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).

15



I.1

lIlll|I|lllIlH

iy ||||1||l||||11|||||l|l|

42°—
E . o ~ S
4 ° <
= o ™. bt
— o . .
410_: D o . .Dl LI z
e
40°—
E
=
o "]
39 - MAGNITUDES
3 . 0.0+
- >
38 __—_- . 1.0+ a
7 -t
'E o 2.0+
37°— a 3.0+
4 [ 4o+
-
= 5.0+
36°—] D
3 6.0+
= 7.0+ o
35°—— 100 KM
p= Leeeroenstd . ' -
d a * -y
||HIIIIITIIHIFIIIlllllllllllmll||1|||||||||mn|||l|||v|||||||||||||||||||Hl|lllllllI!lll
125° 124° 123° 122° 121° 120° 119° 118°

FIGURE 1. Seismicity for northern and central California and
vicinity during October 1989 - March 1990

16



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.

20



52 N

¥ ! 1 [ L LB | §
[+
5 ° o
L ]
<Yy .
L]
O
- ‘od
L ] . B
o o ¢ .U. .
L ] ‘ . D
[®]
' .
- | i 1 ] i ] [1 (]
178 W 177 W P 176 W 175 W
LEGEND a .

* = 2.2 ond below

. 22310 30 ADAK SEISMICITY PH——

0 =3.11{039 UNIVERSAL TRANSVERSE MERCATOR PROJECTION 15 km

0 =4.010 49
0= PDE magnltude 157 EVENTS

ALL DEPTHS

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

18.8 1n8.6 118.4 18.2
. i‘\.!: I_ | 1

MONO L.

Town of Mammotk Lakes

X Under 2

A 2-— 3 .
. _ movers | '.
19.0 118.8 18.6 118.4 18.2

34

378

376

37.4

372



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
tectonics in the Santa Monica Bay, southern California, J. Geophys. Res., 94,
9591-9606, 1989.

Hauksson, E. and R. S. Stein, The 1987 Whittier Narrows earthquake: a metropolitan
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fault, Bull. Seism. Soc. Amer,, to appear in February 1990.
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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].

51



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
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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.
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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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Earth Sciences Associates
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Palo Alto, California 94304

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.
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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
mainshock occurred. Time period shown in each map is from the beginning of the sequence until the seismicity
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

83



I.2

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.
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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.
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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.
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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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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 structure.determined after a three iteration
inversion. Locations of cross-sections bb', cc', and dd' are indicated. The left side
of each section is indicated by "L" and the right by "R". The scale at edges of plot
are distances in kilometers from the center of coordinates.

Figure 2. (a) Earthquakes in cross-section bb'. Meaning of symbols is the same as in
figure 1. (b). Earthquakes in cross-section cc'. (c) Earthquakes in cross-section
dd'.

Figure 3. Plot of Take off angles and Azimuths of rays determined in a "best-fit" one-

dimensional model and those determined by the three-dimensional ray tracer in the
three-dimensional model. Note the wide spread in azimuthal values.
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Salton Trough Tectonics and Quaternary Faulting
9910-01292

Robert V. Sharp
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road
Menlo Park, CA 94025
415/329-5642

Investigations

l.

2.

3.

Post-seismic near-field deformation, 1989 Loma Prieta
earthquake.

Normal faulting associated with the 1987 Superstition Hills
earthquake.

Trenching study of a major fault near Bombay Beach, Imperial
Valley (with M. Rymer).

Results

1.

In order to monitor post-seismic deformation both vertically
and horizontally within the zone of small surface breaks, an
~5 km-long array of survey marks was constructed along

Summit Road a few days after the 17 October earthquake.
Early indications from regional geodetic arrays and repeated
slip measurements made at the surface breaks suggested that
post-seismic deformation would be small to absent. Although
remeasurement of the 5-km traverse has not yet been done,
high-redundancy horizontal angle measurements have been
repeated at a three point array straddling the Pink House
fault on which the largest left-lateral coseismic slip was
observed.

As expected, the repeated horizontal measurements showed
very little change over a 71-day lapse beginning on the 14th
post-earthquake day. A 2.5 arc second angular shift,
directionally consistent with continued left-lateral slip,
is suggested by the data, but this apparent signal is too
small relative to the angular resolution (+ 5 arc seconds at
95 per cent confidence) to be accepted as real. If it were
real, the angular change could be explained by a 2-4 mm
leftward component of movement normal to Summit Road. on
the pavement of Summit Road, however, no evidence of post-
seismic growth of displacement has been observed at this
site.

Normal faults within a 4 km-wide complex 2zone, striking
north-northwestward on average and mostly dipping steeply
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eastward toward the axis of the Salton Trough, have been
identified and mapped between the Superstition Hills and the
western edge of the agricultarally developed part of the
Imperial Valley. This zone is now known to be at least 8 km
but possibly as much as 22 km in length. The continuity and
regional extent of the zone is obscured by agriculture north
and south of the 22-km-span and by an 8-km-long area of dune
sand in the central part.

In the course of mapping these structures with large-scale
1987 aerial photographs of the Superstition Hills region,
discontinuous surface ruptures also were found along most of
the traces within 10 km of the epicenter of the Elmore Ranch
earthquake of 24 November 1987. Most of these surface

ruptures were not reported in earlier publications. Where
locational comparisons could be made, the new surface
ruptures followed old fault traces. Although the

preservation of the breaks ranged from severely degraded to
nearly pristine, slip vectors, or at 1least vertical
components of slip, were measureable at many locations. The
largest vertical slip observed was nearly 8 cm, but typical
movements on the new ruptures were less than 1 cm; at many
locations the breaks were incipient extensional cracks.

These ruptures escaped earlier detection in the earthquake
field investigation probably because little or no searching
was made where they occur. Whether these breaks formed
before or after the earlier field checks can be estimated
now only by comparison of their states of preservation with
those of ruptures of similar kind that were documented
earlier. Reoccupation of one rupture in particular, near
site 491 (Plate 1A of Sharp and others, 1989) indicated a
similar range of degradation, so all are presumed to be of
1987 vintage. Inasmuch as earthquake epicenters before,
during, and after the 1987 earthquake sequence do not
delineate the zone of normal faulting in a convincing way,
the ruptures of probable 1987 origin are interpreted to
represent triggered movements.

