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Southern California Seismic Arrays
Cooperative Agreement No. 14-08-0001-A0613

Clarence R. Allen 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: (1) 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.
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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 Allen, 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. 1.--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 ptanning 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 ML4.8 earthquake on the Utah-Idaho border (§ MEQ recorders) and an ML5.4
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 (MLSS 4) located in part of the Univer-
sity of Utah study area designated the "Utah region" (lat. 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 MLS .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 northem Utah (MMI VI - V) and was reported felt in northern Arizona,
western Colorado, and southwestem 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 (ML4.2), and



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 ML4.8
on November 19, 1988 (19:42 UTC) near the Utah-Idaho border, 5 km W of Bear Lake. The
earthquake was felt widely in northen Utah, southern Idaho (MMI IV - 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 ML 4.3, occurred 18 minutes after the main shock and was felt in southern Idaho
and northem 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 ML3.3 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 c3.2 event on
February 7 at 11:49 UTC, felt in Manti; an M, 3.3 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. C,, 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. C., 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 3. Magnitude as a function of time for the Bear Lake, Utah, earthquake sequence (complete at least for ML
2 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. 8



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 M; =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 M; =1.1 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 M; =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 M; =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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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 northen 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. Vemon 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

Investigations:

9930-01891

Wes Hall
Branch of Seismology
U.S. Geological Survey

345 Middlefield Road - Mail Stop 977

Menlo Park, Califomia 94025
(415) 3204730

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
summing amplifiers
seismic test units

2. Production/Fabrication:
J512A VCOunits
J512B VCO units
summing amplifier units
VO2L printed circuit boards

VO2H printed circuit boards

dc-dc converter /regulators
seismic test units

3. Modifications:
J51XM VCO units
summing amplifiers

4. Discriminator Tuning
J120

171
17

24
02
17
23
18
42
01

32
16

381
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10.

11.

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.

Stations deleted: LOM, HCO, PHO!, PHOJ, PHOK, PSRA, PSRI. PSRJ, PSRK

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

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

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

Installed the microwave alarm system which allows all trans-receiver fault conditions to be
monitered at Menlo Park and recorded on a PC.

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 Allen, 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 PDP 11/70 UNIX system, a DEC VAX 750
VMS system, a DEC VAX 785 VMS system, two DEC PDP 11/44 RSX
systems, an ISI Motorola 68020 UNIX system, a SUN 4/280
(sparc) 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 risc 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 10 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 PDP
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 (Mg 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
PDP 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 PDP 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 PDP 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 (M,) 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 Mg22.3 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 m, 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:

M=1.0+.63[l0g;¢*1+.003A+.003z)

where M; is the duration magnitude, 7 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 1a: 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.
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Figure 1b: Map of seismicity which occurred selected times in March, April, May, July 1 -
8, August, and September, 1987. Symbols as in Figure 1a.
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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 (comresponding roughly to vertical
on the plot) and distance from the pole of the Aleutian volcanic line. The zero-point for the
listance 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

1SGS; 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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Figure 2b: Vertical cross section of seismicity which occurred selected times in March,
April, May, July 1 - 8, August, and September, 1987. Projection and symbols as in Figure 2a.
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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 M, 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 M; (4.9 my) 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 m; (4.1 m;) 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 M, mainshock
located 10 km southeast of Mt. Spurr along the volcanic arec.
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 m; (5.5 m,) 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 m
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 M,), seven
with the shock on November 30, 1987 (7.6 M,), and four with the
shock on March 6, 1988 (7.6 M,). 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 m, 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 M, 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 uncercain.
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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) 3294747

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.

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.

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.

