggestions at (415) 854-6001.
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Global Seismograph Network 

9920-02398

Howell M. Butler 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory

Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

The Global Seismograph Network (GSN) presently consists of 14 SRO/ASRO, 
13 DWWSSN and 80 WWSSN type recording stations located in 58 countries and 
islands throughout the world. The primary objective of the project is to 
provide high-quality digital and analog seismic data for fundamental 
earthquake investigations and research, enhancing the United States 
capabilities to detect, locate and identify earthquakes and underground 
nuclear explosions in support of test ban issues. Technical and operational 
support is provided as required to keep the GSN operating at the highest 
percentage of recording time possible. This support includes operational 
supplies, replacement parts, repair service, modifications of existing 
equipment, installation of systems and on-site maintenance, training and 
calibration. A service contract provides technicians to perform the support 
requirements as well as special projects such as on-site noise surveys, site 
preparations, and evaluation and testing of seismological and related 
instrumentation.

The following on-site station maintenance activity was accomplished:

ANMO - Albuquerque, New Mexico - SRO- Four maintenance visits
GUMO - Guam - SRO - One maintenance visit
BCAO - Bangui, Central African Republic - SRO - Two maintenance visits
SNZO - Wellington, New Zealand - SRO - One maintenance visit
TPM - Tepoztlan, Mexico - WWSSN - One maintenance visit

Special Activity:

One Field Engineer was in China full time during this period assisting in 
maintenance and training of CDSN personnel.

One Field Engineer was assigned full time to the IRIS project for testing 
and check-out of new equipment and KS-54000 seismometer.

Seventy-five WWSSN stations have been converted from photographic recording 
to thermal recording. Thirty-six stations are operating with six 
components.

Lightning protection units for the WWSSN heated stylus systems were 
fabricated and mailed to all the stations.
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Results

The Global Seismograph Network continues with a combined total of 107 
WWSSN/SRO/ASRO/DWWSSN stations. The main effort of this project is to 
furnish the types of support at a level needed to keep the GSN at the 
highest percentage of operational .time in order to provide the improved 
geographical coverage with analog and digital data from highly sensitive 
short-period and broadband seismic sensor seismograph systems.
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U.S. Seismic Network 

9920-01899

Marvin A. Carlson
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

U.S. Seismicity. Data from the U.S. Seismic Network (USSN) are used to 
obtain preliminary locations and magnitudes of significant earthquakes 
throughout the United States and the world.

Results

As an operational program, the USSN operated normally throughout the report 
period. Data were recorded continuously in real time at the National Earth­ 
quake Information Center's (NEIC) main office in Golden, Colorado. At the 
present time, 100 channels of SFZ data are being recorded at Golden on 
develocorder film. This includes data telemetered to Golden via satellite 
from both the Alaska Tsunami Warning Center, Palmer, Alaska, and the Pacific 
Tsunami Warning Center, Ewa Beach, Hawaii. A representative number of SPZ 
channels are also recorded on Helicorders to give NEIC real-time monitoring 
capability of the more active seismic areas of the United States. In addi­ 
tion, 15 channels of LPZ data are recorded in real time on multiple pen 
Helicorders.

Data from the USSN are interpreted by record analysts and the seismic read­ 
ings are entered into the NEIS data base. The data are also used by NEIS 
standby personnel to monitor seismic activity in the United States and world 
wide on a real time basis. Additionally, the data are used to support the 
Alaska Tsunami Warning Center and the Pacific Tsunami Warning Service. At 
the present time, all earthquakes large enough to be recorded on several 
stations are worked up using the "Quick Quake" program to obtain a provi­ 
sional solution as rapidly as possible. Finally, the data are used in such 
NEIS publications as the "Preliminary Determination of Epicenters" and the 
"Earthquake Data Report."

Development is continuing on an Event Detect and Earthquake Location System 
to process data generated by the USSN. We expect the new system to be ready 
for routine operational use during 1989. At that time, the use of develo- 
corders for data storage will be discontinued. Say Buland and David Ketchum 
have been doing the developmental programming for the new system. A Micro 
Vax III will be used as the primary computer of the Event Detect and Earth­ 
quake Location System.

573



IV. 1

Six stations of a pilot VSAT Network have been installed. Four of the 
stations are the former RSTN sites at McMinnville, Tennessee, St. Regis 
Falls, New York, and Black Hills, South Dakota, and Red Lake, Ontario, which 
are now operated by the Branch of Global Seismology and Geomagnetism. The 
sixth site is the first prototype National Seismic Network Station at Bergen 
Park, Colorado, and the fifth site is the former AFTAC Array near Boulder, 
Wyoming. The data is transmitted via satellite to a shared Master Earth 
Station and on to the NEIC at Golden, Colorado, via AT&T long lines.
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Earth Structure and its Effects upon Seismic Wave Propagation

9920-01736

George L. Choy
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

!  Effects of Earth structure on source parameters. We are implementing 
techniques of analyzing broadband data into NEIS operations. The NEIS now 
uses broadband data to routinely compute parameters such as depth from 
differential arrival times and radiated energy. However, the accuracy of 
source parameters extracted from digitally recorded data depends on the 
correct application of propagation corrections to waveforms.

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 associ­ 
ated with complications near a cusp or caustic, their arrival times can not 
be accurately read without special consideration of the effects of propaga­ 
tion 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 scatter­ 
ing 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. The frequency- 
dependent Q model of Choy and Cormier (1987) has been crucial to the practi­ 
cal implementation of some algorithms that are used to compute source para­ 
meters. It was incorporated into a semi-automated version of the algorithm 
of Boatwright and Choy (1986) for use by the NEIC in computing radiated 
energies of earthquakes with m^ > 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.
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2. Use of differential travel-time anomalies to infer lateral heterogen­ 
eity* We have developed a source-deconvolution technique that resolves dif­ 
ferential travel times of body waves near cusps and caustics* Application 
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. We are 
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.

Reports

Boatwright, J., and Choy, G. L., 1989, Acceleration spectra for subduction 
zone earthquakes: Journal of Geophysical Research (submitted).

Choy, G. L., 1989, Global digital seismic data Interpretation of the
earthquake mechanism from broadband data: Proceedings of the Pacific 
Rim Congress 90, Gold Coast, Australia (in press).

Choy, G. L., and Boatwright, J., 1988, Teleseismic and near-field analysis 
of the Nahanni earthquakes in the Northwest Territories, Canada: 
Bulletin of the Seismological Society of America, v. 78, 1627-1652.

Choy, G. L., and Presgrave, B. W., 1989, Broadband seismogram analysis 
A. Deep earthquake of Honshu, Japan of 7 September 1988 and B. Nepal- 
India border region earthquake of 20 August 1988: U.S. Geological 
Survey Open-File Report 89-207 (in press).
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Systems Engineering 

9920-01262

Harold E. Clark, Jr. 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory

Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

Engineering development and support of the China Digital Seismograph Network 
(CDSN) System 12 and CDSN satellite telemetry design.

Results

CDSN System Number 12 was checked out and tested for add-on of RS-232 
telemetry capability which will allow CDSN stations to transmit all recorded 
seismic data over modem telephone systems or satellite systems. One 
additional microprocessor board is required when used in the telemetry mode. 
The station magnetic tape recording has the option of being turned off or 
remain recording.

All ASL Systems Engineering personnel have been transferred or retired, so 
this group is no longer an operational section.
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Reanalysis of Instrumentally Recorded United States Earthquakes

9920-01901

J. W. Dewey
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Relocate instrumentally recorded U.S. earthquakes using the method of 
joint hypocenter determination (JHD) or the master event method, using sub­ 
sidiary phases (Pg, S, Lg) in addition to first arriving P-waves, using 
regional travel-time tables, and expressing the uncertainty of the computed 
hypocenters in terms of confidence ellipsoids on the hypocentral coordin­ 
ates.

2. Evaluate the implications of the revised hypocenters on regional 
tectonics and seismic risk.

Results

J. W. Dewey has done a study of elongate earthquake zones of the northern 
Rocky mountains. These are belts of earthquake epicenters, approximately 
100 km long, subparallel to nearby mountain ranges, and approximately per­ 
pendicular to the local axes of maximum tensional stress. The four zones 
studied in the northern Rockies are shown in Figure 1 and are here called 
the Hebgen Lake, Borah Peak, White Cloud Peaks, and Flathead Lake zones. 
Although the dimensions and orientations of these zones suggest that they 
might be due to slip on major normal faults, none of these zones coincides 
throughout its length with a single, mapped, upper-crustal fault. The first 
question that might be asked about the zones is: do they mark times and 
locations of concentrated, nonelastic, deformation affecting the entire 
thickness of the crust, or are they due to superficial processes or to 
chance alignments of epicenters that are not mechanically related? If they 
do correspond to concentrated, nonelastic, deformation of the entire crust, 
a second question follows: do the zones mark throughgoing faults and 
systems of faults, or are they due to brittle fracture on faults of diverse 
orientation overlying a ductilely deforming lower crust?

The Hebgen Lake and Borah Peak zones are clearly due in part to major 
crustal deformation, but it is not clear if the entire zones overlie con­ 
centrated, nonelastic, deformation. Furthermore, postulating that the 
entire zones correspond to throughgoing fault-systems would require that 
these fault zones in some place underlie surface or mountain ranges that 
have much different trends than the trends of the zones of epicenters. Both 
zones have subsections that coincide with the surface fault-ruptures
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associated with major earthquakes (the Hebgen Lake earthquake of 1959 and 
the Borah Peak earthquake of 1983). Each zone of epicenters extends far 
beyond the coseismic surface-traces.

Most of the Hebgen Lake zone was active within a day of the 1959 main shock, 
which is consistent with the hypothesis that the zone is a fuzzy map of the 
region of significant nonelastic deformation in the main shock. If the 
Hebgen Lake zone corresponds to a single throughgoing fault system, it would 
appear, on the basis of focal mechanisms and geodetically measured deforma­ 
tion reported in the publications of other workers, that the zone comprises 
NW- to WNW-striking normal-fault segments, connected by NE- or ENE-striking 
dextral shear zones. This postulated fault system would, however, trend at 
a high angle to recent, geologically mapped, N-striking normal faults at 
several locations in the region of the epicenters.

In contrast to the Hebgen Lake zone, the Borah Peak zone did not develop to 
its full length until months after the Borah Peak mainshock; aftershocks in 
first 10 days following the mainshock only defined the southern half of the 
zone. The overall Borah Peak zone is therefore probably much larger than 
the zone of significant nonelastic crustal deformation associated with the 
main shock; this conclusion is consistent with inversions of geodetic data 
by other workers. Most of the Borah Peak zone, including 20 km that lies 
north of the region of geodetically measurable subsurface fault-slip, is 
spatially associated with the Lost River fault. At its northern end, how­ 
ever, the zone extends beyond the terminus of the mapped Lost River fault, 
and beneath the northeast-trending crest of the Salmon River mountains.