Reference

Sharp, R.V., and others, 1989, Surface faulting along the

Superstition Hills fault zone and nearby faults associated
with the earthquake of 24 November 1987: Bulletin of the
Seismological Society of America, v. 79, p. 252-281.

Two long trenches that were cut across northwest-trending
faults about 3 km north of Bombay Beach show the zone to
exceed 50 m in width. The principal and most continuous
strand now recognized in this 2zone has an average

orientation of N42°W, nearly parallel to and about on strike
with the southernmost mapped san Andreas fault, about 5 km
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to the northwest. Small offsets within a thin superficial
veneer of lake beds, presumably deposited about 300 year ago
during the last high stand of Lake Cahuilla, suggest that
creep,or small triggered displacements have occurred since
that time. Three contiguous quadrilaterals spanning about
300 m across this zone have been constructed to verify the
presence or absence of creep.

Reports

Sharp, R.V., 1989, Right-reverse faulting associated with the 7
December 1988 Armenia S.S.R. earthquake--an early reconnais-
sance [abs.]}: EOS, Transactions of the American Geophysical
Union, v. 70, p. 1199.
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Seismotectonic Framework and Earthquake Source Characterization (FY90)
Wasatch Front, Utah, and Adjacent Intermountain Seismic Belt

14-08-0001-G1762

R.B. Smith, W.J Arabasz, and J.C. Pechmann*
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112-1183
(801) 581-6274

Investigations: October 1, 1989 - March 31, 1990

1.  Left-lateral shear beneath the northwestern Colorado Plateau: The 1988 San Rafael swell
and 1989 Southemn Wasatch Plateau earthquakes.

2. The 1983 M,7.3 Borah Peak, Idaho, earthquake: Stress tensor inversion of focal mechan-
isms for the main shock and 54 aftershocks.

Results

1. Two moderate earthquakes that occurred in the NW Colorado Plateau in central Utah on
August 14, 1988, and January 30, 1989 (UTC), provide important new information on contem-
porary deformation and the state of stress at mid-crustal depths in this region. The first was an
M_ 5.3 shock on the NW edge of the San Rafael swell, a broad Laramide anticlinal upwarp.
The second was an M| 5.4 earthquake located 70 km WSW of the first beneath the southern
Wasatch Plateau, which rims the NW Colorado Plateau and forms part of a transition to the
Basin and Range Province to the west. These earthquakes were the largest to occur within the
Colorado Plateau since an M 52 event near the Utah-Arizona border in 1959. Following each
main shock, we supplemented the University of Utah’s regional seismic network with 4-5 port-
able seismographs and later 2-4 telemetered stations in the epicentral areas. Each earthquake
sequence was relocated with velocity models based on refraction studies and sonic logs of
nearby oil wells; station delays were derived from well-located aftershocks. For the San Rafael
swell sequence, the 66 best-located hypocenters define a 5-km-long aftershock zone extending
from 11 to 18 km in depth and dipping 60°+5° ESE. P-wave focal mechanisms for the main
shock and largest aftershock (M;, 4.4) both show oblique normal faulting, with the left-lateral
nodal plane dipping E to SE in a direction similar to the dip of the aftershock zone. For the
southern Wasatch Plateau sequence, the 32 best-located hypocenters define an 8-km-long aft-
ershock zone between 20 and 25 km depth, striking NNE and dipping 90°+£10°. P-wave focal
mechanisms for the main shock and largest aftershock (M 4.2) both show strike-slip faulting
with the left-lateral nodal planc striking NNE, parallel to the trend of the aftershock zone. The

*W.C. Nagy and S.J. Nava also contributed significantly to the work reported here.
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T-axes for all four focal mechanisms are oriented between E-W and ENE-WSW, intermediate
between the ESE-WNW extension direction of the Basin and Range—Colorado Plateau transi-
tion zone and the NE-SW extension direction of the interior of the Colorado Plateau. Our data
suggest that both main shocks were caused by buried left-lateral or left-lateral and normal slip
on Precambrian basement faults striking NNE. Active NNE left-lateral shear at depth may
explain some enigmatic aspects of the surficial tectonics—including the right-stepping, en-
echelon pattern of young, N-S-trending graben on the Wasatch Plateau.

2. Previous studies of aftershocks of the 1983 M,7.3 Borah Peak, Idaho, earthquake and an
analysis of the contemporary strain field from historical seismicity indicated NNE-SSW exten-
sion for central Idaho. However, the long-period focal mechanisms for the main shock and a
study by Stickney and Bartholomew of Quatemnary faulting and focal mechanisms for
southwestern Montana and central Idaho suggest NE-SW extension. To investigate this
apparent inconsistency, we applied the stress inversion algorithm of Gephart and Forsyth to P-
wave first-motion focal mechanisms for 54 Borah Peak aftershocks of 2.3 < M < 5.8 plus the
main shock focal mechanism determined by Doser and Smith from moment-tensor inversion of
long-period P waves. The inversion yielded a minimum principal stress (03) direction that is
horizontal and trends N 49° E, a maximum principal stress (o;) direction that trends S 41° E
and plunges 81°, and a ¢ value of 0.65 (where ¢ = (0 — 03)/(0; — 03)). The 05 axis is nearly
parallel to the NE-SW extension directions inferred from T-axes of long-period focal mechan-
isms of the Borah Peak main shock and from analyses of Quaternary faulting and focal
mechanisms in southwestern Montana and central Idaho. This stress field orientation would be
expected to produce dominantly normal faulting along the Lost River fault with some left-
lateral motion along the NNW-striking Thousand Springs segment and a small component of
right-lateral motion along the WNW-striking Arentson Gulch fault.

Reports and Publications

Doser, D.I. and R.B. Smith (1989). An assessment of source parameters of earthquakes in the
Cordillera of the western United States, Bull. Seism. Soc. Am. 79, 1383-1409.

McGuire, R.K. and W.J. Arabasz (1990). An introduction to probabilistic seismic hazard
analysis, in Geotechnical and Environmental Geophysics, Vol. 1: Review and Tutorial,
S.H. Ward, Editor, Society of Exploration Geophysicists, in press.