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
RTP are those that are detected, recorded, and processed automatically by a microprocessor-
based system developed at this office by Rex Allen, 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 magniwude 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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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, 1889, the University of Nevada
Seismological Laboratory located 1405 earthquakes (fig 2, 3). 383 events were
magnitude 2 or greater, B0 were magnitude 3 or greater, 3 had magnitude
greater than 4 and one had magnitude 5.0, located in the Garfield Hills between
Hawthorne and Mina, Nevada. Portable instruments were deployed after the
Garfield Hills earthquake and during the Virginia City swarm of felt earthquakes
from January 28 -February 1, 1989. The Garfield 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 PDP 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. my, = 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 my, = 3.8 (BLA)
occurred two to three minutes later.

2. October 5 (0038 UCT). Southern Indiana. my;, = 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 1is 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 1little 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'

documentation is well underway. This allows the user to ask for
'help' 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 m, 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 m,=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.

RESULT
The 01 Jan 1988-14 May, 1989 L.os Angeles Basin Seismicit

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 1A). 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
M]1.=3.9 mainshock, occurred September 12, offshore from Torrance in Santa Monica
Bay. The third, with a M] =4.6 mainshock occurred 15 km offshore from Newport Beach
on November 20. The fourth, with a M] =5.0 mainshock occurred in Pasadena on
December 3.

During 01 January- 14 May 1989 two events of ML.=5.0 and My =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. Bufe, 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 (M =5.3) earthquake sequence
in the Continental Borderland, southern California, Bull. Seism. Soc. Amer., 78,
1885-1906, 1988.

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

Hauksson, E. and R. S. Stein, The 1987 Whittier Narrows earthquake: A Metropolitan
Shock, J. Geophys. Res., in press, 1989.
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Hauksson, E., Seismicity, anticlines and thrust faults in the Los Angeles basin:
Implications of the Whittier Narrows earthquake, Seism. Res. Letters, 59, 18,
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Hauksson, E. and T. L. Teng, Analysis of earthquake data from the greater Los Angeles
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LOS ANGELES BASIN EARTHQUAKES

January — December 1988
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Figure 1A. Seismicity recorded during 1988 by the USC Los Angeles basin network.

LOS ANGELES BASIN EARTHQUAKES
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Figure 1B. 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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Field Experiment Operations
9e30-01170

John Van Schaack
Branch of Seismology
U. 5. Geoloaical Survey
345 Middlefield Roaa MS-G77
Menlo Park. California 94025
(415) 329-4780

Investigations

This project performs a broad rancge of management. maintenance. fieid
operation, and record keeping tasks in support of seismoiogy &NC LeCclONOBNYSicS
networks and field experiments. Seismic filela systems that iU malntains in &
state of readiness and deploiys and operates in the fileia (in cooperation witn
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 instaliation and operation of
network sensors and for the conduct of a variety of fiela experiments inciualng
seismic refraction profiling, aftershock recording. teieseism F-aelay stuailes.
volcano monitoring, etc.

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

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

Results

Seismic Fefraction

Seismic Cassette Recorders were deploved with 200 Seismic Group Recorders
belonging to Stanford University in a reflection line 1n tastern Washinaton :in
November 1988. This line extended from northeast of Yakima to Just east of
Wenatchee and west of the Columbia River. The weather was extremely baa Dut
aood data were recorced on most instruments.

Portable Networks

A temporary teleseismic network was deployed in central Arizona curing
July 1988. The network consists of 13 five day recoraers ana 10 teiemetrv
sites. The network operated i1nto November (988. Good data were recoraed on
the stations that were telemetered to the S5-day recoraers. ThiS method apiows
us to record up to 3 remote sinale component sites aiong with the 3 component
local site on each S5-day recorder.

54



I.

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 pattemns 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
modem networks. (Meagher, Weaver, with Lindh, Ellsworth)

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, J. 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 Darrington 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

l. 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

l. 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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I.2

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 westem 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 westemn
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 Mt. 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.