The chief basis for proposing that the White Cloud Peaks and Flathead Lake 
zones might mark sites of concentrated, nonelastic, crustal deformation is 
that the zones have an orientation that would be expected of major normal 
faults in their regions. In addition, the spatial similarity of the White 
Cloud Peaks zone (defined primarily by shocks occurring in the 1960*s) to 
the Borah Peak zone (defined by earthquakes occurring in 1983 and later) 
suggests a mechanical linkage between the two zones; if the Borah Peak zone 
reflects concentrated crustal deformation, so might the White Cloud Peaks 
zone. But some characteristics of the White Cloud Peaks and Flathead Lakes 
seismicity argue against these shocks occurring in response to major non- 
elastic deformation affecting the entire thickness of the crust. The shocks 
in each zone are not particularly large; none exceeded magnitude 5. The 
White Cloud Peaks and Flathead Lake zones developed episodically over 
periods of about five years. Activity in any one episode (several weeks to 
several months in duration) was concentrated on small segments of the over­ 
all zones. These characteristics of the White Cloud Peaks and Flathead Lake 
seismicity are similar to characteristics of seismicity caused by super­ 
ficial processes, such as changes of upper crustal pore-fluid pressure 
caused by reservoir loading and may imply that the two zones also reflect 
superficial processes.
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Reports

Dewey, J. W., 1988, Elongate earthquake zones in the northern Rockies
[abs.]: Geological Society of America Abstracts with Programs, v. 10,
no* 7, p. A13. 

Dewey, J* W., 1988, Earthquakes in the contiguous western United States:
GAEA, Association for Women Geoscientists, v. XI, no. 5, p. 3. 

Dewey, J. W., 1988, Midplate seismicity exterior to former rift-basins:
Seismological Research Letters, v. 59, p. 213-218. 

Dewey, J. W., and Suarez, G., Seismicity of Middle America, in Slemmons,
D. B., Engdahl, E. R., Blackwell, D., and Schwartz, D., eds.,
Neotectonics of North America: Boulder, Colorado, The Geological
Society of America, CSMV-1, 30 typed pages and 6 figures (in press). 

Gordon, D. W., 1988, Contemporary seismicity of the Rocky Mountain Foreland
in Wyoming [abs.]: Geological Society of America Abstracts with
Programs, v. 10, no. 7, p. A13-A14. 

Gordon, D. W., 1988, Revised instrumental hypocenters and correlation of
earthquake locations and tectonics In the central United States: U.S.
Geological Survey Professional Paper 1364, 69 p. 

Gordon, D. W., 1989, Historic seismicity and basement tectonics in the
northern Great Plains, USA [abs.]: Seismological Research Letters,
v. 60, p. 13.
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Figure 1. Well-located, regionally or teleseismically recorded, earthquakes 
of the northern Rockies. Epicenters have been computed by the method of 
joint hypocenter determination; they are estimated to be accurate to 10 
km at a 90 percent level of confidence. Elongate zones are abbreviated 
as follows: "HL" - Hebgen Lake; "BP" - Borah Peak; "WCP" - White Cloud 
Peaks; "FL" - Flathead Lake.

581



IV. 1

Global Seismology 

9920-03684

E. R. Engdahl
and

J. W. Dewey
Branch of Global Seismology and Geomagnetis>n

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Depth Phases. Develop procedures for the global analyses of earthquake 
depth phases and source characteristics using broadband seismograms of body 
waves.

2. Earthquake Location in Island Arcs. Develop practical methods to accur­ 
ately locate earthquakes in island arcs.

3. Subduction Zone Structure. Develop techniques to invert seismic travel 
times simultaneously for earthquake locations and subduction zone structure.

4. Global Synthesis. Synthesize recent observational results on the seis- 
micity of the earth and analyze this seismicity in light of current models 
of global tectonic processes.

Results

1. Depth Phases. Nothing new to report.

2. Earthquake Location in Island Arcs. E. R. Engdahl has completed a paper 
with S. Billington and C. Kisslinger (both at CIRES, University of Colorado) 
on teleseismically recorded seismicity before and after a large earthquake 
in the central Aleutian Islands, Alaska. The May 7, 1986, Andreanof Islands 
earthquake (MW 8.0) is the largest event to have occurred in this part of 
the Aleutian Arc since the March 9, 1957, Aleutian Islands earthquake (M^ 
8.6). Teleseismically well-recorded earthquakes in the region of the 1986 
earthquake are relocated with a plate model and with careful attention to 
the focal depths. The data set is nearly complete down to m, 4.7 between 
longitudes 172°W. and 179°W. for the period 1964 through April 1987, and 
provides a detailed description of the space-time history of moderate-size 
earthquakes in the region for that period. Additional insight is provided 
by source parameters which have been systematically determined for M > 5 
earthquakes that occurred in the region since 1977 and by a modeling study 
of the spatial distribution of moment release on the mainshock fault plane.

A tectonically significant component of oblique convergence in the central 
Aleutian arc results in its breakup into clockwise-rotating and westward
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translating blocks. The western part of the Andreanof block is distinct 
from stronger than flanking regions. The greater strength of this block 
segment and strong coupling along the main thrust zone results in the 
accumulation of high levels of shear stress, which give rise to great 
earthquakes near its eastern boundary. The occurrence of the 1986 rupture 
only 29 years after the 1957 earthquake may indicate that in the central 
Aleutians M 7+ earthquakes ordinarily do represent the predominant mode of 
strain release.

Segmentation of the main thrust zone into upper and lower planes is 
supported by spatial and temporal patterns of seismicity and by focal 
mechanism data. This and other lines of evidence indicate a downdip 
increase in fault strength and possibly heterogeneity within the main thrust 
zone in subduction zone environments.

Aftershocks of the 1986 earthquake were bounded to the west by the Andreanof 
block boundary (Adak Canyon) and to the east by an aseismic segment of the 
main thrust zone near the subducted extension of the Amlia fracture zone. 
The aftershock distribution was bounded to the south by a forearc shear zone 
and to the north by the base of the main thrust zone in the Hawley Ridge 
segment and by the downdip edge of the upper plane of the main thrust zone 
in the eastern segment. Aftershocks which occurred near the volcanic line 
at shallow crustal depths in the upper plate triggered by the mainshock and 
manifest a partial decoupling of oblique slip in this region along a west- 
striking right-lateral fault with low shear strength.

Aftershock clustering along the main thrust zone was very similar to the 
distribution of prior seismicity, suggesting a continuation of long-term 
processes and the existence of areas with distinct mechanical properties. 
Interconnecting regions of low seismicity during both the pre-mainshock and 
aftershock periods coincided with areas of major moment release during the 
mainshock. Seismicity data prior to the 1986 mainshock gave few clues about 
the location of the mainshock nucleation point, the mainshock size, and its 
time of occurrence. However, a large part of the mainshock moment release 
coincided with a zone of seismic quiescence monitored by the Adak local 
seismograph network.

3. Subduction Zone Structure. E. R. Engdahl has completed a paper with G. 
Ekstrom (at the Lamont-Doherty Geological Observatory of Columbia 
University) on stress release in the central Aleutian Islands, Alaska. 
Source parameters have been systematically determined for all earthquakes 
Mw >^ that occurred between 172°W. and 179°W. longitude in the Adak Island 
region of the central Aleutian Islands during 1977-March 1987. We relocate 
the events using a plate model developed for the region and use two alter­ 
native methods of depth determination. The first method uses arrival times 
of direct and prominent reflected phases, primarily pwP. The second method 
uses broad-band P-wave displacement seismograms in an inversion for source 
depth. The analysis of these events provides a well-constrained data set 
for the study of stress release along an active subduction zone. Three 
earthquakes, which occurred seaward of the trench axis, are located just 
below the crust-mantle interface and show extension nearly perpendicular to 
the trench axis. Seven events occurred in the Wadati-Benioff zone. Sixty- 

583



IV. 1

four events are located in the main thrust zone, and, except for five 
unusual events, are characterized by thrust mechanisms with one nodal plane 
dipping north at a shallow angle. In cross section, the thrust zone appears 
as a thin (10-15 km thickness) interplate region which extends from 15 to 50 
km depth. A 10-15° average discrepancy between observed slip vector 
azimuths and the predicted relative motion orientation between the Pacific 
and North American plates exists for these events. The observed slip 
vectors are oriented more normal to the trench than is predicted by plate 
motions. Five earthquakes, which occurred as aftershocks to the May 7, 
1986, earthquake (^ = 8.0) in the crust of the overriding plate have 
strike-slip mechanisms consistent with right-lateral motion on arc-parallel 
fault planes. Observations of slip vectors along the whole Aleutian Arc 
show a similar trend to that observed in the Adak Island region. The 
largest differences (~30°) between observed and predicted slip azimuths 
occur around 175°E. We propose a model of plate interaction in which a 
portion of the along-arc motion occurs along a weak strike-slip shear zone 
in the upper plate, near the volcanic line. The slip azimuths in the main 
thrust zone fit this model well, if the amount of transcurrent slip 
occurring in the upper plate is ~60 percent of the arc-parallel relative 
plate motion. A consequence of the model is along-arc extension of the 
overriding plate between the accretionary wedge and the volcanic line, 
especially in the western part of the Aleutian Arc. Calculations based on a 
tectonic model by Geist et al. (1988) for the formation of arc summit basins 
through block rotation and translation, suggest that along-arc extension has 
been significant since late Miocene or early Pliocene.

4. Global Synthesis. J. W. Dewey has completed a paper with S. Y. Schwartz 
and T. Lay (both at the University of Michigan) on the seismic behavior of 
the southern Kuriles arc. Maps showing sites of maximum seismic moment 
release for the great underthrusting earthquakes of 1958, 1963, 1969, and 
1973 provide a first-order image of the major asperities. Hypocenters of 
these and an additional 83 smaller earthquakes with m, >_ 5.3 and known 
underthrusting mechanisms were recomputed using the method of joint hypo- 
center determination in order to better assess the influence that the 
strength distribution exerts on the interplate seismicity patterns. Nearly 
all of the smaller magnitude earthquakes locate outside of the principal 
asperities of the great earthquakes. This observation is consistent with 
substantial release of accumulated strain energy in asperity regions during 
the great earthquakes and a redistribution of stress in adjacent areas 
following their rupture. An along^dip, depth^dependent component of stress 
heterogeneity appears to influence the seismicity patterns. The asperities 
of the 1958 and 1973 great earthquakes and hypocenters of most of the M > 7 
earthquakes occur near the downdip edge of the 100-km wide seismically 
active plate interface. This would be expected if shear resistance of the 
interface increases monotonically with lithostatic pressure up to the 
brittle^ductile or stick slip-stable slip transition that defines the base 
of the seismogenic zone. The asperities of the 1963 and 1969 earthquakes, 
however, appear to be located well above the downdip edge of the coupled 
plate interface. The occurrence of large asperities at mid-depth ranges of 
the seismogenic interface suggests the influence of along^dip changes in 
other parameters, besides lithostatic pressure, that control shear resis­ 
tance. Along-strike segmentation of the Kurile Islands thrust zone may be a
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consequence of along-strike alternation in the location of the largest 
asperities between the deep interface and the mid-interface.

Reports

Ekstrom, G., and Engdahl, E. R., 1989, Earthquake source parameters and 
stress distribution in the Adak Island region of the central Aleutian 
Islands, Alaska: Journal of Geophysical Research (in press).

Engdahl, E. R., Billington, S., and Kisslinger, C., 1988, Teleseismically 
recorded seismicity before and after the May 7, 1986, Andreanof Islands, 
Alaska, earthquake: Journal of Geophysical Research (submitted).