Pechmann, J.C. and B.S. Thorbjamardottir (1990). Waveform analysis of two preshock-main
shock-aftershock sequences in Utah, Bull. Seism. Soc. Am., in press.

Shemeta, J.E. and J.C. Pechmann (1989). Source parameters of aftershocks of the 1983 Borah
Peak, Idaho, earthquake, EOS, Trans. Am. Geophys. Union 70, 1188.

Shemeta, J.E. and J.C. Pechmann (1990). Source parameters of aftershocks of the 1983 Borah
Peak, Idaho, earthquake, submitted to J. Geophys. Res.

Westaway, R. and R.B. Smith (1989). Source parameters of the Cache Valley (Logan), Utah,
earthquake of 30 August 1962, Bull. Seism. Soc. Am. 79, 1410-1425.
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Late Quaternary Recurrence Intervals on the Owens Valley Fault
Zone, Lone Pine, California

14-08-0001-G1783

Paul Bierman and Alan Gillespie
Department of Geological Sciences, Mail Stop, AJ-20
Seattle, Washington 98195

Objectives: Our investigation is designed to constrain more
tightly current estimates of recurrence intervals and fault slip
rates for the Lone Pine fault (LPF), a subsidiary strand of the
Owens Valley Fault Zone (OVFZ), and to test the hypothesis that
earthquakes occur at regular and predictable intervals on the
OVFZ. In addition to providing data for the refinement of risk
estimates, our study provides information concerning the
applicability and variability of different dating techniques.

In order to achieve these objectives, we are presently performing
field and analytical work designed to answer the following
specific research questions:

1. What are the ages of alluvial fans deposited by ILone
Pine Creek and ruptured by the LPF?

2. What are the ages of colluvial wedges recorded in the
trench logs of ILubetkin and Clark (1988)7?

3. What are the ages of varnish rings on large scarp
boulders interpreted by Iubetkin and Clark as representing

specific intervals of scarp lowering?

4. How and why do results obtained from different dating
methods vary?

Results:

1. Mapping and dating of alluvial fan surfaces —-- During the
past year, Bierman mapped the alluvial fans at Lone Pine

delineating fan surfaces of at least four distinct ages
(Bierman and Gillespie, 1989). He delineated fan units on
the basis of relative weathering criteria, soil development,
and surface morphology. In a distal portion of the youngest
fan we collected two charcoal samples from fluvial sediments
interbedded with debris flow diamictons. The dates for
these samples were 4030 +/- 60 (TO-1666) and 610 +/- 70 (QL-
4361). Samples were collected from each of the four fan
surfaces for both rock varnish and cosmogenic isotope dating
(He) . Rock varnish analyses are ongoing and are being made
using several different analytical techniques. Bierman
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will perform the °He analyses in cooperation with J. Poths
at the Los Alamos National Laboratory.

2. Results of trenching -- During March 1990 we opened seven
trenches on the faulted Pleistocene alluvial fan 1 km west
of Lone Pine. Two of the trenches were opened immediately
below and normal to the scarp of the LPF. We logged both
trenches and collected samples for both grain-size and
thermoluminescence analyses. Our interpretation suggests
four periods of surface stability are preserved in the
southern trench and three in the northern trench. These
interpretations are based on sedimentological criteria and
the presence of buried Av horizons. Our interpretations are
consistent with those of Lubetkin and Clark (1988). The
thermoluminescence samples will be analyzed this summer by
Bierman under the supervision of G. Berger (Western
Washington University). No datable organic carbon was found
in either trench.

3. Rock varnish dating -- To determine the applicability of
varnish dating to neotectonic problems, we have made
numerous measurements of rock varnish chemistry and
rigorously considered the statistical constraints on the
cation ratio method. Some of these data were presented in
Bierman and Gillespie (1990) and will be considered in a
paper we have recently submitted to Geology. The
measurements and the statistical analysis we performed
suggest that rock varnish cation ratio dating of neotectonic
events will require chemical measurements to be made more
precisely and with greater frequency than those made by
previous investigators.

REFERENCES CITED

Bierman, P. and Gillespie, A., 1989, Rock varnish, alluvial fans,
and tectonism in the southern Owens Valley, CA: Geological
Society of America Abstracts with Programs, Vol. 21, No. 6,
p. A343.

Bierman, P. and Gillespie, A., 1990, Varnish cation-ration ages -
how precise can they be?: Geological Society of America
Abstracts with Programs, Vol. 22, No. 3, p. AS8.

Lubetkin, L. K. and Clark, M. M., 1988, Late Quaternary activity

along the Lone Pine Fault, eastern California: Geological
Society of America Bulletin, v. 100, p. 755-766.
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Surface Faulting Studies
9910-02677

M.G.Bonilla
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, CA 94025
(415) 329-5615

Investigations

1. Loma Prieta earthquake

2. Geology of Marina District

3. Geodynamic map of Circum-Pacific region
Results

1. Following the October 17, 1989 earthquake, field examinations of dikes and broad artificial
fills on the southwest fringes of San Francisco Bay found only a few minor ground cracks and no
ground failures. Included in the examination were areas within Redwood City, Foster City, Palo
Alto, Mountain View, and Alviso. The area near Laguna Salada (in Pacifica), known to include
saturated clean sand, was examined independently by J.J. Lienkaemper and M.G. Bonilla, who
found no evidence of liquefaction. Ground failures were recorded by K.R. Lajoie and M.G.
Bonilla at the eastern approaches to the Bay Bridge, at Alameda Naval Air Station, and at the
Oakland International Airport.

2. Maps dating back to 1851, archival materials including photographs, published reports,
and logs of borings made from 1912 to 1990 were used to prepare a report on the geology,
including the history of artificial fills, of the Marina District of San Francisco. Others in the study
group are using the report to better understand what effect the artificial fills, Holocene and
Pleistocene estuarine deposits, and bedrock configuration had on the severe earthquake damage in
the Marina District.

3. Compilation and plotting of historical surface faulting was completed for the Arctic Sheet
of the Geodynamic Map of the Circum-Pacific Region. This sheet covers most of western and

northern North America, eastern and northern Asia, Greenland, and Iceland. Publication is
expected in 1990.