60



1.2

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-Moho 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 (mz=7.1, M, =1.5x10%® dyne-cm) and 1965 Seattle
(mp=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 200200 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 4x107%¢ 57,
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 2x107¢ 57!, 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 distribution. 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 2x107'¢ 57!, 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, .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, JM. and R.S. Crosson, 1989 (submitted), Tomographic imaging of local earthquake delay
times for 3-D velocity variation in western Washington, JGR

Ludwin, R. S., S.D. Malone, R.S. Crosson, 1988, Washington Earthquakes 1984, in U.S. Earth-
quakes, National Earthquake Information Service.

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, 1989 (in press), Washington Earthquakes
1985, in U.S. Earthquakes, National Earthquake Information Service.

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, 1989 (in press), Washington Earthquakes
1986, in U.S. Earthquakes, National Earthquake Information Service.

Ludwin, R. S., C.S. Weaver, and R.S. Crosson, 1989 (in revision), Seismicity and Tectonics of the
Pacific Northwest, in: Slemmons, D.B., E.R. Engdahl, D. Shwartz, and M. Zoback
editors, Decade of North American Geology associated volume GSMYV-1;
Neotectonics of North America.

McCrumb, D.R., R.-W. Galster, R.S. Crosson, R.S. Ludwin, D.O. West, W.E. Hancock, and L.V.
Mann, 1989 (in press), Tectonics, Seismicity, and Engineering Seismology in Wash-
ington, in Association of Engineering Geologists, Washington State Centennial
Volume.

VanDecar, J.C. and R. S. Crosson, 1989 (in revision), Determination of teleseismic relative phase
arrival times using multi-channel cross correlation and least squares, BSSA.

Theses

Lees, J.M., 1989, Seismic Tomography in Western Washington, University of Washington, Ph.D.
dissertation, 173 p.

Reports

Univ. of Wash. Geophysics Program, 1988, Quarterly Network Report 88-C on Seismicity of
Washington and Northern Oregon

Univ. of Wash. Geophysics Program, 1989, Quarterly Network Report 88-D on Seismicity of
Washington and Northern Oregon

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

Final Technical Report: 1988, 1989 (in preparation), Earthquake Hazard Research in the Pacific
Northwest, USGS Grant #14-08-0001-G1390.

Abstracts

Chiao, L.-Y., K.C. Creager, and T.M. Boyd, 1989, Membrane and bending strains associated with
subduction of the Cascadia slab, Seis. Res. Let., V. 60(1), p. 2.

Creager, K.C., and T.M. Boyd, 1988, 3-D Kinematic Slab Flow in the Aleutians, EOS, Vol. 69(44),
p. 1438.

Crosson, R.S., 1989, Testing the arch model for slab geometry of the Cascadia subduction zone in
the vicinity of Puget Sound, Washington, Seis. Res. Lett., V. 60(1), p. 2.

Crosson, R.S., and J.M. Lees, 1988(submitted), Regularization or smoothing in inversion and
seismic tomography as a linear filtering operation, EOS, Fall 1988 AGU.

Lees, J.M. and Crosson, R.S., 1988, Bayesian ART versus conjugate gradient tomographic imaging
in application to delay times from local earthquakes in western Washington, EOS,
Vol. 69(44), p. 1308.

Lees, J. M. and Crosson, R.S., 1989, Tomographic imaging of local earthquake delay times for 3-D
velocity variations in western Washington, EOS , Vol. 70(9), p. 139.

Lees, JM. and J.C. VanDecar, 1989, Seismic tomography constrained by Bouguer gravity
anomalies, Seis. Res. Let. Vol. 60(1), p. 11.

