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

Open File Report No. 90-54

This report has not been reviewed for conformity with

U.S. Geological Survey editorial standards or with the
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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) .

Investigations

This semi-annual Technical Report Summary covers the six-month period
from 1 April 1989 to 30 September 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 5,145 events (Fig. 1), including 62 of
magnitude 3.0 and larger. Five of these were of magnitude 4.0 or larger. The
most significant events were:

(1) On 4 April, a ML 4.5 event appears to have been centered on the
Newport-Inglewood fault beneath Newport Beach. It showed a pure strike-slip
focal mechanism, with the dextral movement plane parallel to the strike of the
Newport-Inglewood fault. The event occurred only 1 to 2 km south of the
estimated epicenter of the ML 6.3 Long Beach earthquake of 1933,

(2) An ML 4.5 shock occurred on 4 June near the Lenwood fault about 40 km
southeast of Barstow in the Mojave Desert, followed by 6 aftershocks. These
events occurred about 50 km west-northwest of the 1979 Homestead Valley
sequence (ML 5.2, 5.0, 4.8).

(3) On 12 June, two earthquakes of ML 4.4 and 4.1 near Montebello created
significant public interest throughout the Los Angeles area. Both focal
mechanisms represented thrusts, indicating that the events were probably
associated with the east-trending Elysian Park fold and thrust system. The
two events were located about 5 km southwest of the 1987 Whittier Narrows
earthquake but had approximately the same depth of 14-15 km. Since the thrust
system is thought to dip north, it is unlikely that the same fault strand was
responsible. Twenty small aftershocks of the Montebello events occurred over
the following two weeks, and three small events also occurred on the nearby
Raymond fault within 5 days of the events. Movement on the Raymond fault
probably caused the ML 4.9 shock on 3 December 1988--the so-called "Rose Bowl
earthquake."
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(4) On 12 August and 15 September, ML 3.0 and ML 3.6 events occurred very
near the San Andreas fault in Cajon Pass, northwest of San Bernardino, and
both events showed reverse-fault focal mechanisms. These events occurred in
the same area as the 1970 Lytle Creek earthquake, of ML 5.4.

Aside from the above events, seismicity in the southern California
region was relatively low for the entire 6-month reporting period. In
particular, only 598 locatable earthquakes occurred during July, compared to a
long-term monthly average of 800 to 1000 shocks. Activity in the Los Angeles
basin continued with only a minor enhancement in the number of small events,
whereas since March 1986, this area has experienced about three times its
normal level of activity. It remains to be seen whether this July slow-down
represents an end to the episode of markedly increased activity in the Los
Angeles basin.
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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 80-station regional seismic telemetry network. USGS support
focuses on the seismically hazardous Wasatch Front urban corridor of north-central Utah,
but also encompasses neighboring areas of the Intermountain seismic belt. Primary pro-
ducts for this USGS support are quarterly earthquake catalogs and a semi-annual data sub-
mission, in magnetic-tape form, to the USGS Data Archive.

During the report period, significant efforts were made in: (1) ongoing in situ calibra-
tion of remote telemetry stations, including seven stations recently upgraded to four-
component recording (high- and low-gain vertical components and high-gain horizontal
components); (2) development of a major initiative to the Utah state legislature for moder-
nizing seismic-network instrumentation in Utah as part of a state-federal partnership; and
(3) installation and operation of two temporary telemetered seismograph stations in and
around the source zone of an ML4.8 earthquake in the Blue Springs Hills of north-central
Utah.

Results
Network Seismicity: April 1, 1989 - September 30, 1989

Figure 1 shows the epicenters of 477 earthquakes (MLS 4.8) located in part of the
University 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 April 1, 1989 to September 30, 1989.
The seismicity sample includes 15 shocks of magnitude 3.0 or greater (labeled with date
and magnitude on Figure 1) and 13 felt earthquakes.

The largest earthquake during the six-month report period was a shock of ML4.8 on
July 3 at 22:44 UTC, located 16 km W of Tremonton, Utah, in the Blue Springs Hills.
The earthquake was felt throughout north-central Utah with a maximum Modified Mercalli
intensity of V (USGS, PDE No.27-89). Ten foreshocks for this earthquake were recorded
during the two-week period preceding the main shock (Figure 2). The largest of these
occurred occurred on June 21 at 21:54 UTC, and had an M, of 4.1. Through September
30, 1989, 217 aftershocks were located in the Blue Springs Hills area, including 12 of
magnitude 2.0 and larger. The largest aftershock, of ML4.6, occurred on July S at 22:51
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UTC and was widely felt in north-central Utah.

A preliminary focal mechanism for the Blue Springs Hills main shock indicates nor-
mal faulting with a right-lateral strike-slip component on a fault that dips moderately to
the NE or, alternatively, normal faulting with a left-lateral strike-slip component on a fault
that dips moderately to steeply to the WNW (Figure 3). The preliminary focal mechanism
for the largest aftershock shows normal faulting on a fault that dips moderately in a direc-
tion that is either between WSW and WNW or between E and SE. The focal mechanism
for the aftershock has a smaller strike-slip component of motion than the focal mechanism
for the main shock. The T axes for both focal mechanisms trend approximately E-W.
First motion data currently available for the largest foreshock match the first motion data
for the main shock, but are inadequate to constrain the focal mechanism.

Other felt earthquakes in Utah of magnitude 3.0 or larger during the report period
include: an ML3.1 event on April 9 at 11:24 UTC, felt in Tabiona; an M c3.7 event on
May 1 at 18:35 UTC, felt in Santa Clara; and an ML3.7 event on July 23 at 10:39 UTC,
felt in the Richfield area.

Reports and Publications

Nava, S. J,, Utah earthquake activity, January through March, 1989, Survey Notes (Utah
Geological and Mineral Survey), v. 23, no. 1, p. 26, 1989.
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Regional Seismic Monitoring in Western Washington

14-08-0001-A0622
14-08-0001-A0623

R.S. Crosson
S.D. Malone
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 these
contracts. Quarterly bulletins which provide operational details and descriptions of seismic activity
in Washington and Northern Oregon are available from 1984 through the second quarter of 1989.
Final catalogs are available from 1970, when the network began operation, though 1986. The
University of Washington operates approximately 80 stations west of 120.5°W, 28 of which are
supported under A0622, and 40 under A0623. This report includes a brief summary of significant
seismic activity. Additional details are included in our Quarterly bulletins.

Excluding blasts, probable blasts, and earthquakes outside the U. W. network, 808 earth-
quakes west of 120.5°W were located between April 1 and September 30, 1989. Of these, 395
were located near Mount St. Helens, which has not erupted since October of 1986. Twelve earth-
quakes were felt in western Washington during the period covered by this report. East of 120.5°W
76 earthquakes were located, one of which was felt.

Notable seismicity and related phenomena during this reporting period includes 3 unusual
episodes at Mt. St. Helens in late August, which lasted as long as 45 minutes (as recorded on the
crater station helicorder record). These episodes consisted of complex signals containing slightly
elevated levels of shallow seismicity accompanied by high-frequency background noise. These
sequences left no surface deposits, such as might be expected from steam and ash emissions, rock-
falls, or mudflows. After each episode, seismicity rapidly returned to background levels.

During the summer of 1989 two new seismic stations were installed on the west and
northeast sides of Mt. Rainier to improve our location resolution for earthquakes on the volcano,
and to investigate lahars on the flanks of the mountain caused by glacial outburst floods. This
proved to be fortuitous timing, since on August 16 a significant rockfall (more than 1 million cubic
meters) occurred on Mt. Rainier originating at Russell Cliff, and traveling 4 km down the
Winthrop Glacier. We were able to accurately locate the rockfall and alert the Park Service on a
day when bad weather and poor visibility prevented visual observation. We also recorded a small
lahar on one of the newly installed stations in late September. Elsewhere in western Washington
on June 18th a notable deep earthquake, magnitude 4.4, was widely felt in the Puget Basin and
was located at a depth of 45 km beneath the Kitsap Peninsula.

In Oregon, a cluster of activity near the summit of Mt. Hood in August and September
included over a dozen shallow (depth less than 10 km) earthquakes larger than magnitude 1.0. Five
of these were magnitude 2.0 or larger, with the largest being a magnitude 3.5 on September 15. A
similar sequence occurred in September, 1978 (Weaver et al., 1982). In Portland, Oregon a magni-
tude 3.8 earthquake was felt on August 1. Its depth was about 15 km, and it was followed

8
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immediately by one aftershock.

East of 120.5°W, a very interesting magnitude 4.5 earthquake, at 15 km depth occurred on
May 9th in the North Cascades about 40 km southwest of Okanogan and was felt in Omak, Wash-
ington. This is the largest earthquake we have located in this area since beginning instrumental
recording in 1970. Very little seismicity is seen in the North Cascades, although it is believed to
be the source region for the 1872 earthquake, the largest earthquake known to have occurred in
Washington or Oregon.

Publications

Havskov, J., S. Malone, D. McClurg, and R.S. Crosson, 1989, Coda Q for the state of Washing-
ton, BSSA, V. 79, pp. 1024-1038.

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 press), Seismicity of Washington and
Oregon, in: Slemmons, D.B., E.R. Engdahl, D. Blackwell and D. Schwartz, editors,
Decade of North American Geology associated volume CSMV-];
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, Tectonics, Seismicity, and Engineering Seismology in Washington, in
Association of Engineering Geologists, Washington State Centennial Volume, Wash-
ington State Department of Natural Resources, Division of Geology and Earth
Resources, Bulletin 78.

Neri, G. and S.D. Malone, 1989 (in press), An analysis of the earthquake time series at Mt. St.
Helens, Washington, in the framework of recent volcanic activity, Jour. Volcan.
Geother. Res.

Thompson, K.I., 1989 (submitted), Seismicity of Mt. Rainier - a detailed study of events to the
west of the mountain and their tectonic significance, BSSA.

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

Univ. of Wash. Geophysics Program, 1989 (in preparation), Quarterly Network Report 89-C on
Seismicity of Washington and Northern Oregon

Abstracts

Jonientz-Trisler, C., C. Driedger, and A. Qamar, 1989 (in press), Seismic signatures of debris
flows on Mt. Rainier, WA, EQOS, Fall 1989 PNAGU.

Jonientz-Trisler, C., and A. Qamar, 1989 (in press), Debris flow seismograms from Mt. Rainier
and Mt. Adams, EQS, Fall 1989 AGU.

Miyamachi, H;, and S.D. Malone, 1989 (submitted), Relocation of earthquakes at Mount St. Helens
using a three-dimensional velocity model, EOS.

Nielson, E.A., R.B. Waitt, and S.D. Malone, 1989, Eyewitness accounts and photographs of the 18
May, 1980 eruption of Mount St. Helens, Wash., LA.V.C.E.I. General Assembly
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SEISMOLOGICAL DATA PROCESSING
9930-03354
John Evans, Greg Allen, Moses Smith

U.S. Geological Survey
345 Middlefield Road
Menlo Park, Ca.

(415) 329-4695

INVESTIGATIONS

The purpose of this project is to provide for both general

purpose and specialized computer systems and data communications
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.

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, an
ISI Motorola 68020 UNIX system, a SUN 4/280 (sparc) UNIX system, two
SUN 3/50 UNIX workstations, and nine SUN 3/60 UNIX workstations.

All of these systems are connected to networking facilities, which
include wide area networks (internet), a campus wide local area
network (ethernet), a digital data switch (ROLM), and phone links
(public and dedicated).

Recent work has focused on: increasing disk storage on the

SUN 4/280; providing a tape back up system for the SUN 4/280;
installing a data communication network for the administrative
personel’s computers; moving the PDP 11/70’s RTP data aquisition
functions to another computer system.

RESULTS

A new disk (1234 megabytes) and a new tape system (2.3 gigabyte per
cartridge) have been purchased for the SUN 4/280. Both the disk
and tape system should be installed by the first week of October,
1989,

The hardware and software for a PC network, to service the
administrative personnel’s computers, has been ordered and should be
installed during October 1989,

Moving the PDP 11/70’s RTP data aquisition functions to another
computer system is in a research and planning mode.

10



Central California Network Operations
9930-01891

Wes Hall
Branch of Seismology
U.S Geological Survey
345 Middlefield Road-Mail Stop 977
Menlo Park, California 94025
(415)329-4730

Investigations

Maintenance and recording of 346 seismograph stations (447 components)
located in Northern and Central California. Also recording 68 components from
other agencies. The area covered is from the Oregon border south to Santa
Maria.

"Drop outs" of seismic data in J120 discriminators during large events.

Results

1. Bench Maintenance Repair

A. seismic VCO units 251
B. summing amplifier 18
C. seismic test units 5
D. VO2H/JO2L VCO Units 15
E. FBA VCO Units 6
2. Production/Fabrication
A. J512A VCO units 37
B. J512B VCO units 9
C. summing amplifier units 10
D. dc converter/regulators 24
E. seismic test units 1

3. Modifications
JJ501/502 22

4. Discriminator Tuning
J120 239

5. Increased clamping circuit time constants of 48 ea J120 discriminators. 46

of 48 modified discriminators did not drop out during 9/21/89 Mendocino
event.

11
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6. Equipment Shipped
A. 76ea, J120 tuned discriminators to University of Utah
B. 60ea, J601 dc-dc converters to Cal Tech
C. 60ea, J120 discriminators to Cal Tech
7. New seismic stations: LSH, MMIN, MMIV,MMT
8. Stations deleted: PGHA, PGHB, PGHC, LBM, MNPN, MNPV, MSLN.

9. Tuned the Corp of Engineer (San Francisco Division) microwave system to
manufacture specifications.

10. Refurbished the Reason Peak Receiver site to accomadate data
receivers/transmitters for Miami and Tom's mountain.

11. Connected 64 channel input to Willie Lee's portable IBM based computer
monitor.

12
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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 (Figure 1) 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 into a computer at four-times the
speed at which they were recorded. This computer then digitizes the data, automati-
cally detects events, demultiplexes each event, and writes them to disk. These events
are edited to eliminate spurious triggers, and a tape containing only seismic events is
created. All subsequent processing is done from this tape. Times of arrival and wave
amplitudes are read from an interactive graphics display terminal. The earthquakes
are located using a program developed for this project originally 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 May through July, 1988. By the end of the 1988 summer
field trip to Adak, all 28 components were operating. Our field team was able to
obtain use of a Coast Guard helicopter, at no cost to the project, and brought up AK2
and AK3, which had been down for about 6 years due to difficult access. A lightning
strike at the end of the summer field trip brought AD1Z and AD6H down again and
we were unable to repair them. However, due to the combined efforts of our
observers on Adak and Sean Morrissey over the past year, the network status is more
complete than it has been for many years. Table 1 shows the status of the network
for the time period October 1988 to the present. The minor winter maintenance trip
has not yet been done for this year but is planned in the near future.
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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
installed and customized the data analysis package developed at Lamont-Doherty
Geological Observatory and have been using it to locate 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 sampling 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, one
locator working in 1988, and one locator working in 1989.

In November, 1988, the PDP 11/34 used to digitize our analog data tapes died
and all affordable attempts to repair it failed. In the spring of 1989 we began testing
a new digitizing device on loan from Mr. Reese Cutler of Cutler Digital Design, and
software provided by Dr. Peter Ward of Menlo Park. This device is linked to a Sun
3/50 workstation and the combination 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 stations than Dr. Ward and are digitizing at
four times his rate (38 channels at 300 sps) but the Sun 3/50 and Cutler Digital
Design Data Sampler are able to handle this and produce high quality data compati-
ble with the PDP 11/34. We began digitizing June, 1989 data in late August, 1989.
Our only problem results from the fact that this Sun 3/50 is also used for locating
earthquakes and analysis of our data. Such a small machine cannot handle both our
tasks, digitizing at 300 sps and analysis, at the same time without the operating sys-
tem hanging and requiring a re-boot to clear the system. As a result we are two
months behind in digitizing, requiring that some data tapes with good film backup
and few events be erased before digitizing in order to maintain supply to Adak. The
recommended solution is to have two separate machines; one for digitizing and one
for analysis so that each task can be done uninterrupted. Digitizing and locating both
suffer when the one machine used for both is down 2 or 3 times daily. We are hope-
ful that a CPU and memory upgrade to a Sun 3/60 will allow us to digitize and
analyze at the same time with fewer problems, since we cannot afford two machines.

The location work has proceeded well; 67 earthquakes were located during
November 1 - 8 and December 1 - 7, 1986; 136 earthquakes were located during
October, November, and December, 1987; and 61 earthquakes during June, 1989.
No more events have been located in 1988 at this time. The grand total for all three
time periods located since May, 1989 is 274, about half the rate of last period due to
the interference with the digitizing process.

Epicenters of all the located events for 1986, 1987, and 1989 are shown in Fig-
ures 2a, 2b, and 2c and vertical cross-sections are given in Figures 3a, 3b, and 3c.

Two 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 teleseismi-
cally 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, 10 of the
events located with data from the Adak network for the specified dates in 1987 and 4
in 1989 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
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earthquakes with duration magnitudes (M) of less than 2.3 for 1986 and 1987. How-
ever, all events are being located for 1988 and 1989.

A catalog has been complied of the located events which occurred in 1986,
1987, and 1989. The catalog is complete for events within the specified time inter-
vals with M¢22.3 for 1986 and 1987, and is complete for all events in 1989,

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
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:

Mg=1.0+.63[log;02t+.003A+.003z]

where My is the duration magnitude, t is the duration measured from the S arrival, A
is the epicentral distance, and z is the depth. As yet, this formula is not being used
routinely for magnitude calculations. A discussion of research on this problem can
be found in the report of Grant No. G1368 elsewhere in this volume.

Due to the manner in which the new digitizer determines the user-supplied sam-
pling rate, our sampling rate was increased from 75 sps to 84 sps for all data digitized
since August, 1989. This represents a slight increase in resolution and a slight
increase in storage requirements, but has not otherwise effected analysis.
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Figure 2a: Vertical cross section of seismicity which occurred November 1 - 8 and
December 1 - 7, 1986. Events are projected according to their depth (corresponding
roughly to vertical on the plot) and distance from the pole of the Aleutian volcanic
line. The zero-point for the distance scale marked on the horizontal axis of the plot is
arbitrary. Events marked with 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
irregular curve near the top of the section is bathymetry.
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Alaska Seismic Studies
9930-01162

John C. Lahr, Christopher D. Stephens,
Robert A. Page, Kent A. Fogleman
Branch of Seismology
U. S. Geological Survey
345 Middlefield Road, Mail Stop 977
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 operation
the Alaska Volcano Observatory (AVO). Under this program, our
project monitors seismicity near Mt. Spurr and Mt. Redoubt with a
l6-station network that includes 6 stations near each of these
volcanoes.

3) Cooperated with the Branch of Engineering Seismology and
Geology in operation of 15 strong-motion accelerographs in southern
Alaska, including 11 between Icy Bay and Cordova in the area of the
Yakataga seismic gap.

Results

1) The number of shallow earthquake hypocenters in southern
Alaska determined for the period January - June 1989 (Figure 1) is
nearly twice that of the first six-month period of 1988.
Similarly, the number of subcrustal shocks (Figure 2) is nearly
three times greater. These changes are attributed primarily to
systematic effects related to implementation of the digital event
detection system that incorporates data from both the USGS and UAGI
seismograph networks. In particular, many more events from the
area north of about latitude 62.5° N and from southwest of the
Kenai Peninsula are included in the processing, and the magnitude
threshold for including events from within the Wadati-Benioff zone
is lower than previously applied. Although preliminary, these new
data suggest that the 1level of crustal seismicity along and
adjacent to the Denali fault system west of about longitude 147°
W is comparable to that in the northern Cook Inlet region.

Despite the large increase in the number of located shocks,
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the general features in the spatial distribution of seismicity
within areas monitored by the USGS network (roughly between
latitudes 58°-62.5°N, and beneath the northern Gulf of Alaska) are
similar to those over the past few years. Important features of
the shallow seismicity include continuing aftershocks from the
1987/1988 sequence of large (Ms 7.0,Ms 7.6,Ms 7.6) earthquakes in
the northern Gulf of Alaska, persistent seismicity beneath Waxell
Ridge near the center of the Yakataga seismic gap and within the
aftershock zone of the 1979 St. Elias earthquake east of the gap,
clustered activity beneath Prince William Sound and along the
Castle Mountain-Caribou fault system north and northeast of
Anchorage, and activity along the volcanic arc west of Cook Inlet.
It is interesting to note that beneath northern Cook Inlet, where
two bursts of seismicity were observed in the previous six month
period, the rate of activity continues to be high. However, the
significance of any apparent changes in rates of seismicity is
uncertain at this time because current procedures for determining
magnitudes have not been calibrated against previous methods.

On July 16, a M 4.1 (m, 4.4) shallow earthquake occurred in
the aftershock zone of the August 1984, m, 5.7, Sutton earthquake.
The latter event involved dextral slip at 13- to 20-km depth on the
Talkeetna segment of the Castle Mountain fault system (Lahr and
others, 1986). Three aftershocks with magnitudes of 1.9, 2.0, and
2.6 were located. The focal mechanism for the July shock is very
similar to that of the 1984 earthquake. This event is the largest
to occur in the aftershock zone since 1984.

2) An extensive review of the literature was completed for the
DNAG paper, Seismicity of continental Alaska (Page and others,
1989). This paper reviews the seismicity of Alaska and discusses
this activity in the context of the current tectonic regime. The
seismicity is dominated by the intense activity that occurs along
the Pacific coast, and results primarily from the interaction of
the Pacific and North American lithospheric plates. Most of the
30 earthquakes of magnitude equal to or larger than 7.0 that have
occurred in continental Alaska since 1899 are located along this
coast. The largest instrumentally recorded interior shocks are of
magnitude 7.3, two near Fairbanks and one in western Alaska.

3) In addition to the routine maintenance of the high-gain
seismograph network, three new stations, including two that are
solar-powered, were installed within 13 km of the summit of Mt.
Spurr. These new sites were added to aid in the investigation of
the nature of shallow, swarm-like activity that occurs near this
volcano. A new station was also installed at Cape Yakataga with
a high-power VHF transmitter to improve coverage and detection
within the gap and to improve the reliability of data
transmissions. Reconfiguration of the telemetry circuits required
the installation of several new repeater sites on the Kenai
Peninsula, and modifications were made at other sites to interface
with state microwave facilities. A heavy-duty VHF whip antenna
installed last year at PWL survived the winter, thus offering a
relatively inexpensive solution to the long-standing problem of
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damage to Yagi-style antennas at sites that become buried by snow
each year,.

4) A Jjoint UAGI/USGS seismic center, the Alaska Earthquake
Information Center (AEIC), has been established at the UAGI
Seismology Laboratory in Fairbanks for recording and analyzing
Alaskan earthquake data and for disseminating information about
Alaskan earthquakes. By May, 1989, most of the USGS seismic
stations were being recorded at the UAGI and the seismic recording
equipment operated for the USGS by the Alaska Tsunami Warning
Center (ATWC) at Palmer, Alaska was dismantled dQuring June. During
August the capacity of the UAGI digital system was increased from
64 to 128 channels, allowing all of the stations being telemetered
to Fairbanks to be recorded. The AEIC will provide an improved
data base for studying Alaskan earthquakes, assessing their
hazards, and disseminating earthquake information and advisories
to government agencies and to the public. The expanded data set
will facilitate joint research projects and stimulate cross-
fertilization of ideas.

