UNITED STATES DEPARTMENT OF THE INTERIOR

GEOLOGICAL SURVEY

NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM,
SUMMARIES OF TECHNICAL REPORTS VOLUME XXX

Prepared by Participants in
NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM

July 1990

OPEN-FILE REPORT 90-334

This report is preliminary and has not been reviewed for
conformity with U.S. Geological Survey editorial standards.
Any use of trade, product, or firm names is for descrip-
tive purposes only and does not imply endorsement by the
U.S. Government.

Menlo Park, California

1990



UNITED STATES
DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM,
SUMMARIES OF TECHNICAL REPORTS VOLUME XXX

Prepared by Participants in

NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM

Compiled by

Muriel L. Jacobson



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

Open File Report No. 90-334

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

The data and interpretations in these progress reports may be
reevaluated by the investigators upon completion of the
research. Readers who wish to cite findings described herein
should confirm their accuracy with the author.
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Seismic Monitoring of the Shumagin Seismic Gap, Alaska
USGS 14-08-0001-A0616

Geoffrey A. Abers
Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964
(914) 359-2900

Investigations

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

Results

Shumagin network data were used to locate 351 earthquakes from July 1 to December 31,
1989, bringing the total number of digitally recorded events in Shumagin network catalog to 5525
since 1982. The seismicity for the second half of 1989 is shown in map view on Figure 1 and in
cross section on Figures 2 and 3. No events with mp 2 5.0 within the network have been recorded
since July, 1988. Events shown by solid symbols are those events that meet the following
selection criteria: located by 8 or more P or S arrivals, vertical error fromHypoinverse less than 10
km, and horizontal error less than 5 km. Other events are shown by open symbols. These criteria
provide a rough indication of the location quality, and show that epicenters more than 100 km from
the nearest station are rarely well determined. Additional numerical tests of hypocenter stability
show that when the entire network is operating, shallow events west of 166°W, east of 156°W, or
seaward of the trench can not be reliably located.

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

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

#14-08-0001-A0613

Clarence R. Allen
Robert W. Clayton
Egill Hauksson

Seismological Laboratory,
California Institute of Technology
Pasadena, CA 91125 (818-356-6912)

INVESTIGATIONS

This Cooperative Agreement provides partial support for the joint USGS-
Caltech Southern California Seismic Network. The purpose is to record and
analyze data from local earthquakes and generate a data base of phase data
and digital seismograms. The primary product derived from the data base is
a joint USGS-Caltech catalog of earthquakes in the southern California
region.

RESULTS

Seismicity

During the period of October 1, 1989 through March 31, 1990, the
Southern California Seismographic Network recorded and processed 5002
earthquakes (Figure 1). Of these, 72 had a magnitude of 3.0 or larger, and 10
had a magnitude of 4.0 or larger. We received inquiries from the press and
public on 31 of the ecvents.

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

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

Upland Earthquakes

The most significant event of the six-month period occurred on
February 28 near the town of Upland (Figure 2). The mainshock measured
M5.2 and caused moderate damage to chimneys and other weak structures
throughout Upland, Claremont, and Pomona. The Upland mainshock was
preceded by an M3.6 foreshock, by about 3 hours. The early part of the
Upland aftershock sequence was very intense and showed promise of
rivaling the 1986 Oceanside (MS5.3) aftershock sequence, which is still going
on. This early behavior prompted the California Office of Emergency
Services to issue an advisory concerning the possibility of large aftershocks



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

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

Weekly Seismicity Report

In January, the Seismographic Network initiated a weekly seismicity
report, patterned after a similar report issued by the U.S. Geological Survey
in Menlo Park. The language of the "earthquake report" is aimed at the
general public. So far, the report has been enthusiastically received. A few
members of the local media have started basing regular news features on it.

Publications Using Network Data (astracts excepted).

Keilis-Borok, V. 1., L. Knopoff, I., M Rotwain, and C. R. Allen, Intermediate-term

prediction of occurrence times of strong earthquakes, Nature, 335, No. 6192, 600-
694, 1989.

Jones, Lucile, Kerry E. Sieh, Egill Hauksson, and L. Katherine Hutton, The 3 December

1988 Pasadena, California, earthquake: evidence for strike-slip motion on the
Raymond fault, Bull. Seismo. Soc. Am., 80, No. 2, 474-482, 1990.

Magistrale, Harold, Part I: Superstition Hills California earthquakes of 24 November

1989.Part II: Three-dimensional velocity structure of southern California, Ph.D.
thesis, California Institute of Technology, 1990.

Magistrale, Harold, Lucile Jones, and Hiroo Kanamori, The Superstition Hills, California

earthquakes of 24 November 1987, Bull. Seismo. Soc. Am., 79, No. 2, 239-25],
1989.

Hauksson, E. Earthquakes, faulting and stress in the Los Angeles Basin, J. Geophys.

Res., in press, 1990.



OCTOBER 1989 - MARCH 1930

Preliminary Epicenters and Magnitudes
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Figure 1. Map of epicenters of earthquakes in the southern California region,
1 October 1989 to 31 March 1990.
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Regional Seismic Monitoring Along The Wasatch Front Urban
Corridor And Adjacent Intermountain Seismic Belt

14-08-0001-A0621

W. J. Arabasz, R.B. Smith, J.C. Pechmann, and S. J. Nava
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 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 seismi-
cally hazardous Wasatch Front urban corridor of north-central Utah, but also encompasses
neighboring areas of the Intermountain seismic belt. Primary products for this USGS support
are quarterly earthquake catalogs and a semi-annual data submission, in magnetic-tape form, to
the USGS Data Archive.

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

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

Figure 1 shows the epicenters of 246 earthquakes (MLS3.6) located in part of the Univer-
sity of Utah study area designated the "Utah region” (lat. 36.75°-42.5°N, long. 108.75°-
114.25°W) during the six-month period October 1, 1989 to March 31, 1990. The seismicity
sample includes four shocks of magnitude 3.0 or greater and three felt earthquakes.

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

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



Earthquakes greater than magnitude 3.0 that occurred from April 1, 1989 through Sep-
tember 30, 1989, are identified in Figure 1. Felt earthquakes in Utah of magnitude 3.0 or larger
during the report period include an ML3.1 event on February S at 10:23 UTC, felt in three
small central Utah towns.

Reports and Publications

Arabasz, W. ], ed., Earthquake Instrumentation for Utah, Report and Recommendations of the
Utah Policy Panel on Earthquake Instrumentation, Utah Geological and Mineral Survey
Open File Rept. 168, 172pp., 1990.

Arabasz, W. J. and G. Atwood, Seismic Instrumentation—A Five-Element, $3M State Initiative
for Utah’s Earthquake Program, Seismol. Res. Let., v. 61, no. 1, p.37, 1990.

Nava, S. J., Utah earthquake activity, April through June, 1989, Survey Notes (Utah Geological
and Mineral Survey), v. 23, no. 3, p. 14, 1989.

Nava, S. J., Utah earthquake activity, January through March, 1989, Wasatch Front Forum
(Utah Geological and Mineral Survey), v. 5, no. 3, p. 7, 1989.

Nava, S. J., Utah earthquake activity, April through June, 1989, Wasatch Front Forum (Utah
Geological and Mineral Survey), v. 5, no. 4, p. 12, 1989.
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Figure 1. Earthquake Activity in the Utah Region, October 1, 1989, through March 31, 1990.



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

1. 14-08-0001-A0622
2. 14-08-0001-A0623

R.S. Crosson
S$.D. Malone
AL Qamar
R.S. Ludwin
Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020

Investigations

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

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

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

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

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

Seismological Data Processing Project (#9930-03354)
John R. Evans, Greg Allen, Moses Smith
U.S. Geological Survey
Branch of Seismology
345 Middlefield Road, MS-977
Menlo Park, California 94025
415-329-4753

This Project provides UNIX computer support to the Branch of Seismology. "Investigations, results and

reports” per se are not part of our duties. We supply network management, system management, installation,
backups, maintenance, and trouble shooting to Branch UNIX computers, including other Projects’ workstations.
We also supply and maintain a number of peripherals for Branch use (9-track tape, optical disk, ExaByte tape,
Ethernet backbone, laser printers, etc.).

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

Purchased and installed a Sparcstation 1 for monitoring the Real Time Picker. Maintained RTP data sys-
tem buffer service to Branch UNIX and VAX computers.

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

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

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

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

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

Paid for Branch portion of the ISD contract for doing backups of the Office VAX.

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

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

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

We have continuing problems with short staffing. The Project has fewer full-time people than a few years

ago, yet we are now supporting Ethernet, many more computers, more software, and a much larger disk farm
than before. The strain of reduced purchasing power, hiring restrictions, and uncompetitive salaries are affecting
us at least as seriously as other Projects, particularly since we are competing directly with Si Valley. We hope
users will recognize that resources are finite, seriously strained, and breakable and appreciate that our level of
service is high in spite of these obstacles.
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Northern and Central California Seismic Network Processing
9930-01160

Fredrick W. Lester
Branch of Seismology
U.S. Geological Survey
345 Middlefield, MS 977
Menlo Park, CA 94025
(415) 329-4747

Investigations

1.

In 1966 a seismographic network was established by the USGS to monitor earthquakes in
central California. In the following years the network was expanded to monitor earthquakes
in most of northern and central California, particularly along the San Andreas Fault, from
the Oregon border to Santa Maria. In its present configuration there are over 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.

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

in a visually appealing way.

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

Some of the overall increase in rate of seismicity is also due to an increase in two areas of
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Long Valley caldera. Two prominent clusters of activity continue to persist. Those are under
Mammoth Mountain, near the southeast comner of the caldera, and near Casa Diablo Hot
Springs in the south-central portion of the caldera. These areas are of concern because of
their possible relationship to subsurface magma movement in or near the caldera.

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

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

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

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

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

Reports

Klein, F.W., and Walter, S.R., 1989, Aftershocks of the Loma Prieta earthquake: Computer
animations, U.S.G.S. Open-File Report 89-669 (video).
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Central California Network Operations
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 345 seismograph stations (446 components)
located in Northern and Central California. Also recording 68 components from

other agencies. The area covered is from the Oregon border south to Santa
Maria.