Schwartz, S. Y., Dewey, J. W., and Lay, T., 1989, Influence of fault plane 
heterogeneity on the seismic behavior in the southern Kurile Islands 
arc: Journal of Geophysical Research (in press).
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Probabilistic Earthquake Assessment 

9920-01506

Stuart P. Nishenko
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1500

Investigations

1. Continued probabilistic evaluation of large and great earthquake hazards 
associated with seismic gaps in the circum-Pacific region.

2. Improvement of methodology for calculating probabilistic earthquake 
hazard evaluations.

Results

1. Regional investigations of large and great earthquake hazards for the 
Queen Charlotte-Alaska-Aleutian, southwest Pacific, and Peruvian seismic 
zones have been conducted by Nishenko and Jacob (1989), McCann and Nishenko 
(1989), and Beck and Nishenko (1989) and are either in press or in prepara­ 
tion at this time. Both a report and map, which describe the seismic 
potential for 119 seismic gaps around the circum-Pacific region during the 
time intervals 1989-1999 and 1989-2009, have been prepared (Nishenko, 1989a, 
b). This report represents the first probabilistic comparison of seismic 
hazards on this scale, and updates earlier work on seismic gaps by McCann et 
al. (1979) by explicitly including information about earthquake repeat times 
to describe large and great earthquake hazards along simple plate boundar­ 
ies. The probabilistic framework provides a common base for comparing 
seismic hazards and ranking seismic gaps according to their probability (or 
likelihood) to rerupture with in the next 10 and 20 years. Table 1 is a 
ranked list of those seismic gaps with greater than a 50 percent probability 
for rerupture in the next 20 years. The number of gaps in this list (30) 
covers about 25 percent of the total number of gaps studied.

2. The "generic" characteristic earthquake recurrence model of Nishenko and 
Buland (1987) has been extended in Buland and Nishenko (1989) to provide a 
marginal distribution for recurrence intervals which is independent of the 
uncertainty in the median recurrence interval. This permits the estimation 
of a single, preferred value for the conditional earthquake forecast 
probability. This marginal distribution also allows utilization of the 
additional information that the expected event has not yet occurred to 
update both the conditional probability and expected date of the next event.
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Table 1. Top Seismic Gaps
Gaps with >_ 50 Percent Conditional Probability for 

Recurrence During 1989-2009

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

Location

Parkfield, California
Vankolo Is., Vanuatu
Delarof Is., Aleutians
Nicoya, Costa Rica
Jama , Ecuador
E. New Britain, New Guinea
S. Santo Is, Vanuatu
N. Bougainville, New Guinea
Central Tonga
W. New Britain, New Guinea
Santa Cruz, Vanuatu
Loyalty Is., Vanuatu
SE Guatemala
Shumagin Is., Alaska
Ome tepee, Mexico
C. Oaxaca, Mexico
Guadacanal, Solomons
San Cristobal, Solomons
E. Oaxaca, Mexico
Unimak Is., Alaska
Fox Is., Aleutians
Colima, Mexico
West Oaxaca, Mexico
Kamchatsky Pen., U.S.S.R.
S. Valparaiso, Chile
Papagayo, Costa Rica
Tokai, Japan
Urup Is. , Kuril es
C. Guerrero, Mexico
C. Guatemala

Magnitude

m, 6.0
M 7.5
Mg 7.5
M,, 7.4
M 7 7do / . /

Mg 8.0
Mg 7.1
MS 8.0
MS 8.0
MS 8.0
Mq 8.1

Mg 7.2
mb 7.5
M 7.7
Ms 7.3
MQ 7.8
^7.5
Mg 8.0
Ms 7.8
Mg 7.4
Ms 7.4
MS 7.5
MS 7.4
MS 7.5
Ms 7.5
M 7.5
Mg 8.0
Mg 8.5
Mq 7.8

Mg 7.9

Last Event

1966
1980
1957
1978
1942
1971
1971
1971
1948
1945
1966
1980
1915
1917
1950
1928
1988
1931
1965
1946
1957
1973
1968
1971
1906
1916
1854
1963

1899-1911
1942

Probability

>99%
99%
(98%)
93%
(90%)
92%
91%
90%
84%

(84%)
82%
80%
79%
75%
74%

(72%)
71%

(71%)
70%

(67%)
(67%)
66%
64%
61%
59%

(55%)
(53%)
(52%)
(52%)
50%

Probability values in parentheses reflect less reliable estimates
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Global Seismograph Network Evaluation and Development

9920-02384

Jon Peterson 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey 
Albuquerque Seismological Laboratory
Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115-5000

(505) 844-4637

Investigations

Continued activities to evaluate performance of the Global Seismograph 
Network (GSN) and to develop Digital Seismograph Network (CDSN). Long- 
period digital data from the GDSN were evaluated to determine the current 
status of the network and develop more effective means of data quality 
control, and also for the purpose of refining Earth noise models. Continued 
planning for implementation of the joint USGS/IRIS program to upgrade the 
GSN with deployment of broadband instrumentation. Participated in planning 
for deployment of GSN stations in the Soviet Union and made site visits to 
U.S.S.R. observatories at Obninsk and Garni.

Results

The most effective means of station data quality control at the ASL Data 
Collection Center continues to be periodic scanning of 24-hour seismograms 
generated from the digital data. Automatic generation of 24-hour plots from 
each station every t to 10 days will soon be implemented as the primary 
procedure for reviewing station data. The current procedure is to scan 
random short segments of data.

The drafting of a joint IRIS/USGS Technical Plan for a New Global Seismo- 
graphic Network was completed at the beginning of the reporting period. It 
documents implementation plans for instrumentation, station siting, deploy­ 
ment, operation and maintenance, data collection, data management, organiza­ 
tional responsibilities, and budget and has been under review by IRIS for 
the past 6 months.
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Digital Data Analysis 

9920-01788

Stuart A. Sipkin
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Moment Tensor Inversion. Apply methods for inverting body phase 
waveforms 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. Significant Historic Earthquakes. Study the effects of large historic 
earthquakes at subduction boundaries to infer the characteristics of 
interplate thrust faulting.

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. Broadband Body-Wave Studies. Use broadband body phases to study lateral 
heterogeneity, attenuation, and scattering in the crust and mantle.

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 paper listing the moment-tensor solutions 
for 426 moderate-to-large size earthquakes occurring from 1984 through 1987 
xS in press. A study of the 24 November 1987 Superstition Hills earthquake 
and its largest foreshock has been completed and is in press. We find that 
the foreshock had a depth of 8 km, a scalar moment of 2.3X10 18 Nm (Mw 6.2) 
and a best double-couple mechanism of strike 217°, dip 79°, rake 4° with a 
non-double-couple component of 4 percent. The mainshock was a complex 
event, consisting of at least two sub-events, with a combined scalar moment 
of 1.0X10 19 Nm (M 6.6), a depth of 10 km, and a mechanism of strike 303°, 
dip 89°, rake -180°.
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2. Other Source Parameter Studies* A paper describing the joint inversion 
of teleseismic P waveforms and strong-motion velocity records of the 1985 
Michoacan, Mexico, earthquake has been submitted for publication. The 
results of the inversion procedure, which define the distribution of fault 
slip during the earthquake, indicate that two major shallow sources, and a 
third smaller more downdip source, were responsible for the observed near- 
source and teleseismic records. This pattern is consistent with the 
hypothesis that asperity regions of high stress and/or strength dictate the 
rupture characteristics of large earthquakes.

3. Aftershock Source Properties. Work is continuing on the comparison of 
aftershock locations with distribution of fault slip derived from observed 
waveform data, especially for interplate thrust events. One such compari­ 
son, conducted for the Michoacan, Mexico, earthquake, suggests that 
subduction-zone thrust earthquake sequences may behave similarly to normal- 
interplate and intraplate events. That is, aftershock activity tends to 
occur mainly outside of, or near the edges of, the mainshock source regions.

4. Significant Historic Earthquakes. A study of the intensities and damage 
observed during the large 7 September 1882 earthquake in northern Panama 
suggests that it was a major (M J>_ 7) underthrusting earthquake occurring at 
or near the boundary between the Panama "block" and the Caribbean plate. 
This study has been submitted for publication.

5. Earthquake Recurrence Statistics. A paper has been submitted for 
publication in which the "generic," characteristic earthquake, recurrence 
interval, probability density function model has been extended to provide a 
marginal distribution for recurrence intervals which is independent of the 
uncertainty in the median recurrence interval. This permits the estimation 
of a single preferred value for the conditional earthquake forecast 
probability. New estimates of the seismic potential in the circum-Pacific 
region have been completed and a new determination of the seismic potential 
of the Queen Charlotte-Alaska-Aleutian seismic zone is in press.

6. Broadband Body-Wave Studies. A data set of relatively broadband shear- 
wave data is being assembled for the purpose of studying deep discontinu­ 
ities in the Earth. Another data set of is being assembled for the purpose 
of identifying near-receiver scattering of seismic waves. Software for both 
studies is being developed.

7. NEIC Monthly Listing. Since January 1981, first-motion fault-plane 
solutions 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 66 events have been published. A catalog 
of first-motion focal mechanisms for 1986-1987 has been completed. An atlas 
of European seismicity is in preparation. Special maps showing the seismic- 
ity of India, Pakestan, and Bangladesh have been made for the Office of 
Earthquakes, Volcanos, and Engineering.
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Seismicity and Tectonics 

9920-01206

William Spence
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

Studies carried out under this project focus on detailed investigations of 
large earthquakes, aftershock series, tectonic problems, and Earth struc­ 
ture. Studies in progress have the following objectives:

1. Determine the maximum depth and degree of velocity anomaly beneath the 
Rio Grande Rift and Jemez Lineament by use of a 3-D, seismic ray-tracing 
methodology (W. Spence and R. S. Gross).

2. Explore the consequences of the slab pull force acting at the zone of 
plate bending that is downdip of the lower end of an interface thrust zone 
(W. Spence and W. Z. Savage).

3. Develop a tectonic model for the Carpathian arc, Romania (G. Purcaru and 
W. Spence).

Results

1. The Jemez lineament is the most active volcanic feature in the 
southwestern United States. It is the southeastern tectonic boundary of the 
Colorado Plateau, it extends about 800 km from the Raton-Clayton volcanic 
field in northeast NM to the San Carlos volcanic field in AZ, and it crosses 
the Rio Grande rift at the Jemez Mountains. The lateral variations in P- 
wave velocity in the upper mantle beneath the central Jemez lineament and 
the central Rio Grande rift were investigated using teleseismic P-wave 
delays measured at a 23-station seismic network. The inversion used a 
method of damped, least-squares and velocity interpolations within a three- 
dimensional grid of points, rather than using blocks of fixed P-wave 
velocity. To a depth of about 160 km, the upper mantle P-wave velocity 
beneath the Rio Grande rift and Jemez lineament is 4-6 percent lower than 
beneath the High Plains Province. While lateral variations showing low P- 
wave velocity in the upper mantle beneath the Rio Grande rift were not 
resolvable, the inversion shows a primary trend of 1-2 percent lower P-wave 
velocity underlying the Jemez lineament, at the depth interval of about 50- 
160 km. This result extends at least from Mt. Taylor through the Jemez 
volcanic center and through the Rio Grande rift. Three independent 
calculations of resolution indicate that these results are well-resolved. 
The most likely interpretation is that there are additional concentrations 
of partial melt in the upper mantle beneath the Jemez lineament but not
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beneath the Rio Grande rift. This interpretation is consistent with the 
much greater volume of volcanism during the last 4.5 m.y. originating with 
Jemez lineament than originating with the Rio Grande rift. This result 
implies that the present volcanic potential of the Jemez lineament greatly 
exceeds that of the Rio Grande rift.