5) Seven of the strong-motion sites were visited, but no event
triggers occurred at these sites during the past year. The SMAl
located at the FAA in Yakutat was moved to the USGS building in
Yakutat.
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Figure 1. Epicenters of 1,024 shallow earthquakes that occurred between
January and June 1989. Magnitudes are determined from coda duration or
maximum amplitude., The magnitude threshold for completeness varies across
the network. Dashed contour outlines inferred extent of Yakataga seismic
gap. Neogene and younger faults shown as solid lines.

Figure 2. Epicenters of 1,242 intermediate and deep shocks that occurred
between January and June 1989. PWS - Prince William Sound. See figure 1
for details about magnitudes and map features.
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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 500 single
and multiple component stations in the network. The primary responsibility of this project is
to monitor, process, analyze, and publish data recorded from this network.

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

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 1981, 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.

Results

Figure 1 illustrates 8353 earthquakes located in northern and central California and vicinity
during the time period April through September 1989. This level of seismicity is normal for a
six month period as a staff of nine technicians and professionals typically processes 35 to 45
events per day. The largest earthquake during that time was a magnitude 5.2 event that
occurred on August 8, 1989. It was located approximately 15 kilometers north-northeast of
Santa Cruz and was probably on the San Andreas fault. It was preceded by a magnitude 5.0
earthquake on April 3 that occurred on the Calaveras fault approximately 14 kilometers
northeast of San Jose. On September 21 we recorded another magnitude 5.0 earthquake. This
one was located just off the the northern California coast, approximately 70 kilometers
southwest of Eureka.

Seismic data recorded by the network are being processed using the CUSP (Caltech USGS

Seismic Processing) system. CUSP was designed by Carl Johnson in the early 1980’s and has
since undergone some revisions for the Menlo Park operation. As of September 1, 1989 we
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have begun using revised CUSP software in a generic format. This new format will make
CUSP more universally acceptable to groups that are using or plan to use it in the future
because the commands are relatively non-specific to any particular group operation.

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

2.  The current catalog is relatively complete and correct through January 1989. The data from
March 1989 through August 1989 are complete, but some work remains to make corrections
on some problem events and identify the quarries that have been located. Data from Sep-
tember 1989 are still incomplete and some 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.  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 by many aftershocks.
The aftershocks 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 submitted an abstract for a talk to be presented at the Fall 1989 AGU meeting in
San Francisco. He will be describing the Medicine Lake swarm and related topics.

Reports

Klein, Fred, Lindh, Allan, and Walter, Steve, 1989, Central California earthquake animation
January - June 1989, U.S.G.S. Open-File Report 89-308 (video).

Walter, Steve, and Dzurisin, Dan, 1989, The September 1988 Earthquake Swarm at Medicine
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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

A new computer system, based around a Microvax 1l running VAX/VMS and
the Caltech -U.S.G.S. Seismic Processing (CUSP) software is now in full operation
and replaces the former array of three computers which were being used in sup-
port of network operations (a PDP 11/34 computer recording real-time short-
period signals; a PDP 11/23 computer recording a continuous data stream of
asynchronous digital data from four three-component wideband (0.1 to 25 Hz)
outstations; and a PDP 11/70 computer.) Essentially all of the software has been
brought over from the PDP 11/70, including a sizeable library of C programs.
Pickfiles created on the 11/70 have been relocated on the Microvax, and we plan
to continue creation of pickfiles which are strictly compatible with these (the
picking software writes ASCII pickfiles from the MEM and GRM files created by
CUSP). Although the VMS system has a UNIX tar emulation, we have not com-
pleted software as yet to read the binary header and seismogram files written on
the 11/70, but understand that such software is available. Readers of this
report should note that the new systermn makes calibrated three-component digi-
tal data available with the standard network data stream, and that software is
now available to access this data quite easily and efficiently. Also, the array of
digital stations has been expanded to nine, giving quite widespread coverage of
Nevada by these digital stations.

The digital signals are mixed with the incoming analog data as follows.
Incoming data is converted to analog data (16-bit accuracy D to A converter)
and redigitized along with the analog data, thus making the time base common
to all recorded stations, and allowing us to intermix data from digital stations
with disparate sampling rates. These signals are recorded intermittently as dic-
tated by the CUSP program SPIDER, which detects events and directs event
recording to disc.

In addition, the digital data are brought into the computer exactly as they
arrive from the field in a continuous, asynchronous data stream through a
second DRV11-¥ parallel port. They are then recorded on an Exabyte streaming
tape device. 0.01-second time stamping is placed on every digital sample that is
written on the tape, together with station i.d. and error detection bits. These
Exabyte tapes are VMS COPY tapes accessible either via the CUSP software or
directly transportable to the Sun/UNIX system through the UNIX utility "dd",
where George Randall has written software to unpack the data and convert it to
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SAC format for analysis on that system. Direct comparison of the data recorded
either way shows that almost no loss of resolution occurs in the D to A to D pro-
cess: the digital traces being recorded on triggered events overlay the actual
digital data recorded down to the level of individual counts apart frorn noise of
about one bit.

Seismicity during report time

From 1 April 1989 through 31 September 1989 the University of Nevada
Seismological Laboratory located 1,568 earthquakes (fig 1, 2), most near Long
Valley caldera as has been the case for the last ten years. Of these, 27 were
magnitude 3 or greater. The most significant activity has been the ongoing
swarm of earthquakes under Mammoth Mountain, which has now been going on
for five months without interruption, far longer than any of the previous swarms
at that site.

More detailed monthly reports of seismicity can be obtained by contacting
the laboratory.
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Mammoth Earthquakes
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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 first six months of the year 1989, as reported in Network Quarterly
Bulletins No. 59 and 60.

Results

In the first six months of 1989, 41 earthquakes were located by the 42 station
regional telemetered microearthquake network operated by Saint Louis University
for the U.S. Geological Survey and the Nuclear Regulatory Commission. Figure 1
shows 41 earthquakes located within a 4° x 5° region centered on 36.5°N and
89.5° W. The magnitudes are indicated by the size of the open symbols. Figure 2
shows the locations and magnitudes of 34 earthquakes located within a 1.5° x
1.5° region centered at 36.25° N and 89.75°W.

In the first six months of 1989, 63 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 first six months on 1989 include
the following:

1. April 27 (1647 UCT). New Madrid, Missouri. my, = 4.7 (BLA). Slight
damage (VI) at Steele, Missouri. Felt (V) at Gobler, Hayti, Kennett and
Senath, Missouri and at Blytheville AFB, Arkansas. Felt (IV) in parts of
Missouri, Arkansas, Tennessee, Kentucky and Illinois.

2. May 14 (0016 UCT). New Madrid, Missouri. my,;, = 3.7 (NEIS). Felt (IV) at
Canalou and Matthews. Felt (III) at Cooter, Doniphan, Fredricktown, Gray-
ridge, Kewanee, New Madrid, Risco and Senath. Also felt (III) at Pollard,
Arkansas and Bardwell, Hikman and Kevil, Kentucky.

In addition to servicing the network project personnel have been involved in
installation and bringing on-line the IRIS station at the Cathedral Cave site.
This station is located on the northwest border of the network and will provide
significant data for location and source characteristics studies, particularly for
events which occur in the Ozark uplift region of southeast Missouri.

35



I.1

With a view toward the evolution of network hardware and processing,
several important software developments have been made. First, present PDP
11/70 analysis software, PING, has been ported to a SUN Sparc Station in such a
manner that permits the use without modification of archive tapes acquired since
1980. The other effort has been directed toward the implementation of a data
base management scheme for analyzing seismic traces and locating earthquakes.
This is an implementation of the Center for Seismic Studies data base and will
work on UNIX machines and on PC’s under DOS. Thus a single package works
both at the university and in the field.
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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 1large,
telemetered seismic networks. This includes (1) realtime systems
capable of monitoring up to 512 stations and detecting and saving
waveforms even from earthquakes registering just slightly above
background noise level, (2) near-realtime and offline graphics
systems to analyze, catalog and archive the detected waveforms, (3)
support and documentation for the users of the system.

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

Software is based upon the DEC/VMS operating system, the CUSP
database system, and the GKS graphics systemn. 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. Realtime Data Acquisition: system development and support.

Realtime earthquake detection and data acquisition systems are
running at the Varian site and Halliburton site in Parkfield, CA.
The Varian site has been running throughout this report period.
The Halliburton site began useful work in June, 1989. At that site
a Vaxstation II computer is monitoring an array of 3-component
seismometers in each of 9 boreholes. Digitizing rate is 500
samples/sec per component.

39



I.1

The CUSP realtime system operating at the University of Nevada
(Reno) was modified to accept digital data directly. It now
collects the usual analog signals that are digitized at the
computer interface, and telemetered digital data.

The CUSP realtime system, as well as the Generic CUSP data
processing system, was installed at the Idaho National Electronics

Laboratory in September, 1989. Signals are input to the Vaxstation
3200 computer via a Camac Crate programmable interface.

Asynchronous DECNET software/hardware was installed and now
works between Menlo Park and Parkfield, and Menlo Park and
Pasadena. One use of it is to transfer waveforms from the Parkfield
Halliburton site to Menlo Park.

2. Data processing with the (Generic) CUSP system:
development and support.

The (Generic) CUSP data analysis system is now developed to
the point where all the pieces are in place, and now fine tuning
and elimination of bugs is underway. The CALNET seismic network
processing group in Menlo Park started using it with data beginning
September 1, 1989. (See Rick Lester's project cited above.) We
provide development and support services to the CALNET project, to
equivalent network projects at Pasadena and Reno, and to the Menlo
Park Parkfield Earthquake Prediction project.

3. Documentation of the Generic CUSP systenmn.

Online documentation of the CUSP system commands is available
on the Branch VAX/750 in Menlo Park. When you are working in a
CUSP environment, by typing CHELP (Cusp HELP) you enter into a
help-file structure that contains detailed descriptions of nearly
all CUSP commands, with many examples. There are options to make
hard copies as well. The online CHELP documentation feature allows
CUSP users dquick access to syntax of various commands and
processes, as well as a presentation of nearly all available CUSP
commands.

4. Interactive seismic trace processing using the GKS system.

The GKS-based inter-active graphics system (TMIT) for mass
processing of seismic waveform data has now started initial 'live!
testing. (A serious system bug that caused TMIT to 'hang' in a
tight instruction loop seems to have been eliminated by going to
a combination of VAX/VMS operating system 4.7, DEC/GKS Version 4.0,
and VWS 3.2.) TMIT runs on our VAXstation 2000 and 3200 computers.

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 135 earthquakes from January through June 30,
1989. The seismicity of the Shumagin Islands region for this time period is shown in map view in
Figure 1 and in cross section in Figure 2. There were a total of 4 events over magnitude 4 during
the time period. The largest event in this period within the network occurred on 5/19/89, had a m,
of 5.0, and was located just south of the Shumagin Islands at 53.34N, 165.14W.

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 network (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.

Unusually bad weather this winter caused severe damage to a number of remote sites, which
resulted in only 135 events recorded during the first half of the year. Servicing of the network was
successfully completed in July, most sites were visited, and neccessary repaires were made . The
network is capable of digitally recording and locating events as small as M,=0.4 with uniform cov-
erage 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 tele-
phone 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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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 January - mber, 1989 Angel in Seismici

In addition to numerous single shocks during 01 January- 3 September 1989 two
events of My =5.0 and M =4.6 were recorded (Figure 1). 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. Two
earthquakes of M=4.4 and 4.1 occurred on June 12 beneath the Montebello Hills,
approximately 10 km to the southwest of the 1987 Whittier Narrows earthquake. Both
events showed pure thrust faulting on east striking planes. In addition, during this time
period enhanced activity is observed along the Elysian Park fault, to the west of the
Whittier Narrows.

These and other sequences recorded during 1988-1989 indicate an unusually high
level of seismicity in the Los Angeles basin. Jones et al. (1989) have shown that the
present rate is anomalously high compared with the rate recorded from 1975 to March
1986.

1 Velocity M for th Angeles Basi

As a part of our analysis of the local earthquake data, we have determined four sets
of one-dimensional velocity models and corresponding sets of station delays using the
computer code VELEST. These models have been published by Hauksson [1987],
Hauksson and Jones [1989], Hauksson and Saldivar [1989], and Hauksson [in
preparation].

The 1988 and 1989 seismicity was located using the four pairs of new velocity
models. These models are listed in Table 1 and areas where each pair of models applies are
shown in Figure 2. Each pair of models has a corresponding set of station delays. A new
version of the computer program Hypoinverse (Klein, 1989) was used to calculate the
improved hypocenters. If a hypocenter falls within the area of a model pair, one model (
even numbered models in Table 1) is used for stations in the Los Angeles basin and an

43



I.1

alternative regional model (odd numbered model in Table 1) is used for stations located
outside of the basin. At the model boundaries the models are tapered off over a buffer zone
indicated by the dashed line in Figure 2. If the earthquake is located outside the model
pairs the average or generic southern California model is used (model 1 in Table 1). In
general the new models provide more accurate hypocenters than were available before.

PUBLICATIONS
Hauksson, E. and L. M. Jones, The 1987 Whittier Narrows earthquake sequence in Los

Angeles,southern California: Seismological and tectonic analysis, J, Geophys,
Res., 94, 9569-9590, 1989.

Hauksson E. and G. V. Saldivar, Seismicity (1973-1986) and active compressional
tectonics in the Santa Monica Bay, southern California, ], Geophys, Res. , 94,
9591-9606, 1989.

Hauksson, E. and R. S. Stein, The 1987 Whittier Narrows earthquake: a metropolitan

shock, J. Geophys. Res,, 94, 9545-9547, 1989.

Jones, L. M., K. E. Sieh, E. Hauksson and L. K. Hutton, The December 3, 1988
Pasadena, California Earthquake: Evidence for Strike-slip Motion on the Raymond

fault, Bull. Seism. Soc, Amer.., to appear in February 1990.

Hauksson, E., Earthquakes, active faulting,and stress in the Los Angeles Basin, submitted

to_], Geophys. Res,, August 1989.

REPORTS

Hauksson, E., T. L. Teng, T. L. Henyey, M. Robertson, J. K. McRaney and L. Hsu,
Earthquake hazard research in the Los Angeles basin and its offshore area, Annual
Technical Report submitted to the U.S. Geological Survey, December 1988, 90 pp.

Hauksson, E,, Comparison of broad-band waveforms of local earthquakes recorded at
crystalline and sedimentary rock sites in the Los Angeles basin, submitted to fall
AGU meeting, 1989.

Robertson, M. C,, and E. Hauksson, Three-dimensional fine velocity structure of the Los
Angeles basin, submitted to fall AGU meeting, 1989.
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TABLE 1

LOS ANGELES BASIN VELOCITY MODELS

VELOCITY DEPTH TO TOP

VELOCITY DEPTH TO TOP

OF LAYER OF LAYER
KM/S KM KM/S KM
SOUTHERN CALIFORNIA MODEL
C model 1
5.50 0.00
6.30 5.50
6.70 16.00
7.80 32.00
NEWPORT-INGLEWOOD FAULT
NIL model 2 NIS model 3
4.11 0.00 5.52 0.00
5.55 4.00
5.73 5.50 6.23 5.50
6.66 16.00 6.62 16.00
7.80 32.00 7.73 32.00
WHITTIER NARROWS
WNL model 4 WNS model 5
3.31 0.00 4.10 0.00
5.16 2.00 4.09 2.00
6.02 5.50 6.35 5.50
6.37 13.00 ‘
6.68 16.00 6.54 16.00
7.80 30.00 7.87 32.00
SANTA MONICA BAY
SBL model 6 SBS model 7
3.30 0.00 4.04 0.00
4.14 2.00 5.22 2.00
6.04 5.50 6.18 5.50
6.25 13.00
6.72 16.00 6.57 16.00
7.80 32.00 7.80 32.00
PALOS VERDES AND SAN PEDRO BAY
PV1 model 8 PV2 model 9
3.43 0.00 4.28 0.00
4.39 2.00 5.46 2.00
6.24 5.50 6.25 5.50
6.47 13.00
6.48 16.00 6.62 16.00
7.80 32.00 7.80 32.00
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Field Experiment Operations
9930-01170

John Van Schaack
Branch of Seismology
U. §. Geological Survey
345 Middlefield Road MS-977
Menlo Park, California 94025
(415> 329-4780

Investigations

This project performs a broad range of mahagement, maintenance, fieid
operation, and record keeping tasks in support of seismoiogy and tectonophysic
networks and field experiments. Seismic field systems that it maintains in a
state of readiness and deploiys and operates in the field (in cooperation with
user projects) include:

a. 5-day recorder portable seismic systems.
b. ICassette" seismic refraction systems.
C. Portable digital event recorders.

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

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

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

ujt

eismi efraction

Personnel from this project assisted Mr D. Okaya of U. C. Berkeiey 1n a
small seismic reflection project in southeast California. Personnei aiso
gselected shotpoints in Arizona for the Pacific Arizona Crustal Experiment and
wrote environmental assessment reports for this same project. The cassette
recorders were used in a cooperative program with the Canadian Geological
Survey in Western Canada. This project provided explosive handiers and
shooters.

Portable Networks
The 5-day portable tape recorders were used in two small experiments
during the summer; one in southern Alaska and the other in southwest Uregon.
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Geothermal Seismotectonic Studies
9930-02097

Craig S. Weaver
Branch of Seismology
U. S. Geological Survey
at Geophysics Program AK-50
University of Washington
Seattle, Washington 98195
(206) 442-0627

Investigations

1. Continued analysis of the seismicity and volcanism pattemns of the Pacific Northwest in an
effort to develop an improved tectonic model that will be useful in updating the geothermal
potential of the Cascade Range and earthquake hazards in the region. Funded by Geothermal
and Volcano Hazards. (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. Funded by
Geothermal and Volcano Hazards. (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-
ern 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. Funded by Vol-
cano Hazards. (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. Emphasis is being placed on developing the
seismotectonic framework of the Portland basin, in order to further models of segment boun-
daries defined by the pattern of late Cenozoic volcanism. Funded by Geothermal. (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.
Funded by Volcano Hazards. (Zollweg--volunteer, 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
mo;il«lerr)x networks. Funded by the Earthquake Program. (Meagher, Weaver, with Lindh in
Menlo
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7. Study of estuaries along the northern Oregon coast in an effort to document probable sub-
sidence features associated with paleosubduction earthquakes. Funded by Geothermal and
Earthquake Programs. (Grant).

Results

A crustal refraction profile across the Columbia Plateau through the Pasco Basin of
Washington has given us the opportunity to compare details of the crust and upper mantle with
the distribution of seismicity. This refraction line (C-C’ in Fig. 1) crossed the series of post-
Miocene east-west striking thrust faults at acute angles and passed through the center of the
Pasco Basin where the flows of the Columbia River Basalt Group are thought to be thickest.

East of the Cascade crest in Washington and northern Oregon, all earthquakes locate
within the mid to upper crust. More than ninety percent of the earthquakes occur at depths
less than 8 km and there are no events located deeper than 25 km. Although several magni-
tude 4+ earthquakes have been located in the Columbia Plateau east of the northern Oregon
Cascade Range, the great majority of earthquakes occur around the Pasco Basin (Fig. 1). The
shallow depths of most earthquakes in eastern Washington mean that their hypocenters lie
within the Columbia River Basalt Group, a sequence of flood basalts of Miocene age that
thickens to a maximum depth of 6 km in the central Pasco Basin.

The shallowest events frequently occur in earthquake swarms isolated in both space and
time. Swarms occur in restricted volumes only a few kilometers in diameter and last a few
weeks to several months. Some swarms appear spatially associated with east-west trending
anticlines, such as the steeply dipping north limb of the Saddle Mountains anticline (Fig. 1),
possibly along short segments of a high-angle reverse fault. There are few other associations
of seismicity with mapped surface structures and no indication of horizontal alignments of
earthquakes that would indicate major segments of near-vertical fault systems (Fig. 1). At
depths greater than 8 km, earthquakes occur as isolated events, rather than in swarms.

Throughout the Columbia Plateau in eastern Washington thrust or reverse focal mechan-
isms are common. These mechanisms suggest that movement occurs on east-west trending
faults, although no earthquake has been correlated to a specific mapped fault. P-axes of these
focal mechanisms are roughly horizontal and oriented north-south, and the direction of max-
imum principal stress has been inferred to be north-south [Malone and others, 1975]. This
stress direction is consistent with the east-west trending anticlines mapped in the area (shown
in Fig. 1)

The crustal structure (Fig. 2) interpreted by Catchings and Mooney [1988] along line C-
C’ contains four features of interest with respect to the earthquake distribution: 1) a series of
alternating layers of high and low velocity (5.85 and 5.3 km/s respectively) that comprise the
Columbia River Basalt Group. The high velocity represents the Miocene basalts whereas the
low velocity represents sedimentary deposits between flows [Catchings and Mooney, 1988].
This integrated structure reaches its maximum depth near the center of the Pasco Basin (Fig.
2). 2) A low velocity layer beneath the Columbia River Basalt Group that is interpreted by
Catchings and Mooney as a pre-Miocene sedimentary basin. 3) The low velocity layer is con-
tained within a graben structure defined in the mid and upper crust (Fig. 2). The graben struc-
ture is about 70 km wide and has a vertical offset of about 4 km between the central axis and
either side; the low velocity sedimentary fill is thickest within the graben axis. 4) A lower cru-
stal upwelling of velocity 7.5 km/s occurs beneath the entire graben structure, but reaches its
highest crustal level of about 25 km directly beneath the center of the graben. Taken together,
these four elements are typical of the structure of continental rifts [Catchings and Mooney,
1988].