Results

1. Bench Maintenance Repair

A. seismic VCO units 102
B. summing amplifier 15
C. seismic test units 2
D. VO2H/JO2L VCO Units 40
E. FBA VCO Units 2
F. DC-DC converters 16
2. Production/Fabrication
A. J512A VCO units 9
B. J512B VCO units 24
C. dc-dc converter/regulators 10
D. lightning protectors 24
E. VO2H /V02L VCO units 6

3. Modifications
summing amplifiers 26

4. Discriminator Tuning
J120 27

5. Increased clamping circuit time constants of all J120 discriminators. (419ea)
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. Equipment Shipped
A. 7ea, J120 discriminators to Cal Tech
B. 1ea, J512B (dual) VCO to Cal Tech
C. 2ea, J512A VCO's to Cal Tech

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

8. Stations deleted: 4-W circuit from California Divison of Mines & Geology;
PPR (Paso Robles)
9. Install alarm experiment with stations JNA, JUM in telemetry center. Signal

transmitted to Cypress Structure in Oakland CA.

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

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

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

18
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Central Aleutians Islands Seismic Network

Agreement No. 14-08-0001-A0259

Carl Kisslinger, Sharon Kubichek, and Robin Wright
Cooperative Institute for Research in Environmental Sciences
Campus Box 216, University of Colorado
Boulder, Colorado 80309

(303) 492-6089

Brief Description of Instrumentation and Data Reduction Methods

The Adak seismic network consists of 13 high-gain, high-frequency, two-
component scismic 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
arc edited to eliminate spurious triggers, and a tape containing only seismic events is
created. All subsequent processing is done from this tape. Times of arrival and wave
amplitudes are read from an interactive graphics display terminal. The earthquakes
are located using a program originally developed for this project by E. R. Engdahl,
which has been modified several times since.

Data Annotations

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

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

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

Epicenters of all the located events for 1987 and 1990 are shown in Figures la
and 1b and vertical cross-sections are given in Figures 2a and 2b.

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

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

Recent Seismic Activity

On March 12, 1990 at 14:41:23 UTC, a M,, 6.3 earthquake occurred at 51.632N
and 174.851W. It was followed by almost 100 aftershocks over the next four days.
Due to the proximity of this event to the epicenter of the May 7, 1986 major event
(M, 7.7), we have jumped ahead and begun locating the aftershocks.
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Figure 1a: Map of seismicity located during January and February 1 - 8,1987 and a
sampling of select events between March 21 and July 29, 1987. All epicenters were
determined from Adak network data. Events marked with squares are those for
which a teleseismic body-wave magnitude has been determined by the U.S.G.S.; all
other events are shown by symbols which indicate the duration magnitude deter-
mined from Adak network data. The islands mapped (from Tanaga on the west to
Great Sitkin on the east) indicate the geographic extent of the Adak seismic network.
The cluster of events in the Kanaga Pass region (51.7° N, 177.5° W) is the result of a
special study of an intermediate depth mainshock-aftershock sequence beginning on
March 21, 1987.
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Figure 2a: Vertical cross section of seismicity located during January and February
1 - 8, 1987 and a sampling of select events between March 21 and July 29, 1987.
Events are projected according to their depth (corresponding roughly to vertical on
the plot) and distance from the pole of the Aleutian volcanic line. The zero-point for
the distance scale marked on the horizontal axis of the plot is arbitrary. Events
marked with squares are those for which a teleseismic body-wave magnitude has
been determined by the U.S.G.S.; all other events are shown by symbols which indi-
cate the duration magnitude determined from Adak network data. The irregular
curve near the top of the section is bathymetry. The cluster of events in the Kanaga
Pass region (distance: 250 km; depth: 100 km) is the result of a special study of an
intermediate depth mainshock-aftershock sequence beginning on March 21, 1987.
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Alaska Seismic Studies
9930-01162

John C. Lahr, Christopher D. Stephnes,
Robert A. Page, Kent A. Fogleman
Branch of Seismology
U. S. Geological Survey
345 Middelfield Road
Menlo Park, California 94025
(415) 329-4744

Investigations

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

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

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

Results

1) Preliminary hypocenters determined using data from the
regional network for the period July - December 1989 are shown in
Figures 1 and 2. Other than an apparent decrease in the level of
activity in an around the Yakataga seismic gap (probably a
systematic effect due to an elevated magnitude threshold for
completeness in this area), general features in the spatial
distribution of hypocenters south of the Denali fault remain
relatively unchanged compared to the previous six-month period.
Notable shallow earthquakes that occurred within this time period
include: 1) a magnitude 4.1 M, (4.4 m,) shock on July 16, located
near latitude 61.5° N, longitude 149° W. This event is within
the aftershock zone of the 1984 Sutton earthquake (Lahr and
others, 1986), and is the largest shock to occur within this area
since 1984. The focal mechanism of this earthquake is similar to
that of the Sutton mainshock. 2) a crustal shock of magnitude
5.4 m, on December 21 located about 50 km SSE of McGrath, between
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the mapped traces of the Iditarod-Nixon Fork and Farewell faults
(near latitude 62.4° N, longitude 155.6°W). This latter event is
significant because crustal shocks of about magnitude 5 and
larger have been rare in southern Alaska since the regional
network was established in the early 1970's. However, because of
the remote location of this event with respect to the regional
network, the focal depth and focal mechanism determined from
polarities of initial P-waves are poorly constrained. Only one
aftershock, an event of magnitude 3.0 M;, was located from the
24~hour period following the mainshock. The mainshock did not
occur near any known or suspected Late Cenozoic faults (Plafker
and Jacob, 1986).

2) In December 1989, after 23 years of quiescence, Redoubt
volcano began erupting (Alaska Volcano Observatory Staff, 1990).
A series of phreatomagmatic and ash-rich explosions that began on
December 14 marked the initial vent-clearing phase of the
eruption sequence. During the ensuing months, repeated episodes
occurred in which dome growth from magma extrusion was culminated
by major dome-destroying eruptions. Significant hazards from the
eruptions that have occurred thus far include the production of
airborn ash and ash deposits, pyroclastic and debris flows, and
flooding.

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

3. Upgrades under development for the PC-based seismic monitoring
system include a new, more efficient data aquisition program with
128~channel capability (XDETECT, written by Dean Tottingham and
modified by John Rogers), and the design and construction of a
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printed-circuit board to multiplex 128-channel data (based on a
design by Ellis, 1989). Also, a computer program was written to
analyze automatic calibration signals detected from the remote
field instruments and provide parameters that include the station
identification, battery voltage, and amplifier and geophone
response.
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I.

Fiqure captions

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

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

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

Cooperative Agreement 14-08-0001-A00
1 October 1989 - 31 March 1990

M.K. Savage and W.A, Peppin
Seismological Laboratory
University of Nevada
Reno, NV 89557
(702) 784-4315

Investigation

This contract supported continued operation of a seismic
network in the western Great Basin of Nevada and eastern
California, with the purpose of recording and locating
earthquakes occurring in the western Great Basin, and
acquiring a data base of phase times and analog and digital
seismograms form these earthquakes. Research using the data
base was performed under USGS contract 14-08-0001-G1524 and is
reported elsewhere in this volume.

Results

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

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

Seismicity in the vicinity of the caldera is shown in Figure
3, and is dominated by four groups of events, numbered 1
through 4 in this figure. 1 1is the ongoing swarm of
earthquakes under Mammoth Mountain which started in May of
1989 and continues to this writing, and the earthquake swarm
near the caldera south boundary. Activity wunder Mammoth
Mountain has been gradually subsiding following the initiation
of the south-moat activity (December 1989), but continues at
this writing. Because of the reactivation of uplift (Dec
1989) and the close proximity of the two swarms to the town of
Mammoth Lakes, this activity commands special attention and
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warrants careful monitoring. 2 1is the seismicity in the
mountain block south of the caldera, which appears to be the
most consistent and steady source of earthquakes in this
region. 3 are continuing aftershocks of the the November 1984
Round Valley earthquake, and 4 are continuing aftershocks of
the 1986 Chalfant Valley sequence.

Catalogs covering the seismicity are shortly to be published
for the time period up to 31 December 1989. The previous
network computer system, consisting of a PDP1l1/70 and a
PDP11/34 was replaced by the Microvax/CUSP system on 7
November 1989. The completion of a bulletin through 1989 will
put, in a single place, all of the information taken from the
PDP11/70 system. Every effort has been made to maintain
consistent procedures in making the transfer to the CUSP
system, so that the completeness of the catalog, the
computation of magnitudes, and the location procedures will be
comparable. However, researchers should note that some
inconsistency 1is bound to creep in, and so use of UNR catalog
data through 1989 must be made with caution. Before 7
November 1989 all of the catalog locations were obtained from
the PDP11/70 system; after 1 January 1990 all come from the
CUSP system; for the two months November and December 1989 the
catalog contains a mix of events. Because of considerable
computer down time in December 1989, quite a bit of data was
lost. We are now working on merging data with the USGS CUSP
system in Menlo Park to recover this lost data, and plan to
include this in our bulletin as well.

With the onset of the CUSP system, the network data stream now
includes calibrated digital waveforms from nine wideband (0.05
to 20 Hz) three-component digital stations located around this
region (Figure 1). Therefore, the MEM/GRM file pairs after 7
November also contain this information together with the
uncalibrated vertical waveforms used for earthquake timing.
Also operating on the Microvax system is an Exabyte data
logger, which continuously records the incoming digital data
on tape, and is being kept as an ongoing data 1library,
providing access to data for distant teleseisms and large
events. Calibration pulses for the digital stations (not
complete at this writing) are found on the UNR Microvax system
in ROOT$DUAO:[CALPULSES]. The UNR computer can be reached
either by 1200-baud remote modem (numbers 702-784-1592 or
702-784-4270): please call Bill Peppin at 702-784-4975 for
information how to log onto the computer (KERMIT is
available). The microvax cluster can also be accessed through
the TELNET addresses 134.197.33.248 and 134.197.33.249 and
supports TCP/IP communications through the FTP file transfer
package from Wollongong and Associates.
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Figure 1
UNR Seismic Stations (Digitals Named)
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Figure 2

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

14-08-0001-A0619

William V. Stauder and Robert B. Herrmann
Department of Earth and Atmospheric Sciences
Saint Louis University
3507 Laclede
St. Louis, MO 63103
(314) 658-3131

Investigations

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

Results

In the last six months of 1989, 51 earthquakes were located by the 42 station
regional telemetered microearthquake network operated by Saint Louis University
for the U.S. Geological Survey and the Nuclear Regulatory Commission. Figure 1
shows 51 earthquakes located within a 4° x 5° region centered on 36.5°N and
89.5°W. The magnitudes are indicated by the size of the open symbols. Figure 2
shows the locations and magnitudes of 43 earthquakes located within a 1.5° x
1.5° region centered at 36.25° N and 89.75°W.

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

The significant earthquakes occurring in the last six months of 1989 include
the following:
1. September 14 (1731UCT). New Madrid, Missouri. my;, = 3.5 (SLM). 3.2
(TEIC). Felt(IV) at Conran and Lilbourn; (III) at Gideon, Grayridge, and
Portageville; (II) at I(ewanee.
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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.