Ludwin, R.S., C.S. Weaver, and R.D. Catchings, 1989, Apparent structural relations between crustal
earthquakes and continental rifting in the Columbia Plateau, Washington, Seis. Res.
Lett., V. 60(1), p. 29.
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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). SAF=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,
Marin County, California

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
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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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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 the 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 My 2>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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Investization

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

Results

The research reported here is based on two main data sources: (1) the Soviet regional
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 (M, > 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 andb 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 et al. (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 (M, > 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 My =
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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37

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: My, < 4.0; large symbols: My, > 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).
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Figure 2. Characteristics of aftershock sequences following 89 moderate and large earthquakes (Mf, 2 5.5) in the
Central Asian region: (A) Total number of aftershocks per sequence; (B) length of each sequence; (C) 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 3. Histograms of daily earthquake occurrence (from the Central Asian regional catalog) prior to and following
two large, intermediate-depth earthquakes in the Hindu Kush region: (A) 14 March 1965, ML = 7.2; (B) 30
December 1983, My, = 6.7. Note that the vertical scales are not identical.
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From Pavlis et al. (1989).
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Figure 5. Spatial distribution of M > 1.5 earthquakes surrounding the epicenter of the 26 Oct 1984 Dzhirgital
earthquake (M =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 II' 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 lihdat 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 1.2x10%°, 3.3x10%, 1.5x10% and 1.9x10%® dyne cm for the
1937, 1942a, 1942b and 1954 events respectlvely This implies that contrary to the cata—
log magnltudes the 1968 Borrego Mountain earthquake, with a moment of 1. 1x10% 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.
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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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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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Geologic Mapping of the Island of Hawaii - Kaoiki Fault Zone
Program Task No. 1.2

Marie D. Jackson
Branch of Igneous and Geothermal Processes
U. S. Geological Survey
P. O. Box 51
Hawaii National Park
Hawaii, 96718
(808) 967-7982

Investigations

1. Field and mechanical study of ground cracks associated with the 1974
M1 =5.5 and 1983 and My =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 MpL=5.5 and
November 16, 1983 My =6.6 ecarthquakes 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 My =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 NSOE, 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, NS5OE-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 Mp=5.5
event, which may have reactivated cracks associated with the 1962 Mp= 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 Mp=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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NEXT GENERATION SEISMIC STUDIES OF THE NEW MADRID SEISMIC ZONE
USING THE PANDA INSTRUMENT ARRAY

14-08-0001-G1534

Arch Johnston and Jer-Ming Chiu
Center for Earthquake Research and Information (CERI)
Memphis State University, Memphis, TN 38152
(901)678-2007

Robert B. Herrmann
Dept. Earth and Atmospheric Sciences
Saint Louis University
Saint Louis, MO 63156
(314)658-3120

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.

A 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 seismlc array--a simple but working system for portable array
experiments, Bulletin Seismological Society of America (in press).
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Earthquake and Seismicity Research Using SCARLET and CEDAR
Grant No. 14-08-0001-G1354
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Seismological Laboratory, California Institute of Technology
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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
(M]_=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 (M =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 2.2x1023 dyne-cm (My=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
4.6x1023 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 My

=1.1x1023 dyne-cm for each asperity (1/2 of the seismic moment determined from the far-
field pulse) and S=0.25 km? (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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B.C., April 19-24, 1989.

Magistrale, Harold and Hiroo Kanamori, A 3-D southern California velocity model to
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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 51.2°N and 51.6°N and longitudes 175.0°W and 175.5°W, 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 part 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 part 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.c. along the P-arrival and its coda) and from 10.0 secs to 14.0
secs (i.c. 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 Mp=-1.15+2.0log,,t+.0035A+.007z where M, is the duration magnitude, 7 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 m, 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 M 24.0 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 log? term provided a good estimate of earth-
quakes with m, >4. Therefore we decided to use a log? 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 m, values and small events with small average epicentral distances and shallow depths. The
resulting preliminary formula is: M,;=0.8+.7{log;,>t+.003A+.003z ] where M, is the duration magnitude, 1
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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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.

¢) Interpolated time code. Time drift has been removed.

d) Typical original seismogram.

¢) Interpolated seismogram. The waveform is unchanged but the time drift has been removed.
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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

Investigations

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 Hisiory 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 channe! unit [Borchardt et al.,
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 al] 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
se1sm1c 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 K,0 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.