The earthquake distribution (Fig. 2) shows clearly the concentration of events within the
Columbia River Basalt Group. Most of the shallow crustal events within the Columbia River
Basalt Group are near the Saddle Mountains which occur over the northeasten edge of the
upper crustal graben. The low velocity sediments (of velocity 5.0 km/s) within the graben are

50



nearly devoid of earthquake hypocenters: the deeper crustal events occur in crystalline base-
ment and subbasement layers with velocities of 6.1-6.4 km/s and 6.8 km/sec, respectively
[Catchings and Mooney, 1988]). The deepest crustal events at about 22 km occur above the
shallowest extent of the lower crustal upwelling. Seismicity seems to be distributed unevenly
about the upper crustal graben, with most of the events occurring on the northeast side of the
graben. The graben, though pre-dating the Columbia River Basalt Group and the contemporary
tectonics, may exert some influence on the shallow crust producing (or localizing) the Saddle
Mountain system and contemporary seismicity, although the processes responsible for localiz-
ing the shallow thrusts and earthquakes are unknown. Likewise, there is a tendency for most of
the earthquakes below the Columbia River Basalt Group to occur beneath the northeastemn half
of the graben (Fig. 2).
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1.2

Seismic Source Analysis Using Empirical Green's Functions
9910-02676

J. Boatwright and L. Wennerberg
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5609, 329-5607, 329-5659

Investigations

Theoretical and observational investigations of the earthquake rupture
process, with application to locating subevents of a complex rupture, and
resolving the spatial and temporal distribution of stress drop in an earth-
quake,

Results

1, DiBona and Boatwright (1990) have designed, implemented, and tested an
iterative inversion scheme which uses positivity constraints to deconvolve
recordings of empirical Green's functions from recordings of larger
earthquakes, and which minimizes the number of subevents by using an F-test
to check the statistical significance of each added subevent. The
deconvolutional procedure has been sucessfully used to analyze a suite of
aftershock recordings from the 1976 Friuli, Italy, earthquake sequence. In
this analysis, DiBona and Boatwright (1990) verified Boatwright's (1988)
assertion that asperity waveforms provided more appropriate models for the
subevent radiation than crack waveforms. The asperity waveforms were
obtained by filtering the empirical Green's functions using a simple
mimimum phase filter.

2. Wennerberg (1988 and 1990) has developed a variation of Boatwright's
(1988) filtering strategy in which the recordings of small earthquakes a
amplified at long periods using a zero-phase shift filter to simulate
recordings of large simple earthquakes or large subevents within a complex
rupture process. This procedure has proven to be remarkably sucessful not
only for scaling small earthquakes, but also for identifying the dominant
subevents of a complex earthquake. Where the approach of DiBona ,and
Boatwright (1990), described above, yields Green's functions for the stress
release at a single grid point (or discrete sub-event) within a larger
rupture process, the analysis of Wennerberg (1990) is designed to model the
radiation from coherent sub-events, that is, coherent segments of the
rupture process which release stress over a spatially finite area.
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Earthquake Hazard Investigations in the Pacific Northwest
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Investigations

The objective of this research is to investigate earthquake hazards in western Washington,
including the possibility of a large subduction-style earthquake between the North American and
Juan de Fuca plates. Improvement in our understanding of earthquake hazards is based on better
understanding of the regional structure and tectonics. Current investigations by our research group
focus on the configuration of the subducting Juan de Fuca plate, differences in characteristics of
seismicity between the overlying North American and the subducting Juan de Fuca plates, kinematic
modeling of deformation of the Juan de Fuca slab, and modeling of lateral velocity variations in the
shallow crust. Research during this contract period concentrated on the following topics:

1.  Final publication of 3-D crustal velocity models for Puget Sound and southwestern Washing-
ton resulting from tomographic inversion of earthquake travel times, and preparation of an
article describing a technique for incorporating gravity data as a constraint in the tomographic
inversion of earthquake travel times for crustal structure.

2. Development of non-linear inversion techniques for use in an inversion for deep crustal and
shallow mantle velocity structure beneath Washington.

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

4  Modeling of 3-D kinematic flow of the subducted slab.
Results
1. 3-D structure in western Washington

Final result of our inversions of local earthquake travel-time data for three-dimensional cru-
stal velocity structure have been published or are in press in the form of several journal articles. An
additional article on the use of gravity data as a further constraint on the velocity model is being
prepared by J. Lees and J. VanDecar.

2. Deep structure of the Cascadia subduction zone

In most subduction regions, the position of the subducting lithosphere is indicated by a
Benioff zone. In the Cascadia subduction zone (CSZ), the lack of any well-defined Benioff zone
east of the Puget Sound lowland leaves us without detailed knowledge of the plate position. We are
studying the deep-crustal and upper-mantle velocity structure of the CSZ by using a large set of
teleseismic arrival times which have been recorded on the Washington Regional Seismic Network
(WRSN) to invert for velocity structure. Previous teleseismic inversions for velocity structure; Lin
and Crosson (1973), Michaelson and Weaver (1986), and Rasmussen and Humphreys (1988); pro-
vided low resolution images of the regional velocity structure. The low resolution of these models
was due at least in part to the use of (1) small and incomplete data sets, (2) inaccurate, visually
chosen arrival times without dependable error estimates and (3) inappropriate linear inversion tech-
niques. In order to obtain a high resolution, well constrained CSZ structure we must improve in
each of these areas.

The WRSN has accumulated 9+ years of high-quality digital teleseismic data spanning a
nearly complete range of azimuths and distances. To go along with the data set, we have developed
a new technique for efficiently extracting both highly accurate relative arrival time and quantitative
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uncertainty estimates (for use in inversion weighting) from this data. The method combines a
multi-channel cross-correlation procedure with adjustment by least squares. A paper on this tech-
niques and its application to the WRSN data will appear shortly in the BSSA. Non-linearity in this
inversion arises from the fact that the ray paths depend on the velocity structure. The linear
assumption used in past studies significantly distorts ray paths in many parts of the model. This can
be dealt with by performing iterative linear inversions, and ray tracing after each iteration to correct
the ray paths. The combination of our higher quality data with down-weighting of relatively low
quality data (using our quantitative uncertainty estimates) should help to produce a convergent solu-
tion.

3. Anomalous Phase Arrivals

Another line of investigation into the deep crustal and upper mantle velocity structure uses
phase arrivals from subcrustal earthquakes within the Wadati-Benioff zone under western Washing-
ton. Deep structure affects both apparent phase velocities and wave forms. Apparent velocities from
these Benioff zone earthquakes show azimuthal dependency at epicentral distance of 100-200 km,
with apparent velocities ranging from 7.5 to 8.5 km/sec, with the highest velocities towards the
west. This azimuthal dependency could be due to higher velocities in the oceanic lithosphere of the
east-dipping subducting slab relative to the surrounding mantle material. Low apparent velocities
towards the east in this distance range may give an upper bound of ~7.5 km/sec on the velocity of
the wedge of mantle material between the crust and the downgoing slab, lower than the previous
estimate of ~7.79 km/s (Zervas and Crosson, 1984). For stations east of the Cascades, at epicentral
distances of 200-300 km from the Benioff zone, apparent velocities of 8.25-8.50 km/s are observed.
Such high apparent velocities are consistent with the velocity model based on seismic refraction stu-
dies (Catchings and Mooney, 1988).

The analysis of subcrustal earthquake waveforms has focused on anomalous phases observed
at stations on the Olympic Peninsula, where a high energy arrival is often observed after the initial
P-wave, but before the S-wave. This anomalous phase has higher amplitude than the initial P wave,
and is not observed on stations towards the east within the same epicentral range. The anomalous
phase may represent energy trapped in the low velocity upper crustal layer of the subducting oce-
anic lithosphere. Such trapped phases have been observed in the subducting Philippine Sea Plate
beneath SW Japan (Horai et al., 1985). The anomalous phase arrivals in western Washington show
an apparent velocity of 6.0-6.5 km/s, whereas P-arrivals show apparent velocities of 8.2-8.4 km/s in
the same western azimuths.

4. Slab Kinematics

As described is the last report, we are attempting to explain the observation that seismicity
within the subducting Cascadia slab is concentrated beneath the Puget Sound Basin, along the axis
of an apparent east-west trending arch in the slab geometry. The arch extends from an oceanward
concave bend in the trench, under the Olympic Mountains, to the Puget Sound Basin. Preliminary
calculations of kinematic slab flow suggested that the trench geometry forces along-arc compression
in the slab beneath Puget sound, and that an arch in the geometry relieves some of the required in-
plane strain rate. During the past six months we have formalized the theoretical description of in-
plane strain rates for an arbitrary flow on an arbitrary surface [Creager and Boyd, 1989] and are
nearly finished with a new algorithm to calculate the unique flow that globally minimizes the in-
plane deformation for an arbitrary surface with boundary conditions imposed on the flow at the
trench. A critical part of this calculation is describing realistic slab geometries by smooth continu-
ous surfaces with continuous gradients. We are trying both a taut spline approach and an expansion
of the surface in orthogonal polynomials.
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Reports

Final Technical Report: 1988, 1989, Earthquake Hazard Research in the Pacific Northwest, USGS
Grant #14-08-0001-G1390.
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Source Characteristics of Earthquakes Along the Southern
San Jacinto and Imperial Fault Zones (1937 to 1954)
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Objective: Between 1937 and 1954 four large earthquakes with local magnitudes of
6.0 to 6.7 occurred along the southern San Jacinto and Imperial fault systems.
Waveform modeling of region and teleseismic body waves is being used to
determine the faulting processes of these earthquakes. Data from available
geological and geophysical studies provides additional constraints on fault
geometry. Information on faulting processes obtained in this study will be
compared to the rupture processes of post-1960 earthquakes occuring along the
fault zones in an attempt to better determine the factors that control the nucleation
and termination of rupture along the faults.

Progress to Date: The past -six months of this project have been devoted to data
acquisition and analysis. Tasks completed during this time period include:

1. In July a trip to Caltech was made to collect additional regional and teleseismic
data for waveform analysis and first motion studies for the four earthquakes of
interest. On the return trip the PI stopped at San Diego State University to discuss
geological aspects of the study area with Dr. Tom Rockwell.

2. Preliminary analysis of the waveforms of the 1954 Arroya Salada and 1942
Borrego Valley earthquakes has been completed. The results suggest that the 1954
event occurred at a depth of 10 km along a right-lateral strike-slip fault with a
strike similar to the Clark fault, in agreement with previous aftershock studies that
suggested the earthquake ruptured to the southeast from a point near the mapped
termination of the Clark fault. The moment of the 1954 event is estimated to 3 x
10**25 dyne-cm, equivalent to a moment-magnitude of 6.3. The local magnitude
of the event (6.2) is comparable to this estimate. The 1942 event appears to have
occurred along a northeast trending strike-slip fault, similar to the trend of
structures mapped to the southwest of the southern San Jacinto fault. The largest
aftershock of the 1942 sequence appears to have a similar mechanism. Results of
the analysis will be presented at the fall meeting of the American Geophysical
Union.

3. The digitization of seismograms for the 1940 Imperial Valley and 1937 Buck
Ridge earthquakes are nearly complete. Seismograms have also been collected for
the 1918 and 1923 earthquakes along the northern San Jacinto fault and are
currently being digitized.

4. Gravity data for the southern San Jacinto and Imperial fault region is currently
being extracted from the university’s extensive gravity data base. Of particular
interest is the gravity data in the region southwest of the southern San Jacinto fault
where the 1942 .earthquake may have occurred. It is hoped the data may reveal
whether there are prominent northeast trending structures in the region.
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Spatial and Temporal Patterns of Seismicity in the Garm Region, USSR:
Applications to Earthquake Prediction and Collisional Tectonics

14-08-0001-G1382
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Daniel Sarewitz, Bingjun Zheng, and Margaret Thomas
Department of Geology, Indiana University
Bloomington, Indiana 47405
(812) 855-2934

Investizati

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 Figures 1 and 2, 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.

Earthquake Relocations. We have continued our work on relocation of earthquakes from
the CSE and USGS seismic networks. We have now obtained all available arrival time from the
dense telemetered USGS network (for the period 1975-1982) and have merged arrival times with
those obtained by the CSE network. Using revised station location information, we have relocated
all events recorded by the two networks for the 18-year period 1969-1987. Over 55,000 events
recorded by the two networks have now been relocated, and are shown in Figure 3. This earth-
quake list includes over 2500 events common to the two catalogs; this data set will provide the
basis for new inversions for three-dimensional velocity structure beneath the network. The new
seismicity map shows the dense concentration of crustal activity extending along strike of the high
ridge of the Peter the First Range, notable spatial clusters of activity within the Tien Shan to the
north, and a marked decrease in activity approaching the Pamir Range in the south. Several
marked cross-strike features are visible, and the town of Garm (near 39°N, 70.2°E) appears to be
surrounded by a distinct zone of reduced seismicity.

Geological Investigations. During the summer of 1989, we began a program of field
investigations in the Garm region that included four weeks of reconnaissance field mapping, using
Landsat Multispectral Scanner (MSS) imagery as a map base. The excellent exposure in the area,
combined with characteristic topographic expression and reflectivity of the sedimentary strata in the
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region, permitted use of the satellite imagery to extend key units between exposures directly
observed in outcrop. We also relied heavily on previous detailed mapping by V.I. Shevchenko
(Institute of Physics of the Earth), although our tectonic interpretation differs substantially from his
(see Lukk and Shevchenko, 1986). The geological field work permitted us to compile a prelimi-
nary geological map of the Garm region (Figure 2), as well as a geometrically constrained
geological cross section (Figure 4). The well constrained hypocenters (grades A, B, and C) located
within a 20-km wide rectangle surrounding the section (shown on Figure 3) have been
superimposed on the geological cross section. Our preliminary results (Hamburger and Sarewitz,
1989) can be summarized as follows.

The Peter the First Range (PFR) south of Garm represents a deformed segment of a large
intracontinental basin, the Tadjik Depression, which is actively uplifting and shortening in
response to the north-south convergence between two crystalline blocks, the Pamir and the Tien
Shan ranges. The stratigraphy of the PFR comprises a sedimentary section of shallow marine to
non-marine sediments deposited in a broad, restricted intracontinental basin. The lower part of the
section, which accumulated from Late Jurassic through Paleogene time, includes fine-grained
clastic, carbonate, and evaporitic sediments. These rocks were deposited in a tectonically quiescent
basin, close to sea level, probably in the absence of significant syndepositional relief. These sedi-
ments depositionally overlie Paleozoic units of the Pamir to the south and the Tien Shan to the
north. Starting in Miocene time, the progressive uplift of the Pamir massif is indicated by the
appearance of alluvial sandstone and conglomeratic units that coarsen upwards through the entire
Neogene section and thin toward the north. Subsequent shortening within the PFR is recorded by
km-scale isoclinal, upright-to-recumbent folds, and imbricate, north-verging thrusts that emerge
near the northern edge of the range, and mark the active tectonic boundary with the Tien Shan.
Thrust faults consistently exhume a sequence of Late Jurassic evaporites, which may provide a
regional decollement at depth.

The seismicity within the PFR is dominated by low-magnitude earthquakes that extend
from the surface to approximately 12 km depth. A subhorizontal zone of relatively low activity at
this depth may mark the location of a basal detachment that underlies a structurally thickened
sedimentary section; this horizon may coincide with the basal zone of Jurassic evaporites. This
aseismic zone is in turn underlain by a south-dipping belt of seismicity that extends from 17 km to
as much as 35 km depth, and which can be traced updip to the seismogenic crystalline basement of
the Tien Shan range to the north. We interpret this south-dipping structure as a zone of
intracontinental subduction that may be a continuation of the enigmatic intermediate-depth Wadati-
Benioff Zone beneath the Pamir Range to the south. Upper crustal shortening observed within the
PFR may be resolved at greater depths along this structure. The geology of the region suggests a
progressive northward migration of the Himalayan deformation front in Cenozoic time, beginning
with the Eocene suturing in the Indus-Kohistan region, developing into the Miocene uplift and
deformation of the Pamirs, and culminating in the progressive closure of the Tadjik Depression,
uplift and shortening within the PFR, and reactivation of the Tien Shan range in the north.

Aftershock Properties of Intermediate-Depth Earthquakes. We have used the twenty-two
year regional seismicity record to examine the characteristics of aftershock sequences following 89
moderate and large (ML > 5.5) earthquakes in the Central Asian region. Our study (Thomas,
1989; Pavlis et al., 1989) 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 accounts for the enormous differences in back-
ground seismicity among the various source areas.
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In sharp contrast to other intermediate-depth earthquake zones (e.g., Isacks er al., 1967;
Page, 1968), we found that well defined aftershock sequences are commonly associated with
larger earthquakes in the Pamir-Hindu Kush zone. 32 of 39 earthquakes with My > 5.5 were
followed by bursts of smaller magnitude earthquakes in which the rate exceeded the background
rate (at the 95% confidence level), extending for periods ranging from 9 to 192 days. The nature
of individual sequences, however, is highly variable and the number of aftershocks shows no clear
correlation with magnitude. 17 of the 39 sequences had more than 10 aftershocks, and 4 had over
100. The most dramatic sequence followed a magnitude 6.7 event that occurred on 30 December
1983, at a depth of 210 km. This event was followed by a marked aftershock sequence
unambiguously defined by a cluster of activity surrounding the mainshock in space and time. The
sequence exceeded the background for 102 days, yielding a count of 632 aftershocks above
background level, and showed the classic power law decay in time. We hypothesize that the
reason for the anomalous behavior of these deep earthquakes is that the source region for these
events is more heterogeneous than that found in subduction zones. This provides circumstantial
evidence to support Roecker's (1982) hypothesis that this unusual intracontinental deep earthquake
zone is associated with subducted continental, rather than oceanic, lithosphere.
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Figure 1. Comparison of earthquake data bases for the Garm regi

region. (A) Teleseismic locations (from ISC catalog).
Open circles: h < 70 km,; filled circles: h > 70 km. Fault map

s 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: M|, < 4.0; large symbols: My, > 4.0. We have arbitraril

y
"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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70 E : 71
Figure 3. Map of seismicity of the Garm region, 1969-1987. Relocated epicenters, obtained using HYPOEL-

LIPSE, are shown as dots. Heavy lines indicate drainage network; light lines indicate 9000-foot topographic
contours. Rectangle indicates area included in seismicity cross section shown in Figure 4.
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Figure 4. Geological cross section A - A’ (location shown in Figure 2) across the Peter the First Range. Data
sources as in Figure 2. Earthquake hypocenters, graded "B" or better, for the period 1975-1982, are shown
projected onto the same vertical plane (location shown in Figure 3). Note the dense concentration of events
within the axial zone of the Peter the First Range, zone of reduced activity near the base of the sedimentary
section, and the south-dipping zone of midcrustal seismicity occurring within the Paleozoic basement rocks.

66



Analysis of Earthquake Data from the Greater Los Angeles Basin and
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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.

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

Since 1920 fourteen moderate-sized (M. =4.9-6.6) earthquakes have been reported in
the Los Angeles basin. These events are associated with both mappable surficial faults and
buried faults beneath the basin sediments. To determine the style of faulting and state of
stress in the basin, single-event focal mechanisms for 244 earthquakes of M>2.5 since
1977 have been determined.

59% of the events are strike-slip and are mostly located near the three major, northwest
striking right-lateral strike-slip faults in the basin, the Whittier fault, the Newport-
Inglewood fault and the northern end of the Palos Verdes fault (Figure 1). In addition to
the Pasadena 1988 earthquake that showed left-lateral slip on the Raymond fault, nu:nerous
small earthquakes show left-lateral strike-slip faulting and form a seismicity trend
extending from Yorba Linda toward the northeast. The northeast trending depth cross
section AA' in Figure 1 shows that the strike-slip faulting earthquakes are scattered in the
depth range from the near surface down to depths of 14-17 km. The most prominent
feature on the map in Figure 1 is the cluster of strike-slip mechanisms along the Newport-
Inglewood fault, which was pointed out previously by Hauksson [1987]. The largest
event (M.=4.5) to rupture the Newport-Inglewood fault since the 1940's showed strike-
slip movement and occurred on April 7, 1989 near Newport Beach, just 2-3 km to the
south of the epicenter of the 1933 Long Beach earthquake [Richter, 1958]. The depth
section in Figure 1 also shows the enhanced activity along the Newport-Inglewood fault.

The 32% of the events that have thrust or reverse mechanisms are distributed along two
broad zones (Figure 2). The first zone coincides with anticlines along the eastern and
northern flank of the Los Angeles basin extending into Santa Monica Bay forming the
Elysian Park fold and thrust belt. The second zone that extends from offshore Newport
Beach to the northwest into Santa Monica Bay coincides with anticlines mapped on the
southwest flank of the basin forming the Torrance-Wilmington fold and thrust belt.
Oblique faulting that is required by the regional stresses does not occur in the basin.
Instead, the coexistence of zones of thrusting and large strike-slip faults in the basin
suggests that the thrust and strike-slip movements are decoupled.

As can be seen in Figure 2, the thrust focal mechanisms are not located adjacent to the
north dipping surficial reverse faults, such as the Santa Monica and Sierra Madre faults that
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define the north edge of the sedimentary basin. Instead the thrust or reverse focal
mechanisms are mostly located to the south of these reverse faults and form broad clusters
along the flanks of the basin. Most of the folding of the basin sediments also occurs along
the flanks of the basin. This spatial coincidence of the folding and thrust faulting can be
explained with Suppe's [1985] fault-bend or fault-propagation folding models, where the
thrust faulting earthquakes at depth cause folding of the cover sequence. The 1987
Whittier Narrows earthquake that showed thrust faulting and caused coseismic uplift in the
Whittier Narrows, demonstrated how the folding and faulting are causally related [Lin and
Stein, 1989; Davis et al., 1989]. Thus, when the geological evidence for folding and the
seismological evidence for thrust faulting are combined, two fold and thrust belts can be
identified along the flanks of the basin (Figure 2). These belts are called here the Elysian
Park and the Torrance-Wilmington fold and thrust belts and are located along the east and
north, and southwest flanks of the basin, respectively.

A few normal faulting mechanisms appear to be related to faulting orthogonal to the
axes of plunging anticlines(Figure 3). The normal faulting is observed in 9% of the
earthquakes analyzed, which is a small fraction of the ongoing faulting. The normal
faulting events analyzed here all have small magnitudes with the largest event of My =3.9.
The normal faulting mechanisms that are shown in Figure 3 are distributed adjacent to the
Newport-Inglewood fault and offshore in the San Pedro Bay. The offshore events may be
less well constrained than the onshore events because the distance to the nearest station is
in some cases larger than one focal depth. Some normal faulting is expected in this region
of intense crustal deformation and may be associated with extensional bending moments
that can cause extensional faulting during the growth of anticlines [e.g., Ramsey and
Huber, 1987]. Alternatively, the normal faulting events that have nodal planes trending
northwest to north-northwest could be related to faulting on planes orthogonal to the axes
of anticlines. Because the anticlines usually plunge at the ends, normal faulting could
occur to accommodate this deformation as is often seen in seismic reflection profiles
[personal communication, J. Suppe, 1989].
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Figure 1. (Top) Map of late Quaternary faults and strike-slip focal mechanisms.
Compressional quadrants are shaded. Mechanisms that overlapp significantly are
not shaded. WF-Whittier fault, NIF-Newport-Inglewood fault, PVF-Palos Verdes
fault, SMB-Sant Monica Bay, SP-Shelf Projection and YL-trend is the Yorba Linda
seismicity trend. (Bottom) a northeast trending depth section A-A'.
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Figure 3. (Top) Map of fold axes and normal faulting focal mechanisms. (Bottom) an east
trending depth section A-A'. NIF-Newport-Inglewood fault, and SPB-San Pedro

Bay.
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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, a young tec-

tonic feature of Mauna Loa volcano, Hawaii, is the site of recurrent
moderate- to large-magnitude earthquakes that cause serious damage. The
Kaoiki is the subject of a forecast for a My =6 earthquake before the turn of
the century (Wyss, 1986). Investigation of the relation between volcano-
seismic processes and faulting within the Kaoiki zone will increase our
ability to predict earthquake hazards within this area.