The "Consolidated Recording and Analysis " project has as its
primary goal the design, development and support of computer-based
systems for processing earthquake data recorded by large,
telemetered seismic networks. This includes (1) realtime systems
capable of monitoring up to 1000 stations and detecting and saving
waveforms even from earthquakes registering Jjust slightly above
background noise 1level, (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.

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

1.

The various modules of Generic CUSP are essentially complete.

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

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

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

Two new modules, TMIT and STNMAP, have been written. TMIT is
the interactive earthquake trace analysis and timing module.
STNMAP is the interactive station display and selection
module. Both can run alone, or simultaneously along with QED.
Both work on the DEC VS2000 and VS3xxX series of workstations.
They use the DEC version of the GKS interactive graphics
software. They do not use DECWINDOWS or XWINDOWS.

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

Reports:

Dollar, R.S., 1989. Realtime CUSP: Automated earthquake
detection system for large networks. USGS
Oopen-File Report 89-320
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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 of 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 by installing Optimum Telemetry System (OTS) for
onscale recording of waveforms from local earthquakes, and installation of more downhole
seismometers for improved coverage and sensitivity.

RESULTS
Th - 31 December. Angeles Basin Sei

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

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

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

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

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

REFERENCES

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
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Hauksson, E. and R. S. Stein, The 1987 Whittier Narrows earthquake: a metropolitan
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Pasadena, California Earthquake: Evidence for Strike-slip Motion on the Raymond
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Field Experiment Operations
9930-01172

John VanSchaack
Branch of Seismology
U.S. Geological Survey
345 Middlefield Road, MS-977
Menlo Park, California 94025
(415) 329-4780

Investigations

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

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

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

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

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

Results
Seismic Network Operations:

The major effort during this period was in support of Loma
Prieta earthquake monitoring. The microwave network, which
telemeters about 60% of the data, operated without failure. An
early alert monitoring system was developed and installed about 4
days after the Loma Prieta mainshock. This small net consisted
of 3 separate dual gain vertical sensor systems. The stations
were installed near Loma Prieta Mountain in a triangular pattern
with each side about 2 miles. The signals were independently
transmitted to Menlo Park. The signals were fed into a trigger
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which actuated if 2 of the 3 units sensed a signal equivalent to
a magnitude 3.8 earthquake. The trigger actuated a radio code
which was received by radios at the Cypress Structure CalTrans
headquarters. The warnings of earthquakes were received there
about 15-18 seconds before the arrival of the S waves. The
system had 1 false trigger in 2 months and did not fail to
trigger on any earthquake larger then M3.8.
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Geothermal Seismotectonic Studies
9930-02097

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

Investigations

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

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

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

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

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

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

Results

1. Portland, Oregon lies in the southern half of an approximately rectangular basin measuring
30 by 50 km. Since 1969, there have been no earthquakes of magnitude 4.0 or greater on the
margins of the Portland basin, but this level of seismicity may not be characteristic of the
region. Using microseismicity data collected by the University of Washington regional short-
period seismograph network for the period mid-1982 through 1989, we have determined P-
wave focal mechanisms for four individual earthquakes and three groups of earthquakes. We
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have also relocated the the M_ = 5.1 Portland earthquake of 6 November 1962 and analyzed
regional surface-wave recordings of this event, using the seismic moment-tensor inversion tech-
nique. The results of these seismic analyses, along with geologic and other geophysical data,
are integrated into a seismo-tectonic model of the Portland basin. The P-wave mechanisms are
compatible with dextral strike-slip motion along approximately NW trending fault zones bound-
ing the castern and western margins of the basin. We propose the existence of a dextral
strike-slip fault zone, which we call the Frontal Fault Zone, along the easten margin of the
Portland basin The western margin has been previously recognized as a zone of dextral strike-
slip faulting, the so-called Portland Hills Fault Zone. The epicenter of the 1962 earthquake is
located between the two fault zones, and lies approximately 15 km NE of downtown Portland.
Our preferred mechanism is normal faulting on NE or NNE trending fault planes. These
results support the hypothesis posed by previous investigators that the Portland basin is a pull-
apart basin and further support the existence of contemporary crustal extension between the
Frontal and Portland Hills Fault Zones.

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

The epicentral locations of the Storm King Mountain event is within a region of very
high conductivity, referred to as the Southern Washington Cascade Conductor (SWCC). Previ-
ous interpretations of the relation between seismicity and the SWCC have emphasized the hor-
izontal limits of the conductor, and suggested that earthquake activity was concentrated along
the boundary of the SWCC. For example, the St. Helens seismic zone occurs at the western
boundary between the SWCC to the east and Eocene marine volcanic rocks known as Siletzia
to the west. The hypocentral depth of the Storm King Mountain event places the earthquake
below the interpreted lower boundary of the SWCC, perhaps near the ecastern edge of Siletzia.
We conclude that the Storm King Mountain earthquake is further evidence of the importance of
the major crustal blocks in determining the pattern of crustal seismicity in the southern Wash-
ington Cascade Range.
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Rupture Histories of the 1934 and 1966 Parkfield, California,
Earthquakes: A Test of the Characteristic Earthquake Hypothesis

14-08-0001-G1784

Gregory C. Beroza and Thomas H. Jordan

Rm. 54-518, Massachusetts Institute of Technology, Dept. of EAPS, Cambridge, MA, 02139
(617) 253-3382

Near-Source Modeling of the 1966 Parkfield Earthquake

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

Instead of trying to solve for both rupture time and slip amplitude, we assume a range of
rupture velocities parameterized by the fraction of the shear wave velocity 3, and solve for the slip
amplitude. A consequence of this is that our results do not provide a definitive rupture history for
the entire fault and could be biased if rupture velocity varied a great deal during the earthquake.
On the other hand, they do allow us to place constraints on the extent of coseismic rupture and
estimate the range of possible rupture velocities.
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Figure 1. The location of strong-motion stations that recorded the 1966 Parkfield earthquake are
shown as triangles. Well located aftershocks [Eaton et al., 1970] are shown together with the
surface trace of the San Andreas Fault. The right-step near Gold Hill is apparent in the aftershock
distribution.
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In our analysis we used the horizontal components of the Cholame-Shandon array: C05, C08,
C12, and Temblor (Figure 1). C02 was excluded from the analysis due to the possibility that the
data were affected by propagation effects and because the high-frequency, near-source
approximation would be invalid if shallow coseismic rupture extended beyond Gold Hill.

Rupture velocities in excess of 0.80 fit the data very poorly and were characterized by slip
distributions that had very little slip over most of the rupture surface. Rupture velocities of 0.658
or less resulted in unreasonable models with a large amount of slip on a very short fault, which is
inconsistent with the geodetic data and teleseismic estimates of the seismic moment [Tsai and Aki,
1969].

Our best-fitting slip model, which assumes a rupture velocity of 0.708, is shown in figure 2.
this model has a region of high slip occurring about 10 km to the southeast of the hypocenter at a
depth of about 10 km. There is a small region of high slip near the hypocenter and a larger region
of high slip from 25-30 km to the southeast. This model suggests that rupture propagated well
past the right-step at Gold Hill and very near to station C02. The fact that this region appears
disconnected from the rest of the slip in our model does not necessarily make it infeasible. The
barrier model provides a mechanism for disconnected regions of slip during earthquakes [Das and
Aki, 1978]. Moreover, our data are band-limited and we are unable to recover the low-
wavenumber components of the source.
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Figure 2. The best-fitting constant rupture velocity model for the Parkfield earthquake has a
rupture velocity of 0.708. This model has slip occurring as far as 30 km from the hypocenter—near
the Cholame-Shandon array; however, it is inconsistent with the geodetic model of slip during the
1966 sequence [Segall and Harris, 1987].
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However, a more troublesome aspect of this rupture model is that there is very little slip on a
large part of the fault over which the geodetic data [Segall and Harris, 1987] indicate that the slip
was highest—about 15-25 km to the southeast of the hypocenter. Unless a great deal of post-
seismic slip occurred over that entire area, this model is inconsistent with the geodetic data.

A model that we prefer, which assumes a slightly higher rupture velocity of 0.758 and fits the
strong-motion data nearly as well, is shown in Figure 3. In this model slip extends to about 24
km to the southeast of the hypocenter, near the offset in the fault at Gold Hill. There is a small
region of high slip 33 km along-strike, but this is not significant. The majority of slip occurs
from 10-23 km along-strike and at depths ranging from 2-12 km. The region of high slip is
located at the same distance along the fault as in the geodetic model of Segall and Harris [1987].
This model is also supported by independent estimates of the rupture velocity [e.g. Trifunac and
Udwadia, 1974; Lindh and Boore, 1981].
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Figure 3. The constant rupture velocity model for the Parkfield earthquake assuming a rupture
velocity of 0.758. Although this model fits the data slightly less well than the model shown in
Figure 2, it is consistent with geodetic models of slip in the 1966 sequence. For this reason we
favor it over the model in Figure 2. The sensitivity of our rupture models for this earthquake to
the rupture velocity is a consequence of the poor source-station distribution. The regional-distance
data have a much better azimuthal distribution with respect to the source and will not be nearly as
sensitive to the assumed rupture velocity.

To summarize, the results from the near-source data indicate that the rupture velocity was
fairly low in this earthquake, 0.658 < v < 0.808. We also obtain lower values for the shear
fracture energy ~ 5 x 10° J/m? for the Parkfield earthquake relative to that found for the Morgan
Hill and Imperial Valley earthquakes ~ 2 x 106 J/m?2 [Beroza and Spudich, 1988; Beroza, 1989].
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The extent of coseismic slip is not well determined by the near-source data alone. However, taken
together with models derived from the geodetic data our results suggest a model in which
coseismic rupture terminates near the offset in the San Andreas fault at Gold Hill with post-
seismic slip occurring farther to the southeast. These conclusions could change; however, if there
are strong variations in the rupture velocity during the earthquake. A definitive determination of
the extent of rupture in the 1966 earthquake and in the 1934 earthquake requires the analysis of the
regional-network Wood-Anderson data.

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

We have already collected Wood-Anderson seismograms from the Archives of the University
of California at Berkeley and the California Institute of Technology for earthquakes dating from
1931 to 1975 in the Parkfield region. The seismograms have all been reproduced and enlarged for
digitization with funding and support from the U.S. Geological Survey. We are currently
working on the digitization of the dataset.