Reports

Bonilla, M. G., and Lienkaemper, J. J., 1990, Visibility of fault strands in exploratory trenches
and timing of rupture events: Geology, v. 18, no. 2, p. 153-156.

05/90
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Northern San Andreas Fault System

9910-03831

Robert D. Brown
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5620

Investigations

1.

1.

Field reconnaissance in the epicentral region of the October 17,
1989, Loma Prieta earthquake and in Towland areas surrounding San
Francisco Bay. Evaluated evidence for surface tectonic deformation
in epicentral region and for 1liquefaction and amplified ground
motions near present or historic bay margins.

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

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

Results

No continuous or consistent zone of tectonic fractures marked the
surface projection of the fault trace, although locally, on Madonna
Road, the main break of the San Andreas fault exhibited right-
lateral displacement of 1-2 cm., Liquefaction near San Francisco
Bay was largely confined to historic marshlands and bay muds now
chiefly fill-covered, on both sides of the bay and from 70 to 100
km distant from the epicenters.

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

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

Brown, Robert D., 1990, Geologic hazard patterns for future earthquakes
(abstract): American Association for the Advancement of Science,

New Orleans, Annual Meeting.

Brown, R.D., Jr., 1990, Quaternary deformation, in Wallace, R.E., ed.,
San Andreas fault system: U.S. Geological Survey Professional

Paper 1515, 1in press.
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Seismic Hazards of the Hilo 7 1/2' Quadrangle, Hawaii
9950-02430

Jane M. Buchanan-Banks
Branch of Geologic Risk Assessment
U.S. Geological Survey
David A. Johnston Cascades Volcano Observatory
Vancouver, Washington 98661
(206) 696-7996

Investigations

Preparation of manuscript, Geologic Map of the Hilo 7 1/2' Quadrangle,
Island of Hawaii.

Results

One month was spent revising the manuscript, and in checking all plates,
tables, and figures for completeness and accuracy. The report was submitted
through BGRA to BWTR in late December. Completion of this manuscript was
deferred to permit full-time attention to project 9950-04073, Depth to bedrock
map in the greater Tacoma area, Washington. This is the final product of this
project.

Reports
Buchanan-Banks, J.M., Lockwood, J.P., and Ruben, Meyer, 1989, Radiocarbon
dates for lava flows from northeast rift zone of Mauna Loa Volcano,

Hilo 7 1/2' Quadrangle, Island of Hawaii: Radiocarbon, v. 31, no. 2,
p. 179-186.
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LATE QUATERNARY SLIP RATES ON
ACTIVE FAULTS OF CALIFORNIA

9910-03554

Malcolm M. Clark
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road
Menlo Park, California 94025
415/329-5624

Investigations

1. Recently active traces of Calaveras fault zone at Tres Pinos
Creek and San Felipe Creek, California (K.J. Kendrick, J.W. Hard-
en, M.M. Clark).

2. Recently active traces of Owens Valley fault zone, Califor-
nia (Sarah Beanland (NZGS), Clark).

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

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

5. Geologic investigation of Loma Prieta earthquake (Clark).
Results
3. Many empirical models have been proposed to evaluate the

rate of slope degradation; determination of the rate of slope
processes will allow for estimating ages of landforms. For
tectonic settings involving vertical separation, the degree of
degradation of scarps may be one of the more useful tools for
determining the most recent faulting event. Measurements made on
a terrace riser and associated lower terrace tread in Cajon Pass
allow us to evaluate one model of scarp degradation. Radiocarbon
dates constrain the time of abandonment to approximately 8,350
years. We measured fourteen scarp profiles along this terrace
riser and using the nonlinear diffusion equation of Hanks and
Andrews (1988), estimated scarp age. There predicted ages ranges
from 4,830 to 10,920 years. On three of these scarp profiles we
described catenas of soils. This allowed us to compare the rate
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of colluvial accumulation for different parts of the of the slope
as determined from soil profiled with what is predicted by the
model. We were also able to compare the variability of soil
development with the variability of predicted scarp ages. previ-
ous studies in this area have shown that the most important
factor affecting soil development is the influx of eolian dust,
so that the profile mass of silt + clay is an adequate measure of
degree of soil development. A parallel study of the soils on the
terrace tread allows us to compare both the degree of soil devel-
opment and the variability of the tread soils with the soils of
the catenas. Soils below the inflection point were at least as
strongly developed as the soils on the terrace tread, and the
maximum soil development occurred at the base of the scarp. Most
surprising is that the variation of soils on the terrace tread is
greater than the variation of catena soils on the same geomorphic
position. The variation of predicted ages based on the diffusion
model was not reflected in variation of soil development. This
would suggest imprecision in the model itself, rather than varia-
tion in slope processes.

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

5. Post earthquake investigation included search of the epicen-
tral zone for tectonic ruptures, search of Calaveras fault with
Peter Wood (NZGS) for triggered slip (none from Halls Valley to
Coyote Reservoir), search for slip on range-front reverse faults
in Los Gatos-Palo Alto, and mapping of extension fractures (with
others) in Summit Road area of Santa Cruz Mountains.

Reports

Plafker, George, and Galloway, J.P., eds., 1989, Lessons learned
from the Loma Prieta, California, earthquake of October 17,
1989: U.S. geological Survey Circular 1045, 48 p., (contri-
bution by Clark).

U.S. Geological Survey Staff, 1989, Preliminary map of fractures
found in the Summit Road-Skyland Ridge area during the Loma
Prieta, california, earthquake of October 17, 1989: U.S.
Geological Survey open-File Report 89-686, (Clark a co-
author).

Ponti, D.J., Wells, R.E., Haugerud, R.A., Clark, M.M., and Hall,
N.T., 1990, Surface rupture aspects, in Benuska, L., ed.,
Reconnaissance report on the Loma Prieta earthquake: Earth-
ed., Reconnaissance report on the Loma Prieta earthquake,
Earthquake Engineering Research Institute (EERI) Special
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Report, in press.

Geological Survey Staff, 1990, The Loma Prieta, California
earthquake: An anticipated event: Science, v. 247, p. 286~
293, (contributions by Clark).