Regorts

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,
S51p.
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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.

2.

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

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.

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.]., 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., 1988, Surface faulting along the Superstition
Hills fault zone and nearby faults associated with the earthquakes of 24 November 1987:
Bulletin of the 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.

arp, 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-G1524, 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
(70R) 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: (1)
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 My earthquake on September 19, 1988 and two Mz > 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 S, and S3 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 Chalfant 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
957 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.

FEzamination 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=68+ 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 mainshock 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 1879 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=86.0+
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 890 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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Seismotectonic Framework and Earthquake Source Characterization (FY89)
Wasatch Front, Utah, and Adjacent Intermountain Seismic Belt

14-08-0001-G1349

R.B. Smith, W.J 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 M, 7.3 Borah
Peak, Idaho, earthquake: Source parameters and refined hypocenters.

2. Source parameters of the My 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 Mg 7.3
Borah Peak, Idaho, earthquake to determine high quality locations, stress drops, and a relation
between seismic moment (My) and local magnitude (M; ). 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
M,>10%! dyne-cm. For smaller events, pulse widths decrease with M, at a rate much slower
than that predicted by constant stress drop scaling, an apparent consequence of the widely-
observed f,,, effect. Linear regression of log My 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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log My = (1.2+£0.1) M + 16.81+0.3 (23sM; £3.7)

log My = (1.5£0.1)M + 15.7104 (35<M;<5.6)
These My—M 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 (M} 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
M, = 3.1 X 10%* dyne-cm, corresponding to M,, 5.6, and a centroid focal depth of 10 km.

The Cache Valley, like other N-S-trending extensional features in northem 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, HM. 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 W.J. 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 W.J. 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. Thorbjamardottir (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-B”), and (2) a near-vertical N10°W-trending
zone of activity located beneath this dipping zone (C-C”). 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 M 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

A11 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,
Huger, and Kittridge quadrangles, Burkeley County, South Carolina
(1:24,000, with text): U.S. Geological Survey Miscellaneous
Investigations Series Map I-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
Menlo Park, 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 Seismological Society of America, v. 79, p. 252-281.
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Sedimentological Analysis of Postulated Tsunami-Generated
Deposits from Great-Subduction Earthquakes Along
Washington's Outer Coast

14-08001-1532

Dr. Joanne Bourgeois, P.I., Mary Reinhart, R.A.
Department of Geological Sciences AJ-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. The 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 DURING THIS PERIOD, IN CHITE: From 10 January to 5 April 1989, we
mapped and sampled the tsunami-laid sand and interviewed cbservers 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 RESULTS OF CHITEAN FIEID 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. Human 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.

115



I.3

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 K.A. Haller).

Results

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-constramed age for the faulting will
provide a valuable calibration for morphologic dating of scarps elsewhere in the Basin and Range Province.
Orgamc matter concentrated from an A horizon buried by fault scarp colluvium of the Fish Springs fault gives a
TAMS *4C 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
Menlo Park, 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,
Califomia (K.J. Kendrick [Harms], J.W. Harden, M.M. Clark).

2. Recently active Lraces of Owens Valley faull zone, California (Sarah Beanland, Clark).

3. Degradation of fluvial terrace risers along Lone Pine Creek, San Bemnardino 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 al about 8,350 yr.) provide an opportunity to lest these
relative-daling 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 calcnas 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
nol 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 Creck
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, 1.J., Morton, D.M., O’Niell, B.J., Ostergren, C.L., Ponti, D.J., Rymer, M.1,,
Saxton, J.L., and Sims, J1.D., 1989, Surface faulting along the Superstition Hills fault zone and
nearby faulls 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.