The digitized Wood-Anderson data will be used to infer the rupture history of the 1934 and
1966 events and to test the characteristic earthquake hypothesis. The Wood-Anderson data should
substantially increase our resolution of the rupture history of the 1966 earthquake. This is
especially true given the poor distribution of strong motion stations relative to the 1966 earthquake
with the associated pitfalls demonstrated above. How well we will be able to recover the rupture
history of the 1934 earthquake will depend on the accuracy of the regional-distance Green's
functions calculated using the proposed techniques. Analysis of geodetic measurements at the
southern end of the rupture zone bracketing the 1934 earthquake indicate that there were
substantial differences in the 1934 and 1966 sequences [Segall et al., 1990].

The techniques we develop have the potential to open up a new window on older earthquakes,
which in turn will allow a better understanding of earthquake rupture. They may also provide a
starting point for the analysis of broad-band, high-dynamic-range, digital data from future
earthquakes.
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Seismic Source Analysis Using Empirical Green's Functions
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Investigations

1.

1.

Inversion for the distribution of stress release in an earthquake rupture
process.

Recording and analysis of aftershocks of the 1989 Loma Prieta earthquake.

Analysis of accelerograms written by the mainshock and aftershocks of the
1983 Coalinga earthquake.

Results

Boatwright, DiBona, Cocco (1989) have designed, programmed, and applied an
iterative inversion scheme which uses positivity constraints to deconvolve
recordings of small earthquakes from recordings of larger earthquakes, and
which minimizes the number of sub-events necessary by using an F-test to
check the statistical significance of each added subevent. The inversion
determines the space-time distribution of the stress release comprising
the earthquake. It has been applied to a set of 9 unfiltered accelero-
grams of body-waves radiated by a M, = 5.3 Coalinga aftershock; the error
reduction from the inversion was 75%. Different methods of constraining
the solution were tested: the most physical solution was obtained by con-
straining the rupture velocity of the process to be less than the S-wave
velocity.

GEOS digital event recorders were deployed at 21 sites in San Francisco
and 14 sites extending from Woodside to Fremont across the Southern San
Francisco Bay. These instruments recorded some 85 aftershocks of the Loma
Prieta earthquake over a period of two months following the earthquake,
The set of recordings represents one of the most extensive data sets ever
obtained in an urban or suburban environment, and can be expected to yield
significant information for the evaluation of seismic hazard in these
areas. In particular, these recordings can be used to complement the
strong motion recordings of the mainshock in the Bay Area. Boatwright,
Seekins, and Mueller (1990) have completed an analysis of the recordings
obtained in the Marina District which yielded estimates of the ground
amplification throughout the Marina, as well as upper bounds for the main
shock ground motion in the Marina.

Wennerberg (1990a) has derived a variant of Boatwright's (1988) filtering
strategy in which the recordings of small earthquakes are amplified a Tong
periods using a zero-phase-shift filter to simulate the recordings of
large simple earthquakes or of large subevents within a complex rupture
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process.  Wennerberg (1990b) applies this technique to synthesize the
accelerograph recording of the M, = 6.7 Coalinga mainshock, using the
recording of a M_ = 5.3 aftershock. A sum of filtered accelerograms cor-
responding to eleven subevents gives a credible match to the main shock
accelerogram, Corresponding stress parameters for the sub-events vary
over a factor of five, and the sum of the subevent moments is consistent
with independent estimates of the seismic moment of the main shock.
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Analysis of the 1957 Andreanof Islands Earthquake
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Project Summary and Goals

Recent studies have indicated that the spatial distribution of moment release can be quite
heterogeneous along any particular rupture zone. The most common explanation for this
heterogeneity has been the rupture of strong patches, or asperities, along the fault plane
[e.g., Ruff and Kanamori, 1983]. These strong patches could possibly arise from spatial
variations in the frictional characteristics of the fault surface or from geometrical barriers
inherent to the fault's shape. Alternatively, the spatial distribution of moment release could
have little to do with the physical characteristics of the fault's surface and may be related to
the dynamics of slip and how regions of a fault interact with neighboring regions [e.g.,
Rundle and Kanamori, 1987; Horowitz and Ruina, 1989].

Distinctions between these two models can not be made by the analysis of single events
[e.g., Thatcher, 1990]. Conclusive observations can only be drawn from a study of the
moment-release distribution generated by several great earthquakes, all of which rupture the
same fault segment. If this distribution is controlled by the physical characteristics of the
fault's surface, then one might expect the moment distributions to be similar for each of the
earthquakes. One might also expect to be able to identify the sites of large moment release
during the next great earthquake from the spatial distribution of the smaller interseismic
events. If, however, the distribution of moment release is controlled by fault interactions,
then one might expect the moment distributions to differ, particularly if the events have
different, but overlapping rupture bounds.

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

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

Since it appears to take several years for the rate of aftershock activity to return to the
backround level and because we would ultimately like to compare the spatio-temperal
distribution of the 1957 aftershock sequence with that of the 1986 event and the
interseismic events (i.e., those occurring after 1963) already relocated by Engdahl et al.
[1989] we will relocate events that occurred between 1957 and 1963. Unfortunately, the
travel-time observations listed in both the ISS and the BCIS for this time period are not
available in computer readable form. This problem is also complicated by the fact that
several apparently large events ( mp > 5.0) are not included in the ISS but are included in
the BCIS. We have, therefore, compiled a list of all the known events along the Aleutian
Arc and are beginning to tabulate, and enter the appropriate travel-time observations. To
facilitate data entry we are experimenting with, and hope to employ Optical Character
Recognition software.

Aftershock Relocations and Depths

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

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

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

Waveform Inversion for Mainshock Source Parameters

Ruff et al. [1985] constrained the spatial distribution of moment release for the 1957
event by inverting surface wave observations from Pietermaritzburg. Their results indicate
that most of the seismic moment was released in the western 600 km of the rupture zone.
We will repeat Ruff's inversion, but include additional observations. For example, we
have found seismograms in the World Data Center A that might provide additional
constraints. The most encouraging of these are records recorded on Wiechert seismometers
at Abuyama, Japan. The vertical component contains unclipped R;. Although the
seismometer period is only S seconds, surface waves with periods of up to 40 seconds are

56



clearly visible on the raw record. If after digitizing and low-pass filtering this record,
significant energy can be seen at periods of greater than 50 seconds these observations will
provide important constraints on distribution of moment release since Japanese stations are
located along strike of the arc. We will also try to include the N/S component of the 30-90
seismometer recorded at Pasadena. This record shows clear R3 and R, phases. We plan
on presenting the preliminary results of this portion of study at the Fall, 1990 AGU
meeting.
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Residuals at PAL Residuals at KIR

Figure 1: P-wave travel-time residuals calculated from the slab model of Creager and Boyd
[1990] and Boyd and Creager [1990]. Residuals are calculated by assuming event
positions that vary from the trench to 40 km north of the volcanic arc. Source depth is
fixed to 33 km. The constant residual patterns observed to the north in each plot are
artifacts of the limited spatial extent of event position.
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Investigations

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

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

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

1. Anomalous Phase Arrivals

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

From observed P, arrivals we find that, along a NW-SE azimuth, the subducting plate
has an apparent dip of 8-11°. The observed 5.8-6.2 km/s velocity of the low velocity oce-
anic crust is somewhat lower than that observed in a similar study of Southwestern Japan,
where subducting crust velocities of 6.8-7.0 km/s at around 40 km depth were obtained.
The lower velocity observed in the subducting crust below western Washington may be
related to a layer of metasediments being subducted within the basaltic crust as described
by Cochrane et. al (1988, PAGEOPH, V.128, pp. 767-800), with the observed apparent
velocities of the anomalous phases being an average of the two low velocity layers.

2. Slab Kinem atics

Well-located subcrustal microseismicity recorded by the Washington Regional
Seismograph Network (WRSN) since 1970 is concentrated in the Puget Sound Basin. The
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catalog of subcrustal earthquakes greater than magnitude 6 in Washington during the last
century indicates an even more pronounced concentration of seismic moment release of
events beneath the Puget Sound Basin; from Olympia, Washington to Victoria, British
Columbia. Intra-slab moment release in this area is four orders of magnitude higher than
to the north and south.

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

Fixing the dip to the north and south at 20°, we performed several calculations vary-
ing the dip along the arch axis and found that the minimum total integrated dissipation
power occurs at a dip of 10-12°. Thus, the observed arch geometry matches the optimum
slab configuration in the sense that it requires the least amount of in-plane deformation.
(3.) Non-linear rheology. The experiments discussed above assume a linear Newtonian
rheology, which is not likely to be appropriate for the cold core of a slab. We have
extended the calculations to a power-law rheology with a power of n= 3.5 and n= 100000.
The power law rheology has little effect on the pattern of strain rates, except to concentrate
regions of peak strain rate, and to produce large areas of very small strain rates.

Articles

Boyd, TM., and K.C. Creager, 1989 (revised), The geometry of Aleutian subduction:
Three-dimensional seismic imaging, JGR.

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

Lees, J.M. and R.S. Crosson, 1989 (in press), Bayesian ART versus conjugate gradient
methods in tomographic seismic imaging: An application at Mount St. Helens,

61



I.2

Washington, AMS-SIAM: Conference on spatial statistics and imaging -
June, 1988.

Lees, J.M. and R.S. Crosson, 1989 (in press), Tomographic imaging of local earthquake
delay times for 3-D velocity variation in western Washington, JGR

Lees, JJ M. and J.C. VanDecar, (submitted to PAGeophys.), Seismic tomography con-
strained by Bouguer gravity anomalies, with application to western Washing-
ton, US.A.

VanDecar, J.C. and R. S. Crosson, 1990, Determination of teleseismic relative phase
arrival times using multi-channel cross correlation and least squares, BSSA,
V. 80, pp. 150-169.

Reports

Final Technical Report: 1989, 1990 (in preparation), Earthquake Hazard Research in the
Pacific Northwest, USGS Grant # 14-08-0001-G 1390.

Abstracts

Boyd, T.M., and K.C. Creager, 1989, Temperature dependence of seismicity within sub-
ducted slabs, EOS, V. 70, p. 1315.

Chiao, L.Y. and K.C. Creager, 1989, Kinematic deformation of the subducted Cascadia
slab, EOS, V. 70, p. 1333.

Creager, K.C,, LY. Chiao, and T.M. Boyd, 1989, In-plane slab deformation and seismic
moment distributions, EOS, V. 70, p. 1315.

Crosson, R.S., 1989, Application of spectral constraints in tomography and linear inver-
sion: extension to non-uniformly sampled models (abstract), EOS, V. 70, p.
1223.

Mundal, I, M. Ukawa, and R.S. Crosson, 1989 (submitted), Evidence of subducting Juan
de Fuca plate in apparent velocities observed from subcrustal earthquakes,
EOS, 1989 PNAGU.