2. Interface thrust zones typically have dips in the range 8-15°, whereas 
lithospheres that are subducted into the mantle typically have dips in the 
range 40-70°, giving an average dip increase in the mantle of about 45°. 
These dip increases often occur within 40-60 km of plate length. These 
zones of sharp dip increases (slab bends) have not been given much attention 
because generally they lack large earthquakes. This is in sharp contrast to 
the well-studied zones of bending beneath oceanic trenches where there are 
frequent normal-faulting earthquakes. It has been noted by Ruff and 
Kanaraori (1983) that great, interface thrust earthquakes terminate their 
downdip ruptures at the updip part of mantle slab bends. Spence (1987) 
showed that the slab pull force is the primary force that causes shallow, 
subduction earthquakes. Spence also interpreted the mantle slab bends as a 
pivot for the summed slab pull force of the more deeply subducted plate. In 
this study, we model the stress distribution in the mantle slab bend, acting 
under a slab pull load. We find that the observed lack of earthquakes in 
the mantle slab bend is due to ductility there. However, the strength of 
the work-hardened ductile portion of the slab bend is more than sufficient 
to transmit the slab pull load into the shallow subduction zone.

3. In the Vrancea region of the southeastern Carpathian arc, earthquakes 
extend to depths of 200 km, and have magnitudes as great as 7.5. Although 
tectonic reconstructions for this concave-westward arc are not definitive, 
especially for pre-Miocene time, we know that westward subduction at the 
Carpathian trench has terminated from northwest to southeast. Oceanic 
lithosphere is completely subducted and continental lithosphere is at the 
arc. Seismicity is most pronounced at the southeastern corner of the arc. 
Based on a variety of evidence, we propose a new tectonic model with a 
continuous subducted lithosphere, in which: (1) above 40 km depth the 
subducted lithosphere has a shallow dip; (2) between 40 and 70 km depth the 
dip of subducted plate steepens to near vertical; (3) the bending of the 
subducted plate is mostly aseismic; (4) the nig 7.5 earthquakes at depths of 
100-160 km result from downdip plate extension; (5) this extension results 
from the sinking of plate at depths of 100-160 and deeper; (6) stresses due 
to the sinking of deeply-subducted plate are communicated updip past the 
zone of plate bending into the shallow-dipping part of the plate; and (7) 
stresses in the shallow-dipping plate are communicated to the overriding 
plate and lead to broad regional deformation there.

Reports

Purcaru, G., and Spence, W., 1988, Intermediate- and shallow-depth
deformation at the SE Carpathian arc, Romania, due to sinking of a 
continuous tectonic plate [abs.]: EOS (American Geophysical Union, 
Transactions), v. 69, p. 1316.
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United States Earthquakes 

9920-01222

Carl W. Stover
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Denver Federal Center

Box 25046, Mail Stop 967
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(303) 236-1500

Investigations

Two hundred earthquakes in the United States and Puerto Rico, and one in 
eastern Canada were canvassed by a mail questionnaire for felt and damage 
data. Ninety one of these earthquakes occurred in California and 40 in 
Alaska. The only earthquakes causing damage in the United States were 
located in Canada, California, and New Hampshire. Hypocenters for United 
States earthquakes for the period October 1, 1988 to April 30, 1989, have 
been computed and published in the Preliminary Determination of Epicenters 
(PDE). Compilation is continuing on a history of earthquakes in the 50 
states. The publication has been given the tentative title "Principal 
earthquakes in the United States, 1568-1985.

Results

A preliminary maximum intensity of VI has been given to the four damaging 
earthquakes located in the United States. These were the October 20, 1988, 
New Hampshire event located at 44.539°N., 71.158°W., 13 09 50.1 UTC, 
magnitude 3.9 m, (GS); the December 3, 1988, California event at 34.142°N., 
118.160°W., 11 38 25.0 UTC, magnitude 4.6 mfe (GS), 5.0 M, (PAS), 5.0M, 
(BRK); the April 3, 1989, California event at 37.422°N., 121.795°W., 17 46 
34.6 UTC, magnitude 4.5 mfe (GS), 4.7 m^ (BRK); and the April 7, 1989, 
California event with a preliminary location of 33.6°N., 117.9°W., 20 07 
28.1 UTC, magnitude 4.6 m^ (GS). The damage from these earthquakes 
consisted mostly of broken windows and cracked plaster.

U.S. Geological Survey Bulletin 1862 (United States Earthquakes, 1984) has 
been printed and is available from Books and Open-File Reports, Federal 
Center, Box 25425, Denver, CO 80225.

The new publication "Principal earthquakes in the United States, 1568-1985," 
currently being compiled, is about 70 percent completed. It will contain 
data for all 50 states including hypocenter lists, magnitudes, intensities, 
isoseismal maps, photographs of damage, and descriptions of the damage for 
intensity VI or higher earthquakes. Events listed for most of the states 
will be limited to magnitude 4.5 or larger or intensity VI and higher.

The Earthquake Data Base System has been updated through the current PDE and 
through October 1988, Monthly Listing. Data is available on paper, tape, or 
floppy disk. Contact Glen Reagor at (303) 236-1500 for details.
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Data Processing Section 

9920-02271

John Hoffman 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory

Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

1. IRIS/USGS Data Collection Center. The Incorporated Research 
Institutions for Seismology (IRIS) have designated the Albuquerque 
Seismological Laboratory (ASL) to be the data collection center (DCC) for a 
new global network of digitally recording seismograph stations. A new 
computer system has been installed, a new data format has been developed and 
new code is being written to process the data.

2. Data Management System for the China Digital Seismograph Network. The 
Data Management System located in Beijing is fully operational and is 
producing network-day tapes from data recorded by the China Digital 
Seismograph Network (CDSN).

3. Data Processing for the Global Digital Seismograph Network. All of the 
data received from the Global Digital Seismograph Network (GDSN) and other 
contributing stations is regularly reviewed and checked for quality.

4. Network Volume Program. Data from the GDSN stations are assembled into 
network volumes which are distributed to regional data centers and other 
government agencies.

Results

1. IRIS/USGS Data Collection Center. IRIS is planning to install a network 
of 50 or more digital recording seismograph stations around the world during 
the next several years. All of the data from this network will be forwarded 
to the DCC located at the ASL. As part of this program, IRIS funded much of 
the new hardware required by the DCC to process this large amount of data. 
A new tape format referred to as the Standard for the Exchange of Earthquake 
Data (SEED) was developed at the ASL, was approved by the Federation of 
Broadband Seismograph Networks, and will be used both to record data in the 
field and also to distribute this data in the form of network volumes to 
interested research groups. A detailed report explaining this format has 
been published and is available. An optical/laser jukebox memory system was 
installed in December 1988 and will be used for online storage and also to 
archive the seismic data. Three and one-half years of network-day tapes 
(1980 through % of 1983) has been archived on optical disks. The online 
capacity of this optical jukebox system is approximately 150 gigabytes.
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2. Data Management System for the China Digital Seismograph Network. The 
data processing system in China has been operating without incident during 
the past 6 months. The Chinese are assembling network-day tapes containing 
all of the data from the CDSN and are using this data for new research 
investigations. Copies of station tapes from five of the CDSN stations are 
regularly forwarded to the ASL for inclusion into the network volume 
program.

3. Data Processing for the Global Digital Seismograph Network. During the 
past 6 months, 726 digital tapes (231 SRO/ASRO, 345 DWWSSN, 106 CDSN, 
44 IRIS-1) from the GDSN and other contributing stations were edited, 
checked for quality, corrected when feasible and archived at the ASL. The 
Global Network is presently comprised of 14 SRO/ASRO stations and 14 DWWSSN 
stations. In addition, there are nine contributing stations which include 
Glen Almond, Canada, the five stations from the CDSN, three IRIS-1 stations. 
The IRIS-1 stations are located at Harvard, Massachusetts; Pasadena, 
California; and Kipapa, Hawaii.

4. Network Volume Program. The network volume program is a continuing 
program which assembles all of the data recorded by the Global Digital 
Seismograph Network plus the various contributing stations for a specific 
calendar day or days onto one magnetic tape. This tapes includes all the 
necessary station parameters, calibration data, transfer functions, and time 
correction information for each station in the network. Copies of these 
tapes are distributed to several university and government research groups 
for detailed analysis. These tapes are assembled approximately 60 days 
after real time in order to provide a sufficient time frame for recording 
the data at the stations and forwarding the magnetic tapes to the ASL. The 
network-day tapes archive at the ASL contains tapes for each day beginning 
January 1, 1980, to the present.
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Data Processing, Golden 

9950-02088

Robert B. Park 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 250U6, 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 11/70, a VAX/750, a VAX/780, a 
MicroVAX, and two PDP 11/3^'s. Total memory is 14 mbytes and disk space is 
approximately 4 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 RSX11 (ll/3Vs), Unix (11/70), 
RT11 (LSI's) and VMS (VAX's).

Results

Computation performed is primarily related to the Hazards program; however, 
work is also done for the Induced Seismicity and Prediction programs as well 
as for DARPA, ACDA, and U.S. Bureau of Reclamation, among others.

The data center supports research in assessing seismic risk and the 
construction of national risk maps. It also provides capability for 
digitizing analog chart recordings and maps as well as analog tape. Also, 
most, if not all, of the research computing related to the hazards program are 
supported by the data center.

The data center also supports equipment for online digital monitoring of 
Nevada and Colorado Western Slope seismicity. Also, it provides capability 
for processing seismic data recorded on field analog and digital cassette tape 
in various formats.
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National Earthquake Information Service 

9920-01194

Waverly J. Person
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1500

Investigations and Results

The Quick Epicenter Determinations (QED) continues to be available to 
individuals and groups having access to a 300-baud terminal with dial-up 
capabilities to a toll-free watts number or a commercial telephone number in 
Golden, Colorado. The time period of data available in the QED is approxi­ 
mately 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 October 1, 1988, through April 30, 1989, we have had approxi­ 
mately 5,000 log-ins. Several communications links have been established on 
computer networks. The QED's are now transmitted on a daily basis to a 
scientific bulletin board operated by Dr. Francis Wu at the State University 
of New York at Binghamton. This bulletin board is accessible worldwide by 
anyone who is connected to BITNET, a university-based computer network. 
Phase data and epicenter computations are now being exchanged on a regular 
basis via DECNET/SPAN between NEIC and the Istituto Nazionale di Geofisica 
(ING) in Rome and the Centre Cultura Scientifica Ettore Majorana (CCSEM) in 
Erice, Sicily, and via BITNET between NEIC and the Universidad Nacional 
Autonoma de Mexico (UNAM). Data exchange via computer network is currently 
being established via TYMNET between NEIC and the Department of Scientific 
and Industrial Research in New Zealand and the Australian Bureau of Mineral 
Resources. All these network links have been established using the GEONET 
gateways at Menlo Park (SPAN), Denver (TYMNET), and Reston (BITNET). New 
communication links have been established: ORPHEUS, Bernard Dost at 
University of Utrecht (transmitting, QED, PDE, and alarm earthquakes); IRIS, 
Steve Malone at University of Washington (alarm earthquakes); the University 
of Bergen, Norway (bulletin). Also, preliminary contacts have been made 
with the University of Chile (Santiago) and with CSEM (Strasbourg, 
France). All of the above communication links are using BITNET.