IIT. Results
A. A cross section, across the southern Coast Ranges (A-A',
Figures 1 and 2), and a section across the Santa Maria basin
(B-B', 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 Luils 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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1.3

EVALUATION OF LATE QUATERNARY RATE OF SLIP
WHITTIER FAULT ZONE, SOUTHERN CALIFORNIA

Contract No. 14-08-0001-G1696

Eldon 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, 1:24,000-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
acce?s 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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Very Precise Dating of Prehistoric Earthquakes in California
using Tree-Ring Analysis

14-08-001G1329

Gordon C. Jacoby
Tree-Ring Laboratory
Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964
(914) 359-2900

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 1860'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 14C 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. QOur 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 sapwood, 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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Menlo Park, California 94025
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(415) 329-5747 (laboratory)

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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2. Preliminary results of the study to determine the feasibility of dating fossil solitary corals
from emergent marine strandlines by U-series mass-spectrometer techngiues are very
encouraging (Stein and Wasserberg, Cal Tech). Multiple ages from several outcrops are

very precise and agree well with the expected ages based on previous correlations with
paleosea-level highstands.

3. Preliminary results of a study to determine the feasibility of dating fossil marine shells
using ESR analysis are encouraging (Tracy Furutani). Reasonable ages close to 100 ka
have been obtained at a few localities. However, multiple analyses of one shell, and single
analyses of several shells from one outcrop yield ESR ages that range from 70 to 170 ka.
Most of these results are not reproduceable. Consequently, it appears that the variability is
caused by sample preparation or orientation in the ESR spectrometer. Experiments

underway should standardize the analytical procedures and reduce variability.
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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, all 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.

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.

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 11 m 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.
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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, M, 5.5; Arvin-Tehachapi, 1952,
M, 7.3) and the Los Angeles Basin (Whittier Narrows, 1987, M, 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 (1949), South Gate (1949),
and E1 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, 1946, and 1949 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 1954, 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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Latest Quaternary Surface Faulting in the Northern
Wasatch to Teton Corridor (NWTC)

14-08-0001-G1396

James McCalpin
Dept. of Geology
Utah State University
Logan, UT 84322-0705
(801) 750-1220

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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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.
A3) 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 motions 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.
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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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from the 1983 Borah Peak, Idaho, Earthquake

Figure 2

New evidence of surface faulting
at the south end of rupture

Fault scarps and ground cracks at the south end of the
rupture from the 1983 Borah Peak, Idaho, earthquake.
Ruptures on and near the range bounding fault are
after Crone and others (1987), and ruptures on
hillslopes are from our 1988 mapping. Bar-and-ball
are placed on the down-thrown side of rupture.

Likely location of additional 1983 surface rupture. The
. mapping is incomplete and exact locations of some
. features have not been finalized.

Interval of heavy contours is 200 feet. Base maps are USGS
Elkhorn Creck and Leatherman Peak, Idaho, quadrangles.
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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 southemrn 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
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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-1, 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 mus*
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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Paleoearthquake Study in the New Madrid Seismic Zone.
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Steven G. Wesnousky
Center for Earthquake Research and Information
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Memphis, TN 38152
(901) 678-2007

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
banks of 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 preparirg to
extend our study to other ditches in the area that are currently near
completion.
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TREE-RING DATING OF LATE HOLOCENE SUBSIDENCE ALONG THE WASHINGTON
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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 wused 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 Ilimiting 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 1is 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. F., 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. Atthe 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.
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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. 10 W.

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. ION, 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. I0N,,R. 8 W.
(2) Tall redcedar snag visible from highway 4 on south shore of Seal
Slough; SE1/4 SE1/4 sec. 21, T. 10N, R. 8 W.
(3) Three redcedar snags or stumps in 1987 clearcut; SE1/4 NE1/4 sec.
28, T.10N,R.8 W.