Ukawa, M. and R.S. Crosson, 1989, Investigation of deep crustal and uppermost mantle
structure in the Pacific Northwest through subcrustal earthquakes (abstract),
EOS, V. 70, p. 1329.

VanDecar, J.C., R.S. Crosson, and K.C. Creager, 1990, Teleseismic Arrivals recorded over
the Cascadia Subduction Zone: amplitude variation and Calibration of the
Washington Regional Seismic Network, Seismol. Res. Lett.,, V. 61, p. 32.

62



Seismotectonics in the Northeastern United States
14-08-001-G1796

John E. Ebel

James W. Skehan, S.J.
David C. Roy

Weston Observatory

Dept. of Geology and Geophysics

Boston College

Weston, MA 02193
(617) 899-0950

Objective: The primary objective of this research is to improve the calculated
locations of ecarthquake hypocenters in New England (particularly to better
constrain 'tihie event focal depths) by relocating earthquakes using new network
station travel-time residuals. These residuals are to be found from a time-term
tomographic analysis of the P wave arrivals on the New England Seismic Network
(NESN) stations from the 1984 Maine Seismic Refraction Profile (MSRP) and from
the 1988 New York-New England Seismic Refraction Experiment (NY-NEX). The
relocated earthquake hypocenters will be used to reexamine the present
seismotectonics of the northeastern United States in an effort to identify
seismically active structures in the region.

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

Preliminary Results: While we have no results from the data analysis yet to report,
we do note from the NY-NEX waveforms from which we have read arrival times that
many, but not all, of these refraction explosions gave easily recognized P-wave first
arrivals at many stations. This gives us confidence in the accuracy of the source-
receiver travel times which we have calculated. We have also seen a preliminary
crustal model for the New England and Adirondack part of the NY-NEX profile as
calculated by the U.S.G.S. from their instrumentation (W. Mooney and J. Luetgert,
personal communication, 1989, 1990). We regard this work as vital to our own effort
since we need to use the best available average crustal models as the starting input
into our time-term tomographic analysis.
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Investigation of the Late Quaternary Slip Rate of the
Northern San Andreas Fault at the Vedanta Wind Gap,
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Tina M. Niemi2

Earth Sciences Associates
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The 1906 trace of the San Andreas fault (SAF) at the Vedanta research site lies
along the southwest base of a ridge of late Pleistocene terrace deposits here called the
“medial ridge.” The site of this paleoseismologic study is an abandoned water gap which
was cut across the medial ridge in an orientation nearly orthogonal to the trend of the SAF.
The following summarizes the past nine months of the project .

1. The results of the 1988 field season were written as a final technical report last
summer. We have developed a preliminary reconstruction of the evolution of the wind gap
that is based primarily on strata exposed in our 1988 trenches east of the SAF. If we
assume late Holocene slip events on the SAF produced geomorphic changes similar to
those documented after the 1906 earthquake, (slight subsidence of the western block and
development of a shallow tectonic trough along the fault trace), then we can infer that these
changes served to prevent Gravel Creek from flowing through the gap, at least temporarily.
Based on this model, be are able to identify at least three pre-1906 episodes of faulting:
between 2,000 and 1,900 B.P. (Figure 1, sketches 1 and 2), between 1,850 and 1,500-
1,100 years B.P. (sketches 3 and 4), and between 1,100 years B.P. and 1906 (sketches 5
and 6). Channelized stream deposits located at the northern end of the wind gap at a depth
of two meters are truncated on the west by the SAF. Wood and charcoal samples from this
channel have been radiocarbon dated at 1,850+50 years B.P. The correlative channel
presumably lies northwest of the wind gap and is now buried under marsh sediments. Our
FY 1990 proposal focuses on investigating the northwest side of the SAF.

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

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

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

1. Gravel Creek deposits a sheet of gravel through the gap from west to east and fills a
tectonic depression between the fault and the medial ridge.

2. Gravel Creek drains to the northwest parallel to the fault, but does not cross through the
water gap, possibly as a response to temporary damming of the gap by colluvium and/or by
local subsidence on the western block caused by slip on the SAF. A flood event on Olema
Creek deposits crevasse splay sediments on the Pacific plate.

3. Gravel Creek erodes a channel across the north end of the gap depositing the gravels
and wood of our target buried piercing point channel. Stream flow is from west to east
across the San Andreas fault.

4. An Olema Creek meander cuts the deposits within the gap and deposits a point bar
sequence. The deposits fine upward into floodplain silts. Gravel Creek is diverted to the
northwest possibly by slip on the SAF.

5. Gravel Creek resumes flow from west to east across the gap and deposits a sheet of
gravel.

6. Subsidence on the western block accompanying at least one pre-1906 slip event on the
SAF causes abandonment of the water gap. At present, a tributary of Gravel Creek flows
in a man-made ditch along the fault.
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I igati

This program focuses on the highly active seismic zone between the Pamir and Tien Shan
mountain belts in Soviet Central Asia. The Garm region is located directly atop the collisional
boundary between the Indian and Eurasian plates, and is associated with a dense concentration of
both shallow and intermediate-depth earthquakes. Since the early 1950's, Garm has been the
home of the Complex Seismological Expedition (CSE), whose primary mission is the prediction of
earthquakes in the USSR (Nersesov et al., 1979). Beginning in 1975, the USGS, in cooperation
with the CSE, has operated a telemetered seismic network nested within a stable CSE network that
has operated in the area for over thirty years. The fundamental aims of the present research project
are: (1) to elucidate the structures and processes involved in active deformation of the broad
collisional plate boundary, and (2) to examine the temporal variations in seismicity near Garm, in
the form of changing spatial, depth, and stress distribution of microearthquakes that precede larger
events. The data base for this study includes the combined resources of the global, regional, and
local seismic networks.

Results

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

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

Earthquake Focal Mechanisms. As a result of our collaboration with Sergei Yunga and

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

Single-event mechanism solutions for the larger events in the data base (magnitudes greater
than 3.0) are summarized in Figure 1. We observe a remarkable uniformity to the mechanisms,
which are dominated by thrust- and strike-slip fault plane solutions. The mechanisms' P-axes
generally trend north-northwest to northwest, with a gradual fanning out of the stress axes about
the syntaxis of the Pamir. We have also redetermined focal mechanisms for 3380 events for the
period 1980-1987, using the American program FPFIT (Reasenberg and Oppenheimer, 1985).
Significant differences were observed for approximately 30% of the events examined, and the
discrepancies increased for events located outside the network. What was somewhat surprising
was that despite significant discrepancies for individual events, the average stress tensor
determined for the overall region, as well as those for individual sub-areas, proved to be highly
stable. Average orientations of P- and T-axes, for instance, seldom differed by more than 2
degrees. This result suggests that while individual earthquake focal mechanism determinations
may be subject to significant random errors, there are few systematic errors that influence the
determination of the overall stress field. The results thus provides support for Lukk and Yunga's
(1988) summary of stress orientations within the Garm region, which documented subhorizontal
compression as the dominant component of the stress system acting throughout the region.

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

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

velocity heterogeneities within the study area, possibly accounted for by the 3-D velocity model
used by VELGA.

Aftershock Properties of Intermediate-Depth Earthquakes. In our previous NEHRP Technical
Report we presented evidence that confirms Lukk's (1968) observation that earthquakes in the
Pamir-Hindu Kush region are followed by clear mainshock-aftershock sequences. This
observation is remarkable as the events involved have focal depths of approximately 200 km,
contradicting the widely held view that deep earthquakes do not have aftershock sequences (e.g.,
Page, 1968). Building on the overview of Central Asia aftershock properties of Thomas (1989),
Pavlis et al. (1989) examined seismicity associated with all intermediate-depth earthquakes with
magnitude larger than 5.5 for the period 1962-1984. They examined these sequences by two
different methods: (1) a qualitative method based on examination of epicentral maps to
discriminate space-time clustering of earthquakes after a large earthquake, and (2) a quantitative
method based on a robust estimator of a Poisson rate. They found that of the 36 earthquakes
examined 16 showed no evidence of aftershock behaviour, 15 showed subtle suggestions of
aftershock behaviour, and only 3 were followed by unambiguous aftershock sequences. The three
clear aftershock sequences, however, show a remarkable property seen in Figure 3: they all
occurred in essentially the same place at an interval of approximately 9 years. Furthermore, the
aftershock seismicity that follows these large events is primarily associated with an persistent nest
of earthquakes that occurs near a major change in strike of the Pamir-Hindu Kush seismic zone, at
approximately 36.5°N and 70.4°E. We suggest that the aftershock behaviour of these large,
intermediate-depth earthquakes is probably caused by the transient load applied to this nest by the
disruption of the local stress field following the mainshock. This transient load could trigger
increased activity in the nest which would decay with time as the load was relaxed.
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Figure 1. Earthquake focal mechanism solutions for moderate-sized events (Mg, 2 3.0) in the Garm region, 1971-
1988. Shown are the horizontal projections of the axes of maximum compression of earthquake mechanisms
determined by Lukk and Yunga (1988). Small symbols indicate earthquakes with 3.0 < M|, < 4.0; large

symbols indicate earthquakes with M|, > 4.0. Light lines indicate the 9000 foot topographic contour, and heavy
lines indicate rivers.

39

° ﬁ.\
| I
70 E 71

Figure 2. Comparison of earthquake locations determined by VELGA (ends of line segments) and HYPOELLIPSE
(open circles) for a single year (1980). The map area is approximately the same as in Figure 1.
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Figure 3. Intermediate-depth aftershock sequences in the Pamir-Hindu Kush region. Shown are map views of
aftershocks of the three clear sequences we have identified in this region. Dates listed are those on which the
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rate drops below the mean background rate at a 95% confidence level. Symbols are keyed by depth: crosses,
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magnitude. Light line indicates the Afghan border.
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INVESTIGATIONS

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

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

RESULTS

State of Stress in the Los Angeles Basin

The seismicity, active faulting and folding in the Los Angeles basin are caused by a
regional tectonic stress field. Close correspondence between the orientations of the P- and
T-axes from focal mechanisms and borehole breakouts determined by Mount [1989] is
observed. For instance, at the northern end of the Newport-Inglewood fault both the thrust
focal mechanisms and the borehole breakout data show northeast to east-northeast trending
P-axes. This suggests that the trends of the principal stress axes do not change
significantly with depth and that borehole breakouts in the Los Angeles basin although
taken from shallow depth are representative of the tectonic stress field.

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

The P- and T-axes or fold axes alone, however, do not adequately represent the local
stress field, because the trend of the P-axes can differ from the maximum principal stress
by 45° [McKenzie, 1969]. To determine the average deviatoric stress field in the Los
Angeles basin the data set of focal mechanisms was inverted for the orientations of the
principal stresses and their relative magnitude. Furthermore, to determine spatial variations
in the deviatoric stress field across the basin the data set was divided up into 15 spatial
groups and each group was inverted separately.