Telegraphic data are not being received from the USSR on magnitude 6.5 or 
greater earthquakes at the present time. We are still having discussions 
with representatives from the Institute of the Physics of the Earth, trying 
to get data on a routine basis. Rapid data were received from the USSR for 
the December 7, 1988, Armenia earthquake.

Data from the People's Republic of China via the American Embassy continue 
to be received in a very timely manner and in time for the PDE publication. 
We continue to receive four stations on a weekly basis from the State 
Seismological Bureau of the People's Republic of China. The Bulletins with

600



IV.2

additional data are now being received in time for the Monthly. Data are 
now being received from New Zealand by computer. Special efforts are being 
made to receive more data from the Latin American countries on a more timely 
basis. We have rapid data exchange (alarm quakes) with Centre Seismologique 
European-Mediterranean (CSEM), Strasbourg, France, and Institute Nazionale 
de Geofisica, Rome, Italy, and Sicily, and data by telephone from Mundaring 
Geophysical Observatory, Mundaring, Western Australia and Japan Meteorologi­ 
cal Agency (JMA).

The Monthly Listing of Earthquakes is up to date. As of April 30, 1989, the 
Monthly Listing and Earthquake Data Report (EDR) are completed through 
November 1988. A total of 11,294 events was published for 1987. Total 
number of events published through November 1988 was 6,244. Solutions con­ 
tinue to be determined when possible and published in the Monthly Listing 
and EDR for any earthquake having an mb magnitude >_ 5.8. Centroid moment 
tensor solutions from Harvard University continue to be published in the 
Monthly Listing and EDR. Moment tensor solutions are being computed by the 
U.S. Geological Survey and are also published in the above publications. 
Waveform plots are being published for selected events having m, magnitudes 
2_ 5.8. Beginning with the month of October 1985, depths for selected events 
were obtained from broadband displacement seismograms and waveform plots 
published in the Monthly. The first moment tensors were received in time 
for the PDE for earthquakes in April of 1989 from GEOSCOPE, University of 
Paris. Scalar moments arrived from Papeete in time for the PDE.

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.

Sixty-two releases were made from September 15, 1988, through April 30, 
1989. In the United States, the most publicized earthquakes were a 
magnitude 5.9 in southern Quebec, which was felt as far south as Washington, 
D.C.; a magnitude 5.0 in southern California on December 3; and a magnitude 
5.2 in the Malibu-Santa Monica area of California on January 19, 1989. The 
most significant foreign earthquakes were a magnitude 6.8 in Armenia on 
December 7, 1988; a magnitude 7.3 on November 6 on the Burma-China border; a 
magnitude 5.3 in Tajik SSR on January 22, 1989; the largest earthquake ever 
to occur in Malawi, a magnitude 6.2 on March 10; and the rockburst in East 
Germany on March 13, a magnitude 5.4.

Reports

Monthly Listing of Earthquakes and Earthquake Data Reports (EDR); six 
publications from June 1988 through November 1988. Compilers: 
W. Jacobs, L. Kerry, J. Minsch, R. Needham, W. Person, B. Presgrave, 
W. Schmieder.

Person, Waverly J., Seismological Notes: Bulletin of the Seismological
Society of America, v. 78, no. 4, September-October 1987; v. 78, no. 5, 
November-December 1987; v. 78, no. 6, January-February 1988, v. 79, no. 
1, March-April 1988, v. 79, no. 2, May-June 1988.
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Preliminary Determination of Epicenters (PDE); 28 weekly publications from 
October 6, 1988, numbers 37-88 through 13-89. Compilers: W. Jacobs, 
L. Kerry, J. Minsch, R. Needham, W, Person, B. Presgrave, W, Schmieder.

Quick Epicenter Determination (QED) (daily): Distributed only by electronic 
media.

Monthly Listing of Earthquakes v. 59, no. 4, October-December 1987, v. 60, 
no. 1, January-March 1989 (Microfiche): Seismological Research 
Letters, Eastern Section, SSA. Compilers: W. Jacobs, L. Kerry, J. 
Minsch, R. Needham, W. Person, B. Presgrave, W. Schmieder.

Person, Waverly J., "Earthquakes and Volcanoes," v. 19, no. 5, September- 
October 1987; v. 19 no. 6, November-December 1987.
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Seismic Review and Data Services 

9920-01204

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 and Results

Technical review, quality control, and photography were carried out on 385 
station-months of seismograms from the Worldwide Standardized Seismograph 
Network (WWSSN). During the first month of the reporting period, diazo 
negatives for 11 FY-88 standing orders were prepared and shipped by the 
contractor. Nine standing orders for WWSSN FY-89 microfiches have been 
received during this reporting period, along with two standing orders for 
Canadian Standard Network (CSN) films. Special requests for WWSSN, CSN, and 
pre-1963 historical seismogram films have been received at a slightly slower 
rate than during the previous six months.

No additional filmed historical seismograms were received during this 
reporting period. The holdings of the World Data Center A for Seismology 
archives now include silver negative and diazo films of 5,225,000 WWSSN 
seismograms (1962-1989), 830,000 CSN seismograms (1963-1988), and 600,000 
historical seismograms (1899-1962).

Test filming of seismograms from the USGS Network on the Island of Hawaii, 
operated by the Hawaiian Volcano Observatory, were made with our flatbed 
microfiche camera. Filming of smoked paper records was unsuccessful because 
backside illumination was possible. Filming of photographic paper seismo­ 
grams from the network on microfiche was successful, and may prove to be 
more practical than photography with 35 mm roll film.
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Computer and Data Analysis Services 

9920-04151

Madeleine Zirbes
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. NEIC Monthly Listing. Contribute waveform data for all events of 
magnitude 5.8 or greater when sufficient data exists.

2. Network Day Tape Support. Develop, distribute, and support FORTRAN 
programs to access network-day tapes and station tapes.

3. SEED Support. Develop, distribute, and support FORTRAN programs to 
access SEED tapes.

4. Event Tape Production and Distribution. Produce and distribute event 
tapes.

5. Event CD-ROM Production and Distribution. Produce and distribute event 
CD-ROM data.

Results

1. NEIC Monthly Listing. Since July 1982, digital waveform plots have been 
contributed to the Monthly Listings. USGS fault-plane and moment tensor 
solutions, and broadband data have also been incorporated into the focal 
sphere plots.

2. Network Day Tape Support. FORTRAN software to read and extract digital 
data from station tapes (1976-1979) and network-day tapes (1980-1987) has 
been developed and distributed to the research community worldwide. Users 
are supported on a variety of computers.

3. SEED Support. A new Standard for the Exchange of Earthquake Data (SEED) 
has been created and tapes are now being produced and distributed by the 
Albuquerque Seismic Laboratory. FORTRAN software has been developed to read 
and extract the digital data from the SEED tapes, and this software is being 
made available to the research community.

4. Event Tape Production and Distribution. Event tapes have been produced 
from network-day tapes for data from 1980 through 1986 for all events with 
magnitude 5.5 or greater. These tapes are distributed to 25 institutions
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worldwide along with a waveform catalog that provides a visual display of 
the data available for each event*

5. Event CD-ROM Production and Distribution. Data from the event tapes are 
reformatted and sent to a CD-ROM mastering facility for replication. The 
CD-ROMs are being distributed to over 150 universities across the U.S. and 
geophysical research institutes worldwide. Retrieval software, SONIC (C), 
and CDRETRV (FORTRAN) have been developed for the IBM/PC/AT/386 compatibles 
and distributed. It allows easy access to the digital data.

Reports

Zirbes, M., Lishner, J. M., and Moon, B. J., National Earthquake Information 
Center waveform catalog June 1986: U.S. Geological Survey Open-File 
Report 86-6600F.
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General Earthquake Observation System (GEOS) 
General Analysis and Playback Systems (GAPS)

9910-03009

Roger D. Borcherdt and Gary L. Maxwell 
Branch of Engineering Seismology and Geology

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

(415) 329-5619

Investigations

1. Complete development of 100 portable, broad band, high-resolution digital data acquisi­ 
tion systems for use in a wide variety of active and passive seismic expeiimems.

2. Development PC-based micro-computer systems for retrieval, processing, and archival of 
large volumes of GEOS data.

Results

1. The following design modifications for 55 new GEOS systems are in final testing stages:

a.) Expanded data buffer (1 M/sample) design by M. Kennedy.
b.) Extended gain with improved noise for amp/filter board by J. van Schaack and G.

Jensen.
c.) New tape controller for new 16 Mbyte tape cartridges by Phoenix Data, Inc. 
d.) Software drivers for mag tape controller by G. Maxwell, 
e.) Software for RS 232 for use in satellite, radio, and telephone telemetry and data

transfer to field computer by G. Maxwell.
f.) Software for incorporating design modifications, teleseismic trigger, and field 

playback are being pursued by G. Maxwell.

2. Completion of the 55 new GEOS units is expected by July, 1989. Testing of first article is 
in progress.

3. PC-based software packages for field analysis of GEOS data have been completed by E. 
Cranswick, W. Lee, C. Valdez.

4. GEOS maintenance laboratory under direction of J. Sena together with field support of G. 
Sembera and C. Dietel has facilitated the execution of several experiments during the 
report period, including experiments at Parkfield, Anza, South Africa, and Armernia.
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Reports

Borcherdt, R.D., 1988, Recording strong motion-New methods and instrumentation in the U. S.: 
Journal of the International Council on Building Research, v. 16, p. 87-92.

Glassmoyer, G. and Borcherdt, R.D., 1989, 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: submitted to the Bulletin of the Seismological Society of 
America.

Borcherdt, R.D. (editor), 1989, Results and data from seismologic and geologic studies of the 
earthquakes of December 7, 1988 near Spitak, Armenia, U.S.S.R.: U.S. Geological Survey 
Open-File Report 89-163, vols. 1-V, 1958 p.

Borcherdt, R.D., Glassmoyer, G., Der Kiureghian, A., and Cranswick, E., 1989, Effect of site 
conditions on ground motions in Leninakan, Armenia, U.S.S.R. in Borcherdt, R.D. 
(editor), 1989, Results and data from seismologic and geologic studies of the earthquakes 
of December 7, 1988 near Spitak, Armenia, U.S.S.R.: US. Geological Survey Open-File 
Report 89-163A, v. 1,188 p.

Borcherdt, R.D., Simpson, D., Langer, C., Sembera, G., Dietel, C, Cranswick, E., Mueller, C, 
Noce, T., Andrews, M., and Glassmoyer, G., 1989, Seismological investigations (object­ 
ives and field experiemnts), in Borcherdt, R.D. (editor), 1989, Results and data from 
seismologic and geologic studies of the earthquakes of December 7, 1988 near Spitak, 
Armenia, U.S.S.R.: U.S. Geological Survey Open-File Report 89-163A t v. 1,188 p.