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.9N.,R.8 W.
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[nvestigations

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 Llos
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 o0il 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 (ILMA 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 2¢). 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'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
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Rex Allen
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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 RTP’s at Menlo Park and the University of Utah have continued to
operate satisfactorily, as have the Mk II’s at Menlo Park and Caltech. 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. Pifion 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 Pifion
Flat. Residuals (i.e., data with tides removed) have been calculated independently at both UCSD
and Lamont 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 prad/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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Figure 1. July 1988 - January 1989 data from the N107°E tiltmeters at Pinon Flat. 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 prad/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 0.05urad/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 ¢/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 Pifion 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 prad 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' Pifion 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 Wyait 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/km1/2 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 Pifion Flat

M2 01

Amplitude  Phase lead Amplitude  Phase lead
Instrument (nrad) (deg) (nrad) (deg)
Body * 44.1 80 10.4 102
Load * 18.8 -106 9.3 82
Theoretical * 25.5 85 19.4 93
(Body+Load)
LFT - UCSD * 24.7+1.0 8113 21.210.6 93+2
(Wyatt et al., 1982)
LFT - Lamont 23.9+40.4 751 20.8+0.4 90+1

(Jul - Dec 1988)

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 Pifion Flat or at Mammoth Lakes where Roger Bilham operates a tiltmeter.
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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 Lamont 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).

56°

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
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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 Tiltmeter

14-08-0001-G1670

Roger Bilham
CIRES and Department of Geological Sciences
University of Colorado
Boulder CO 80309-0250
(303) 492 6189

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 interfcrometer transducers.

The operating specifications of the tiltmeter are as follows:

Location 37°37'58"N, 118°50'01" West (center vault) See Fig. 1.

East/West tiltmeter length 423.3 m, azimuth 280°, least count 0.57 nanoradians

North/South tiltmeter length 449.2 m, azimuth 16°, least count 0.53 nanoradians

Tiltmeter range 120 microradians optically and electronically

Dynamic range 100 db

Overange adjustment mechanical extension to $200 microradians

Pipe 20 cm diameter bell-ended PVC at a mean subsurface depth of 1.5 m.
Vaults Three 2.7 cm diameter corrugated-steel cylinders. Mean floor depth 2.5 m.
Sensors Water level detectors consist of equal-arm Michelson-Interferometers

powered by polarized He/Ne lasers. Accuracy 0.25 pm, range 1 cm.
Vertical strain sensor 1 pm digital infra red sensor with a range
of 25 mm. Data are currently recorded once per hour in solid state memory.

Resonant frequency 18 minutes underdamped.

Electronics Single-board, up/down counter controlled by microprocessor.

Data channels four water height, four temperature and one vertical strain (Dec 1988 onward).
Data telemetry 3 Sutron satellite transmitters with 10 minute sampling and 3 hour uploads.
Transmission redundancy  200%

Power 120 VAC at 4 amps with UIP backup 6 hours.

S
4
“%

Figure 1 Location of the biaxial Michelson tiltmeter relative to borehole tiltmeters (j) and Lake Crowley
water level sensors (0) 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,

'0'05_ 26Nov | 21 16
| : i
0.10- S
{8 i i : s
] % 8, 8 7 NOV
1 § Mwﬂmm 17 14
-0.15 v— et
-0.50 -0.45 -0.40 -0.35
N8OW prad

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. Wu Bing, 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 prad in the
upper east-west trace and 0.9 prad 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 pradians and there is apparently
no cumulative tilt signal exceeding 0.5
prad. 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.
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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

14-08-0001-G1672

Roger Bilham
CIRES and Department of Geological Sciences
University of Colorado
Boulder CO 80309-0250
(303) 492 6189

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 pum). 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 um 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 pum 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 pm 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
ustrain 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 S0 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 + Imm 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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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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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 arec smoothed with a S0 second filter.
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Error Analysis and Network Design in GPS Measurement of Crustal Deformation
14-08-0001-G1335

Yehuda Bock
Institute of Geophysics and Planetary Physics
Scripps Institution of Oceanography
LaJolla, CA 92093
(619) 534-5292

Robert W. King, Da-Nan Dong, Mark H. Murray
Dept. of Earth, Atmospheric, and Planetary Sciences
Massachusetts Institute of Technology
77 Massachusetts Avenue
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.