The Whole Data Set

The stereonet plots in Figure 1 show the data and the directions of the maximum
principal stresses with 95% confidence limits obtained from the inversion. As discussed
earlier these stresses were calculated by selecting one of the two nodal planes from each
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focal mechanism as the actual fault plane. The 95% confidence limits were calculated
assuming that 30% of the planes were picked incorrectly. The average stress state in the
Los Angeles basin has a maximum horizontal principal stress with an azimuth of 13°+3°
and a vertical intermediate stress axis. The value of ¢=0.22 shows that the relative
magnitudes of the three principal stresses are all different, with S2-S3 smaller than S1-S3
indicating a small but significant thrust faulting component. This stress state reflects the
coexistence of strike-slip and thrust faulting regime in the basin. This is also consistent
with the prominent late Quaternary strike-slip faults and the strike-slip faulting observed for
more than half of the focal mechanisms. This stress state is also consistent with previous
results obtained for the Newport-Inglewood fault [Hauksson, 1987], Santa Monica Bay
[Saldivar and Hauksson, 1989], and San Fernando aftershocks [Gephart and Forsyth,
1984]. This stress state also fits within the average stress trajectories of central and
southern California determined from borehole breakouts by Mount [1989].

r

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

The state of stress varies significantly across the Los Angeles basin. The most
important spatial variation in the state of stress is the variation from N1°W to N31°E in the
trend of the maximum principal stress. The east side of the basin has a nearly north
trending maximum principal stress. From east to west, along the northern edge of the
basin the principal stress rotates to the east from 0° to 13°. This is also consistent with the
orientation of the fold axes along the northern flank.

The 32° variation in azimuth of the maximum principal stress, from a north trending
axis to a northeast trending axis, occurs between the northeast basin and the southern
segment of the Newport-Inglewood fault and the San Pedro Bay. This deviation is
statistically significant because the 95% confidence limits do not overlap, and shows that a
different stress state exists in the southwest part of the Los Angeles basin. Fold axes in
San Pedro Bay have a more northwesterly trend than observed elsewhere in the Los
Angeles basin. The agreement between average trends of fold axes (shown as petals in
Figure 3) and the trend of the minimum horizontal principal stress suggests that the current
stress field has existed over the lifetime of the folds or for the last 2-4 Ma [e.g., Davis et
al., 1989].

The second most important spatial variation in the stress field is the variation in ¢ or the
relative magnitude of S and S3, which shows where strike-slip faulting and thrust faulting
dominate in the basin (Figure 3). In the central part of the basin and along its eastern edge,
9=0.25-0.49 (i.e., S7 is significantly larger than S3), and the plunge of Sj is close to 90°
so that the stress state is equivalent to strike-slip faulting. Along the Elysian Park and the
Torrance-Wilmington fold and thrust belt, 8=0.08-0.25 (i.e. S7 is approximately equal in
magnitude to S3), so the stress state is equivalent to thrust faulting. These spatial variations
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in the magnitudes and orientations of the principal stresses suggest that the flanks of the
basin locally influence the state of stress.
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LOS ANGELES BASIN : STRESS STATE
30% OF FAULT PLANES ASSUMED PICKED INCORRECTLY

’---Q.~~

7~~~<.2) extensional
intermediate

compressional

1
139

Figure 1. Data from the 244 focal mechanisms and results from the stress inversion. (a)
lower hemisphere projection of all selected nodal planes (one from each focal
mechanisms). Location of the slip vector is shown on each nodal plane as a plus
symbol (with a normal component) or a star (with a thrust component). (b) The
orientations of the principal stress axes with 95% confidence areas, determined
assuming that 30% of the planes were picked incorrectly, indicated with solid,
heavy dashed or light dashed lines. 1,2, and 3 are the maximum, intermediate and
minimum principal stress axes.
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Source Characteristics of California Earthquakes and
Attenuation Effects

14-08-001-G1872

Donald V. Helmberger
Seismological Laboratory
California Institute of Technology
Pasadena, CA 91125
(818)356-6998

Investigations: Our long term objective is to determine the
characteristics of earthquakes occurring in Southern California. The
basic strategy has been to study the larger modern events since they
are well-recorded and then to compare the records from these
events (Masters) to interpret historic events or recent ones to
obtain quick preliminary results. The primary data sets for these
studies are the PAS (low gain recording), long term running
teleseismic stations such as DeBilt, starting in 1917, some local
strong motion recordings (SMA's), and some of the older Caltech
array (wa.sp). Essentially we think better locations can be obtained
using a combination of waveform data and travel time constraints.

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

Three manuscripts are presently in press, see references, titled:

a) Broad-band modeling of local earthquakes.

b) Rupture process of the 1987 Superstition Hills earthquake from
the inversion of strong motion data.

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

At long periods the largest event of the 1988 sequence, namely the
June 26 event (ML_=4.6) located at 6 km depth, and the 1990
mainshock are very similar in waveform and can be modeled with the

1988 focal mechanism (¢=220, §=40, A =8), see figure 3. First
motion studies from the Caltech-USGS array provide a slightly
different focal mechanism for the 1990 event relative to the 1988
event, namely the dip is steeper ( ¢=220, §=70, 1=0). We obtain
better fits to the waveform data using the 1988 mechanism and it
seems that these two sequences are very similar in source
orientation.

The second paper concerns a pair of significant earthquakes on
conjugate faults in western Imperial Valley. The first event was
located on the Elmore Ranch fault, Ms=6.2, and the larger event on
the Superstition Hills fault, Mg=6.6. the latter event is seen as a
doublet teleseismically with the amplitudes in the ratio of 1:2 and
delayed by about 8 seconds. This 8 second delay is also seen in
about a dozen strong motion records. These strong motion records
are used in a constrained least-squares inversion scheme to
determine the distribution of slip on a two-dimensional fault. Upon
closer examination, the first of the doublets was found to be itself
complex requiring two episodes of slip. Thus, the rupture model was
allowed to have three separate subevents, treated as separate
ruptures, with independent locations and start times. The best fits
were obtained when all three events initiated at the northwestern
end of the fault near the intersection of the cross-fault. Their
respective delays are 2.1 and 8.6 seconds relative to the first
subevent, and their moments are 0.4, 0.8 and 4.0 x 1025 dyne-cm
which is about half of that seen teleseismically. This slip
distribution suggests multi-rupturing of a single asperity with
stress drops of 60, 200 and 15 bars, respectively. The first two
subevents were confined to a small area around the epicenter while
the third propagated 18 km southwestward, compatible with the
teleseismic and afterslip observations.
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The third paper relocates and provides estimates of historic
earthquakes in the western Imperial valley. The historic events
considered occurred in 1937, 1942 and 1954. the recent events
consist of the 1968 Borrego Mountain, 1969 Coyote Mountain, and
1987 Elmore Ranch earthquakes. We use regional and teleseismic
data from continuously operating stations, with Pasadena, De Bilt,
Ottawa and St. Louis recording most of the events. The waveforms
imply that all the events. The waveforms imply that all the events
are almost pure strike-slip events on vertical or near-vertical
faults. The earthquakes are relocated by comparing S-P and surface
wave -S travel times of historic events with the presumably well-
located recent events. The moment estimates are obtained by direct
comparison of the maximum amplitudes. The moment estimates
imply that the 1968 and not the 1942 earthquake is the largest to
have occurred in the region this century. Previous magnitude
estimates suggested the 1942 event was the largest. The
relocations change in location for the 1954 event and a larger
adjustment in the 1942 epicenter. It also appears that the 1969
earthquake may have been mislocated.

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

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

Dreger, D. S. and D. V. Helmberger (19990). Broad-band modeling of
local earthquakes, BSSA (in press).
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Figure 1. Locations Map: the inverted triangle is the Pasadena station, the circles mark
the Chino events, and the stars denote the Upland events. Focal mechanisms for the two
1988 Upland events determined from USGS/Caltech seismic array first motion
polarities are also given. Hatched regions represent areas of shallow or surficial
basement rocks after Yerkes et al. (1965).
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Similar Waveforms (Disp)

TANGENTIAL RADIAL VERTICAL
main 3.1108-01 cm 2.4860-01 cm
aftl 1.0000-03 cm 1.011e-03 cm
aft4 1.141-02cm 4.7108-03 cm.
1988.m 1.40%-02 cm £.35%-03 cm
1988.a 2.505¢-03 cm. 1.196e-03 cm

1.766-01 cm

8.403e-04 cm

8.62%-03 cm

4.412e-03cm

§.948e-04 cm.

.00 sec

Figure 2. Comparisons of broad-band observations of a few Upland events occurring in
1988 (lower two) and 1990 (upper three). The 1988 mainshock had a magnitude of
4.6 and the aftershock a magnitude of 3.7. Note the reiative event strengths of their
peak displacements in cm. Synthetic seismograms computed for the best fitting model,
see Dreger and Helmberger (1990), were used to estimate a long-period moment of
(6% 2)X1022 dyne-cm (ML=4.6) and 1X1022 dyne-cm (M|=3.7) with identical
triangular source time durations of 0.3 seconds. Assuming the same fault dimension of
0.4 km from standard scaling laws, stress drop estimates of 410 and 70 bars are
obtained for the two events, respectively. Generally, we found that it is possible to
reproduce local waveforms at frequencies up to 1 Hz without a complete knowledge of
fine structural detall. Resulting Green's functions can be useful in studying historic
events, and in simulations of large events from a given source region. For example, we
were able to determine the orientation and moment of the 1990 mainevent, mechanism

similar to the 1988 mainevent and moment (Mg=1.7X1024 dyne-cm), within minutes.
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Figure 3. The upper panel displays profiles of synthetic seismograms for source depths

from 6 km to 9 km constructed with the 1988 mainshock focal mechanism given in
figure 1. The lower panel displays results assuming the aftershock mechanism. A

moment of 1025 dyne-cm was used in these synthetics, see Dreger and Helmberger

(1990).
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Geologic Mapping of the Island of Hawaii - Kaoiki Fault Zone
Program Task No. 1.2

Marie D. Jackson
Branch of Igneous and Geothermal Processes
U. S. Geological Survey
2255 N. Gemini Drive
Flagstaff, Arizona, 86001
(602) 527-7186

Investigations

Field and mechanical study of ground cracks associated with the 1974
ML =5.5 and 1983 M| =6.6 Kaoiki, Hawaii, earthquakes.

Results

1.