In the past 15 years, the November 30, 1974 My =5.5 and November 16, 1983
M1 =6.6 carthquakes generated zones of left-stepping, echelon ground
cracks on the lower SE flank of Mauna Loa. Most large magnitude earth-
quakes occur along preexisting faults; in contrast, the major Kaoiki earth-
quakes propagate new ruptures, at least in their surface expression.
Geologic mapping by this project and by Endo (1985) shows that at least

four ground-rupture zones are concentrated within a 30 km2 area. The
Kaoiki seismic zone is unique because its ground ruptures record the initial
stages of development of a strike-slip fault zone: future earthquake ground
ruptures should be expected to merge into a mature fault.

General Objectives. This work provides important information on the his-
tory and mechanisms of faulting within the Kaoiki zone that will form the
basis for seismic hazard evaluations for the Island of Hawaii. This study in-
vestigates 1) the faulting and earthquake mechanisms involved in the 1974
and 1983 Kaoiki events and 2) the deformation of the Mauna Loa and
Kilauea volcanic edifices resulting from the mutual inflation of their sum-
mit magma chambers and the seaward migration of Mauna Loa's SE flank.
Field work undertaken by this study includes 1) the preparation of a
1:10,000 geologic map of the entire rupture zone generated by the 1983,
1974, and 1962 earthquakes, and another, much older, undated earthquake
and 2) detailed outcrop-scale mapping (<1:1000) of three critical exposures
of the 1983 ground cracks and one excellent exposure of the oldest crack
set. (Endo (1985) mapped the 1974 ground cracks at 1:1360). Analytical
work includes mechanical analysis of the nature and depth of faulting
underlying the 1974 and 1983 cracks and will include analysis of sparse
geodetic data spanning the epicentral region.
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Mapping Results, 1:10,000 scale. Geologic mapping on 1:5,000 aerial photog-
raphy by M. Jackson and E. Endo in April 1989 produced a reconnaissance

map of the 1983 rupture zone and identified several critical areas for more
detailed field work. In the past 5 months, Jackson has transferred much of
this mapping to a 1:10,000 topographic base map using the PG-2 plotter, and
has completed the field work necessary for the compilation of this map and
four detailed maps of the cracks.

Ground ruptures from the 1983 Mp=6.6 earthquake, the 1974 Mp=5.5
earthquake and an older, undated earthquake trend N48°-55°E, a direction
nearly parallel to nodal planes of the 1983 and 1974 main shocks' focal
mechanisms. The ground ruptures do not lie along a single trend.
Individual ruptures consist of long arrays of left-stepping, en echelon
cracks, with predominantly opening displacements, which strike roughly
EW, about 30°-50° clockwise from the overall trend of the zones. The
orientation and geometry of the cracks are consistent with right-lateral
shear and they strike parallel to a transect joining the summit magma
chambers of Mauna Loa and Kilauea volcanoes.

«Exposures of the 1983 cracks begin about 4.3 km NE of the mainshock
epicenter and continue for over 7 km to the NE, along the SE flank of
Mauna Loa at about 2000 m elevation. Three detailed maps of the cracks
are described below.

«The 1974 cracks (Endo, 1985) extend for 2.2 km, about 3.5 km downslope to
the SW from the 1983 rupture zone. Left-stepping, echelon ground cracks
from the 1974 ML =5.5 event may have reactivated 2 large cracks associated
with the 1962 My = 6.2 event (Endo, 1985).

«Exposures of much older ground cracks crop out within a 1.6 km long
zone located about 0.5 km upslope from the western termination of the
1983 fractures. The cracks are deeply weathered with thick growths of
lichen; small trees and bushes grow within wider cracks. Jim Jacobi, an
expert on the vegetation and microclimates of Mauna Loa, suggests that
the shrubs and lichens in the cracks have been established for at least 30
years, and certainly predate the 1962 Kaoiki earthquake. Major Kaoiki
earthquakes in 1941, 1918, or 1868 (Wyss, 1986) may have generated this
rupture. The cracks have been disrupted at least twice by subsequent
earthquakes. A N65°W trending, 100 m long array of large, moderately-
weathered rubble piles traverses the older crack zone. Freshly broken
rubble and spalled blocks within some older cracks and prominent mole
tracks with only slightly weathered surfaces that occur at the tips of some
of the older cracks indicate strong shaking or reactivation of these
surfaces by right-lateral shear, perhaps during the 1983 event.

Mapping Results, 1983 Rupture Zone, <1:1000 scale. Marie Jackson has
completed mapping of three well-exposed outcrops of 1983 ground cracks
that include a 2-km-long exposure of cracks located at the NE terminus of
the 1983 rupture zone, near the Mauna Loa Strip Road, and small exposures
of narrow left-stepping cracks in pahoehoe near the western edge of the
1880 flow and within the Kea Poomoku flow near the SW terminus of the
the zone. These maps show how 1) individual cracks form hierarchial
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arrays that coalesce at depth, 2) crack segments link to form continuous
arrays that accomodate right-lateral shear, and 3) displacements vary
along the strike of the zone.

«The cracks apparently represent a breakdown zone above a parent fault
(Pollard et al., 1982; Jackson et al., 1988). With depth, cracks segments
coalesce to form progressively longer, left-stepping arrays of twisted
surfaces that become progressively more parallel to the overall trend of
the rupture zone. The geometry of the 1983 rupture appears to confirm
the self-similarity of earthquake produced fractures in the hierarchial
arrays that range in length from several kilometers to a few meters.

«Although most en echelon cracks within the 1983 rupture step to the left
with little overlap, some segments are linked by zones of rubble breccia
and have small (<15 cm) right-lateral displacements. In contrast, the 1974
cracks have greater components of right-lateral slip, and crack segments
are commonly linked by zones of uplift. These features indicate
coalescence at depth. They may result from reactivation of yet another
zone of cracks, perhaps associated with a 1962 My =6.2 event, or they may
be a result of the 1974 event's shallower hypocenter, 4 to 5 km deep
(compared with 9 to 10 km depth in 1983), that allowed the tip of the
underlying parent crack to propagate closer to the earth's surface and
form a more continuous zone of strike-slip ground breakage.

«Displacements along the 1983 cracks are predominantly opening-mode.
Some of the narrowest cracks, with < 2 c¢m displacement, are purely
dilatant. Wider cracks that have linked to form rubbley left-stepping
arrays, have small to moderate components of right-lateral shear.
Measurements of total displacement across the zone have been made
along the 7 km length of the 1983 rupture; displacements are greatest, up
to 1 m in a northerly direction, within the central part of the zone.
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This project aims to support a 9-month deployment of the PANDA seismic array
(Portable Array for Numerical Data Acquisition) to monitor seismic activities around the
central arm of the New Madrid seismic zone (NMSZ). The PANDA array consists of 40
three-component stations. High- and low-gain seismic signals from each station are teleme-
tered directly or repeated through an inner station to a central recording site for multi-
group, multi-station trigger detection and on-line real-time digital recording. Synchronized
sampling of 256 channels and centralized timing system and the above mentioned features
will guarantee considerably higher quality data to be collected in the NMSZ which are not
available from regional seismic networks.

After two years deployment in San Juan and Jujuy regions of Argentina, the PANDA
array returned to Memphis in late July. Upon its return, the entire PANDA system
has subjected to very extensive software and hardware modifications and upgrade. A
deployment plan has been outlined and executed. Figure 1. shows the central recording site
in the Tiptonville and selected PANDA station locations. In average, station spacings are
around 4 to 8 km in this preliminary plan with smaller spacings around the intersections of
the central NMSZ with the other two branches. The newly updated MASSCOMP MC6600
data acquisition system is installed immediately after the first two stations were installed
in the second week of October, 1989. Field installation of the entire PANDA array is
expected to be completed by the end of October, 1989.

Several fundamental data processing are planned in a regular basis at the central
recording site. These processing include (1) accurate P and S picking; (2) document any
interesting features from each seismogram, (3) earthquake locations, (4) epicenter map,
(5) cross sectional display, (6) daily Vp/Vs analysis, (7) focal mechanism and regional
stress pattern recognization, and many others. On-site processing will not only provide
information necessary for immediately modification of the array configuration but will also
significantly reduce time required for advanced studies.
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The fundamental objective of this research project - that of gaining a better under-

standing of seismogenesis in the NMSZ - may be subdivided into a number of specific
targets.

Characterization of shallow structure effects. The thick alluvial cover in the region
makes this study particular important.

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

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 7

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

seismic array - a simple but working system for portable array experiment, Bull.
Seismol. Soc. Amer., (in press).
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Seismicity Patterns and the Stress State
in Subduction-Type Seismogenic Zones

Grant Number 14-08-0001-G1368

Carl Kisslinger
Cooperative Institute for Research in Environmental Sciences
Campus Box 216, University of Colorado
Boulder, Colorado 80309-0216
(303)-492-6089

Research during May through October, 1989 was focused on the following topics: (1)
analysis of earthquake doublets for evidence of changes in material properties associated with
preparation for and occurrence of a strong earthquake; (2) further research on methods for deter-
mining magnitudes from regional network data; (3) subduction-zone seismotectonics from the
characteristics of aftershock sequences.

Doublet Analysis

Progress has been made on the method of analysis of earthquake doublets for the
detection of velocity changes, including possible anisotropic velocity changes, associated with
the preparation of a strong earthquake. Doublets are defined as earthquakes that occur at essen-
tially identical locations, i.e. within .01 degree of each other, and give rise to almost identical
seismograms at each station. They may be separated in times of occurrences and the main
interest for this study are those doublets that have members occurring before and after a major
earthquake. As reported earlier, several doublets have been found in a small zone close to the
hypocenter of the May 7, 1986 mainshock. Methods of correcting these data for all instrumental
types of errors have already been established and reported earlier.

The analysis of doublets involves fitting a line to the phase of the cross-spectrum of
the two doublet members. The slope of the line then yields the relative delay of one with the
other. This is done for a small window (about 1.0 sec width) that is moved along the seismograms
S0 as to obtain delays of one seismogram relative to the other as a function of running time along
the seismogram. These delays, in tum, reflect any velocity changes that may have occurred in the
path of travel between the times of occurrences of the two doublet members.

Fig. 1 shows the two seismograms from a doublet pair in the area of interest and
below them is shown the delays calculated by a standard technique as a function of running time
along the seismograms. As evident, the delays appear to be stable in parts and quite unstable in
others. This prompted a closer scrutiny of the actual calculations of delays of each individual
window. Fig. 2 shows the Cross-Spectrum (top), Coherence (middle) and Phase (bottom) of one
window of the seismograms in Fig.1. The Cross-Spectrum shows signal power in a range of fre-
quencies and the Coherency also appears to be good in that range. When fitting the straight line
to the phase, however, the method forces a 0 phase at 0 frequency. However, from the phase
itself, it is obvious that, at least for this window, this assumption does not hold and the the delay
we obtain thus is not sensible. We, therefore, decided to drop this assumption and obtain delays
by getting the best fit straight line to the linear part of the phase. This resulted in delays that were
more reasonable but the fits were also yielding arbitrary intercepts on the phase axis at O fre-
quency. Since this is unphysical, we tried to analyze the problem and determine the reason for
this apparent discrepancy. It tumned out that the intercepts on the phase axis were not as arbitrary
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as previously thought. In fact, the majority of them were some multiple of &, in particular they
were mostly 2. This would solve the problem right away since a phase difference of 2x is the
same as 0.

An intriguing aspect is the fact that it appears that whenever there is a notch in the
Cross Spectrum, there is an associated abrupt change in the slope of the phase. This can be
observed in Fig. 2 and is quite common in the database so that it is not an artificial effect. The
reason for this behavior is not clear and is still being investigated. In particular, synthetics are
being created and artificial delays being introduced. These are then run through the method of
analysis to see if there are any deficiencies in the method itself. The results from these studies
will be shown in the next report.

It was also decided to try and use properties of the cross-cormrelation of the doublet
pair (in time domain) to support the delays calculated from the slope of the phase. For an ideal
doublet, the cross comelation would have a sharp peak at the right lag, which in tum would be the
relative delay between the two windows. Furthermore, the cross-correlation should also be sym-
metric around the maximum peak and so the symmetry of the cross correlation would yield infor-
mation about how coherent the the two windows are. We were interested to pursue this approach
because the delays in our studies appear often to be larger than the digitization interval. How-
ever, this technique by itself, would not be able to give us the desired information. In the first
place, this method would only detect delays in multiples of digitization interval and would there-
fore yield step changes in delays rather than smooth transitions. Secondly, in the presence of
even moderate noise, the cross-correlation properties break down very fast, whereas in the fre-
quency domain moderate noise would still leave a part of the phase to be linear from which the
delay can be calculated. Fig. 3 shows the Cross-correlation of one of the windows in Fig. 1 for
which the delay was calculated to be 58 msec. The delay suggested by the offset of the peak of
the Cross-spectrum is 53 msec. which, to within its limit, is a perfect match. Note that 13 msec is
the digitization interval so that this time domain approach can only yield delays in multiples of
13 msec.

The next step was to change the method of analysis so that the intercept of the phase
slope is no longer restricted to O at O frequency. However, instead of just getting the best fit with
an arbitrary intercept , it was decided to search for the best fit that would yield an intercept which
is a multiple of pi. This is an iterative method and till now has been done by repeated manual
fits. The present aim is to try and automate this so that, given a choice of the intercept desired
(usually apparent after seeing the phase behavior), the computer will automatically find the best
fit to the slope that yields the desired intercept. This is underway and should be completed very
soon.

Fig. 4 shows the delays calculated by the modified method for the same doublet shown
in Fig. 1. Obviously, the delays are much more stable than in Fig. 1. Note that there are some
windows which do not show any delays. This is because the Coherency and the symmetry of the
Cross-Correlation in those windows suggest that they are not coherent enough to yield meaning-
ful results. The most important feature to note is the fact that there appears to be a distinct
increase in the delays observed along the coda of the S-wave. If the coda wave has traveled
through longer distances in the medium in which the velocity has decreased, then this makes very
good sense. Previous experience with synthetic modeling of waveforms from the area has indi-
cated that there are probably converted and reflected phases observed in our data. If this is the
case, then it also makes sense to observe longer delays for reflected phases. It should be noted
that this increase in delays along the coda of the S-wave for this doublet is observed in all the sta-
tions that have good data for the events.

It is hoped that results from studying multiple doublets may yield some systematic
pattern to the delays associated with the occurrence of the May 7, 1986 earthquake. The results
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from such studies will be tested by analyzing a multiplet which has at least two events occurring
close in time and one after the big earthquake. The two events close in time should show little or
no delay whereas the ones before and after the main earthquake should show the observed delay
pattern.

A paper on this study has been submitted to BSSA under the title: A note on the
correction for time drift of digital data converted from analog tapes, by W. Kazi and C. Kiss-
linger.

Magnitude Determination

Since its inception in 1974, the Central Aleutians Seismic Network has determined magni-
tude using the formula Mp=-1.15+2.0log 14t+.0035A+.007z where Mp is the duration magni-
tude, 1 is the coda duration measured from the P armrival, 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 large 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 sta-
tions consistently report smaller magnitudes than distant stations. This effect can be satisfactorily
removed by measuring duration from the S arrival. We also found that the depth coefficient was
too large. 47 earthquakes with Mp 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.

In the last semi-annual technical report we reported these findings as well as a preliminary
formula: Mp=0.8+0.7(log & 1+.003A+.003z] where M, is the duration magnitude, and 1 is the
duration measured from the S arrival. This formula has since been further examined and several
changes have been made. It was discovered that the epicentral distance coefficient was not con-
stant for different regions of the network. We suspected that this was due to differences in the
gains of our stations. Therefore, station corrections have been determined. Using these station
corrections the epicentral distance coefficient was recalculated and it is now constant for all
regions of the network. For our preliminary formula, we used log*t. This was because Bakun
(1984) reported that using log?t provided a good magnitude estimate over a wider magnitude
range than logt for earthquakes in central Califonia. We have now compared logt to log®t for
our data and determined that the differences in magnitude estimate are minor in the magnitude
range for which we are interested (2<Mp, <5). We have therefore decided to use the simpler logz.
Our resulting formula is: Mp=-2.1+2.7log ot+.006A+.002z+a; where o is the station correc-
tion.

Aftershock Studies

The comparison of two intermediate-depth aftershock sequences, one under the central
Aleutians, the other under northern Honshu Island, Japan, has been completed. The principal
findings are: (1) both sequences have numerous aftershocks, contrary to conventional wisdom
conceming intermediate depth earthquakes; (2) in both cases, the aftershocks fill in a region of
low seismicity prior to the mainshock; (3) in both cases, the sequences behave initially according
to the modified Omori relation, but in both cases a surge of activity, similar to a secondary aft-
ershock sequence, occurred, but in neither case could the surge be associated with a strong aft-
ershock or a strong earthquake in the vicinity. A speculative explanation of this phenomenon, not
yet supported by other data, is that a major creep event occurred, either in the main thrust zone
updip from the aftershock area, or within the Wadati-Benioff zone itself, and the surges were trig-
gered by a stress step due to the creep event.

A paper on this study was presented at the IASPEI Scientific Assembly in Istanbul, Turkey, in

80



August, 1989, under the title: Seismotectonics of Intermediate Depth Earthquakes from Proper-
ties of Aftershock Sequences, by C. Kisslinger and A. Hasegawa. The paper is in preparation for
publication.
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Figure 1

Doublet Analysis by Standard Technique.
From top to bottom:

Vertical component seismogram recorded at station ADK of Adak network for event on Feb.
26,1982.

Vertical component seismogram recorded at station ADK 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 calculated by standard technique
with O phase at O frequency.
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Figure 2
Doublet Analysis by Modified Technique.
From top to bottom:
Vertical component seismogram recorded at station ADK of Adak network for event on Feb.
26,1982.

Vertical component seismogram recorded at station ADK 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 calculated by revised technique

with phase intercept set at some multiple of n at 0 frequency.
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Figure 3

Cross-Correlation Analysis.

From top to bottom:

Window of 1.2 sec centred at 2.40 sec from upper seismogram in figure 1.

Window of 1.2 sec centred at 2.40 sec from lower seismogram in figure 1.

Cross-Correlation of the above windows (calculated as inverse of Cross-Spectrum) exhibiting lag
of 53 msec. at maximum peak. The symmetry around the peak suggests good coherency between

the two windows.
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Window of 1.2 sec centred at 6.68 sec
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Figure 4

Revised Method of obtaining fit for phase.

From top to bottom:

Cross-Spectrum of windows of 1.2 sec centred at 6.60 sec from the two seismograms in figure 1.
Coherency of windows of 1.2 sec centred at 6.60 sec from the two seismograms in figure 1.

Phase of Cross-Spectrum of windows of 1.2 sec centred at 6.60 sec from the two seismograms in
figure 1. The fit to the phase is the best fit which gives an intercept of 2.
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SEISMOLOGICAL FIELD INVESTIGATIONS
9950~01539

Charley J. Langer
Branch of Geologic Risk Assessment
U.S. Geological Survey
Box 25046, Denver Federal Center, MS 966
Denver, CO 80225
(303) 236-1593

Investigations

1. Armenian earthquake--Investigation of the December 7, 1988
earthquake of M(S) - 6.9 located near Spitak, Armenia,
S‘S‘R.

2. Q study--Estimated Q for the Wasatch front in Utah.

Results
1. A 13-day period of aftershock monitoring, commencing 16

days after the December 7, 1988 Armenian earthquake, was
conducted by a U.S. Geological Survey (USGS)/Lamont-Doherty
field team in cooperation with groups from the Institute of
Physics of the Earth, Moscow, and the Armenian Institutes
of Geology and Seismology. Twelve portable, analog short-
period vertical seismographs and eight portable three-
component digital recording systems were deployed in a
network some 55 km long (E-W) and 35 km wide (N-S). Of the
several thousand recorded events, hypocentral locations
have been determined for 327 aftershocks. A selected
subset containing 284 best located events define an arcuate
pattern of seismicity (fig. 1) about 55-60 km in length.
The pattern has a rather broad bend centered near its mid-
point at the town of Spitak, changing from an east-west
alignment west of the bend to a S. 45-50° E. trend.

Aftershocks in the western half of the zone occur mainly
along a narrow E-W trend, but activity extends over a
volume about 25 km long (E-W), 25 km wide (N-S), and
between about 5 and 15 km in depth. Events in the central
and eastern parts of the zone are shallower with depths
ranging from near surface to about 8 km. The central part,
at the bend in seismicity near Spitak, extends over an area
10 km long and 10 km wide. The eastern end of the
aftershocks defines a narrow southeasterly striking zone
less than 5 km wide and about 20 km long. Hypocentral
cross sections indicate a complex pattern in the depth
distribution of aftershocks suggesting that more than a
single fault plane was activated during the aftershock
sequence.
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2. This Q study developed estimates for the attenuation of
peak vertical ground motions using a conventional, least-
squares regression applied to unfiltered and band-pass-
filtered ground-motion data. The input data are from 88
earthquakes (1.0 <= M <= 3.3; epicentral distance range 10-
250 km) located along the Utah-Idaho border and propagating
Sg/Lg waves southward to seismograph stations along the
Wasatch front in Utah. The regression model includes
parameters to account for geometic spreading, anelastic
attenuation with a power-law-frequency dependence, source
size, and station-site effects.

The maximum ground-motion amplitudes are derived from waves
arriving some 2-4 sec after the S-wave arrivals and are
interpreted to be Sg in close (roughly 100 km or two
crustal thicknesses) and Lg at greater distances.

Accordingly, geometric spreading coefficients of 1.0 and
0.9 for body waves (Sg) and 0.83 (5/6) for higher-mode
Airy-phase surface waves (Lg) are chosen for testing.
Similarly, a range of initial values of the power
dependence of the attenuation (0.5-0.9) are also tested.
The suite of estimates that result from regressing the
amplitude data while employing the family of fixed
parameter values, leads to the following model:

Q(f) = 90£0-86
for 3Hz <= f <= 10 Hz and 10 km <= R <= 250 Kkm.

Attenuation comparable to that in southern California is
indicated. That pronounced level of attenuation for the
study area has been reported in previous investigations

which analyzed PSRV spectra, intensity attenuation, and

fall-off of Wood-Anderson seismogram amplitudes.

Reports

Brockman, S.R., and Bollinger, G.A., 1990, Q estimates along
the Wasatch front in Utah derived from Sg/Lg wave
amplitudes: Seismological Society of America Bulletin.
(In press).

Langer, C.J., Simpson, David, Pacheco, J.F., Cranswick, E.,
Glassmoyer, G., and Andrews, M., 1989, Aftershock of the
December 7, 1988 Armenian earthquake (abs.): EOS, AGU,
1989 Fall Meeting.