Investigation rtaken:
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: GAMIT 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.c., 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 (€.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-MACT™ 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 (.1 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 TI 4100 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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one-minute sampling intervals (10 double difference observations per sample intervals).
The error bars are three times the formal uncertainties scaled by the normalized sum of the
residuals squared. Note that the scale of the vertical component plot is twice that of the

other plots.

194



II.1

FAULT ZONE TECTONICS
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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 ISUNIX LOW FREQUENCY computer, and
provided fault creep information in response to inquiries from outside the USGS.

3. Continued to survey alinement arrays on California faults.

4. Monitored creepmeter and alinement 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. Owur quarterly
field readings at these sites are augmented by readings of the creepmeter dials by
Jon Galehouse’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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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 alinement
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 City of Hayward
Public Works Department to update their files on creep on the Hayward fault.

Currently, 38 alinement 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.

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” 120° 25.0”
35° 52.0” 120° 31.5”
35° 58.0” 120° 38.0”
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creepmeter south along Middle Ridge, 2.3 km from XMM1), 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 90—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 XMM1 XMDI Step, Dilatometer +10 Days

2/1/87 14.1 x

5/7/87 15.4 x x

8/3/87 12.3 x x

10/28/87 * x x

1/28/88 7.2 x x
3/28/88 4.1 x

4/17/88 6.1 x X
6/11/88 2.5 x

6/30/88 3.4

10/3/88 24.0 X X X
1/1/89 1.2

2/6/89 15.2 X x

*Partially obscured by pumping of well

Reports
No papers were published during the reporting period.
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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 XMM1, XMD1, XVAl, XTAl, X461, XRSW,
and XHSW.
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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
m. > 5.8; (2) compute radiated energies for all earthquakes with m, > 5.8;
(B) 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 emergy 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 secs 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 w2 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 1is 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 wmain
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 Anza
9910-03982

Joe Fletcher, Linda Haar, and Leif Wennerberg
Branch of Engineering, Seismology, and Geology
U.S. Geological Survey
345 Middlefield Rd.

Menlo Park, CA 94025
(415) 329-5628

Investigations:

1)

2)

3)

4)

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.

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.

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
failures') clearly separated in both space and time.

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)

2)

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 al.,
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.

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 KN'W 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 aﬁpear to smear out as they propagate through the last 300 m
t(l)l 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 w-2 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 4C 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) fihax 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) ofP 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.

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.

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 10Hz 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.

References
Anderson, J.G., 1986, Implozation of attenuation for studies of the earthquake

source: Geophysical Monograph 37, Maurice Ewing, vol. 6, American
Geophysical Union, p. 311-317.
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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 systenmn.

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 Mi =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 M. =5.0 Malibu earthquake of January 19,
1989. The detailed studies include determination of focal
mechanisms for M 2 3.0 aftershocks, inversion of these data
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for changes 1in the state of stress, and comparison of the
results to the geologic structures to better understand the
seismotectonic structure of southern California.

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 1into 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.

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 1in 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?

1978 Tabas, Iran, Earthquake. A simultaneous inversion of
strong motion and teleseismic body-wave records is wused 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.

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.

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-

214



II.1

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

1. Operation and maintenance of field stations and recording sys-
tems continued with 1little 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
I11). 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).

2. 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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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°) 1is 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 2zone 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 1left-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.

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+¢)~P 10{a+tb(Mm - M)}

where a, b, ¢, and p are constants (Reasenberg and Jones,
1989). The constants have been estimated for 62 aftershock
sequences and 14 foreshock sequences related to mainshocks (M2
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 earthgquake 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 1large fault plane and the potentially
large number of unknown parameters in a strictly 1linear
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 1is 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 (em) 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 @ priors 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 priors 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 priors 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
x?2 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 priors 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.
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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 part 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 Crate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>