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

The November 30, 1974 ML=5.5 and November 16, 1983 ML =6.6 Kaoiki earth-
quakes generated zones of left-stepping, en echelon ground cracks that
extend for several kilometers on the lower SE flank of Mauna Loa. Most
large magnitude earthquakes occur along preexisting faults; in contrast,
these major Kaoiki earthquakes propagated new ruptures, at least in their
surface expression. The Kaoiki seismic zone is unique because its ground
ruptures record the initial stages in the development of a strike-slip fault
zone: future ground ruptures should be expected to merge into a mature
fault zone Geologic mapping by this project and by Endo (1985) shows that
at least four ground-rupture zones are concentrated within an area of 30
km?2,

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

General Objectives. This project provides important information on the

history and mechanisms of faulting within the Kaoiki zone. This data will
form the basis for seismic hazard evaluations for the Island of Hawaii. This
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Hawaii
0

Figure 1. Generalized map showing locations of ground ruptures, focal mechanisms
and locations of important strike-slip Kaoiki earthquakes, and major fault and rift
systems within the southeast flank of Mauna Loa volcano and the southwest
portion of Kilauea volcano, Hawaii.

84



I.2

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

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

. Analysis of Field Data. Ground ruptures from the 1983 Mp=6.6 earthquake,
the 1974 ML =5.5 carthquake and an older, undated ecarthquake trend N48°-
55°E, a direction nearly parallel to nodal planes of the 1983 and 1974 main
shocks' focal mechanisms (Fig. 1). Individual ruptures consist of arrays of
left-stepping, en echelon cracks, with predominantly opening displace-
ments, 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.

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

*The 1974 cracks extend for 2.2 km, about 3.5 km downslope and SW of the
1983 rupture zone (Fig. 1). Left-stepping, echelon ground cracks from
the 1974 Mp=5.5 event may have reactivated two crack sets associated with
the 1962 ML= 6.2 event.

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

*In contrast to the 1983 cracks, the 1974 cracks have greater components

of right-lateral slip, and linkages between cracks at all scales are more
well-developed. These features indicate coalescence at depth. They may
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Figure 2. Geologic map of the 1983 Kaoiki ground rupture (1:10,000 scale).
Large aa fields (stippled pattern) make detection of some of the cracks
impossible.  Arrows show the tips and terminations of 300--900-m-long
arrays. I and II show the two longest arrays, 1.3 and 3.8 km in length.
Inset shows the distribution of these arrays and cumulative displacements
across the zone.
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result from reactivation of yet another zone of cracks, perhaps associated
with a 1962 ML=6.2 event, or they may be a result of the 1974 event's
shallower hypocenter, 4--5 km deep (compared with 9--10 km depth in
1983), that allowed the tip of the underlying parent crack to propagate
closer to the earth's surface and form a more continuous zone of strike-
slip ground breakage.

Geologic mapping of the 1983 rupture shows that:

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

area of the fault is about 130 km2.

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

°The ground cracks form three scales of en echelon arrays. Detailed
maps show that the left-stepping crack segments form en echelon arrays
that range in length from 25--120 m (Fig. 3). These arrays form still
longer arrays, 300--900-m-long, that step more-or-less continuously
through the entire rupture zone (Fig. 2). Near the tips of these longer
arrays, the fairly regular, left-stepping pattern of 25--120-m-long-arrays
breaks down into zones of disordered short cracks (Fig. 3). Longer arrays
strike progressively more northeastwardly so that the two longest
mapped arrays, which are 1.3- and 3.8-m long, deviate only 5°-10° from
the NS5S6°E trend of the rupture (Fig. 4).

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

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

+Estimation of the seismic moment release from field data using M,=ADG,

where the fault area A=130 km2; the average displacement D=0.5 m, based
on surface displacements, and the seismically determined shear modulus

G=50 GPa, gives M, = 3.6 x 1018 Nm. NEIS data for the 1983 event give M=

1.2 x 1019 Nm, and the close agreement between these values indicates
that the main moment release was indeed accomodated by strike-slip
faulting along a NE-striking plane. These data are not in agreement with
Thurber's (1989) hypothesis that low-angle thrusting dominated the
moment release of the 1983 event.

References cited

Endo, E. T., 1985, Scismotectonic framework for the southeast flank of Mauna
Loa volcano, Hawaii: Ph.D. Thesis, Univ. of Wash., Seatile.

Jackson, M. D., E. T. Endo, P. T. Delaney, 1988, Ground rupture from the 1983
Kaoiki earthquake, Mauna Loa volcano, Hawaii (abs.): Seismol Res. Letiers,
v. 59, p.35.

Pollard, D. D., P. Segall, P. T. Delaney, 1982, Formation and inteipretation of
dilatant echelon cracks: Geol. Soc. Am. Bull,, v. 93, p. 1291-1303.

Thurber, C. H., Y. Li, and C. Johnson, 1989, Seismic detection oi a low-velocity
layer beneath the southeast flank of Mauna Loa, Hawaii: Geophys. Res.
Letters, v. 16, p., 649-652. .

Wyss, M., 1986, Regular intervals between Hawaiian earthquakes: Implica’scas
for predicting the next event: Science, v. 234, p. 726-728.

Reports

Jackson, M. D., and E. T. Endo, 1989, Genesis of a strike-slip fault zore. the 1974
and 1983 Kaoiki ground ruptures, Mauna Loa Volcano, Hawaii (abs): Trans.
Am. Geophys. Union, v. 70, p. 1409. To BWTR 8/89.

89

.~



Earthquake and Seismicity Research Using SCARLET and CEDAR
Grant No. 14-08-0001-G1774

Hiroo Kanamori, Clarence R. Allen, Robert W. Clayton
Seismological Laboratory, California Institute of Technology
Pasadena, California 91125 (818) 356-6914

Investigations

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

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

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

Results

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

The Lake Isabella region of the southern Sierra Nevada lies between the epicenters of
the 1946 Walker Pass earthquake (ML 6.3) and of the 1952 Kern County earthquake (Mg
7.7). Earthquakes in this area occurring during the summer of 1988 were located from P
and S arrival times at stations of the Southern California Seismic Network and a temporary
array of 17 digital seismometers using the velocity structure of Jones and Dollar
(1986).Two prominent features radiate from the epicenter of the 1946 Walker Pass
earthquake: a linear band of earthquakes trending SW to the eastern edge of surface
displacement from the 1952 Kern County earthquake, and a north-south band extending
north about 10 km from the epicenter of the 1946 Walker Pass earthquake. Numerous
other more diffusely distributed earthquakes are found north of the NE-SW trending
lineament, but there are far fewer earthquakes south of the lineament. Focal mechanisms
determined from P first-motions indicate that the earthquakes in this trend have ruptured on
a NE trending, near-vertical left-lateral fault; such a fault is unknown from the surface
geology. Focal mechanisms from the events north of this trend indicate slip on roughly
north-south striking normal faults; this is similar to mechanisms found by Jones and Dollar
(1986) for events of the Durrwood Meadows swarm north of this area. This geometry of
deformation is strongly reminiscent of the NE trending Garlock fault, which separates the
WNW-ESE oriented extension of the California Basin and Range to the north from the
Mojave Desert to the south. If, as suggested by Jones and Dollar (1986), the Durrwood
Meadows swarm represents the early stages of Basin and Range deformation in the Sierra,
then the NE-SW trending seismic lineament might represent the early stages in the creation
of an "intracontinental transform" analogous to the Garlock Fault. The existence of an
active structure connecting Basin and Range deformation in the "eastern California seismic
belt" with the left-lateral reverse White Wolf fault system suggests that the seismic risk and
neotectonics of this region should be reexamined.
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2. Teleseismic Source Parameters and Rupture Characterics of the 24 November 1987,
Superstition Hills Earthquake.

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

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

A prominent long-period wave with a duration of 2000 sec or longer was recorded with
a very-broadband system in Pasadena on June 18, 1988. This wave was not observed
elsewhere, and is considered of local origin. The acceleration amplitude is 2.5x10-5
cm/sec? in the northwest direction, with the vertical component less than 10% of the
horizontal. The horizontal acceleration can be interpreted as due to a tilt of the ground of
2.5 x10-8 radians to the northwest. A slowly propagating pressure wave with an amplitude
of about 15 mbars could be the cause of the tilt; however, there were no reports suggesting
such pressure changes. A more likely cause is a slow tectonic event near Pasadena. The
required magnitude of such a slow event is My =0, 2, and 4, for a distance of 0.1, 1, and
10 km respectively. This event could be part of a tectonic episode associated with the
larger earthquakes which occurred in southern California around this time, especially the
December 3, 1988, Pasadena earthquake (ML = 4.9) which occurred six months later
within 4 km of the Pasadena station.
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Research during October, 1989 through May, 1990 was focused on the fol-
lowing topics: (1) analysis of earthquake doublets for evidence of changes in material
properties associated with preparation for and occurrence of a strong earthquake;
(2)modeling stresses in a subduction zone; (3)analysis of aftershock sequences in
southern California. '

Doublet Analysis

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

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

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

93



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

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

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

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

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

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

dd_ AV

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

Stresses in a Subduction Zone

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

The negative buoyancy force, which drives the slab, can be estimated from the
slab’s age at subduction, the thermal diffusivity, the temperature difference between
the mantle and the surface, and the coefficient of thermal expansion. The viscous
friction force can be estimated by assuming the slab is not accelerating, and, there-
fore, the friction force balances the buoyancy force. The ratio of the maximum bend-
ing stress to the maximum buoyancy stress can be estimated by setting the bending
moment equal to the component of negative buoyancy normal to the slab. The ratio
is a function of the slab length, D, thickness, 4, the subduction angle ¢, and Poisson’s
ratio, v.

Obend ='—£-—C01 (¢)

Ohoy  h(1-V?)?
This implies that either the bending stresses are much greater than the other stresses
in the problem, or some other force, acting perpendicular to the slab, enters into the
moment balance. The model assumes the latter, another force acting at the lower end
of the slab. This force is probably due to the increasing viscosity with depth, perhaps
complicated by a component of mantle velocity normal to the plate velocity.

Preliminary results from this model indicate:

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

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

3) Forces must be transmitted from below the end of the seismically active part
of the slab in order to satisfy focal mechanisms. This implics an increase in
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viscosity, as well as some integrity of the slab below the deepest seismicity.