Pacheco, J.F., Simpson, D., Chistoffel, J., Nabelek, J., and
Langer, C.J., 1989, Teleseismic, near field and aftershock
analysis of the 1988 Spitak, Armenia, earthquake (abs.):
EOS, AGU, 1989 Fall Meeting.
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Slip History of San Andreas and Hayward faults
9910-04192

J. J. Lienkaemper
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5642

Investigations

Determine slip rates and earthquake recurrence intervals on the San Andreas and Hayward faults. Compare rates
of geologically determined surface slip to rates of historic creep and geodetically determined deep slip. Analyze
the effects of structural complexity and fault segmentation upon inferring recurrence times from slip rate.

Results

1. Previous Work, A joint trenching effort, by the U.S. Geological Survey and California Division of Mines
and Geology (USGS/CDMG) in Fremont 1986-1987, yielded a minimum slip rate of 5.5 + 0.5 mm/yr for the
the last 8040 yr from an offset buried channel unit [Borchardt et al., in prep.]. The full amount of right slip
during that period could not be determined for a 200-m-wide zone of distributed deformation eastward from the
site, either by further paleomagnetic or piercing point investigation.

Along the 70-km length of the creeping trace of the Hayward fault, offset curbs, fences, and buildings
indicate that the creep rate over several decades has averaged 5-6 mm/yr, except for southemn Fremont where it
has been 8-10 mm/yr [Lienkaemper and Borchardt, in prep.] The Holocene slip rate of 5.5 mm/yr measured in
central Fremont may be too low because of local structural complications, thus the 8-10 mm/yr creep rate
measured by us in southern Fremont may better represent the full amount of long-term slip rate on the fault.
To test this possibility, we began trenching at the Masonic Home site in Union City where the Holocene-
active fault zone appears to be narrower.

2. Holocene and Late Pleistocene Slip Rates, Masonic Home, Union City, (Location shown in Figure 1).

A small vertical component of slip at the Masonic site makes this an ideal location to investigate the
variability of slip rate over most recent geologic time, because it creates the conditions for preserving and
dating evidence of accumulated right slip. A small perrenial stream in the hiliside northeast of the Hayward
fault has cut a narrow bedrock channel (canyon trend in Figure 1) that has meandered little during the late
Quaternary. Southwest of the fault, the stream has formed an alluvial fan showing a right-lateral offset of
40-50 m. In April-May 1989, the USGS/CDMG jointly funded the excavation of a 130 m long by 4-6 m
deep trench into this alluvial fan and parallel to the fault at a distance of 20 m. Analysis of detailed logs of
both walls of the trench reveals a series of gravel-filled channels (shown as dashed lines in Figure 1) and
associated silty overbank strata. From the orientation of these many channels, we reconstruct the positions
along the fault of at least six beheaded and subsequently buried fan apexes. The values of total slip inferred
from these offset apexes shown in Figure 1 are: C) 20+ Sm, E)46+5m,G) 66 £ 5m, )88 £ 5 m,
K) 131 £ 6 m, and M) 167 £ 6 m. Pleistocene camel and horseteeth appear within apex K deposits. We have
submitted 24 radiocarbon samples (all charcoal) for dating. Thus far only one date is available,
7435 + 60 yr BP (radiocarbon yr, * 1 standard dev.), which dates the onset of deposition from apex G, thus
indicating an average slip rate of 8.8 + 0.7 mm/yr over the last 7475 yr (including 1989-1950 AD = 40 yr).
More parallel trenching in 1990 will verify and improve both stratigraphic control and accuracy of inferred
offsets. Possibly more apexes will be located, particularly in the Pleistocene part of the fan (i.e., pre-apex I)
where many broad channels could not yet be used reliably to infer the location of apexes. A major change in
both overbank composition and channel morphology took place sometime in early Holocene while apex I was
active. Pleistocene overbank deposits are composed of yellow brown sandy silt; in Holocene dark gray brown
clayey silt dominates. Pleistocene channels generally have a broader form, up to 10 m wide; Holocene ones are
mostly narrower, 1-2 m wide. The form of the canyon northeast of the fault may help explain this change in
fan channel morphology. Northeast of the fault the present thalweg is narrow, 1-2 m wide, and is bordered by a
narrow flat terrace within the canyon. Above the canyon walls to the southeast lies a much broader terrace that
we suspect correlates with our latest Pleistocene broader channel deposits. Our knowledge will be improved by
a 0.25-m contour topographic map of the site that is being compiled. If time and funding permit, we may test
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these assumptions about terrace ages by trenching. If correlative Pleistocene channels are found in the upper
terrace, our estimates of Pleistocene slip are low. Alternatively, the terrace may be a strath; if so our estimates
are correct. This problem does not affect our Holocene slip estimates although they may be slightly improved
by the detailed mapping of the modern thalweg.

Based on our Holocene slip rate discussed above, 8.8 mm/yr, I tentatively conclude that the Hayward fault
has a surface slip deficit rate of 3-4 mm/yr. Deficit rate is defined here as the difference between long-term slip
rate and historical creep rate. If one accepted the commonly used value of 3 feet (90 cm) for maximum surface
slip in the 1868 earthquake, then recurrence times would range 225-300 yr. However there is little justification
for using the 90 cm assumption: it's source, Lawson [1908], did not know if it represented right slip, scarp
height, or simply the width of a gaping crack. More physically realistic perhaps is to estimate coseismic slip
from general earthquake scaling relations as was done by the Working Group on California Earthquake
Probabilities [1988]. For both northern (18367?) and southern (1868) segments of the Hayward fault they
adopted 1.4 + 0.4 m for coseismic slip (not necessarily surficial) in M 7 earthquakes. At a rate of 8.8 mm/yr,
simple recurrence assumptions for such events gives an interval of 159 + 47 yr between magnitude 7
earthquakes. Because it has been at least 153 yr since the northern segment has ruptured (possibly in 18367?), it
seems especially appropriate now to search for direct evidence of timing and size of both historic and prehistoric
events in the geologic record.

3. Qther project work, I continue to compile a strip map of the 70-km-long creeping trace of the Hayward
fault, and to monitor slip along it (at 6-km spacing). Status of work on the San Andreas fault follows: 1) the
Parkfield paper [Lienkaemper and Prescotf] is in press, 2) Cholame I [Lienkaemper and Sturm, 1989] is
published, and 3) Cholame II [Lienkaemper] is in preparation.

Reports
Borchardt, G., J. J. Lienkaemper, and K. Budding, ----, Holocene slip rate of the Hayward fault at Fremont,
California: manuscript in preparation for J. Geophys. Res.

Bonilla, M. G., and J. J. Lienkaemper, in press, The visibility of fault strands in exploratory trenches and
timing of rupture events: Geology,.

Lienkaemper, J. J., 1989, Field trip guide to the Hayward fault, U.S. Geol. Surv., Open-File Report 89-500,
23 p.

‘Lienkaemper, J. J., ----, Amount of slip along the San Andreas fault near Cholame, California, associated with
the great 1857 earthquake: evidence from offset stream channels: manuscript in preparation.

Lienkaemper, J. J., and G. Borchardt, ----, Historic slip on the Hayward fault, northern California: manuscript
in preparation

Lienkaemper, J. J., G. Borchardt, J. F. Wilmesher, and D. Meier, 1989, Holocene slip rate along the Hayward
fault, northern California (abs.): EOS, Abstr. Am. Geophys. Union, Fall Meeting.

Lienkaemper, J. J., and W. H. Prescott, in press, Surface slip along the San Andreas fault near Parkfield,
California: J. Geophys. Res.

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, 901-909.
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Paleoseismic Liquefaction Studies

9950-03868

Stephen F. Obermeier
Branch of Geologic Risk Assessment
US Geological Survey
M.S. 922, National Center
Reston, Virginia 22092
703-648-6791

Investigations

l. Used borehole data (from more than 1000 holes) in the vicinity of
Charleston, S.C., to look for evidence of tectonic ground deformations.
Parameters that were examined included variations in thickness of Pleistocene
deposits, surface warping of the ground, and warping of the base of near-
shore, marine depostis.

2. Examined field data which I have collected primarily from New Madrid
seismic zone and from the Charleston area, for the purpose of developing
criteria to distinguish between short-term, artesian spring fluidization
features and earthquake-induced liquefaction features.

3. Worked on manuscript which discussed geologic, geotechnical and
seismological criteria for evaluation of liquefaction potential caused by
large earthquakes in the New Madrid seismic zone.

Results

l. In the Charleston area, no conspicuous regions of Pleistocene deformation
are apparent. A few candidate areas have been located, but borehole data are
needed for verification. A manuscript, in part discussing results, has been
submitted for technical review.

2. A listing of criteria, some still tentative, has been developed to
distinguish between artesian fluidization features and earthquake-induced
liquefaction features. For verification of the criteria, excavations need to
be made into known spring-induced sand boils.

3. A study set of photographs and slides has been completed, which show
earthquake induced liquefaction features and features with which they might be
confused. The study set is available for loan upon request to me.

4, Received approval for publication , as a USGS Bulletin, the text and maps
showing regions of liquefaction potential caused by earthquakes in the New
Madrid seismic zone.
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Regorts

Obermeier, S. F., Wingard, N. E., Jibson, R. W., and Hopper, M. G.: Regional
assessment of liquefaction potential for Ms-8.6, -7.6, and =-6.7
earthquakes originating in the New Madrid seismic zone, received Branch
Chief approval as USGS Bulletin.

Weems, R. E. and Obermeier, S. F.: The 1886 Charleston Earthquake--An
Overview of Geological Studies, submitted for technical review for
publication in Proceedings of 17th Water Reaction Information Meeting
sponsored by the Nuclear Regulartory Commission, October 25, 1989.
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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 seven 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 have completed writing a technical manual for this software, and are preparing
a short paper for BSSA. We have also already been contacted by several other investigators
who are interested in applying this method to different regions, and have distributed the
software to them.

2. The PI spent the month of June at the USGS in Menlo Park collecting suitable datasets for
this project. The following data sets have been compiled:

(a) A general dataset of arrival times recorded by the USGS regional network from earthquakes
that occurred in the regions between the Morgan Hill and Bear Valley/Stone Canyon areas.
This data set contains 8000 of the best recorded events that occurred between 1/1984 and
4/1989. Nearly all of the data in this set has been read either by an automatic picker or by the
CUSP system, and is therefore likely to be of much higher quality than arrival times reported
before this time.

94



(b) A collection of aftershock data from the Morgan Hill earthquake that was previously
analyzed by A. Michael.

(¢) A collection of aftershock data from the Coyote Lake earthquake that was previously
analyzed by C. Thurber.

(d) The data collected by the 1974 "Centipede" array in Bear Valley area.

3. Since June we have been running this data through our relocation routine, using various
structural models based on previous work in the area. Our principal objective to this point has
been to cull a working data set of a few hundred of the very well constrained hypocenters from
the thousands that we are starting with. This objective is nearing completion and we will
begin inversion for structure in the next few weeks.
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EARTHQUAKE RESEARCH IN THE EASTERN SIERRA
NEVADA-WESTERN GREAT BASIN REGION

Contract 14-08-0001-G1524, October 1989

M. K. Savage, W.A. Peppin, U.R. Vetter, J.N. Brune, and K.F. Priestley
Seismological Laboratory
University of Nevada
Reno, NV 89557
(702) 784-4315

Investigations

This contract supports continued research focused on the eastern Sierra
Nevada and the western Great Basin region. We have focused on three areas: (1)
seismicity, tectonics and earthquake potential, and (2) rupture mechanics and
high frequency radiation Some of the new results are described below.

Results

(1) Seismicity and Tectonics

Che Norliza Lat has completed a Master's thesis on the seismicity of the
Garfield Hills area of the Excelsior Mountains, Nevada (Lat, 1989). Arrival times
taken from the UNR seismic network were combined with aftershock recordings
of the 19 September 1988 Garfield Hills earthquake (M 5.0) were processed using
master-event analyis to provide a refined look at seismicity at a resolution of
one or two km. One purpose of this effort was to investigate whether the
occurrence of seismicity in this region was related to the intersections of visible
faults at the surface, as has been suggested by various investigators at the
Seismological Laboratory for the last twenty years, and which appears to be the
case for the a cluster of earthquakes near Mina (Smith and others, 1988) and for
the 1986 Chalfant sequence. If such a correlation exists in the vicinity of
Garfield Hills, then it only occurs for seismicity clusters with largest magnitude
about 5 or greater: only the 19 September 1988 event is so related, the other 15
clusters showing no such relationship.

In general, seismicity of this area has been occurring in small clusters, with
greatest magnitude less than 5 and usually less than 4, and with the dimension
of the cluster zone quite small, a few km in extent. The occurrence of these
clusters is random, and the record of seismicity extending back to 1852 shows
no evidence of a deviation from this pattern (e.g., no earthquake larger than the
1934 Excelsior Mountains sequence, and bursts of seismicity occurring randomly
over the area in space and time).

Overall, this study provides no reason to gquestion the suggestion by
Savage(1972) and Ryall and Priestley (1974) that this is an area of continuing
moderate seismicity with more or less constant strain release through small to
moderate earthquakes rather than repeating major earthquakes.
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Pre-S Observations at Station SLK

Work on the SLK observations has been finalized with the completion of a
Master’s thesis by Scott Lewis and the submittal of a paper in press (Peppin and
others, 1989). The thesis gives detailed descriptions of efforts made to deter-
mine the character of seismic waves arriving at station SLK based on a miniar-
ray deployed near that site. The SLK phase is unambiguously identified as hav-
ing longitudinal particle motion; consequently, it is almost certainly the same
phase seen by Luetgert and Mooney (1985) and Zucca and others (1987). Both of
these papers interpret this phase as a deep reflection from deep (presumed
magma-related) sources in the caldera, but if their observations are the same
phenomenon as the SLK phase, then our observations definitely preclude such
interpretations. Lewis presents the model of Peppin and others (1989) with
fairly minor modification as the one which best fits the observations: an S to P
conversion across a two-dimensional surface in the vicinity of Inyo Craters NW of
the caldera. He goes on to describe drillhole and geologic results which suggest
the physical cause of such a conversion to be related to fluid-filled dykes which
trend NE along the Inyo - Mono Craters trend.

(2) Rupture Mechanics and High Frequency Radiation

An earthquake swarm began under Mammoth Mountain beginning in May of
1989. This swarm has produced thousands of events, and is probably the single
swarm of greatest temporal duration of any that have occurred in the entire
sequence since 1978. As Mammoth Mountain is strategically placed relative to
the populous Mammoth Lakes resort, the U.S.G.S. and UNR deployed temporary
instruments around the mountain. The epicenters define a nebulous NE trend at
fairly shallow depths (many events 2 to 6 km deep).

An array of three-component widerange digital event recorders were
deployed near the mountain during two separate periods, and over 1,000 records
obtained. The specific purpose of this effort was to obtain close-in records for
use in waveform inversion to determine the focal mechanism of these events; we
would presume that these earthquakes, probably related to geothermal or mag-
matic processes, would have a chance to have a non-couple component to the
mechanism. The data obtained includes ten events for which a station west,
north, and east of the epicenter triggered the digital instruments. Efforts are
now underway to invert these waveforms for the seismic moment tensor (Stump
and Johnson, 1977).

Reports published, in press, or submitted during this period

Lat, Che Norliza, 1989. Seismicity and Tectonics of the Garfield Hills Area,
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Salton Trough Tectonics and Quaternary Faulting

9910-01292

Robert V., Sharp
Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5652

Investigations

1.

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

2. Nearfield leveling across the northern Imperial fault.
Results
1. Remeasurement in May 1989 of 46 sets of semipermanent monuments

straddling the Superstition Hills fault zone, documents continuing
afterslip of the 1987 surface faulting event for the period 338 % 2
to 541 % 2 postearthquake days. The largest right-lateral movement,
1.7 cm, was recorded near Imler Road, which is the location of the
maximum "final" cumulative slip for the Superstition Hills fault
predicted by a damped power-law fitting of earlier slip
measurements. Despite the smallness of the new increments of slip,
the shape of the longitudinal profile of them continues to mimic the
form of the longitudinal profile of cumulative slip. This shows
that after 1.5 years of post-seismic movement, there is little
evidence of 'catch up" behavior - i.e., more rapid slip at these
sites with smaller early displacement.

The longitudinal extent of afterslip on the Superstition Hills fault
for this period nearly matches the full length of initial rupture,
and there has been no evidence of increasing length of the rupture
with time. Afterslip on the Wienert fault, which lies to the
southwest of the Superstition Hills fault, may also extend the full
length of that initial surface rupture, but the density of
observation points along it is insufficient for proof.

The profile of elevation change along the 0.5 km nail array in
pavement at Harris Road is unusual for the period October 1988 to
May 1989. The profile is a nearly linear tilt of about 64 radians,
and it 1is unusual because its sense, downward on the west side of
the fault, is opposite to the cumulative sense of vertical
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displacement on the fault there. In the 13-year record of elevation
changes at this location, only twice before has a reversed sense of
tilt been observed. Apparently, relaxation has occurred at depths
greater than about 0.2 km but retrograde movement of the fault at
the ground surface is not indicated by the data. Retrograde
vertical surface displacement has never been recorded here or at
other sites on the northern Imperial fault.

Regorts

Sharp, Robert V., 1989, Surface faulting: a preliminary view, in Wyllie,
L.A., Jr. and J.R. Filson (eds.), Armenia earthquake preliminary
report: E.E.R.I. Earthquake Spectra Spec. Supplement, p. 13-22.
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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
Sait Lake City, Utah 84112-1183
(801) 581-6274

Investigations: April 1 - September 30, 1989

Source parameters of aftershocks of the 1983 Borah Peak, Idaho, earthquake.

2. An assessment of source parameters of earthquakes in the Cordillera of the western
United States.

3. Relocation of the 1987-1988 Lakeside, Utah, earthquakes.

Results

1. The highest quality data available for studies of earthquake source properties in the Inter-
mountain seismic belt are USGS 3-component digital recordings of aftershocks (M;<5.6) of
the 1983 Mg 7.3 Borah Peak, Idaho, earthquake. We used these data to investigate relations
between seismic moment (M) and stress drop and between My and local magnitude (M ).
M, and fault radii for 53 aftershocks were calculated from measurements of areas and widths
of SH-wave displacement pulses, assuming a circular source model. Our estimates of these
parameters generally agree within a factor of two with estimates made by Boatwright (1985)
from spectral analyses of P and S waves. M determinations from synthetic Wood-Anderson
seismograms do not differ systematically from determinations made using Wood-Anderson
seismograms recorded in Utah at A=390-430 km and Richter’s distance corrections. This
agreement in M| values suggests that attenuation in the Wood-Anderson passband (0.3-10
Hz) in S. Idaho and N. Utah may not be significantly different from that in California.

Static stress drops range from 1 to 50 bars and do not vary systematically with moment for
aftershocks of My 10%! dyne-cm (Figure 1). For smaller events, pulse widths decrease with
M, at a rate much slower than that predicted by constant stress drop scaling, and could be
interpreted to have a nearly constant value of 0.231+0.10 sec. This observation cannot be
easily explained by attenuation, since correction for attenuation using an average whole-path t*
value of 0.025 measured by Boatwright (1985) has a negligible effect on the waveforms.
Linear regression of log My versus M, yields the following relations:

*D.1. Doser and J.E. Shemeta also contributed significantly to the work reported here.
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log My =(1.2£0.1) M + 16.8+0.3 23<M,<3.7)

log My = (1.5£0.1) M + 15.7£04 (3.5sM; <5.6)
These My—~M| relations are very similar to those found for California earthquakes, but differ
from those found in two previous studies of earthquakes in the Utah-Idaho-Wyoming region
(Figure 2).

2. In a cooperative study with D. Doser of the University of Texas at El Paso, source parame-
ters of 50 earthquakes occurring between 1915 and 1988 have been used to examine the fault-
ing characteristics of magnitude 5.5 to 7.8 earthquakes within the western U. S. Cordillera.
The study area extends from the eastern Sierra Nevada to the Great Plains and from
northwestern Montana to Trans-Pecos Texas. Source parameters used in this study include
seismic information from first motion analyses, body and surface waveform modeling, geodetic
studies, and geological studies of surface faulting. The principal results of this analysis
include: (1) all earthquakes occurred on faults dipping 38° or more, and no evidence for listric
or low-angle planar faulting was found, (2) all M 2 7.0 earthquakes occurred at depths > 12
km and were composed of multiple subevents, (3) most earthquakes (>70%) had unilateral rup-
tures, and (4) no individual subevent had a rupture length > 21 km.

3. From September 1987 through March 1988, an earthquake sequence which included eight
events of 3.8 <Mj <4.8 occurred beneath a desert basin west of Utah’s Great Salt Lake. Cal-
culation of high precision locations for these earthquakes has proven difficult because the
earthquakes were outside the boundaries of the Utah regional network. We have used P-wave
arrival time data and a computer program written by W. Nagy of the University of Utah to
solve simultaneously for hypocentral locations of 170 of the Lakeside earthquakes and station
delays for 21 stations. The 21 stations include 13 selected regional network stations at epicen-
tral distances of 60 to 125 km and 8 portable stations (up to 4 at any one time) operated by the
University of Utah during the Lakeside activity at epicentral distances of 1 to 25 km. The sta-
tion delays were then used together with the location program Hypoinverse written by F.W.
Klein of the USGS to relocate all 222 Lakeside earthquakes for which there are at least five
P-wave arrival times. The resulting hypocentral distribution is similar to that found previously,
but has less scatter and a more restricted depth range. The best-located hypocenters clearly
delineate a 6-km-square zone between 6 and 12 km depth that is nearly vertical and trends
SSE. This zone is parallel to a nodal plane of the main shock focal mechanism that shows
right-lateral strike-slip motion.

Reports and Publications

Arabasz, W.J. and S.J. Nava (1989). Historical seismographic recording in Utah, Seism. Res.
Lett. 60, 33.

Bjarnason, I.T. and J.C. Pechmann (1989). Contemporary tectonics of the Wasatch front
region, Utah, from earthquake focal mechanisms, Bull. Seism. Soc. Am. 79, 731-755.