Borcherdt, R.D., Maxwell, G., Sena, J., Kennedy, M., Jensen, G., and van Schaack, J., 1989, 
Instrumentation used for Seismological investigations Digital recording systems in 
Borcherdt, R.D. (editor), 1989, Results and data from seismologic and geologic studies of 
the earthquakes of December 7, 1988 near Spitak, Armenia, U.S.S.R.: U.S. Geological 
Survey Open-File Report 89-163A, v. 1,188 p.

(See projects (Borcherdt et al, 9910-020898,9910-02689) for related reports.
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National Strong-Motion Network: Data Processing

9910-02757

A.G. Brady 
Branch of Engineering Seismology and Geology

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

(415) 329-5664

Investigations

1. Efficient dissemination of strong-motion accelerogram data from the USGS.

2. Processing data from Whittier Narrows and Superstition Hills earthquakes, including the 
determination of long-period limits.

3. Comparative study on the processing of digitally recorded seismic strong-motion records 
world-wide.

Results

1. Preparation of the CDROM to contain digitized accelerograms for North America contin­ 
ues (see 9910-03975). Included in the CDROM will be a PC version of our AGRAM 
processing package, suitable for use on the CDROM data. These data will need instrument 
corrections for high-frequency analyses, and filtering for long-period analyses, both 
available on AGRAM.

2. Earlier work showed that the long-period limit for M 5.9 Whittier Narrows close-in data 
could be reliably pushed to 4 sec (at 10 km) and to 2 sec at 15 km. We now find reliable 4 
sec content out to 30 km, while the Santa Ana River Pipeline Bridge at 59 km is noisy 
beyond 0.5 sec.

The larger of the two significant Superstition Hills events (Ms 6.6) provides reliable data
out to 8 sec (at 31 km). This is verified by comparative studies of independent acce- 
lerometers, central recording, and independent digitization of surface and downhole 
records at the Wildlife Liquefaction Array.

3. During the Ninth World Conference on Earthquake Engineering in Tokyo, August 1988, a 
second workshop was held on Processing Seismic Strong-Motion Recordings. Participants 
from around the world contributed their processing of prepared samples of recorded data. 
A review of these contributions and their comparison has been completed, with comments 
on current capabilities.
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Reports

Mueller, C.S., Brady, A.G., Converse, A.M., and Watson, J.C., 1988, Near-source high- 
frequency seismic waveform data available from the U.S. Geological Survey: US. 
Geological Survey Open-File Report 88-596.

Brady, A.G., Mork, P.N., and Seekins, L.C., 1989, Processed strong-motion records; Whittier 
Narrows, California, earthquake; October 1, 1987, Volume 2: Selected USGS-NSMIN 
stations between 11 and 31 km from the epicenter and the Santa Ana River Pipeline 
Bridge: U.S. Geological Survey Open-File Report 89-122.

Brady, A.G., Mork, P.N., Seekins, L.C., and Switzer, J.C., 1989, Processed strong-motion 
records from the Imperial Wildlife Liquefaction Array, Imperial County California, during 
the Superstition Hills earthquakes, November 24, 1987: U.S. Geological Survey Open-File 
Report 89-87.

Seekins, Linda C, Brady, A.G., and Mueller, C.S., 1989, Digitized strong-motion accelerograms 
of North America through 1986: U.S. Geological Survey Open-File Report 89-83.

Brady, A.G., 1989, Processing digitally recorded seismic strong-motion accelerograms, in 
Proceedings of the Second Workshop on processing of Seismic Strong-Motion Records, 
August 1988, Tokyo, Japan, 14 p., in press.

Brady, A.G., 19898, Review of the contributions to the Second Workshop on Processing Seismic 
Strong-Motion Records, August 1988, Tokyo, Japan, 20 p., in press.

Brady, A.G., and Mork, P.N., 1989, Long-period signal content in the accelerations at the 
Imperial Wildlife Liquefaction Array during the Superstition Hills, California, earthquakes 
of 24 November 1987: Abstracts, Seismological Society of America, Victoria, B.C., 
Canada.

Porcella, Ronald L., (editcr\ 1989, Strong Motion Program Report, January-December 1985: 
U.S. Geological Survey Circular 1027.
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National Strong-Motion Network: Engineering Data Analysis

9910-02760

A.G. Brady and G.N. Bycroft 
Branch of Engineering Seismology and Geology

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

(415) 329-5664 or (415) 329-5665

Investigations

Buildings with extensive instrumentation, triggering records from the October 1, 1987, magni­ 
tude 5.9, Whittier Narrows, California, earthquake have been studied. The most interesting is a 
seven-story moment-resisting steel-frame building in Norwalk, 15 km from the epicenter, with 
ground-level accelerations of 0.2 and 0.3 g, and roof accelerations of 0.41 g. We consider the 
building's response to be split between translations in the two orthogonal horizontal direction, 
torsion about a central vertical axis, in-plane bending of the floors, and rocking about the shorter 
horizontal axis, even though the low frequency resonant modes might well contain combinations 
of these motions.

Results

Taking suitable combinations of the recorded accelerations, filtering out unwanted low-frequency 
content, and integrating for displacement, permit a clear representation of the onset and dissipa­ 
tion of the motions with time. Ground level records at 30 m and 131 m from the building, 
considered to be "free-field," show that the low frequency (0.7 to 2 Hz) modes include amplifica­ 
tion at ground level in the building between 1.0 and 1.2, while at the higher mode frequencies, up 
to 5 Hz, the building reduces the earthquake input motion to 0.6 to 0.8 of the "free-field" motion.

Reports

Brady, A.G., Mork, P.N., and Seekins, L.C., 1989, Processed strong-motion records; Whittier 
Narrows, California, earthquake, October 1, 1987, Volume 2: Selected USGS-NSM1N 
stations between 11 and 31 km from the epicenter, and the Santa Ana River Pipeline 
Bridge: U.S. Geological Survey Open-File Report 89-122.
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National Strong Motion Data Center 

9910-02085

Howard Bundock
Branch of Engineering Seismology and Geology 

U. S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 
(415) 329-5621, FTS 459-5621

INVESTIGATIONS

The objectives of the National Strong Motion Data Center 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 Center's facilities include a VAX 8250 running VMS version 
5.02 and a VAX 11/750 computer operating under VMS Version 4.6, 
a PDF 11/70 running RSX-11M+and two PDF 11/73 computers. The 
Center's computers are part of a local area network with other 
branch, OEVE, Geologic Division, and ISD computers, and we have 
access to computers Survey-wide over Geonet. Project personnel 
join other office branches in the support of the OEVE VAX 
11/785.

Investigations during the first six months of FY89 included 
preparation for and upgrade to version 5.0 of the VMS operating 
system software on Branch and Office computers. The project has 
also worked with other Branch representatives to plan the 
purchase and installation of a Local Area Network including 
personal computers for Branch scientists, mainly for word 
processing and spreadsheet capabilities. The project has been 
involved in the installation and testing of a dense array of 
earthquake sensing and recording devices and the related
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computer system near the San Andreas fault in Parkfield, CA. 
and nas worked to support the efforts of Branch members involved 
in post earthquake studies in Armenia. The project has also 
been analysing current cassette tape and optical disk technology 
for backup and archiving. The project continues its support of 
the OEVE VAX 11/785 project. As an ongoing policy, we have kept 
our hardware up to current revision levels, and operating 
system, network, and other software at the most recent versions.

RESULTS

As a result of these and previous investigations, the project 
has:

Upgraded to VMS version 5.0 on its VAX 8250 and version 4.6 on 
the Office computer,

Met with other Branch representatives to plan purchase and 
installation of a Local Area Network for IBM PC clones and Apple 
Use microcomputers, and presented these recommendations to the 
Branch Chief,

Assisted in the installation of the Parkfield Dense Array

Studied new computer bus, disk and tape drive technology for 
choosing the best options for keeping our Branch computer 
systems current,

Managed and maintained the OEVE VAX 11/785 and joined with 
representatives from other Branches in managing the project.

Managed, maintained, updated Branch and Office computer system 
hardware and software.

REPORTS 

None
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Instrumentation of Structures

9910-04099

Mehmet £ elebi 
Branch of Engineering Seismology and Geology

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

(415) 329-5623

Investigations:

1. The process of selection of structures to be recommended for strong-motion instrumenta­ 
tion has continued in Los Angeles, Orange County, Hawaii, and Puget Sound (Seattle) 
and Puerto Rico. This effort is being extended to Salt Lake City.

2. The process to design instrumentation schemes for selected structures has continued. 
Applicable permits for a structure in Anchorage, Alaska, have been obtained. Current 
efforts are being made to obtain permits for structures in Hawaii and Seattle.

3. The process of implementation of instrumentation for those structures for which instru­ 
mentation schemes have been designed has been completed in Boston and in San Bernar- 
dino, California. The strong-motion recording systems in these buildings are now 
operational. Records have been obtained from the recently instrumented structure in San 
Bernardino and the 1100 Wilshire Building in Los Angeles. Salt Lake City and County 
Building is now instrumented in cooperation with the City of Salt Lake City. The build­ 
ing is the first building being retrofitted by base isolation. Non-destructive dynamic 
testing of the building is to be carried out progressively to evaluate the dynamic char­ 
acteristics of the building before and after being rehabilitated by base isolation.

4. The minimal instrumentation in a building in Alhambra, Southern California, is being 
upgraded to contain extensive instrumentation to acquire sufficient data to study complete 
response modes of the building. New digital recording systems are being installed.

5. Agreements have been made with UCLA to convert the wind-monitoring system in the 
Theme Buildings in Los Angeles (previously financed by NSF) into a strong-motion 
monitoring system. Plans are being made to implement the conversion.

6. Studies of records obtained from instrumented structures are carried out. In particular, the 
records obtained during the October 1, 1987 Whittier Narrows earthquake from the 1100 
Wilshire Finance Building (Los Angeles), the Bechtei Building (Norwalk), and the Santa 
Ana River Bridge (base-isolated) are being investigated.
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7. An externally funded project on behalf of International Atomic Energy Agency (IAEA) 
was performed in Lima, Peru. A test reactor was temporarily instrumented to obtain its 
response characteristics. A preliminary and a final report has been submitted. The results 
indicate use of low-level motions in identifying dynamic characteristics of structures.

Results:

1. The Hawaii committee on strong motion instrumentation of structures has completed its 
deliberations and a draft report is being prepared.

2. A final draft of the report of the Puget Sound (Seattle) advisory committee for strong-mo­ 
tion instrumentation has been completed.

3. Papers resulting from study of records obtained from structures are prepared.

4. A special session on Seismic Monitoring of Structures was organized and chaired during 
the ASCE Structures Congress (May 1989) in San Francisco.

5. A seminar on Seismic Monitoring of Structures was given at Stanford/USGS Center 
(February 1989).

Reports:

£elebi, M., Bongiovanni, G., Safak, E., and Brady, G., 1989, Seismic response of a large-span 
roof diaphragm (paper accepted for publication in Earthquake Spectra).

£elebi, M., Safak, E., and Maley, R., 1989, Seismic monitoring of structures-USGS program: 
ASCE Structures Conference, San Francisco, May 1989.