Southern California Aftershock Sequences

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

The p-values, which describe the decay rates of the sequences, differed among
the sequences by more than the estimated errors. The mean value of p is 1.126 +
0.266, with values ranging from 0.688 to 1.816. Correlations of the p-values with b-
values, mainshock magnitudes, and the differences between the mainshock magni-
tude and that of the strongest aftershock were tested. No significant correlations were
found. No significant differences in decay rates were found for strike-slip and thrust
mainshocks, when the hypocenters are in the same general region. A geographical
distribution has been found, with high p-values, 1.5 to 1.8, to the southeast, espe-
cially in the Imperial Valley, low values, 0.7 to 0.9, for a majority of the events
offshore and some along the coast, and "normal" values, close to 1 in the Mojave
block, on the San Jacinto fault, and in and around the Los Angeles Basin.

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

This work was done in cooperation with L.M. Jones, U.S.G.S., Pasadena.
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Figure 2. Locations of doublet sets 6 (top) and 8 (bottom). For doublet 6, O - original lo-
cation and R - relocated positions. For doublet 8, only the relocated positions are shown
as the original locations are outside the range of the figure.
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Figure 3. S-P delay times measured as a function of azimuth measured at each station for
doublets 6 (top) and 8 ( bottom) from regions 1 and 2 respectively (see figure 1). Note
station AD8 has anomalous high value.
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FRACTIONAL S~VELOCITY CHANGE
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Events on 7/29/1984 ond 7/4/1986 .

0.00100
PAK1Z

0.00000
—0.00100
—0.00200 - pApez oA D 4D32
-0.00300 -
—0.00400 - DAD7Z
—0.00500 ~
-0.00600
-0.00700
~0.00800 -

DADSZ

-0.00900 T T T T I
-60 -40 -20 0 20

AZIMUTH from SOURCE (O is due North)

O ADBZ
1

Figure 4. Fractional S-velocity change measured from doublet 6 in region 1 shown as a function of
azimuth from source area. Overall S-velocity decrease is observed. Note station ADS and ADS has high
negative values.
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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. Earlier Hgyward Fault Work and E_rgg_rggs Report. The manuscnpt, Borchardt et al.
[in prep.], on joint USGS/CDMG trenching in Fremont 1986-1987 is completed and going
into internal review. Along a 262-km length of the creeping trace of the Hayward fault
offset curbs, fences, and buildings indicate that the creep rate over several decades has
averaged about 3.5-6.5 mm/yr, but a 4-km long segment in southern Fremont has been
creeping at 8-10 mm/yr [Lienkaemper and Borchardt, in prep.] Our earlier conclusions
about creep rate in Oakland [Lienkaemper and Borchardt, 1988, EOS 69, 1306] have been
significantly modified by new measurements in El Cerrito, Berkeley, and Oakland, that
show a gradual decent of creep rate southeastward into central Oakland. Creep in central
Oakland is at least 3.5-4 mm/yr, but may not be any greater than that. Thus, we tentatively
conclude that Oakland probably does contain a fault segment showing low creep rate,
contrary to our earlier opinion. We are now monitoring creep rates in Oakland to test this
conclusion.

The Holocene slip rate of 5.5 mm/yr we measured in central Fremont may be too low
because of local structural complications, thus the 8 to 10 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, in April-June 1989 we trenched at the Masonic Home site in Union
City where the Holocene-active fault zone appears to be narrower.

2. Holocene and Late Pleistocene Slip Rates at Masonic Home, Union City. Six buried
fan units offset by the fault were identified, yielding values of total slip (inferred from
projected locations of fan apexes): C) 20?7+ 7 m,E)46+5m,G) 66+ 5m,I) 88+ 5m,
K) 131 £ 6 m, and M) 167 £ 6 m. We have submitted 24 radiocarbon samples (all
charcoal) for dating. Thus far 7 dates are available. These yield fairly well-constrained
slip rates for 2 apexes: 8.0 + 0.6 mm/yr (8260 x 90 yr old, tree-ring correction made) for
apex G, and <9.2 mm/yr (14,200 £ 260 radiocarbon yr BP, correction not currently
possible) for apex K. Dates on apex E bracket slip rate between 27.4 and <9.9 mm/yr.
Samples at what appear to be the same stratigraphic horizon give distinctly different ages
that limit the age of onset of apex E to between 24670 £ 185 to <6190 * 150 yr old (tree-
ring corrected.) The discrepancy could result either from a mistake in our stratigraphic
interpretation or from charcoal that was already many centuries old when deposited (e.g.,
old tree or reworked charcoal.) Further logging and dating of other samples should clarify
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the disparity. More parallel trenching in 1990 will verify and improve both stratigraphic
control and accuracy of inferred offsets.

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

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, 1990, The visibility of fault strands in exploratory
trenches and timing of rupture events: Geology 18, 153-156.

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 creep rate and potential for seismic
slip along the Hayward fault, northern California: manuscript in preparation for J.
Geophys. Res.

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 70, 1349.

Lienkaemper, J. J., and W. H. Prescott, 1989, Surface slip along the San Andreas fault
near Parkfield, California: J. Geophys. Res.. 94, 17,647-17,670.
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Earthquake Research in the Eastern Sierra Nevada
Western Great Basin Region

Contract 14-08-0001-C1524, October 1989

W.A. Peppin
Seismological Laboratory
University of Nevada
Reno, NV 89557
(702) 784-4315

Investigations

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

Results
(1) waveform Inversion

Following preliminary work by Steve Horton in August of 1989,
a more concerted effort was made during February and March to
record digital waveforms close to the sources of the swarm
earthquakes in the south moat of Long Valley caldera. These
earthquakes were accompanied by a sudden increase in the
uplift near the caldera, possibly leading to a resumption of
seismicity involving large events such as occurred in May of
1980. Activity has been quite intense in this region, and we
deployed an array of six three-component EDA digital event
recorders. After considerable effort in both hardware and
software, Steve was able to operate these instruments in

seismic event-triggering mode, and has collected a
considerable library of useable data. Seismic transducers
used included three Kinemetrics intermediate-period
instruments and three-component velocity transducers. The
data has been successfully uploaded to floppy discs, where a
body of processing programs is available. Testing has been
done on use of Brian Stump’'s program FREFIT for
frequency-domain fitting of seismograms. Green's functions

are now being computed for a halfspace using a program written
by Bill Peppin, and we are attempting to get programs PROSE
and SEIS running to produce proper input for Brian’s program
with a layered halfspace. Andres Mendez is working to put up
a simpler version of the multilayer codes from Paul Spudich.
Some runs on the data are occurring at the time of this
writing, but we have no result to show yet. The driving
motivation is to investigate whether or not any of the swarm
events in the south moat have a non double-couple component.
The portable array, supported by the network data being taken
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by the CUSP system, provides quite dense coverage right over
the active swarm region.

(2) Seismicity Within the White Mountains Seismic Gap

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

It is known that three paleoseismic events have occurred in
the 1last 1800 years on this north section of the Fish Lake
Valley fault (Sawyer, 1989, M.S. Thesis). We are preparing a
manuscript (dePolo, Peppin, and Johnson) which catalogs the
active faults in the White Mountain seismic gap and which
attempts to identify those regions most likely to produce a
large earthquake. 1In this region of complex faulting and
numerous identifiable trends, we believe that several stand
out as likely candidates for such an event, if it happens.

(3). Pulse-width Studies

Smith and Priestley (1990) have presented estimates of stress
drops as obtained by the pulse-width method of Frankel and
Kanamori (1983). Their results are significant for wuse in
arrays such as ours where most of the signals are uncalibrated
vertical waveforms. Their results show low stress drop in the
region believed to have ruptured in the main event of the 1984
Round Valley sequence and higher stresses around the edges of
this zone. During this contract period we are working on
application of the pulse-width method to the 1986 Chalfant
sequence, and on events recently recorded by the CUSP system.
Software now available on CUSP should permit routine
application of this method during standard event timing, which
should facilitate application of the method to the ongoing
intense earthquake sequences near Long Valley caldera.
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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-G 1697
Final Report

Steven W. Roecker
Department of Geology
Rensselaer Polytechnic Institute
Troy, New York 12180-3590
(518)-276-6773

Introduction

The objectives of this project were to (1) develop and test a new three-dimensional
ray-tracing and tomography algorithm for locally recorded earthquake data, and (2) apply
this method to data collected in the Morgan Hill/Coyote Lake and Bear Valley/Stone
Canyon regions of California.

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

Data Selection and Initial Model

As a starting point we took the data selected by Michael (1987) in his study of
Morgan Hill aftershocks. Our intention was to compare the results of a state-of-the-art
inversion using approximate ray tracing (i.e., Michael's study) with our own application,
and thereby establish the differences between techniques. Our only modification to the
dataset was a parsing to reduce clustering with the idea that information in arrivals from
these events would be largely redundant. By using the criterion that the distance between
any two hypocenters be greater than 1 km, the total number of earthquakes was reduced
from 271 to 154.

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

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

Relocated Earthquakes

Michael's original hypocenters were relocated in a revised structure (described
below) deduced with the same arrival time data. A comparison of the two shows that, in
varying degrees, the 154 relocated epicenters are shifted to the northeast by 1 or 2 km.
Cross sections of these locations taken perpendicular to the faults (figures 2a, 2b, and 2¢)
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reveal that the amount of shifting is depth dependant. In cross-section bb' (figure 2a), it is

clear that the trend of relocated seismicity is shifted to the northeast by about 1 km and the

focal depths are mostly deeper in varying amounts than the originals. As a result, the dip

angle of the seismicity in this cross-section has changed from 88° to 80°. Even so, the

1f>r01iection of the seismic zone to the surface still intersects the surface trace of the Calaveras
ault.

The distribution of earthquakes in section cc' (figure 2b) is more complicated, but
two main groups of earthquake (SW and NE) can be distinguished. For the SW group,
also seen to the west of the Calaveras fault in figure 1 the hypocenters of the relocated
earthquakes changed significantly. The locations shifted to the northeast by about 2.0 km
and the focal depths generally increased by about 4 km. Thus, the angle of the seismic zone
for the SW group appears to be dipping about 86° to the southwest and its projection to the
surface is more closely aligned to the surface trace of the Calaveras fault. As for the NE
group, also seen to the east of the Calaveras fault in Figure 2, the hypocenters of relocated
earthquakes are shifted to the northeast by about 1 km and the focal depths generally
increased by about 1 to 2 km . As a result, the earthquakes in the NE group appears to be
more closely associated with the Modrone Spring fault than with the Calaveras fault.

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

Ray Paths and Focal Mechanisms

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

Velocity structures

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

After three iterations the standard deviation in the travel time residuals reduced to
0.03s, which is close to the estimated error in the readings. This final variance represents a
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90% reduction in variance over the original fit, suggesting that we have interpreted all the
available signal in the data with the model we have selected.

Summary and Discussion

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

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

Figure Captions

Figure 1. The initial epicenters taken from Michael (1987) (crosses) and the new epicenters
(squares) relocated in a the final velocity struc<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>