Doser, D.1. and R.B. Smith (1989). An assessment of source parameters of earthquakes in the
Cordillera of the western United States, Bull. Seism. Soc. Am., in press.
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Shemeta, J.E. and J.C. Pechmann (1989). New analyses of three-component digital data for
aftershocks of the 1983 Borah Peak, Idaho, earthquake: Source parameters and refined
hypocenters, Seism. Res. Lett. 60, 30.
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Figure 1. Seismic moment versus SH-wave pulse width for aftershocks of the 1983 Mg 7.3
Borah Peak, Idaho, earthquake. Each of the data points represents an average of two or
more measurements for both moment and pulse width. Lines of constant stress drop calcu-
lated using the circular source model of Cohn et al. (1982, JGR, v. 87, p. 4585-4594) are
shown for 1, 10, and 100 bars. Note the apparent change in the relation between moment
and stress drop at My = 10?! dyne-cm.
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Figure 2. Comparison of moment-local magnitude relations derived for Borah Peak aft-
ershocks ("This study") with those derived by Doser and Smith (1982, BSSA, v. 72, p. 525-
551) for earthquakes in the Utah region and by Peinado (1986, M.S. thesis, University of
Utah) for earthquakes in Utah, SE Idaho, and W Wyoming. Also shown is a theoretical M,
- M, relation from Boore (1989, Tectonophysics, v. 166, p. 1-14), which provides an excel-
lent fit to My and M; measurements for California earthquakes of 0 < My £ 6. The solid
circles with error bars (one standard deviation) represent data points for the 1962 Cache Val-
ley, Utah, earthquake (CV), the 1975 Pocatello Valley, Idaho, earthquake (PV), and the
October 29, 1983 23:29 (UTC) Borah Peak aftershock. The close agreement between the
M, - M_, relations found for the Borah Peak aftershocks and the theoretical relation of Boore
(1989) suggests that the M, - M, relation for earthquakes in the Intermountain seismic belt
does not differ significantly from that for California earthquakes.
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EARTHQUAKE STUDIES: SOUTH CAROLINA

Semi-Annual Report
May 1, 1989 through September 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

Spent two weeks in the Charleston region finishing up stratigraphic
correlation work for the middle to late Tertiary sequences. Began
investigation of the influence of lunar and solar gravity on the timing of
aftershock sequences following the 1886 Charleston earthquake.

Results

Compiled a summary report of progress toward resolving the Charleston
earthquake problem for the 17th Water Reactor Safety Information Meeting in
October 1989. This paper integrates stratigraphic, geophysical, and
paleoliquefaction data to give our present best estimate of the location of
the fault that caused the 1886 earthquake and the probabilities that it, or
related faults, may cause future earthquakes.

A study of lunar and solar gravitational efforts on aftershocks of the 1886
Charleston earthquake revealed that the gravitational triggering mechanism
changed markedly around the middle of 1897. Prior to the middle of 1897, the
overwhelming majority of aftershocks occurred between 22:00 and 3:00 hours.
After the middle of 1897, the time distribution of aftershocks became almost
evenly distributed between day time and night time. Because the main shock of
August 31, 1886, occurred just before 22:00 hours, and thus seems to have been
similar in its timing to the main aftershock sequence up until mid-1897, it is
likely that the aftershock sequence until the middle of 1897 was directly
related to the fault that produced the main shock. Events after the middle of
1897 show none of the characteristics of the earlier events, and thus seem to
have occurred on some other fault or fault set. Thus the aftershock sequence
of the 1886 Charleston earthquake can be considered to have ended in the
middle of 1897.

Reports

Weems, R.E., and Perry, W.H., Jdr., 1989, Strong correlation of major
earthquakes with solid-earth tides in part of the eastern United
States: Geology, v. 17, p. 661-664.

Weems, R.E., and Obermeier, S.F., in review, The 1886 Charleston earthquake --

An overview of geological studies: 17th Annual Water Reactor Safety
Information Meeting.
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Geologic studies for seismic zonation of the Puget Sound lowland
9540-04004

Brian F. Atwater
U.S. Geological Survey at Department of Geological Sciences
University of Washington AJ-20
Seattle, WA 98195
(206) 442-2927 FTS 399-2927

INVESTIGATIONS AND RESULTS
Precise radiocarbon dating in coastal southwestern Washington

Sudden tectonic movement of late Holocene age is now known to
have involved the coast above the Cascadia subduction zone at many
gites in northern California, Oregon, and Washington. Most of this
known movement was subsidence--widespread in southern Washington
and Oregon, localized farther south. Conventional 1¥C ages show that
the most recent subsidence in all areas took place in the range of 200-
400 years ago, probably about 300 years ago. But earthquake scenarios
consistent with this evidence span a tremendous range--from a series of
many earthquakes of magnitude 7 or 8 distributed through an interval
of 100-200 years, to a single earthquake of magnitude 9 (Grant and
others, 1989). Chief culprits are the large (100-200 yr) two-standard-
deviation uncertainty in conventional 4C ages, and the inadvertant
dating of materials whose true age differs by decades or centuries from
the age of the subsidence.

Precise radiocarbon dating of subsidence-killed Sitka spruce
should greatly reduce both these kinds of error. Precise radiocarbon
ages have two-standard-deviation counting errors in the range of 20-30
years—-that is, 3-10 times less than errors of conventional ages. Sitka
spruce was the chief arboreal casually of sudden late Holocene
subsidence in northern California, Oregon, and Washington. The stumps
of subsidence-killed spruce readily yield 60-g samples needed for
precise dating. Gary Carver (oral communication, 1989) has already
begun to obtain precise radiocarbon ages on such samples from northern
California. Moreover, standard deviations can be further reduced by
dating rings that formed during centuries of rapid increase in
atmospheric 14C,

In August 1989 Atwater began a test of the precise radiocarbon
dating of Sitka spruce. To do so he sampled spruce stumps rooted in
the uppermost buried lowland soil at estuarine sites in coastal
southwestern Washington. Also rooted in this soil are snags of western
redcedar that died soon after A.D. 1687 according to ring-width pattern
matching by David K. Yamaguchi and his coworkers (abstract in press,
for AGU meeting in December, 1989). The salt-water intrusion, prolonged
inundation, and rapid burial brought about by sudden subsidence
should have killed both the redcedar and, except perhaps in chiefly
freshwater areas, the Sitka spruce. Hence the test: precise
radiocarbon ages on Sitka spruce from the uppermost buried lowland
should indicate that many spruce died soon after A.D. 1687,

If Sitka spruce passes this test, precise radiocarbon dating of
additional spruce samples can be used with confidence to look for
asynchrony larger than about 30 years in sudden coastal movement
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above the Cascadia subduction zone about 300 years ago. If such
asynchrony exists, and if none of the areas of apparent synchrony
exceeds 100 km in coastwise extent, the most recent Cascadia earthquake
did not approach magnitude 9 and probably did not exceed magnitude 8.
At the other extreme, if they reveal no asynchrony from Washington
through Oregon into northern California, precise ages on Sitka spruce
would greatly increase the odds that a Cascadia earthquake about 300
years ago attained magnitude 9.

Sand blows in Puyallup

John Shulene, a retired junior-high-school science teacher now
working with Atwater and Stephen Obermeier as a USGS volunteer,
began a survey of liquefaction effects of the magnitude-7.1 earthquake
that struck the southern Puget Sound region in 1949. One of his
informants provided black-and-white photographs of sand volcanoes that
erupted in Puyallup, which is near Tacoma. These photographs, which
he plans to publish in a state geologic newsletter, appear to be the first
for sand blows from the 1949 earthquake.

REPORTS (both abstracts)

Atwater, B.F., 1989, Net late Holocene emergence in the subsidence belt
of the giant 1960 earthquake, southern Chile: EOS (in press)

Grant, W.C., Atwater, B.F., Carver, G.A., Darienzo, M.E., Nelson, A.R.,
Peterson, C.D., and Vick, G.S., 1989, Radiocarbon dating of Holocene

coastal subsidence above the Cascadia subduction zone--
compilation for Washington, Oregon, and California: EOS (in press)

29 September 1989
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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. Variation in surface slip along historical ruptures
2. The appearance of faults in exploratory trenches
Results

1. Study of the small-scale variations in surface slip along historical ruptures was continued,
and 21 events have been examined so far. The average surface slip compared to the
maximum surface slip has a wide variation in these events. The average slip, based on the
area under the displacement-distance plots, ranges from 12 percent to 49 percent of the
maximum slip. The position of the point of maximum slip along the rupture also varies
widely, ranging from 3 percent to 49 percent of the total length. These numbers may
change as more data are analyzed.

2. Editorial and other changes were made in the text, and final copies of several of the tables
were prepared for a USGS bulletin on factors affecting recognition of faults exposed in
exploratory trenches. Revisions in text and figures were made for a journal report on the
visibility of fault strands as related to the timing of faulting events.

Reports

Thatcher, Wayne, and Bonilla, M. G., 1989, Earthquake fault slip estimation from geologic,
geodetic and seismologic observations: implications for earthquake mechanics and fault
segmentation, in Proceedings of Workshop XLV, Fault Segmentation and Controls of
Rupture Initiation and Termination, Palm Springs, California, March 6-9, 1989: U. S.
Geological Survey Open-File Report 89-315, p. 386-399.

Bonilla, M. G., and Lienkaemper, J. J., [in press], Visibility of fault strands in exploratory
trenches and timing of rupture events: Geology.

10/89
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Northern San Andreas Fault System I.3
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 geologic 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 Company (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 Management 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

acquigition 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

9/89
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CHARACTERISTICS OF ACTIVE FAULTS
9950-03870
Robert C. Bucknam, Anthony J. Crone, Michael N. Machette

Branch of Geologic Risk Assessment
U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center
Denver, Colorado 80225
(303) 236-1604

INVESTIGATIONS

1. Organized and conducted the final project meeting of IGCP Project 206 (A Worldwide Comparison
of the Characteristics of Major Active Faults) which was held June 29-July 7, 1989 (R.C. Bucknam and
K.M. Haller).

2. Continued research on segmentation and late Quaternary history of major range-front normal faults
in northern Basin and Range province of east-central Idaho and southwestern Montana in
collaboration with David P. Schwartz, USGS-Menlo Park, CA (A.J. Crone and K.M. Haller).

RESULTS

1. The project meeting and associated field trip was attended by 45 scientists from 8 countries. The
ficld trip began in San Francisco, Calif., and visited sites of historic and late Holocene faulting along
the San Andreas fault, the Garlock fault, and in Owens Valley. The meeting was held mid-way through
the field trip at Mammoth Lakes, California. The field trip continued north from Mammoth Lakes
along the west margin of the Great Basin, east and north through the Nevada seismic zone, and across
the Basin and Range to the Wasatch fault zone at Salt Lake City, Utah. Bucknam, Haller, Crone, and
Machette all participated in the meeting and field trip. Many of the papers presented at the meeting
will be submitted for publication in a special issue of the Jounal of Structural Geology. In addition,
work synthesized under this project is to be submitted to Cambridge University Press for publication.

Presented two papers at IGCP meeting and prepared two manuscripts for submission to Journal of
Structural Geology, which will publish special issue of the proceedings of the workshop. A.J. Crone and
K.M. Haller discussed "Scgmentation and the coseismic behavior of Basin-and-Range normal faults as
illustrated by examples from east-central Idaho and southwestern Montana, U.S.A." M.N. Machette
presented a poster session describing the Quaternary geology of the Wasatch fault zone, Utah.

2. The logging of two trenches at the southeastern end of the Mackay segment of the Lost River fault
in cast-central Idaho has been nearly completed. The trenches were excavated across a major scarp
and an adjacent antithetic scarp that are formed on outwash gravels believed to be ~150,000 yr old
("Bull Lake" in age). A detailed topographic survey of the site indicates about 5-5.5 m of net tectonic
displacement across the fault. Preliminary interpretation of the trench stratigraphy indicates three
surface-faulting events. Two volcanic ashes were found in one of the trenches; these ashes have been
identified as a Glacier Peak ash (~11,300 yr old) and the Mazama ash (~6,800 yr old). Both ashes are
displaced by the most recent event. Fragments of charcoal from the base of youngest colluvial wedge
will establish a minimum age for last surface-faulting event. The timing of older events may be
constrained by thermoluminescence dating of selected samples. Our studies of the Mackay segment
tentatively indicate a strong temporal clustering of paleoearthquakes during the late Quaternary.
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REPORTS

Bucknam, R.C,, and Haller, K.M., 1989, Examples of active faults in the western United States A field
guide: U.S. Geological Survey Open-File Report 89-528, 140 p. '

Machette, M.N., 1989, Slope-morphometric dating, in Forman, S.L., ed., Dating methods applicable to
Quaternary geologic studies in the Western United States: Utah Geological and Mineral Survey
Miscellaneous Publication, p. 30-42.

Machette, M.N,, Nelson, A.R., Personius, S.F., Lund, W.R., and Schwartz, D.P., Lengths of segments,

recurrence intervals, and Holocene history of the Wasatch fault zone, Utah: Submitted to Journal
of Structural Geology, 20 ms. p., 2 tables, 4 figures.
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Characterization of Quaternary Deformation Associated with
Concealed Thrust Faulting

14-08-0001-G1680

Thomas F. Bullard and William R. Lettis
Geomatrix Consultants, Inc.
One Market Plaza
Spear Street Tower, Suite 717
San Francisco, California 94105
(415) 957-9557

OBJECTIVES

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 expres-
sion. 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 Anti-
cline) 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 inabil-
ity) 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

During the past six months, Quaternary investigations in the Whittier Narrows
area focused on office-based morphometric analyses and field investigations
in the Monterey Park and Montebello Hills region of the Elysian Park anti-
cline. Data acquisition and analyses included obtaining and evaluating
information from topographic maps, aerial photography, and field mapping.

1. Turn of the century and early 1900s topographic maps were acquired to
provide information on the study region prior to widespread urbanizationm.
These early maps enhance our ability to confidently recognize geomorphic
features in the field. Topographic maps acquired include the 1900
Pasadena 15’ quadrangle (1:62,500), and 6’ quadrangles (1:20,000) for
Whittier (1925), E1 Monte (1926), Los Angeles and Glendale (1928), and
Alhambra and Bell (1936); the 6’ quadrangles have contour intervals of 5,
10, and 25 feet and offer the potential to construct topographic profiles
of fluvial terrace remnants that may record tectonic deformation as young
as mid-Holocene.

2. Aerial photographs from the 1928 Fairchild Collection were acquired for
the area. The early photographic coverage allowed identification and
mapping of surficial deposits which existed prior to intense urban
development. Based on interpretation of the photography and inspection
of the early topographic maps, we developed and mapped a preliminary
Quaternary stratigraphy in the area. Our ability to map Quaternary
geology and to evaluate urban landscape modification from early topo-
graphic maps and aerial photographs is supported by field observations
and has enabled us to identify, target, and select optimal sites for
stratigraphic and soil profile descriptions.

3. Office-based morphometric analyses were performed to evaluate tectonic
activity in the study area. To date, these analyses have included:
construction of a generalized topographic map to illustrate regional
slope; analysis of drainage net maps; construction of subenvelope,
envelope, and residual maps to quantify areas of maximum relief; and
drainage basin asymmetry analyses to detect tectonic tilting.

4. Field investigations were conducted to field check existing geologic maps
and our interpretation of aerial photography; evaluate unmapped strati-
graphic units adjacent to mapped areas; map pre-Quaternary bedrock;
recognize regional unconformities between Quaternary and Tertiary units;
make preliminary reconnaissance field descriptions of soils and Quater-
nary stratigraphy; select locations for future soil descriptions and
drill-hole sites; and search for datable materials.

PRELIMINARY RESULTS

Morphometric Analysis

A regional slope map was constructed using elevations obtained at the center-
points of a 1-cm-square grid overlain on a 1:100,000 scale topographic map.
The slope map indicates that the regional piedmont slope is predominantly
southeast toward the San Gabriel River. This slope orientation suggests that
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Rio Hondo and San Gabriel River did not play a significant role in the devel-
opment of prominent wind gaps at Monterey Pass Road (Coyote Pass), Atlantic
Boulevard, and Garfield Avenue as suggested by Lin and Stein (1989). More
likely candidates for the development of these wind gaps are the Arroyo Seco
and Alhambra Wash drainages. Drainage network examination suggests that the
present location of Rio Hondo may represent a former course of San Gabriel
River from a point about 12 km upstream from the Whittier Narrows.

Construction of a subenvelope map, using second-order streams only, is more
objective and quantitative than the method described by Stearns (1967) for
depicting the landscape if it were eroded to the level of the second-order
streams. Subtracting the subenvelope from the envelope (surface tangent to
ridges and hillslopes) gives a topographic residual that we interpret to
represent a quantification of relief due to stream incision as a result of
tectonic uplift (Figure 1). The residuals can then be contoured to produce a
map that illustrates spatial variations in uplift across a region. Based on
the envelope, subenvelope, and residual maps constructed in the study region,
we interpret that maximum uplift in the study area occurs in the area between
Atlantic Boulevard and Laguna Channel, well to the west of the area of
maximum coseismic uplift associated with the 1987 Whittier Narrows earthquake
as reported by Lin and Stein (1989) and Hauksson and Stein (1989). Long-term
magnitude of uplift generally decreases eastward. A prominent right step
occurs in both the axis of inferred Quaternary uplift and position of the
range front from the Monterey Park hills to the Montebello Hills. The right
step is accompanied by a slight increase in uplift from west to east that is
nearly coincident with the surface projection of the western margin of the
concealed thrust fault proposed by Lin and Stein (1989).

Tectonic tilting will tend to force stream systems toward one side of their
drainage basin, resulting in a disproportionate distribution of basin area to
the right or left of the trunk stream. This type of areal distribution is
referred to as drainage basin asymmetry. Drainage basin asymmetry can be
measured using a simple area method where the area of the downstream right
side of the drainage basin is divided by the total basin area and multiplied
by 100 to give an asymmetry factor (A.F.) (Gardner et al, 1987). This
defines the system as right (A.F. < 50) or left (A.F. > 50) asymmetric, or
symmetric (A.F. = 50). Preliminary results for several south-flowing systems
across the Elysian Park anticline (down-dip and transverse to regional
strike) indicate that a slight westward tilting has occurred in addition to
overall vertical uplift. Completion of the asymmetry analysis may elucidate
any structural block segmentation that may be occurring along the axis of
uplift or tilting of individual tectonic blocks.

Field Mapping

A total of five fluvial terraces associated with the San Gabriel River has
been identified on aerial photographs and confirmed in the field. These
terraces can be correlated to terrace sequences in the wind gaps of Potrero
Grande, Garfield Avenue, Atlantic Boulevard, Laguna Channel, Eastern Boule-
vard, and along the piedmont south and west of the Montebello and Monterey
Park hills. The correlations are tentative based primarily on topographic
position relative to a regionally extensive geomorphic surface. Final
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terrace correlations both within and between drainages will be made pending
assessment of soil-profile development.

Field mapping to date has also identified: 1) a prominent 10-20° angular
discordance between coarse, cross-bedded gravels and underlying fine-grained
silts and sands of the Pliocene Fernando Formation exposed along the south
flanks of the Monterey Park and Montebello hills. We interpret the gravel as
remnants of a regional pediment surface; and 2) a thick gravel body that
trends northeast and cuts across regional strike of bedding through the
Potrero Grande area. We interpret the gravel to be a valley fill deposit
associated with a former course of the ancestral San Gabriel River.

The gravel unit that unconformably overlies the fine-grained Fernando Forma-
tion on the south flanks of the hills has been mapped by Lamar (1970) and
Dibblee (1989) as a conglomerate member of the Fernando, yet the angular
discordance in our study area is much greater than the angular discordance
reported by Yerkes (1972) and Dibblee (1989) for the upper and lower Fernando
in the region east of Montebello. Lithology and angular discordance suggest
that the gravel unit may be better associated with the Pleistocene San Pedro,
Coyote Hills, or La Habra formations of Yerkes (1972). If we assume that
topographic relief on the Fernando Formation represents a minimum amount of
vertical uplift above sea level (probably much more since the Fernando is a
deep to shallow marine unit) and assume that uplift was coincident with the
onset of Pliocene north-south shortening across the Los Angeles Basin as
indicated by angular unconformities and proposed by Davis and Namson (1989),
a long-term uplift rate of < 0.1 mm/yr (0.2-0.5 purad/yr) is obtained. To
produce the 10-20° of angular discordance between the pediment gravels and
the fine-grained deposits of the Fernando Formation, therefore, requires
approximately 1 my, which indicates that the gravel is probably early- to
mid-Pleistocene in age. Various possible explanations for the pronounced
unconformity and confusion over the age of the conglomerate unit include: a
dramatic, local change in uplift rate; local structural complexities; uplift
that began earlier than suggested by Davis and Namson (1989); or the gravel
unit is younger than thought. We interpret the gravel, therefore, to be the
remnant of a former pediment surface that covered much of the region during
the early- to mid-Pleistocene.

The second gravel deposit that we recognized in the field is about 50 m thick
and forms a 1- to 2-km-wide, northeast-trending swath between the Montebello
Hills and Monterey Park hills. The gravels are inset into the Fernando
Formation and dip gently (< 5°) south to southwest, in contrast with dips on
the Fernando Formation that range from 30-75°. Based on its lateral
distribution and abrupt erosional margins, we interpret the gravel to
represent the course of an ancestral San Gabriel River.

Remnants of relatively undisturbed geomorphic surfaces and fluvial terraces
are preserved in the region and are promising for the development of a local
chronosequence. The chronosequence can be used to establish correlation of
terrace deposits in the area as well as to correlate with existing dated
chronosequences in the Los Angeles Basin (McFadden, 1982). We have
identified potential sites for soil-profile analysis on all major terrace
sequences where preserved surfaces exist, as well as additional sites for
potential drilling activities.
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Establishing numerical age control for Quaternary deposits in the Los Angeles
Basin is a problem due to the general absence of promising datable materials.
In the study area, one megafossil site has been identified (G. Jeffersom, Los
Angeles County Museum, pers. comm., 1989) and may provide material for
Uranium-series dating. The fossil locality is within what we infer to be
mid-to late-Pleistocene deposits and may provide a useful date from which to
calibrate the local and regional chronosequences and assess rates of late
Quaternary deformation.

Preliminary Interpretation

Morphometric and stratigraphic analyses define at least two en echelon
Quaternary anticlines in the region, one centered beneath the Monterey Park
hills and one below the Montebello Hills., The anticlines appear to be
asymmetric with steep, linear south flanks and more gentle, deeply dissected
northern flanks. The Montebello Hills anticline is about 7 km long and 1.5
km wide; the Monterey Park anticline is about 11 km long and 3 km wide. Late
Cenozoic uplift occurs within the Montebello Hills several km west of the
point of maximum coseismic uplift of the 1987 Whittier Narrows earthquake and
west of the surface projection of the fault plane associated with the 1987
event as reported by Lin and Stein (1989). The residual maps suggest that
maximum uplift has been at least 80 m during an as yet undefined period of
Quaternary time.

Changes in the amount of uplift along the hills and the apparent right

en echelon step in the anticlinal axis and front of the Monterey Park-
Montebello Hills may reflect possible segmentation of the underlying thrust
fault defined by Davis and Namson (1989), Lin and Stein (1989), and Hauksson
and Jones (1989). North-trending lineaments are evident on the residual maps
and aerial photography and may be the surface expression of one or more tear
faults that segment the underlying thrust fault.
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Sedimentological Analysis of Postulated Tsunami-Generated
Deposits from Great-Subduction Earthquakes Along
Washington's Outer Coast

14-08001-1532

Joanne Bourgeois and Mary A. Reinhart
Dept of Geological Sciences AJ-20
University of Washington
Seattle, Washington, 98195
(206) 545-2443

INVESTIGATION: The goal of this project is to determine the
genesis of 300-year old sand sheets in coastal Washington,
in particular, whether these sheets were deposited by a
tsunami generated by a great-subduction earthquake at the
Cascadia subduction zone. The tsunami hypothesis is being
tested by: 1) developing a sediment-transport model for the
sand sheet and comparing it to possible depositional
mechanisms, and 2) calibrating the model through the study
of Chilean sand sheets known to have been laid down by the
tsunami from the great 1960 earthquake (Mw 9.5) in south-
central Chile. A summary of Chilean field work was
presented in our previous progress report.