£elebi, M., 1989, Seismic monitoring of structures: objectives and analyses of records from 
structures: U.S. - Japan Panel, (Wind and Seismic Effects), May 1989.

Safak, E. and £elebi, M., 1989, A method to estimate center of rigidity using vibration record­ 
ings, paper accepted for publication in ASCE.
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STRONG-MOTION INSTRUMENTATION NETWORK 

DESIGN, DEVELOPMENT, AND OPERATIONS

9910-02764,9910-02765 

Ed Etheredge, Ron Porcella, and Dick Maley

Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415)329-5667

Investigations

The Strong-Motion laboratory, in cooperation with federal, state, and local agen­ 
cies and advisory engineering committees, designs, develops, and operates an instru­ 
mentation program in 41 states and Puerto Rico. Program goals include: (1) recording 
of potentially damaging ground motion in regional networks, and in closely spaced 
sensor arrays; and (2) monitoring the structural response of buildings, bridges and 
dams using sensors placed in critical locations. The present coordinated network 
consists of approximately 1,000 recording units installed at 600 ground sites, 28 build­ 
ings, 5 bridges, 56 dams, and 2 pumping plants.

New Instrumentation

A 24-channel structural instrumentation system was installed in the Salt Lake 
City and County Building as part of a 20 million dollar restoration program that includes 
the installation of 447 seismic isolators at the base of the structure (Figure 1). The 
four-story building, a National Register Historic Landmark completed in 1894, was 
considered a candidate for severe failure during the eventual predicted strong earth­ 
quake in the Salt Lake City area. Strong-motion acceleration sensors were installed at 
three perimeter locations at the top (12th level) of the clock tower, at two roof sites (fifth 
level), above and below four of the seismic isolators and at a free-field location a few 
hundred feet from the structure. This project was made possible through a cooperative 
agreement whereby the City/County provided the instrumentation and the USGS 
agreed to install and maintain the equipment and process future earthquake records.

Accelerographs were installed in the upper and lower galleries of the concrete 
section of the Corps of Engineers McNary Dam, Oregon, and on the crest of the left 
bank earthfill shore abutment. The dam, constructed in 1947, is 2.25 km long and 55 m 
from streambed to crest. The structure was built to produce electrical power and pro­ 
vide navigation water on the Columbia River between Bonneville Dam, near Portland, 
and the tri-cities of Washington.
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Two accelerographs were installed in the upper and lower galleries of the Corps 
of Engineers Ice Harbor Dam, an 850 m long concrete structure located near Pasco, 
Washington.

Accelerographs for the McNary and Ice Harbor projects were removed from 
Lower Granite Dam in Washington.

New accelerographs, replacing obsolescent units, were installed at three Corps 
of Engineers dams in Oregon: six at Lost Creek, two at Green Peter and one at Blue 
River. This is part of an upgrading project carried out by the Portland District Corps of 
Engineers.

GROUND STATIONS

New ground stations were established at the following locations in California:

Cherry Flat Reservoir on the Calaveras fault east of San Jose.

Rialto Fire Station #2 and at San Bernardino Valley College, both near the San 
Jacinto fault east of San Bernardino.

Long Beach VA Hospital, free-field site.

Imperial Valley:
1) base of Superstition Mountain
2) Seeley Elementary School
3) Midway Station 20 miles east of El Centro
4) Bombay Beach, east of Salton Sea
5) Mecca, east of Salton Sea

The Bombay Beach and Mecca stations replace the former Coachella 
Canal station 1 and 2.

The Sunnymead, California, station was closed down pending relocation.

Recent California Earthquake Records

SALTON SEA EARTHQUAKES OF OCTOBER 19, 1988 (ML»3.8) AND MARCH 

6, 1989(ML=4.7)

Ground records were obtained at three stations from both earthquakes: at Salton 
Sea, Calipatria, and the Imperial Valley Wildlife liquefaction array. Peak accelerations 
for both events recorded at Salton Sea were respectively 0.31 g and 0.36g. There were 
at least 24 other identified earthquakes recorded at the Salton Sea station between 
October 15, 1988 and March 6, 1989. Five addition records were obtained at Calipatria
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and the Imperial Valley Wildlife liquefaction array although timing failures has made 
their identification doubtful.

ALUM ROCK (EAST SAN JOSE) EARTHQUAKE OF NOVEMBER 10, 1988 (ML=4.7)

This earthquake was recorded by three accelerographs located along the 
Calaveras fault and at five other stations several miles west of the fault. Peak ground 
acceleration of 0.07g were recorded at the south end of Calaveras Reservoir and near 
the intersection of Highways 137 and 101 in Sunnyvale. Structural and ground records 
were obtained from the I-280 bridge overcrossing of Highway 101 in San Jose.

PASADENA EARTHQUAKE OF DECEMBER 3, 1988 (ML=5.0)

The earthquake triggered 45 accelerographs at 22 stations in the National 
Strong-Motion Instrumentation Network (NSMIN) at epicentral distances of from 8 to 42 
kilometers. These accelerographs are located at eight U.S. Geological Survey ground 
sites, four Army Corps of Engineers dams, four facilities of the Metropolitan Water 
District of Southern California, three Veterans Administration hospitals, and eight other 
buildings. Two of the buildings have extensive instrumentation: 21 channels at the 
32-story JCG building at 1100 Wilshire Boulevard, Los Angeles; 27 channels at the 
7-story Bechtel building at 12440 Imperial Highway, Norwalk.

Peak horizontal ground accelerations were largest (0.12g) at two Los Angeles 
stations: 4407 Jasper Street (8 kilometers from the epicenter) and 1111 Sunset Boule­ 
vard (13 kilometers from the epicenter). A vertical acceleration of 0.19g was recorded 
at the roof of the seven-story 1111 Sunset Boulevard building. Accelerations of 
0.06-0.11g were recorded at the thirteenth floor of the JCG building at 1100 Wilshire 
Boulevard, Los Angeles (15 kilometers from the epicenter). See publication listed in 
Recent Reports.

MORONGO VALLEY EARTHQUAKE OF DECEMBER 16, 1988 (ML=4.8)

Four records were recovered from this earthquake at the following ground 
stations: Morongo Valley, Cabazon, Whitewater Canyon, and Forest Falls. Peak 
accelerations were respectively 0.16g, 0.11g, 0.16g and less than 0.05g.

MALIBU EARTHQUAKE OF JANUARY 19, 1989 (M L=5.0)

The earthquake triggered 14 accelerographs at ten stations within 19 to 45 
kilometers of the epicenter.

Accelerograms were obtained at three Veterans Administration hospitals, two 
facilities of the Metropolitan Water District of Southern California, one Army Corps of 
Engineers dam, and at five USGS ground sites.
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Peak horizontal ground accelerations were largest (0.1 Og) at two stations: 
Topanga Fire Station in the Santa Monica Mountains (19 kilometers from the epicenter) 
and Lawndale USGS office located in the Los Angeles basin (23 kilometers from the 
epicenter). Accelerations of 0.11-0.15g were recorded at four locations on the sixth 
level of Wadsworth VA Hospital in West Los Angeles. See publication listed in Recent 
Reports.

CHERRY FLAT (EAST OF SAN JOSE) EARTHQUAKE OF APRIL 3, 1988 (ML=4.7)

Three ground stations were triggered by the Cherry Flat earthquake, two located 
on the Calaveras fault. A peak acceleration of 0.17g was recorded at the Cherry Flat 
site.

NEWPORT BEACH EARTHQUAKE OF APRIL 7, 1989 (ML=4.6)

Two records were obtained from this earthquake: the first from a building array 
located 4 km from the epicenter where peak accelerations were 0.43g at the base (level 
1), 0.67g at level 3 and 0.30g at level 11, the top of the penthouse. Fifteen km north of 
the epicenter, 0.19g was recorded in the basement of the Orange County Engineering 
Building.

MISCELLANEOUS EARTHQUAKES

Numerous other small earthquakes were recorded in California between October 
1,1988 and April 1,1989.

Recent Reports

Acosta, A., and Johnson, 0., 1989, Strong-motion data from the Pasadena, California, earthquake of 
December 3,1988: U.S. Geological Survey Open-File Report 89-203,57 p.

Johnson, 0., and Acosta, A., 1989, Strong-motion data from the Malibu, California, earthquake of 
January 19,1989: U.S. Geological Survey Open-File Report 89-186, 21 p.

Nielson, J., and Acosta, A., 1988, Time compatible accelerograph power supply: U.S. Geological Survey 
Open-File Report 88-564,16 p.

Porcella, R. (Editor), 1988, Strong-Motion Program Report, January-December 1985: U.S. Geological 
Survey Circular 1027,18 p.

Porcella, R.(Editor), 1989, Catalogue of U.S Geological Survey Strong-Motion Records, 1986: U.S. 
Geological Survey Circular 1032, 37 p.

Salsman, M., and Forshee, R., 1988, Strong-motion data from the Hollister earthquake of February 20, 
1988: U.S. Geological Survey Open-File Report 88-565,12 p.

5/89
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Structural Analysis
9910-02759

Erdal Safak and Mehmet Celebi 
Branch of Engineering, Seismology, and Geology

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 
(415) 329-5648, FTS 459-5648

Investigations

1. Implementation of structural instrumentation and design of instrumentation schemes for 
structures selected by instrumentation advisory committees.

2. Develop methodologies and computer software to analyze ground motion and structural 
vibration recordings.

3. Develop methodologies to estimate response spectra from seismological models of ground 
motion.

4. Testing of the Salt Lake City and County building, which is the first building in the world 
to be retrofitted by base isolation.

Results

1. As part of structural response study efforts through strong-motion instrumentation, and in 
accordance with recommendations of committees, two new structures are now instrument­ 
ed. These are the 1100 Wilshire Building (33 stories) in Los Angeles and the Charleston 
Place Building (8 stories) in Charleston, South Carolina. A complete set of data has been 
obtained from the 1100 Wilshire Building during the October 1, 1987, Whittier Narrows 
earthquake.

2. A computer program is being developed to identify source and site amplification of 
earthquake motions from ground motion recordings, and frequency, damping, and mode 
shapes of buildings from the ambient and earthquake vibration recordings.

3. A method based on the random vibration theory has been developed to estimate response 
spectra from seismological models of ground motion. Also, a simpler model that uses only 
four parameters of the ground motion has been introduced for response spectra.

4. Prior to installation of base isolaters, a set of vibration data from the building was obtained 
in September 1987 during a nuclear explosion test at the Nevada test site. Another set will 
be obtained after the base isolaters are installed.
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Reports

f elebi, M., Bongiovanni, G., Safak, E., and Brady, G., 1989, Seismic response of a large-span 
roof diaphragm: Earthquake Spectra, v. 5, no. 2.

Safak, E., 1988, Analysis of recordings in structural engineering: Adaptive filtering, prediction, 
and control: U. S. Geological Survey Open-File Report 88-647.

Safak, E., 1989, Optimal adaptive filters for modeling spectral shape, site amplification, and 
source scaling: Soil Dynamics and Earthquake Engineering, v. 8, no. 1, January 1989.