Geological Survey Staff, 1990, Surface fractures and ground
failure associated with the Loma Prieta, California earth-
quake of October 17, 1989: American Geophysical Union, EOS,
v. 71, p. 291, (Clark a co-author).

Geological Survey Staff, 1990, Apparent 1lithologic and
structural control of surface fracturing during the Loma
Prieta earthquake of October 17, 1989: American Geophysical
Union, EOS, v. 71, p. 290, (Clark a co-author).

Kendrick, K.J., Harrison, J.B.S., McFadden, L.D., and Weldon,

R.J., 1990, An evaluation of a non-linear diffusion model
for determining the rate of scarp degradation in Cajon Pass,
southern cCalifornia (abs.): 1990 Mojave Desert Research
Symposium, San Bernardino, California, in press.
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TECTONICS OF CENTRAL AND NORTHERN CALIFORNIA
9910-01290

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

Investigations
Preparation and revision of manuscripts pertaining to the geology

and tectonic of northern California and southwestern Oregon.

Results

The writing of a report describing the geology and tectonic
development of the Klamath Mountains and adjacent regions contin-
ued during the report period and is planned for publication in
the USGS Bulletin series. The Klamath Mountains province is of
particular interest because it consists of an unusually large
number and variety of accretionary terranes, and it documents a
long history of tectonic development of the Pacific coastal
region of North America. A geologic compilation of the Klamath
Mountains province at a scale of 1:500,000 was revised and up-
dates following review by the Geologic Map Editor and was ap-
proved for publication as a USGS I-series map. A review of
paleomagnetic results from the Klamath Mountains, Blue Mountains,
and Sierra Nevada, cocauthored with E.A. Mankinen, was revised
following technical and editorial review and is to be published
in a symposium volume on Paleozoic and Early Mesozoic paleogeog-
raphy.

Reports
Irwin, W.P., 1989, Cryptic tectonic domains of the Klamath Moun-

tains, California and Oregon, in A.M. Johnson, C.W. Burnham,
C.R. Allen,, and M. Muehlberger, eds., Richard H. Jahns
Memorial Volume: Engineering Geology, v. 27, nos. 1-4,

p. 433-448.

Irwin, W.P., in press, Geologic map of the Klamath Mountains,
California and Oregon: U.S. Geological Survey, Miscellane-
ous Investigations Map I-2148, scale 1:500,000.

Mankinen, E.A., and Irwin, W.P., in press, Review of paleomagnet-
ic data from the Klamath Mountains, Blue Mountains, and
Sierra Nevada: Implications for paleogeographic reconstruc-
tions, in D.S. Harwood and M.M. Miller, eds., Paleozoic and
Early Mesozoic palecgeography of the Klamath Mountains,
Sierra Nevada, and related terranes: Geological Society of
America, Special paper 255.
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Very Precise Dating of Prehistoric Earthquakes in California
using Tree-Ring Analysis

14-08-001G1329
EAR88-05058

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

A. SAN FRANCISCO BAY REGION (San Andrcas fault)

From Fort Ross to near Point Arcna, the San Andreas fault zone trends
through open terrain and some extensive forests of coast redwood [Sequoia
sempervirens (D. Don) Endl.]. A recent cxcavation-paleoseismic study of this
region (Prentice, 1988) concluded that therc werc a minimum of five or six
earthquakes in the last 2,000 years. The 1906 event produced 5 meters of slip at the
excavation site and evidence from the offsct of a buried channel indicated a slip
rate of about 25 mm. per year (Prentice, 1988a). If there were a relatively
consistent slip rate, 200 years would be cnough to accumulate another 5 meters of
potential release. This information cncourages us to believe that we should have
at least one, and very probably two, large cvents within the lifetime of the oldest
trees we have found along the fault in the area. These estimated time intervals
make this area very promising for application of tree-ring methods to
paleoseismology.

We have found a redwood over 1,400 ycars in age and over 500 years is not
unusual. Dating of coast redwoods is very difficult, especially near the base where
the trunks are buttressed and irregular in form. Although most old growth
redwoods have been cut in this arca, the decay resistance of redwood has kept the
stump wood in excellent condition since the logging days. The dating problem is
being overcome in two ways. First, we are in the process of developing a master
chronology from the same species sampled in the next major valley inland, away
from the effects of coastal fog, where the growth rings tend to be more consistent
and easier to crossdate. Analyses thus far indicate that the coastal trees do
crossdate with the trees from the inland site. Sccond, our studies show crossdating
between redwood and Douglas fir [Pseudotsuga menziesii (Mirb.) Franco] from the
same area. Douglas fir have much better circuit uniformity and are readily
dateable. With the kind permission of Mr. Larry Mailliard we have also sampled
cross sections and cores of redwood and Douglas fir from the Mailliard Ranch,
about 30 miles east of the coast. The inland redwood and the Douglas fir are
serving as guides to the dating of the coastal samples from along the fault. We
have already established crossdating in both cases and are making good progress
in developing a basis for dating the old-aged stump samples from along the fault.
We now have an absolutely-dated redwood chronology dating back to the late
1400's. Unpublished coastal redwood data from Schulman (1936) and ring-width
data from other species in the northern California region are all being used to
establish a network of crossdating rclationships throughout the region.

The fault zone location was logged around 1900 but many stumps are intact
today. From fire and decay of the sapwood, outer rings are gone but the remaining
heartwood is solid in many of the stumps. We cored over 15 stumps and obtained
ring counts of more than 500 annual rings in several of them. Adding the
approximately 100 ycars accounting for dccay and the logging date, we can expect
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to be obtaining information for the past 600 or 700 years. Sections were cut from
several stumps but many more remain to be sampled. We traced the fault zone for
two and one-half miles and noted many more sampling opportunities on or near
the fault. There are several sag ponds and small linear scarps that delineate the
fault zone. It is not a single continuous trace, thcre are subparallel traces and
offset between traces. At one location there is an offset creek, a well-defined fault
zone, and large redwood stumps on the immediate sides of the fault. This offset is
about 10 meters and therefore must have been displaced by at least one other
event in addition to the 1906 event. Dr. C. Prentice of the U.S.G.S. has aided us in
locating the fault trace and making geological evaluations of the sample sites.