From field mapping and laboratory analysis already completed
on the Washington coast, we have reconstructed the
depositional event of 300 years ago: the event was of
regional scale, depositing sand similarly over a distance
of at least 200 km; the force of the event was landward-
directed, comprised several discrete pulses, and propagated
inland at least 3 km via coastal rivers (Copalis R) and
embayed estuaries (Willapa Bay and Grays Harbor) and their
tidal channels; sediment was deposited onto former
marsh/point bar surfaces from suspension, rather than from
bedload; within Willapa Bay and Gray's Harbor the greatest
number of pulses are recorded in the river/tidal channels
adjacent to and just south of each entrance. This
reconstruction eliminates from consideration all seaward-
directed mechanisms and helps establish the required
depositional conditions from which we can test the remaining
landward-directed mechanisms.

SEDIMENT-TRANSPORT MODELING: We have chosen to construct a
sediment-transport model for the sand sheet as preserved
along the Niawiakum River, Willapa Bay (as described in
progress report of May, 1988). The conditions required to
transport sand and silt over three buried marsh/point bar
surfaces of the Niawiakum River are: 1) overbank flow depths
and velocities must be sufficient to transport suspended
sand and silt across marsh surfaces, and 2) the boundary
shear stress in the channel must be high enough to suspend a
volume of sediment in the overbank part of the flow
sufficient to deposit laminae 2-10 mm thick.
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Results of calculations include:

1) overbank discharges of 4200-7600 cm3/s are required
to transport sand and silt across the bar nearest the mouth,
and 3000-5500 cm”/s for the bars upstrean.

2) Shear stresses in the channel required to generate
such overbank discharges depend upon flow depth and bottom
roughness. For example, for overbank flow depths of 1, 2,
2.5, and 3 meters for the bar nearest the mouth (Bag 1),
calculated stresges vary from 1.90 to 9.80 dynes/cm“, 0.47
to 2.35_dynes/cn“, 0.30 to 1.50 dynes/cm“, and 0.19 to 1.00
dyne/cm respectively (see Table 1).

3) We estimate that overbank flow depths were no
greater than about 2 m. For greater flow depths, the
calculated Rouse number indicates insufficient suspension of
sediment required for transport across the marsh surface
(see Table 2).

4) The volume of sediment in each of the basal sandy
laminae requires that at least 3000-5000 mg/l of sediment
was suspended in the overbank part of the flow. We estimate
that entrainment (erosion) of 5-10 cm of the channel floor
adjacent to each bar was required for each lamina. Only the
larger shear stresses are capable of mobilizing and
suspending such volumes of sediment.

We are evaluating the ability of landward-directed
mechanisms (tsunami, storm, and seiche) to meet our
depositional model. Preliminary results include:

1) Storm surge amplified by flood tides appears to be
insufficient to exert the necessary shear stresses or
overbank flow velocities.

2) Initiation of seiching in Willapa Bay is very
difficult. The long fundamental period of oscillation and
the shallow and irregular bathymetry of the bay serve to
damp excitation.

3) A crude routing model for a tsunami wave train
predicts a water particle velocity of 60-100 cm/s generated
by a wave propagating up a bank-full channel (wave speed
approximately 6 m/s), predicts high shear stresses
sufficient to entrain and suspend the required volume of
sediment, and appears to predict the geographic distribution
of the deposit within Willapa Bay.
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TABLE I

SHEAR VELOCITIES AND SHEAR STRESSES CALCULATED FOR CHANNEL
ADJACENT TO BAR I, NIAWIAKUM RIVER, WILLAPA BAY

FLOW DEPTH SURFACE Zq U, Ty
OVER MARSH VELOCITY ,
cm cm/s cm/s dynes/cm
100 42 1073 1.37 1.90
10™2 1.69 2.91
76 10”3 2.51 6.43
102 3.10 9.8
200 20.8 1073 0.68 0.47
10™2 0.83 0.70
38 1073 1.24 1.57
1072 1.52 2.35
250 16.8 10”3 0.54 0.30
10™2 0.66 0.44
30.4 10~3 0.98 0.98
1072 1.21 1.50
300 13.9 10”3 0.44 0.19
1072 0.55 0.32
25.3 1073 0.81 0.67
10”2 1.00 1.00

overbank velocity computed by dividing flow discharge (4200-
7600 cm3/s) by overbank flow_depths; Z, defines the chagnel
bed roughness parameter (10 ° defines a smooth bed, 10
defines a surface with small bed-forms and/or small woody
debris); U, = ghear velocity in the channel; Ty = shear
stress (Tp=PUs", where p is water density). Maximum
dlscharge prov1des the best fit to the distribution of iand
and silt sizes over the 300-yr-old surface and Zg = 10
better suits the modern channel bottom of the Niawiakum
River.
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TABLE II
CALCULATED ROUSE NUMBERS (P.) FOR 0.125 mm (3 phi) (BASAL
SAND LAMINA) IN SAMPLES FOR FOUR OVERBANK FLOW DEPTHS,

BAR 1
FLOW DEPTH SHEAR VELOCITY ROUSE #
OVER MARSH (in channel) (Pg)
cm cm/s
100 1.37 1.13
1.69 0.92
2.51 0.62
3.10 0.50
200 0.68 2.28
0.83 1.87
1.24 1.25
1.52 0.61
250 0.54 2.87
0.66 2.34
0.98 1.58
1.21 1.28
300 0.44 3.52
0.55 2.82
0.81 1.91
1.00 1.56

Py = W$/U*k (where Wy = settling velocity and k = 0.4 (von
Karman's constant)), and is an indicator of transport mode
of a given grain size at specified shear velocities

(Pg < 0.8-1.5 indicates entrainment and transport by
suspended load and Pg > 3.0 indicates transport as bedload).
Grain size analysis of basal sand lamina consistently show
that sand sizes equal to and- larger than 0.18 mm in diameter
comprise less than 1% of the size distribution, and that
0.125 mm sand (8% volume near channel edge and 5.5% volume
67 m from channel edge in the estimated direction of paleo-
flow) represents the coarstest grain size delivered to the
marsh. In order for 0.125 mm sand to be elevated from the
channel floor to the marsh level, the Rouse number must have
been less that 1.5; if Pg is greater than 1.5 the sand is
unlikely to be suspended into the overbank part of the flow.
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1.3

Late Quaternary Slip Rates on Active Faults of Califormnia

9910-03554

Malcolm M, Clark
Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5624, FTS 459-5624

Investigations
1. Recently active traces of Calaveras fault zone at Tres

Pinos Creek and San Felipe Creek, Califormia (K.J.
Kendrick [Harms], J.W. Harden, M.M. Clark).

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

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

4, Revision of slip-rate table and map of late-Quaternary
faults of California (Clark, Kendrick, J.J. Lienkaemper,
K.R. Lajoie, C. Prentice, M.J. Rymer, D.P. Schwartz,
R.V. Sharp, J.D. Sims, J.C. Tinsley, R.J. Weldon).

Results

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

9/89
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DETECTION OF BLIND THRUSTS IN THE WESTERN TRANSVERSE RANGES AND
SOUTHERN COAST RANGES

14-08-0001-G1687

DAVIS AND NAMSON
CONSULTING GEOLOGISTS
1545 NORTH VERDUGO ROAD, SUITE 9
GLENDALE, CA 91208
(818) 507-6650

I. Objectives

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

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

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

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

III. Results

A. A series of 8 cross sections across the western Transverse
Ranges and southern Coast Ranges are either completed or under
construction (Figure 1). The cross sections identify the major
anticlinoria of the the area and thrust faults (mostly
concealed) are interpreted to cause the regional folds. The
interpretations provide an estimate of the slip on thrust
faults as well as the regional shortening of area west of the
San Andreas fault. The slip and shortening estimates from
these cross sections are being integrated on maps to further
understand the distribution of fault slip, slip rates,
shortening and shortening rates in the region. The status of
these cross sections is as follows:

1. Cross section 1 through the southern Coast Ranges near
San Luis Obispo has been completed and accepted for
publication (Namson and Davis, in press). 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.

2. Cross section 2 extends across the western edge of the

onshore Santa Maria basin and has been accepted for
publication (Namson and Davis, in press). The Pliocene and
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Quaternary convergence across the onshore Santa Maria basin
is 9.2 km and the convergence rate is 2.3 mm/yr.

3. Cross section 3 extends from the western Santa Barbara
Channel near Point Conception to the San Andreas fault. The
cross section is completed but the section has not been
restored.

4. Cross section 4 extends from the central Santa Barbara
Channel to the San Andreas fault. All the surface and
subsurface data are compiled for this section, and the
section is in the interpretation phase.

5. Cross section 5 extends from the eastern edge of the
Santa Barbara Channel to the Big Pine fault and has been
published (Namson, 1987) The interpretation suggests 35 km
of convergence and using 3.0 Ma for the onset of deformatlon
yields a convergence rate of 11.7 mm/yr.

6. Cross section 6 extends from the coast at the southwest
edge of the Santa Monica Mountains to the San Andreas fault.
The data for this cross section have been compiled and the
section is in the construction phase.

7. Cross section 7 extends from the coast near Santa Monica
to the San Gabriel fault. The cross section has been
completed but the restoration is incomplete. The cross
section has approximatly 15 km of convergence and a
preliminary version was published in Davis and Namson
(1988) .

8. Cross section 8 extends offshore near Palos Verdes to
the San Andreas fault and has been published (Davis et al.,
1989). The cross section has 21.4-29.7 km of convergence
and a convergence rate of 3.8-13.5 mm/yr.

Reports

1. Namson, J. and Davis, T.L., in press, Late Cenozoic Fold
and Thrust Belt of the Southern Coast Ranges and Santa Maria
Basin, California: American Association of Petroleum
Geologists Bulletin.

2. Davis, T.L., Namson, J., and R.F. Yerkes, 1989, A Cross
Section of the Los Angeles Area: Seismically Active Fold and
Thrust Belt, the 1987 Whittier Narrows Earthquake, and
Earthquake Hazard: Journal of Geophysical Research, v. 94,
p. 9644-9664.
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3. Namson, J., and T. Davis, 1989, Reply on Structural
transect of the western Trranverse Ranges, Califronia:
Implications for lithospheric kinematics and seismic risk
evaluation: Geology, v. 17, p.670-671.

4, Namson, J., and T. Davis, 1989, Reply on Structural
transect of the western Trranverse Ranges, Califronia:
Implications for lithospheric kinematics and seismic risk
evaluation: Geology, v. 17, p.672-673.
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Figure 1. Map of southern and central California showing the
location of regional balanced cross sections completed or in
the construction phase. GF- Garlock fault, LA- Los Angeles,

SAF- San Andreas fault, SB- Santa Barbara, SGF- San Gabriel
fault.
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Evaluation of Late Quaternary Rate of Slip,
Whittier Fault Zone, Southern California

14-08-0001-G1696

Eldon M. Gath
Leighton and Associates, Inc.
1470 South Valley Vista Drive, Suite 150
Diamond Bar, California 91765
(714) 860-7772

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 1.7-5.7 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
t:e timing of the last earthquake, and the amount of s1ip that occurred during
that event.

Data Acquisition and Initial Analysis: The project authorization was obtained
in late February 1989. Due to the timing of the project authorization, the
trenching portion of the study was postponed to late in the year in order to
complete the air photo analysis needed to select the best and yet accessible
site. The following discussion presents the study’s current status and any
preliminary conclusions.

1. Procurement of suitable topographic coverage for the 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, were flown in
late June. Although a complete interpretation is still in progress, these images
are providing a refinement of the fault trace location within those areas where
access is restricted, and only high altitude aerial photographs are available.
They have also proven useful in the preliminary selection of trenching sites for
the detailed paleoseismic investigation scheduled for this November.

Completed Research: The following discussion will present preliminary results
of current investigations.

1. Air photo strip mapping of tectonic geomorphic features has been completed.
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2. Characterization of offset geomorphic features have been compiled into a
histogram to group and quantify individual events, but the data have not been
screened to remove the impacts of multiple strands or physical deflections. The
smallest deflections located are about 3 meters, and are preliminarily concluded
to have been caused by the last event. Larger deflections of 6, 12, 20, 40, 400,
and 1500 meters are also common. Except for the 3 meter deflection, all offsets
are from topographic map and aerial photograph measurements, taken at various
scales.

3. Detailed mapping and logging of two separate exposures of faulted alluvial
sediments within a canyon east of Fullerton Road in the La Habra Heights area
of the Puente Hills. At this location, the fault splits into two parallel
traces, separated by approximately 500 meters. The alluvial sediments were
ponded behind a shutter ridge along the southernmost trace, and behind a canyon-
damming landslide on the northernmost fault trace. The canyon has been captured
to the east (apparent left lateral) of the shutter ridge, and downcutting of the
channel has exposed and drained the ponded sediments. The landslide dam has also
been breached, and the ponded sediments preserved on the protected lateral flanks
of the canyon, in immediate proximity to the residual landslide materials.

a. Detailed stratigraphic mapping of the southern alluvial exposure determined
that there was a time stratigraphic progression to the amount of tilting of the
alluvial beds, with the older units progressively more deformed. Liquefaction
features were identified, several peat layers were sampled for C-14 analysis,
and a detailed log of the exposure was produced. A charcoal sample from one of
the older peats has been submitted for accelerator dating, with the results
expected in early November. At this time, preliminary age estimates for the
alluvial sediments range from 30,000-100,000 years B.P. due to the degree soil
development, and the amount of geomorphic alteration of the site.

b. Detailed stratigraphic mapping of the ponded alluvial sediments behind the
old landslide dam were not as successful as the southern exposures. Well bedded,
highly deformed alluvium was mapped in fault contact with the Puente Formation
bedrock. Charcoal samples from several interbedded peats were obtained. The
stratigraphically lowest peat sample was submitted for C-14 analysis, and
resulted in a 12,200 age. Continued logging of the exposure began to indicate
a very pervasive influence of landsliding within the alluvial sediments. It was
subsequently determined that the exposure was too limited to isolate the effects
of fault slip from landslides, and as a consequence, the site was abandoned.

4, Access to two of the previously identified trenching sites (within Arroyo
San Miguel and off Fullerton Road in the Puente Hills) was denied by the property
owner due to pipeline obstructions at the specific location needed for the study.
Three additional sites have been identified (within Carbon or Tonner Canyons,
or above Telegraph Canyon) and landowner negotiations are again underway.

5. The development of the soil chronosequence is proceeding in the Yorba Linda
area and working northward. Several well developed soils upon elevated fluvial
terraces are being logged and clay fractions quantified.

6. Trench excavations should be underway by December 1, 1989.
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I.3

Tectonics of Central and Northern California
9910-01290

William P. Irwin
Branch of Engineering Seismology and Geology
U. S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025
(415) 329-5639

Investigations

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

Results

A geologic compilation of the Klamath Mountains province, planned for publication as an
I-series map at a scale of 1:500,000, was extensively revised following reviews by the Geologic
Names Unit and the Geologic Map Editor. Writing of a report describing the geology and
tectonic development of the Klamath Mountains and adjacent regions continued during the report
period and is planned for publication in the Bulletin series. The Klamath Mountains province is
of particular interest because of its large number and variety of accretionary terranes and its long
history of tectonic development of the Pacific coastal region of North America. A review of
paleomagnetic results from the Klamath Mountains, Blue Mountains, and Sierra Nevada, co-
authored with E.A. Mankinen, is being revised following technical review. Page proof for a
contribution to the Richard H. Jahns Memorial Volume was reviewed and returned to the
publisher. Proposed field work for a collaborative study of the distribution of Lower Jurassic
chert, which occurs sparsely in the Franciscan assemblage on both sides of the San Andreas fault,
was postponed because of scheduling problems.

Reports

Irwin, W.P., 1989, Terranes of the Klamath Mountains, in Tectonic evolution of northern
California: 28th International Geological Congress Field Trip Guidebook T108, p. 19-32.

Mankinen, E.A., Irwin, W.P., and Gromme, C.S., 1989, Paleomag-netic study of the Eastern
Klamath terrane, California, and implications for the tectonic history of the Klamath
Mountains province: Journal of Geophysical Research, v. 94, no. B8, p. 10400-10472.

Schweickert, R.A., and Irwin, W.P., 1989, Extensional faulting in southern Klamath Mountains,
California: Tectonics, v. 8,no 1, p. 19-32.

10/89
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Very Precise Dating of Prehistoric Earthquakes in California
using Tree-ring Analysis

14-08-001G1329
EARS88-05058

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

San Andreas Fault, Southern California

Analysis of previously collected samples from this area yielded
preliminary tree-ring evidence that the length over which trees were
disturbed by surface rupture by the 1812 earthquake may be
extended. Our previous research determined that trees were
disturbed over a length of approximately 12 km. (Jacoby et al. 1988).
Samples from just northwest of Jackson Lake indicate response to the
event and thus extend the length of probable surface rupture
another 1.5 kilometers toward the Pallett Creek site (about 16 km to
the northwest) where displacement for the event is estimated at 6
meters (Sieh,1984). More importantly, samples of California white
oak [Quercus lobata Nee] from about 80 km. northwest of the Pallett
Creek site also indicate probable disturbance by the 1812 event. At
both of the tree-sampling sites the evidence of disturbance is much
more subtle than for the trees in the Wrightwood area. In the
vicinity of the oaks even a tree sited right on the fault trace shows
only minor effects from the documented 1857 event. The oaks are a
much stronger wood than the conifers sampled in the Wrightwood
area and are also of a much more compact growth form. A major
problem is the occurence of drier years to extreme drought in both
the 1812-13 and the 1856-57 years. At the Jackson Lake and the
oak sites the fault line trees appear to show trauma beyond the
drought effect but this response needs to be carefully modeled
before definitive results can be confirmed.

San Andreas Fault, Northern California

More extensive collections of tree samples have been made in
this area. Previously we collected cores from dead redwood stumps
logged around 1900. We have now collected slabs from the same
area along about 5 km of the fault trace. We have obtained cores
from a few living old-aged trees and slabs from recently cut (1986
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and 1988) old growth. These latter samples are away from the fault
but are necessary to establish a master chronology for dating the
cores and the slabs from the older stumps along the fault. Analysis of
previous samples indicated that trees inland of the first range of hills
are better for crossdating than the coastal trees. Slabs were taken
from the stumps of logged old growth at the inland location and are
now in the laboratory for analysis. Maximum ages for the samples
approach 1,000 years.

Cascadia Subduction Zone, Northern California

Grand fir [Abies grandis (Dougl. ex D. Donn) Lindl.] and Douglas
fir [Pseudotsuga menziesii (Mirb.) Franco] were sampled in Redwood
National Park and a chronology was developed that crossdated with
the same inland sites that crossdated with the cores from the Catfish
Lake landslide site near Arcata. Unfortunately the length of the
grand fir chronology is too short to directly crossdate with the Catfish
Lake trees which dated to 1741 B. P. In addition to the landslide site
samples we also have core samples from stumps growing in and near
the trace of the Little Salmon Creek thrust fault. Many of these cores
have over 500 rings. In October of 1989 we obtained some 300 to
500 year old Douglas fir slabs from a timber company to aid in
developing a long-term chronology for better crossdating of the
material from the stumps and dead trees. The paleoseismic
interpretation of any tree-ring disturbance will result from
composite analysis of fault-line trees, landslide trees and
undisturbed trees nearby. A the present time we have just
transported about two and one half tons of tree slab samples to the
Tree-Ring Lab. from all California sites and analyses will progress
through the winter months.

The area being studied near Eureka, California is very complex
tectonically. It is near a triple junction and there is subsidence,
strike-slip and thrust faulting in the region. There are also landslides
which may or may not be related to seismic events. Recent
paleoseismic investigations are producing dates for events in the
region (e. g. Jacoby et al. 1989, Grant et al. 1989, Williams and
Jacoby, 1989 and Yamaguchi et al. 1989). As those studies and our
studies progress there should be convergence of some dates for large
events and distinct dates for smaller events. The eventual seismic
prehistory of the region will result from a composite of all of these
studies. :
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1.3

Coastal Tectonics

9910-01623

Kenneth Lajoie
Branch of Engineering Seismology and Geology
345 Middlefield Road, M/S 977
Menlo Park, California 94025
(415) 329-5641/5747

Investigations

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

Paleosea-level as a tectonic datum.

Earthquake history, southern Alaska (assistance provided to G.
Plafker, Alaskan Branch).

Results

1.

Topographic and stratigraphic data indicate that the Bolsa Chica,
Huntington Beach and Newport mesas, which lie along the coastline of
the southern Los Angeles basin, represent a broad anticline
(Huntington Beach anticline) that extends northwestward from the
northern end of the San Joaquin Hills. Amino acid data on marine
shells tentatively date the sediments that underlie these mesas at
200-300 ka. Amino acid dating also tentatively dates the marine
terrace cut into western flanks of these mesas at 120 ka. Both the
sediments and a fluvial terrace graded to the marine terrace are
warped over the anticline, indicating that folding is continuous.

To derive a long-term tectonic history (primarily uplift from a
sequence of emergent marine strandlines, the Paleosea-level history
must be known. Presently the most detailed and best dated Paleosea-
level curve is based on U-geries dated coral reefs on the Huon
Peninsula of Papua, New Guinea (Chappell, 1983; Chappell and
Shackleton, 1986). U-series ages on emergent coral reefs from many
other places are similar to those from the Huon sequence, indicating
the general ages and relative elevations of the major sea-level
highstands on the Huon curve are, for the most part, universal. U=
series ages of soutary corals from several erosional terraces along
the central and southern California coastline (research in progress
with Stein and Wasserberg, Cal Tech.) agree well with the broader
data set from the emergent coral reefs. However ages from one late-
Pleistocene California locality indicate that sea level stood
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slightly above its present position for at least twice as long as
previously indicated. If correct, this modification to the sea-
level curve might change interpreted wuplift rates at a few
localities.

Shallow (3-8 m hand-auger holes in the sediments of the Copper River
delta reveal a sequence of several earthquake cycles (rapid uplift
followed by gradual subsidence) in the last few thousand years.
Radiocarbon analysis of organic materials from these sediments will
provide a fairly detailed Paleo-earthquake history for this region.