Safak, E. and £elebi, M., 1989, A method to estimate center of rigidity using vibration record­ 
ings: ASCE Journanl of Structural Engineering, in press.
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Physical Constraints on Source of Ground Motion

9910-01915

DJ. Andrews 
Branch of Engineering Seismology and Geology

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

(415) 329-5606

Investigations

Implications of fault geometry for earthquake mechanics.

Modeling closure of rough surfaces in contact.

Results

A numerical relaxation method is being developed to model the closure of rough surfaces of two 
elastic half spaces pressed together. This will be used as a tool in future investigations.

Reports

DJ. Andrews, 1989, Mechanics of fault junctions: Journal of Geophysical Research, in press.
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Ground Motion Prediction for Critical Structures

9910-01913

D. M. Boore 
W. B. Joyner

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

345 Middlefield Road, MS 977 
Menlo Park, California 94025

Investigations:

1. Study the source scaling of earthquakes in the Northwest Territories of Canada. 

Results:

Spectral ratios of P-waves from a suite events occurring near the Nahanni River in the 
Northwest Territories of Canada have been studied. Spectral ratios were computed using 
Western Canadian Telemetered Network (WCTN) data, the Eastern Canadian Telemetered 
Network (ECTN), and data from the short period channels of the Global Digital Seismic 
Network (GDSN). Included in the data were WCTN records of the large event that occurred 
in March, 1988. Systematic differences were found between the ratios computed from 
WCTN data and from ECTN and GDSN data. There are known variations in the focal 
mechanisms of the suite of Nahanni earthquakes, and we suspect the differences in the 
spectral ratios are due to these variations in focal mechanisms. The GDSN and ECTN 
stations span a much wider range of azimuths than do the WCTN stations, and therefore 
the spectral ratios obtained by averaging the ratios from these stations should provide a 
better estimate of the source radiation than do the ratios from the WCTN stations alone.

Seismic moments were estimated from comparison of long period GDSN data. The 
spectral ratios were compared to theoretical predictions. The source scaling found from the 
Nahanni events was compared with the scaling found by Choy and Boatwright for intraplate 
events. The seismic moments found by the relative scaling of SV and Love waves on the 
long period GDSN seismograms were similar to one another, and furthermore the moments 
agreed with those events for which centroid moment tensor solutions were published. This 
gives us confidence that the moment determinations are robust and that focal mechanism 
differences will not produce an appreciable bias in the determinations.

Given the moments, more detailed analysis of the spectral ratios can be made than 
was possible in other studies using the spectral ratio technique to study source scaling. 
We found that a wide range of models, characterized by different high-frequency decay of
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the spectra and different dependencies of corner frequency on moment, could equally well 
fit the ratios. The implied ground motions for this range of models were quite dissimilar. 
Assuming that Choy and Boatwright's acceleration spectrum for the reference (largest) 
earthquake, which they derived from teleseismic data, is correct, we used our ratios to 
derive approximations of absolute acceleration spectra for the events. We found that an 
o;-squared model with nearly constant stress parameter less than 60 bars gave a rough 
overall fit to both the absolute spectra and the spectral ratios.

2. Study the effect of directivity on the stress parameter determined from ground motion 
observations.

Results:

A key parameter in the stochastic model for predicting ground motions is the stress 
parameter, A<r, used in relating the corner frequency to the seismic moment. Because the 
high-frequency spectral level of an a;2 model goes as the stress parameter to the 2/3 power, 
the ground motions at frequencies above the corner frequency are particularly sensitive to 
this parameter (for earthquakes greater than about M=5.0, \ogpga oc 0.8log ACT, where 
pga is the peak ground acceleration). In practice, the stress parameter is determined 
by fitting observed ground motions, including peak acceleration, velocity, and response 
spectra, to the theoretical predictions. The observations are conveniently summarized by 
the equations obtained from regression of the ground motion data against magnitude and 
distance. As such, the observations represent an average of the ground motion data for 
many takeoff angles and azimuths from the earthquake source. To the extent that the 
rupture over the fault plane has influenced the spectra, the derived stress parameter has 
incorporated this directivity effect in some average way. The stochastic models in current 
use represent the source as a point, with no consideration of rupture over the fault plane. 
This can lead to different estimates of the stress parameter for the same set of earthquakes, 
depending on the type of waves used and their take-off angles from the source.

To help motivate the problem, consider a set of dynamically-similar earthquakes on 
vertical, strike-slip faults. The directivity will most strongly affect 5-waves leaving the 
source almost horizontally; the effect on teleseismic recordings of P-waves will be minor. 
Thus without explicit consideration of directivity, the estimates of the stress parameter 
from teleseismic P-waves would be expected to be systematically different from those 
made using strong-motion recordings of the same set of earthquakes at near distances. 
This might explain the difference in the stress parameter found by Boore (1986). His 
analysis found that the strong-motion 5-wave data led to a stress parameter of 50 bars, 
while the teleseismic P-wave data were best fit by a stress parameter closer to 30 bars.

The effect of directivity not only can produce systematic variations in estimates of 
a parameter related to the physics of the faulting process, it can also lead to errors in 
modeling of motions from an extended fault if the stress parameter obtained from the 
point-source stochastic model were used in the extended-fault model (such as that of 
Joyner et al. ,1988). The effect of directivity would be included twice: implicitly in the 
azimuthally-averaged ground motion data, and explicitly in the finite-fault calculations.

We have calculated factors, for two models of directivity, that illustrate the effects of 
directivity on the derived stress parameter.
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Reports:

Boore, D. M. and W. B. Joyner (1989). The effect of directivity on the stress parameter 
determined from ground motion observations, Bull. Seism. Soc. Am. (submitted).

2 May 1988
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Anelastic Wave Propagation

9910-02689

Roger D. Borcherdt 
Branch of Engineering Seismology and Geology

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

(415) 329-5619

Investigations:

Interpretation of colocated measurements of scalar volumetric strain and vectorial seismic 
displacement fields to infer additional characteristics of anelastic seismic wave fields.

Results:

Volumetric strain meters (Sacks-Evertson design) are installed at 15 sites along the San Andreas 
fault system, CA, to monitor long-term strain changes for earthquake prediction. Deployment of 
portable broad-band, high-resolution digital recorders (GEOS) at several sites extends the

t)

detection band for volumetric strain to periods shorter than 5 x 10" seconds and permits the 
simultaneous observation of seismic radiation fields using conventional short-period pendulum 
seismometers. Simultaneous observations establish that the strain detection bandwidth extends 
from periods greater than 107 seconds to periods near 5 x 10"2 seconds with a dynamic range 
exceeding 140 db. Measurements of earth-strain noise for the period band, 107 to 10"2 seconds, 
show that ground noise, not instrument noise, currently limits the measurement of strain over a 
bandwidth of more than eight orders of magnitude in period. Comparison of the short-period 
portion of earth-strain, noise spectra (20 to 5 x 10"2 sees) with average spectra determined from 
pendulum seismometers, suggest that observed noise is predominantly dilatational energy. 
Recordings of local and regional earthquakes indicate that dilatometers respond to P energy but 
not direct shear energy that straingrams can be used to resolve superimposed P and S waves for 
inference of wave characteristics not permitted by either sensor alone. Simultaneous measure­ 
ments of incident P- and S-wave amplitudes are used to introduce a technique for single-station 
estimates of wave field inhomogeneity, free-surface reflection coefficients and local material 
velocity. Estimates of these parameters derived for the North Palm Springs earthquake (M^.9)

are respectively for the incident P wave 29°, -85°, 1.71, 2.9 km/s and for the incident S wave 17°, 
79°, 0.85, 2.9 km/s. The empirical estimates of reflection coefficients are consistent with model 
estimates derived using an anelastic half-space model with incident inhomogeneous wave fields.

626



V.2

Reports

Borcherdt, R.D. and Glassmoyer, G., 1988, An exact anelastic model for the free-surface 
reflection of P and S-I waves: accepted by Bulletin of the Seismological Society of 
America..

Borcherdt, R.D., Johnston, MJ.S., and Glassmoyer, G., 1989, On the use of volumetric strain- 
meters to infer additional characteristics of seismic wave fields: accepted by Bulletin of 
the Seismological Society of America, v. 79.

'See projects (Borcherdt, 99190-02089 and 9910-03009) for related reports.)
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Precise Velocity and Attenuation Measurements 
in Engineering Sesimology

9910-02413

Hsi-Ping Liu 
Branch of Engineering Seismology and Geology

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

(415) 329-5643

Investigations

1. Interpretation of seismic shear-wave attenuation of San Francisco bay mud using 
in-situ measurements and theoretical results calculating vertical seismic profiles for a 
horizontal point force acting on the surface of an anelastic half-space.

2. Young bay mud, as estuarine deposits, have a high water content, low shearing 
strength, and moderately high sensitivity (Trask and Rolston, 1961; Mitchell, 1963; and 
Treasher, 1963). Under earthquake shaking, the bay mud is likely to lose its shearing 
strength through a thixotropic transformation, i.e., changing from a flocculated solid 
structure to a viscous fluid. Using an artificial seismic source, we are planning field 
experiments investigating the decrease of bay mud shearing strength as a function of 
amplitude and duration of ground shaking in the strong motion frequency band. The 
results will better characterize the earthquake engineering properties of the bay mud and 
contribute to an improved seismic zonation of the San Francisco bay region.

Results

1. Towards the goal of an improved in situ measurement of seismic attenuation 
in the bay mud, we have designed and constructed an air-powered impulsive shear-wave 
source with repeatable signals (Liu et a/., 1988). Using this source and a vertical geophone 
string embedded in the bay mud, data have been gathered for the determination of shear- 
wave velocity and attenuation at a Foster City, California bay mud site. Zero-offset 
vertical seismic profiles including near-field effects for a horizontal point force acting on 
the surface of a half-space have been computed (Liu, 1989) for the determination of bay- 
mud attenuation using the pulse-broadening method. Work is in progress applying the 
theoretical results to the interpretation of field data. Part of the report period is also 
spent on revising a manuscript submitted to Geophysics.

2. We have selected the Ravenswood Test Site in Menlo Park, California and the 
Hamilton Air Force base in Novato, California for the strong-motion shaking experiment. 
The Ravenswood site is the location of a previous USGS vertical seismic array (Warrick, 
1976; Joyner et a/., 1976) whereas other engineering properties of the bay mud at the 
Hamilton Air Force base have been investigated previously (Duncan, 1965; Denby, 1978).
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A 1/4-ton penetrometer incorporating a pore pressure transducer, two seismometers and 
a level sensor is being designed for the shear-strength measurement. Components for 
the penetrometer power source, a DC moter driven ball-bearing screw, and for the 
penetrometer loading frame have been ordered.

References Cited

Denby, G. M., 1978, Self boring pressuremeter study of San Francisco bay mud, Technical 
Report No. CE-232, Dept. of Civil Engineering, Stanford University.

Duncan, J. M., 1965, The effect of anisotropy and reorientation of principal stresses on the 
shear strength of saturated clays, Ph.D. thesis, University of California, Berkeley.

Joyner, W. B., R. E. Warrick, and A. A. Oliver, 1976, Analysis of seismograms from a 
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Liu, H.-P., 1989, Computation of zero-offset vertical seismic profiles including near-field 
effects for a horizontal point force acting (1) in an anelastic whole-space and (2) on 
the surface of an anelastic half-space, submitted to Geophysics.
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