B. CASCADIA SUBDUCTION ZONE (CSZ)

The Late Holocene sediments along the margin of Humboldt Bay and the
floodplain of Salmon and Little Salmon Crecks have been displaced by the Little
Salmon Creek fault. Trenches across the fault at Little Salmon Creek have shown
evidence of multiple slip events bracketed by periodic deposition of well stratified
floodplain sediments during the late Holocene (Carver and Burke 1987a & b). The
trench studies show that the west trace of the Little Salmon fault has experienced
at least 33 meters of slip during the last 6200 ycars, and indicates the most recent
event occurred more recently than 415 +70 RYBP (Carver and Burke 1987a & b).
The rate of fault displacement for the last 6,200 years corresponds well with the
rate of sedimentation and scarp morphology measured at the site. The very
youthful geomorphic expression of the fault, including numerous fault-line
landslides, disrupted stream profiles, and mole-track scarps in late Holocene bay
marginal marsh sediments support the radiocarbon dating of the last event as
being less than 415 years B.P. The fault itself can be traced through formerly
forested lands in the area.

Our sampling along the Little Salmon Creek fault itself produced a number
of old-aged samples for processing. The oldest samples found thus far are
exclusively redwood. All of the living Douglas fir and Grand fir [Abies grandis
(Dougl. ex D. Don) Lindl.] encountered along the fault zone were too young (less
than 150 years) to be of much use for our purposcs. Old-aged redwood samples
were obtained from two arcas. Both arcas were previously logged, most likely
around the turn of the century, and the areas subsequently burned either
naturally or deliberately. Considerable amounts of wood have been burned or lost
from decay on the outer portions of some stumps. Some of the samples have 300 to
over 500 annual rings and a few exhibit obvious trauma from disturbance and/or
fire. With logging believed to have taken place around 1900, we can study a tree-
ring record extending back about 400 to 600 years. Thus we have old trees along
the fault that certainly extend back well past the estimated date of the most recent
prehistoric event dated by carbon-14. Our sampling along the fault thus far has
primarily been achieved using standard 5mm diameter corers. Although the fault
sometimes can be traced in this area by geomorphology, only soil differences
reveal its location at other sites. The soils in certain locations are distinct enough
to mark the fault trace to within a meter.

We obtained tree sections from timber companies in the area in
collaboration with Dr. G. Carver of the Geology Department of California State
University at Humboldt. With the cooperation with the National Park Service, we
sampled Grand fir and Douglas fir in Rcdwood National Park. That chronology
extends back to the 1750's and crossdates with Schulman's redwood data. The
successful crossdating of fir with rcdwood demonstrates that this fir chronology
will be useful in dating the redwood samplcs with potentially 150 years of overlap
with trees cut down around 1900. We also have developed a chronology based on
Douglas fir from a timber operation that extends back to the early 1400's. This
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Douglas fir chronology is from north of the Little Salmon Creek area. Whole
sections were obtained from five old-aged trees and provide us with a good
reference chronology to crossdate with our fault zone trees. With the above tree-
ring data we are now ready to start dating the cores and other samples from the
fault zone. We will compare the dating from the Little Salmon Creck fault region
with the trees from the Gualala block zone as a means of cross-verification.

One intriguing result from our studies in this region is from Catfish Lake,
north of the Little Salmon Creek and slightly east of the actual fault. The lake
formed as a result of a large, prehistoric landslide in the hanging wall of the
fault. The lake contains many submerged stumps of old trees. These trees were
obviously killed as a result of the submergence, and dating the outer ring of each
tree would effectively date the landslidc. Assigning seismic origin to a landslide in
the steep-sloped and rain-soaked coastal ranges of California is not justified
unless there is some corroborative evidence. The large size of the landslide and its
location relative to the fault allow for a seismic origin but we need confirmation
from the fault zone trees or other sources before we can make any definitive
interpretation. Dating the creation of the lake may merely date a geohazard event.
Crossdating with other tree-ring data showed the most recent outermost ring is
1741. There is some loss of outer rings duc to decay but judging from the
configuration of the trunks sampled there are probably not many rings lost. We
would estimate the event as occurring within a few years after 1741. Until there is
other corroborative information, the date of 1741 must only be considered as the
carliest date for a significant landslide event. It is considerably younger than the
415 yr. limit from Carver (1987). We will try to obtain samples with either bark or
the outer rings present to enable us to absolutely date the year of the event.

We may precisely date at least the most rccent large earthquake on the
Little Salmon fault. We have a minimum age for a hazardous landslide. Dates from
this region may be especially significant in comparison with dates for other
possible paleosecismic events on thec Washington and Oregon coast (Grant et al.
1989). The more recent carbon-14 dates from Grant et al. (1989) and tree-ring
dates from Yamaguchi et al. (1989) show differences in dating of possible
subsidence events in the CSZ. Problems in carbon-14 dating of young material
from organically-active environments may partly account for some of the age
discrepancies. As noted by Grant ct al. (1989), carthquake hypotheses for the
region can presently range from single 700 km events to smaller events
distributed throughout several centuries. The convergence of dates indicating
major events and the isolation of individual cvents related to the Cascadia
Subduction Zone will all be important in assessing the seismic behavior and
earthquake hazard potential.

Acknowledgement: This research was also supported by the Seismology Program
of the Earth Scicnces Division of NSF, Grant EAR88-05058
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Coastal Tectonics

9910-01623
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Branch of Engineering Seismology and Geology
345 Middlefield Road, M/S 977
Menlo Park, California 94025
(415) 329-5641/5747

Investigations

1. Post-earthquake studies, Loma Prieta earthquake

2. ESR dating
Results

1. Loma Prieta Earthquake:

A. Surface Fractures: Field investigations immediately after the
earthquake revealed that there were no primary surface fractures along
the segment of the San Andreas fault that ruptured. However, there were
many secondary surface fractures, especially in the Summit Road area.
Many of these fractures apparently resulted from bedding-plane faulting
within the folded Tertiary strata that underlie the area. Faulting
within weak beds probably coincided with tectonic uplift and extension
of the hanging-wall block, ridge-top spreading due to strong shaking, or
both. Fractures commonly occur in laterally continuous NW-trending
zones and have consistent displacement vectors, an observation
suggesting that they are not related to near-surface slope failure.
Most fractures are closely aligned to the strike of bedding, even in
structural domains where bedding deviates from the overall trend. For
some fracture sets, displacement vectors 1lie very close to bedding
planes, and most of the fractures show downdip movement.