Publications

Lajoie, K.R., Ponti, D.J., Powell, C.L., II, Mathieson, S.A., and Sarna-

Wojcicki, A.M., in press, Emergent marine strandlines and
associated sediments, coastal California.
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ACTIVE MARGIN TECTONICS, PACIFIC NORTHWEST REGION
9910-04492

P. A. McCrory

Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5677 or (FTS) 459-5677

I {gat

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

Results

1. FY89 field work focused on sediments exposed along the coast of the
Quinault Indian Reservation, Washington. Three key stratigraphic
sequences within the Quinault Formation have been measured and sampled:
the Point Grenville, Taholah, and Duck Creek sections. Field
reconnaissance has been conducted for the remaining sequences: the Cape
Elizabeth, Pratt Cliff, and Raft River sections. This field work
yielded some promising leads, in the youthful folding of the sedimentary
units exposed in the sea cliffs along the coast, in the extreme tilting
and angular discordance of Pleistocene gravels near the mouth of the
Raft River, and in the liquifaction features preserved in the sediments.
The next task will be to determine the age of this tectonic deformation,
so as to understand the rates at which the sediments are being
compressed and tilted.

2. Rock samples collected in FY89 are being processed for analyses of age
and uplift data.

Reports

McCrory, P. A., 1in press, Neogene paleoceanographic events recorded in an
active-margin setting: Humboldt basin, California: Palaeogeography,
Palaeoclimatology, Palaeocecology.

McCrory, P. A., in press, Depositional history of an uplifted trench-slope
basin: The Neogene Humboldt basin, California: Sedimentology.
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STRUCTURAL FRAMEWORK OF THE PENINSULAR RANGES
9540-04040

Douglas M. Morton

Branch of Western Regional Geology
U.S. Geological Survey
University of California
Riverside, California 92521
(714) 351-6397

Investigations:

The project goal to understand the geologic history of the northern
part of the Peninsular Ranges Province and its interaction with
the Transverse Ranges Province to the north with emphasis on
the Neogene tectonic history. Field mapping was continued in
the northern Perris Block area of the Peninsular Ranges.

Results:

A number of low east facing scarps were discovered and mapped in an
area west of the town of Perris. This is in an area of
Cretaceous batholithic rocks which had been considered to be
virtually free of faults. The low scarps offset Pleistocene al-
luvial deposits.

Reports:

Morton, D. M. and Cox, B. F., 1988, Geologic map of the Riverside
East 7.5’ quadrangle: U.S. Geological Survey Open-file Report
88-753.

Morton, D. M. and Cox, B. F., 1988, Geologic map of the Riverside
West 7.5' quadrangle: U.S. Geological Survey Open-file Report
88-753.

Morton, D. M., and Matti, 1989, A vanished Late Pliocene to Early
Pleistocene alluvial-fan complex in the northern Perris Block,
southern California:_in Colburn, I. P., Abbott, P. L., and
Minch, J., eds., Conglomerates in basin analysis: a symposium
dedicated to A. 0. Woodford: Pacific Section, Society of Eco-
nomic Paleontologists and Mineralogists, Book, 62, p. 73-80.

Morton, D. M., Campbell, R. H., Jibson, R. W., Wesson, R. L., and
Nicholson, Craig, 1989, Landslides and ground fractures pro-
duced by the July 8, 1986, North Palm Springs California
earthquake: Geological Society of America Abstracts with Pro-
grams, v. 21, n. 5, p. 119.
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NORTHERN SAN ANDREAS FAULT SYSTEM: PALEOSEISMIC
AND SLIP RATE STUDIES IN NORTHERN AND CENTRAL
CALIFORNIA
9910-04483

CAROL PRENTICE

BRANCH OF ENGINEERING SEISMOLOGY AND GEOLOGY
345 MIDDLEFIELD RD, MS 977
MENLO PARK, CA 94025
415-329-5690

Investigations

Investigations of the San Andreas and related faults in northern and
central California to determine timing of prehistoric earthquakes and
average Quaternary slip rates.

Results

Three trench sites were identified and evaluated for their potential
to yield slip-rate and paleoseismic data: 1) along the Maacama fault
near Ukiah, CA, 2) on the Carrizo Plain along the San Andreas fault in
central California, and 3) along the northern San Andreas fault near
Gualala, California. Excavations at the first two of these sites
demonstrated potential for yielding paleoseismic information. An
excavation at the third locality, near Gualala, revealed no potential
for further work at this site. The excavations near Ukiah and on the
Carrizo plain are described briefly below:

1) The excavation at the City of Ten Thousand Buddhas, in Talmage,
near Ukiah, California, exposed a sequence of marsh, fluvial and
lacustrine deposits overlying a paleosol developed on Pleistocene (?)
gravel. The Maacama fault, clearly expressed in the older gravels, has
not caused any brittle deformation of the overlying Late Holocene
section. Radiocarbon dating of peat in the lower Holocene section will
allow determination of the time elapsed since the last ground-
rupturing event on this segment of the Maacama fault.
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2) Excavations along the Carrizo plain at the Bidart site done in
conjunction with Kerry Sieh at Caltech have revealed stratigraphic
evidence for five earthquakes along this segment of the San Andreas
fault. Radiocarbon dating will allow limits to be placed on the timing
of these events.

Reports
Prentice, C.S., and Sieh, K.E., A Paleoseismic Site Along the Carrizo

Segment of the San Andreas Fault, Central California: abs. EOS, in
press.

9/89
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Latest Quaternary Surface Faulting in the Northern
Wasatch to Teton Corridor (NWTC)

14-08-0001-G1396

James McCalpin
Department of Geology
Utah State University
Logan, UT 84322-4505

(801) 750-1220

Objective: This project attempts to date the 1latest surface-
FTauTting earthquakes on the Holocene faults bounding Bear Lake
Valley (Utah and Idaho) and Star Valley (Wyoming). These faults
are part of an en echelon belt of six Holocene or Late Pleistocene
normal faults which traverse the region between the northern end
of the Wasatch fault and the Teton fault. The ultimate objective
of the study is to determine if prehistoric surface-rupturing
events in the belt have been clustered in time.

If paleoseismic events do cluster in "pulses", then future events
in the vrelatively wunpopulated NWTC may imply an increased
probability of faulting in the more populated Wasatch Front.

Results: 1) Two large trenches were excavated in June and July,
I98Y9, across the eastern Bear Lake fault at North Eden Canyon.
Trenches were logged by the PI and Zhang Liren of the State
Seismological Bureau, Beijing, China as part of a cooperative
exchange and training exercise. The western trench (Fig.l) exposed
a 5 meter-wide complex zone of normal faults. Two colluvial wedges
were identified (units 5 and 6 in Fig.l) suggesting that the 8
meters of stratigraphic displacement was produced by two surface-
faulting events. Radiocarbon samples JM89-08, JM89-11, and JM89-13
were concentrated by Rolf Kihl at INSTAAR, University of Colorado
and submitted to Beta Analytic Inc. for dating. Results are
expected by Nov. 5, 1989.

The eastern trench (Fig.2) across a 14 meter-high, somewhat
subdued scarp, exposed three separate fault zones with different
inferred ages of movement. Earliest movement on the upslope fault
occurred when the site was at or very near lake level, and resulted
in deposition of a colluvial wedge (unit 3 in Fig. 2). Later
faulting occurred on the downslope fault, which accounts for most
of the displacement (about 10 meters) in the trench. Colluvial
units 4 and 6 were deposited from the free face of the downslope
fault. Latest movement occurred on the central fault, the free face
of which eroded to form colluvium unit 8 (Fig.2). Age control for
faulting events is poor, due to a general lack of organics for
radiocarbon dating. A single radiocarbon sample of bulk organics
from a buried soil near the base of unit 6 (vertical ruled areas
on log) was concentrated at INSTAAR and submitted for dating.
Results are pending. In addition I collected a vertical transect
of 8 TL samples through the thickest part of the colluvial wedge
for possible future dating at INSTAAR.

Preliminary interpretation calls for four to five late Quaternary
surface ruptures, the latest of which occurred in the mid to late
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Holocene. Pending radiocarbon dates will bracket the latest two
events tightly, with broad constraints on the earlier Pleistocene
events,

2) Two trenches were excavated across the western Bear Lake fault
(Bloomington scarp) 0.8 km east of Bloomington, Idaho in the first
week of October. The smaller trench cuts a 1.5 meter-high scarp
inferred to represent a single Holocene event, while the larger
trench cuts a 4.5 meter-high scarp inferred to represent two
paleoseismic events. Preliminary observations reveal faulted
monoclinal flexures in the fine-grained alluvial and swamp
deposits. These trenches will be 1ogged and sampled during October,
1989, by the PI and Dr. Vladimir Khromovskikh of the Institute of
the Earth's Crust, Irkutsk, USSR, as part of a scientific exchange
and training program (weather permitting).

3) Trenching on the Star Valley fault has been postponed to May,
1990, because of intransigent lTandowners.

Reports: none

141



I.3

*2U2207OH 93BT 03 -pTIW 3yl UT SBM YOTIyYM JO 1S23B] 3yl °‘SIuaAd Sur3[nej-9oeyans
om31 £q po3eaad 2iom juewade(dstp drydeadrjeals Jo w g AYL "Yeln ‘uofkue)

uapd YIION 3B ITNEJ aye] Ieag UIDISEd dYJ SSOIOB YOUII] UIS]SIM Y3 3O 801 °1 %14

et smuer [1]
194058 pew puss yeose (2]
pow ooty [g]

won [5]
s spe (o]
waasgee sbuses [9]

L R

sune [ ]
SOURS W) S UnANPe Sy m_ (00y Spuqep) 10a0id ks [T
004 Smop ‘wmemmee L[] wand oo [T
fopiasn e [ pudeged []
ooquis siferon

N0V M

v v W oW 4w e w3 non

../:.\-..V.D./lx\.\,\\-.:.... P
— 7 . . w =
e e g Ve

ues Buoyz
uidip)IN  sewopr
A8

6861 ‘AN INNC NQ3IND01

HYLN ‘INV HV3IE HE3D
N303 HLYON LY HON3YL NY3ILS3M 40 907

142



1.3

*3INBJ [BIIUSD 9Y] UO DUIDOTOH 2yl UT Paianddo0 Jurl[nej
389387 ' (G ITun) ST2aBAZ OTEI [P 198unok (;) Pued03sTa1d 23e[ 243 23epaid
sjuswoAow 9S9Y] ‘ouoz 3iney odolsumop =yl uo juswadeldsTp jo w T 03 dn 4q
pomo[1oJ ‘3Tne3y odoysdn 243 UO PSIANOD0 JuUSWRAOW JITNEF ISIPT0 ‘YeIn ‘uokued .
uopd UYJAON JB IINBJ BT IEdg UIIISED 2Y3 SSOIdB ydueldl uidlises 3yl jo 801 ‘g 314

32 s£2 2 g2 92 12 82 & o0¢ wg

1 n - " A 1 A " i

ues| 7 Ouoyz

U0  sewop
A8

686! ‘ATINF-3INNE NI 339901

HVLN ‘v HV3IE NI
N303 HLYON Lv HON3YL NM¥3ILSV3 40 907

9194220 9j0y2p 19pj0 B 99U0}8 IDIYM WA As
A50dop euvoyomany; [2] 021 -oucys ‘wnjanyied Kitis
wamea 1op0 [g] Kne

wnani 99 Kiyte sopo [y} puos Kuts

9194948 op4ap sebemek [g) puss

HEEBOBROO]

qoonadore Kiys E
(moy} 812q9p) 19A028 Kl
LIy possios yne) 1]
wepamos Kige B 194048 ded
W AROS Auoys @ 1840.8 01qqud
wmaAnyod Avoys @ 1aoib ajqqee O
e 21ydeadione spquks 3)Bojoyay

143



I.3

Determination of Slip Rates and Dating Earthquakes
for the San Jacinto and Elsinore Fault Zones

14-08-0001-G1669

Thomas Rockwell
Department of Geological Sciences
San Diego State University
San Diego, California 92182
(619) 594-4441

Objectives: There are three primary objectives to this study: 1) to
complete trenching studies at Hog Lake along the San Jacinto fault
near Anza to determine the timing of prehistorical earthquakes; 2)
to redate the peat stratigraphy with high-precision radiocarbon
dates at Glen Ivy marsh along the Elsinore fault to better resolve
the timing of past earthquakes and assess test earthquake
clustering; and 3) to date the several past earthquakes that have
been recognized along the southern Elsinore fault in the Coyote
Mountains, to resolve the slip distribution for the past two or
three events, and to determine a slip rate for this fault segment.

Results to Date: All peat samples from Hog Lake and Glen Ivy
Marsh have been submitted for high-precision radiocarbon dating at
the laboratory of Minze Stuiver at the University of Washington.
All of the Hog Lake analyses are complete, as are most of the Glen
Ivy samples.

1. Hog Lake Results. Seven l4c samples from six peats were dated
at Hog Lake to constrain the timing of the three earthquakes
recognized in the upper 1.5 m of the dewatered sediments. All
three events strongly disrupt the stratigraphy, but 3-D trenching
was not able to resolve the magnitude of lateral slip. All three
events have occurred within the past thousand years, with the most
recent event around 1700 A.D. The average recurrence interval is
250-300 years, and they appear to be fairly evenly spaced in time.
These data support the idea of a seismic gap in the Anza area and,
along with recent estimates of the late Quaternary slip rate,
suggest that 2.5-4 m of potential slip may have accumulated.

2. Glen Ivy Results. Eleven peat samples were submitted for high-
precision l4c dating, eight of which are final (Table 1). These
data, when combined with the previous dates from the University of
Arizona, will provide a reasonably well-dated stratigraphy for
analysis of the late-Holocene record at Glen Ivy marsh where at
least five and probably six events have been recognized in the
stratigraphy.

3. Coyote Mountain Results. The distribution of slip in the past
two and possibly three slip events has been determined for over
half of the length of the fault segment. Previously reported slip
for the most recent event at Alverson Canyon was about 1.5 m. This
value increases to the northwest to at least 2.3 m, and older
events show a similar increase. This invalidates my earlier
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estimates about the recurrence interval for this section of the
fault because it was predicated on slip at Alverson Canyon and a
slip rate farther to the northwest where slip per event is higher.

Attempts at dating these events follow four directions: 1) soil
dating of offset alluvium, comparing both physical secondary soil
properties (based on field descriptions) and secondary
clay/carbonate volume to dated soils in similar environments; 2)
direct 1l4c dating of the secondary soil carbonate, which should
provide a solid minimum age in each case; 3) thermoluminesence
(TL) dating (with Steve Foreman at the University of Colorado) of
eolian and very local (drainage areas of several square meters)
fluvial sediments that comprise fissure fillings within the fault
zone that can be tied to specific earthquake events; and 4) rock
varnish studies of cation ratios (with Charles Harrington at Los
Alamos National Laboratory) which, 1like soils, can provide age
control when calibrated. Based on all four separate age dating
methods, it should be possible to approximate the timing of the
past three or four earthquakes along the southern Elsinore fault
zone.

A better slip rate estimate will also be made based on the older
members of the soil chronosequence in the Alverson Canyon area.
Those deposits are offset several tens to hundreds of meters and
should provide a broader perspective within which to evaluate the
youngest events.

145



Tabie |, I3

GLER_IVY RADIUCARBON DATES

Sample Lab* 13C Corrected Dendro-corrected A.D. Age i
Number Number Age {Years B.P.) {2 sigma, Methud B) 9 Ba:::tog.gé::::fqushx
Event 1 - 1910
Event 2 -~ ?
+231 +231
P2 A 402y 220 +80 1660 -154 (.88) or 1931 +24 (.12) 1660-154
+36
P3a QL 4306 358 420 1488 -31 (.59) or 1597 +33 {.41)
+100
P3b A 4400 490 +9¢0 1427 -141 (.89) or 1594 +38 (.ll)
+38 +28 +38
P3comb - 364.2 +19.5 1484 -3V (.69) or 1598 -27 (.31) 1484 -30
+65 +22
Pda QL 4307 407 4344+ 1455 -28 (.89) or 1602 ~23 (.l1)
+125
Pdb A 4374 590 +90 1340 -84 (l.00)
+58 +58
Pédcomb - 429.9 +31.8 1445 -27 (1.00) 1445 -27
+39 +39
PI+4 - 382.2 +16.6 1473 -26 (.98) or 1609 +3 (.02) Event 3 1473 -28
+224 4224
P7 A 4401 380 +150 1474 -184 (.83) or 1770 +50 (.1l1) and younger (.06) 1474 -184
Event 4 circa 1300
+10
P8a QL 4308 717 21 1275 -11 (i.00}
+73
P8b A 4375 820 +90 1225 -209 (1.00)
+138
P8c A 4034 730 +100 1272 -i22 (.89) or 1131 +16 (.04) or 1072 #27 (.07)
+10 - +
PScomb - 722.6 #20 1274 -11 (1.00) 1274 -ig
i +18 +18
P9 QL 4309 688 420 1282 ~13 (.9%) or 1370 +4 (.0%) 1282 -13
+41
Ploa QL 4310 816 +34 1227 -63 (1.00)
+160
Plob A 4370 630 4100 1300 -110 (1.00)
+24 +24
P10comb - 796.7 +32.2 1247 -69 (1.00) 1247 -69
+141
Plla A 4369 780 +120 1259 -239 (1.00)
+33
Pllb A 4033 760 +50 1265 -100 (1.00)
+23 +23
Pllcomb - 763 +46.2 1264 -91 (l.00} 1264 -91
+6 +6
P8-11 - 723.2 +12.5 1274 -7 Fvent 5 1274 -7
+50 +35 +82
Pl2 QL 4311 889 +21 1163 ~12 (.38) or 1131 #18 (.24) or 1068 -34 (.39) 1131 -97
+201 +201
P15 A 427 1n20 +80 1012 -154 (.99) 1012 -154
425 +22
P20s QL 4312 931 +15 1043 -12 (.27) or 1106 -34 {.50) or 1145 +13 (.22)
P20b A 4377 910 +60 1125 4111 (1.00)
- F25 +24 +8 454
P20comb - 929.8 +14.6 1043 -11 (.27) or 1104 -32 (.S1) or 1150 -18 (.22) 1104 -72
P22a L 4313 endin
¢ P 9 +172 +172
P22b A 4378 1010 +70 1015 -130 (1.00) 1015 -130
+24 +19 +19
P20422 - 933.1 t14.2 1042 -12 {.28) or 1109 =36 (.51) or 1145 412 (.22) Event 6 1109 -79
P24 QL 4314 pending
P26 QL 4315 1069 +15 908 +10 (.06) or 980 #3U (.94) 980 +30
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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 six month period ending October 1989, I and my graduate students, in
collaboration with Carol Prentice of the U. S. Geological Survey and Ken Hudnut, have
made progress in several areas:

1) Bidart Site

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

Unfortunately, the geomorphic basis of this important conclusion is tenuous.
Thus, we have sought to date and characterize the past several earthquakes more
convincingly. In May and July, Carol Prentice, Ken Hudnut and I and several graduate
students excavated and logged an excavation that revealed superb evidence for six large
rupture events. These ruptures are clearly indicated by upward truncations of fault planes
and facies variations in alluvial fan and pond deposits. The characteristics of the sediments
are such that we are confident that we have a complete record of at least the latest three
events. My suspicion is that these are the AD 1100, AD 1480 and AD 1857 events
recorded at Pallett Creek (Sieh and others, 1989); radiocarbon analyses of carbon collected
from the sediments are now being performed and will confirm or repudiate this speculation.

Prentice and I also excavated and logged trenches across an alluvial fan that is offset
16 meters at the Van Matre Ranch. Radiocarbon analyses of samples from the fan will
provide a maximum age for the earthquake that preceded the 1857 event.

2) Phelan Site

Dextral offsets of small stream channels in the Carrizo Plain occur in rough
multiples of 10 meters (Sieh, 1978). This observation is the basis for the interpretation that
10 meters is the magnitude of slip associated with each large earthquake produced by this
section of the fault. If this interpretation is correct, this section of the fault must rupture
about every 300 years.

Lisa Grant, several graduate students, Ken Hudnut, and I have begun 3-D
excavations of an alluvial fan/channel complex that we expect to yield convincing evidence
of the amount of dextral slip during each of the past few large earthquakes. Based upon the
three excavations we made this summer, the offset across the fault plane in 1857 appears to
be about 8 meters, and we believe we may be able to recover the amount of offset that
occured during the previous event.
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3) Slip in recent earthquakes and a potential slip rate site on the Garlock fault

Graduate student Sally McGill has nearly completed a study of the surface
displacements associated with the past few earthquakes on the Garlock fault. Alonga 5 km
long stretch of the fault located just west of U.S. highway 395, six geomorphic features are
left laterally offset between 6.8 and 8.8 m, and two features with less-reliable correlations
are offset 3.3 and 3.8 m. The latter set of features were probably offset during the most
recent large earthquake produced by this segment of the fault, and the former set of features
probably record the surface displacement accumulated during the past two earthquakes.

Along a 26-km-long stretch of the fault in Pilot Knob Valley, 27 features are left-
laterally offset between 2.0 and 4.2 m., and 24 features are offset 4.6 to 6.3 m. In
addition, 5 features are offset 7.6 to 8.8 m., 2 features are offset 11.7 and 12.4 m., and 7
features are offset 14.0 to 16.5 m. These 5 sets of features suggest that each of the past 5
earthquakes in Pilot Knob Valley has involved 2 to 4 m. of left-lateral slip. The sense of
vertical slip within Pilot Knob Valley is consistently up to the north, and its magnitude
averages 12% of the horizontal slip.

Along an 0.5-km-long stretch of the fault located 4 km west of Leach Lake, 4 features
are left-laterally offset 2.2 to 3.3 m. (presumably in the most recent event), and one feature
is offset 5.8 m., (presumably in the past two events). These features also record a north-
side-up vertical offset that averages 12% of the lateral offset.

Along the easternmost 15-km of the fault, north of the Avawatz Mountains, 67 features
are left-laterally offset from 0.8 to 4.1 m. (the most recent earthquake), and 19 features
with less reliable correlations are offset from 4.6 to 7.3 m. (the past two earthquakes
combined). Both north-up and south-up vertical displacements are present in this area.
The amount of vertical displacement ranges from 0 to 36% of the horizontal displacement.
These data suggest an average slip of about 3 m in the latest event.

If the entire 130-km-long eastern half of the fault ruptured with this displacement, the
size of the resulting earthquake would have been M=7.3 to 7.6. Using the published 7
mm/yr slip rate, the recurrence interval for such an earthquake would be 430 years.

Sally McGill and I have also discovered a shoreline of latest-Pleistocene Searles Lake
that is left-laterally offset 65 to 100 meters across the Garlock fault at the west end of Pilot
Knob Valley. We will be documenting this offset by mapping the area and selectively
excavating the shoreline. This will yield a precise measurement of the offset and,
hopefully, will enable radiocarbon dating of the offset feature. With these data, we should
be able to determine a long-term slip rate of the Garlock fault .

4) Burro Flats Site

This site is located near the southeastern termination of the main strand of the the San
Andreas fault that passes through San Bernardino. The aim of our study here is to date and
characterize earthquakes generated by this segment of the fault. This site may assist
attempts to correlate events at Indio, to the southeast, and Wrightwood/Pallett Creek,to the
northwest. Geomorphic expression of a single dominant f<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>