Most cracks are extensional, with a subordinate component of vertical
displacement. Nearly two-thirds of the fractures have a component of
left slip, whereas most of the rest exhibit right-lateral displacement;
only 5% of measured cracks show pure extension. Physical models may
explain sinistral lateral motion as due to anomalous shear stresses at
the north end of the deep-seated rupture. However, lateral motion (both
left and right slip) of most fractures can be adequately explained by
considering the individual fracture orientations with respect to local
bedding and topography.

Two diffeyent models can describe the sense of lateral movement on the
fractures. In the first, pure dip-slip faulting occurs on underlying
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bedding planes. Lateral motion results if a crack trend deviates
somewhat from the strike of bedding as it propagates through the
overlying colluvium. If the deviation is in a clockwise sense, left-
lateral displacement occurs on the surface fracture; counterclockwise
deviations result in right-lateral displacements. This model predicts
the proper sense of displacement for more than 60% of the fractures
studied. The other model assumes that displacements are controlled only
the local slope direction; lateral components of motion occur where
fractures are oblique to the local slope. This model explains most
observed lateral displacements on fractures with downslope displacement
vectors. A combination of dip-slip faulting on bedding planes and
downslope motion is probably all that is required to explain the
orientation and sense of slip on surface ruptures in the Summit Road-
Skyland Ridge area.

B. Liquefaction: In the San Francisco Bay area, where the water table
is artificially depressed beneath most low-lying alluvial areas,
liquefaction and associated ground failure occurred only in land fills
that consist of hydraulically emplaced sand, such as those underlying
the Marina District in San Francisco and the Alameda Naval Air Station
in Alameda. A1l of these fills 1ie within the bay and are, therefore,
water saturated. There 1is no surficial evidence that 1liquefaction
occurred in alluvium, estuarine mud, or in land fills composed of
hydraulically emplaced silt within the bay, such as those underlying
Foster City and Redwood Shores in San Mateo County. All of the fills
that liquefied 1ie 1in the central part of the Bay, between the Golden
Gate and the San Mateo bridges, where there are extensive latest
Quaternary sand deposits from which the fill was dredged. In the
eastern part of the bay, along the shores of Oakland and Alameda, the
source of the dredged fill was late Pleistocene Merrit sand and Holocene
estuarine sand that was most Tlikely reworked from the Merrit sand.
Where the Merrit sand, a dune deposit that was largely submerged by the
early Holocene rise in sea level, occurs above sea level it forms the
low-1lying areas of west Oakland, Alameda, and Bay Farm island. There is
no evidence that undisturbed Merrit sand 1liquefied during the
earthquake, suggesting that this loosely consolidated deposit had been
compacted by shaking during many previous earthquakes. In the western
part of the bay, along the northern and eastern shores of the San
Francisco peninsula, the source of the dredged fill was most Tikely late
Holocene 1littoral and estuarine sand most 1likely reworked from older
dune deposits.

The most conspicuous surface manifests of the liquefaction that occurred
during the earthquake were sand-blown deposits (mostly along the margins
of and through cracks in large pavements), ground cracks (mostly in
pavements), differential settlement (most beneath large pavements and
residential buildings), and Tlateral spreads (mostly of earth-filled
dikes). Liquefaction probably occurred in most water-saturated sand
fills, but ground failure resulted mainly where the overburden loads of
broad concrete and asphalt pavements and foundations increased fluid
pressures sufficiently to produce vertical and lateral sand flows.
However, in a few places, such as the 0Oakland International Airport,
sand blows erupted in open areas away from pavements or building
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foundations.

2. Digitized and integrated ESR spectra provide more systematic results
than the raw ESR data.

TL dosimeters at twelve sites along the California coast indicate that
dose rates of gamma radiation (the source of most lattice damage in
fossil carbonates) strongly reflect bedrock 1ithology (relatively high
rates are associated with volcanic and plutonic rocks and low rates are
associated with sedimentary rocks). These results indicate that dose
rates will have to be measured at each fossil locality used for dating
deformed marine strandlines.
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TEMPORAL AND SPATIAL PATTERNS OF LATE QUATERNARY FAULTING,
WESTERN UNITED STATES

NEW PROJECT

MICHAEL N. MACHETTE
Branch of Geologic Risk Assessment
U.S. Geological Survey, Box 25046, MS 966
Denver, Colorado 80225
(303) 236-1243

PURPOSE OF PROJECT

To define regional variations in the time-space partitioning of paleoseismic activity in the late Quaternary as a guide
to understanding how strain accumulates and is released on faults in the Western United States. This project will
serve as an umbrella for diverse but interrelated aspects of paleoseismicity in the western U.S. We will study
selected faults that are critical to interpreting the paleoseismology and neotectonics in regions of active faulting. Our
research will apply paleoseismologic studies to important problems at three different scales: (1) refine methodolo-
gies for dating fault movements that are applicable to a wide variety of tectonic problems and areas, (2) examine the
long-term behavior and interaction of faults in a broad region (~20,000 km?) that are exposed to the same regional
stress field, (3) study the time-space distribution of strain accumulation and release in the upper crust on a regional
(province-wide) scale.

INVESTIGATIONS

1. Bucknam, Machette, and Crone began analysis of data associated with Holocene faulting along the east flank of
the Fish Springs Range in western Utah for which we have a set of high-quality scarp-morphology data.

2. Bucknam continued photographic monitoring of the natural (short-term) degradation of the 1983 Borah Peak
fault scarps using precision close-range photogrammetry that was initiated in 1985. The continuation of this repeat
photography will help quantify the rates and better understand the processes that contribute to the initial degradation
of fault scarps.

3. Bucknam and Haller are completing work related to IGCP Project 206. They have partly revised the field trip
guide (USGS Open-File Report 89-528) for submission as a USGS Bulletin. As editor, Bucknam has been ramrod-
ding publication of tectonic atlas entitled "Geological Nature of Active Faults,"” a product of International Geologic
Correlation Program (IGCP) Project 206 (Characteristics of active faults worldwide). The atlas is scheduled to be
published by Cambridge University Press in 1992.

4. Crone and Haller (in collaboration with D.P, Schwartz, USGS, Menlo Park, CA) logged two trenches across the
Lost River fault, Idaho, at the southeastern end of the Mackay segment.

5. Haller and Machette have started compiling a digital database of Quaternary faults in the Western United States;
the first priority is to assemble data for a neotectonic transect of the northern Basin and Range province from the
Wasatch fault zone (Provo, Utah area) to the Sierra Nevada frontal fault zone (Reno, Nevada area). This project is
planned as an informal coop with personnel of the Nevada Bureau of Mines (John Bell and associates) and the Center
for Neotectonics (Steve Wesnousky and associates). This aspect of the project will contribute to a broader compil-
ation of neotectonics data, particularly Quaternary faulting data, for a large portion of the Western United States.

6. Bucknam, Haller, and Machette assisted in field investigations of surface deformation caused by the 1989 Loma
Prieta, Califomnia earthquake.

7. Crone and Machette began preparation for their study of Australian Intraplate earthquakes as part of a USGS
Gilbert Fellowship (FY 90/91). Field work is currently scheduled for July-September, 1990,
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RESULTS

1. During earlier studies of Quaternary faulting in the Basin and Range province, Bucknam collected a high-quality
data set on the morphology of the Fish Springs fault scarps. The utility of this data set was limited by the lack of
information on the age of the scarps. In 1987, we obtained a well-constrained radiocarbon age from a sample col-
lected during our trenching studies of the scarps. This radiocarbon sample indicates that the Fish Springs fault scarps
are about 2,000 years old. This radiocarbon age now allows the morphologic data set to be used as a critically needed
calibration point for morphometric analyses and theoretical models of scarp degradation that have been used for esti-
mating the age of fault scarps the Western United States. In October, Bucknam and Machette completed field check-
ing of surficial geologic mapping (1:24,000 scale) along the Fish Springs fault. As part of this mapping effort and
field studies in Idaho (described in section 7), we conducted a one month training session on modern paleoseismo-
logic techniques for Mr. Muhammed Muminullah (Geological Survey of Bangladesh). Crone's preliminary interpre-
tations of the faulting events recorded in two trenches along the Fish Springs fault indicate a complex history of
latest Pleistocene and Holocene surface faulting. Our favored interpretation of events recorded in the trenches indi-
cates that Lake Bonneville may have had a major influence on the temporal distribution of surface-rupturing
earthquakes on this fault during the latest Quaternary.

2. Analysis of digital elevation models of the Borah Peak, Idaho, fault scarp using an interactive surface-modeling
program (ISM) maintained by the Branch of Petroleum Geology is providing a convenient means of measuring the
geomorphic changes of the scarp that occur with time. The digital elevation models are derived from close-range
photographs of the scarp taken with a calibrated mapping camera. Coordinates of points on the scarp have been digi-
tized on a 10-cm grid by Jeff Coe and Gayle Culler (USGS Photogrammetic Laboratory) using a Kern DSR1 analyt-
ical plotter. Data is written to magnetic tape in a format directly readable by the ISM program.

John Michael and Bob Bucknam have used these data to compute the
volumes of material removed from a section of the scarp face between
successive surveys and, from this, calculated average rates of scarp retreat.

Date of  Average Retreat

Values determined between 1985 and 1989 are shown in the right-hand Survey (mm)
column. The methods used for collecting and analyzing the data appear to 10/85

provide a reliable means of defining the changes occuring in morphology of 05/85 42
the scarp against which possible variables, such as annual variations in local 09/86 5
climate, can be evaluated. Variation in annual precipitation, paricularly that 06/87 4
occurring in the late spring, is suspected to be an important variable. 04/88 4
Except for the period of earliest surveys, the local climate has been 10/89 1

dominated by unusually dry conditions. Thus, a greater variety of precip-
itation values will be needed to test this hypothesis.

3. Continued editing manuscript on "Examples of active faults in the Western United States--A field guide.”
Bucknam and Haller will publish this comprehensive field guide (prepared for IGCP Project 206 Field Trip in July,
1989) as a USGS Bulletin. The field guide includes a 3000-km-long road log from San Francisco, CA to Salt Lake
City, UT (via southern California), and narratives and site descriptions of the San Andreas and Garlock faults, the
Sierra Nevada frontal (eastern) fault zone, and a selected faults across the Basin and Range province.

4. The trenches on the Mackay segment were excavated in alluvial gravel believed to have been deposited during the
Bull-Lake glaciation (ending about 140 ka). Stratigraphic relations in the trenches indicate three surface-faulting
events on this segment of the Lost River fault since deposition of the gravel. The most recent faulting event dis-
places Mazama ash (about 6,800 yr old). A pending radiocarbon date will establish a minimum age for this event.
The next older event is believed to be latest Pleistocene in age on the basis of the faulting history interpreted from a
trench at the northwestern end of this segment. The age of the oldest event is only known to be younger than 140
ka.

5. We have defined the limits of our neotectonic transect as the corridor between 39° and 41°N. and 111° and
120°W. This east-west strip allows us to build upon the Wasatch fault zone study and 1°x2° quadrangle mapping in
Utah by BGRA personnel (Anderson, Barnhard, Bucknam, Machette, Nelson and Personius). Thus, our main con-
cern for assembling a systematic fault data base is with Nevada; however, previous mapping by Barnhard (Elko
1°x2°), Wallace (Winnemuca 1°x2°), and Bell (Reno 1°x2°) can be used without major modifications. This leaves the
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Ely, Lovelock, and Millett 1°x2° quadrangles as our main mapping objectives. During the first 6 months of the pro-
ject, we have performed a search of literature on Quaternary basin-range faulting, obtained some aerial photography
and topographic maps, and created a reference database using EndNote. In addition, Bucknam (in association with
Paul Thenhaus) has digitized and updated the map of Quaternary faults in the Western United States (Nakata,
Wentworth, and Machette; USGS Open-File Report 82-579) as part of our regional database.
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Latest Quaternary Surface Faulting in the Northern
Wasatch to Teton Corridor (NWTC)
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Investigations

1.

Trenching of late Quaternary fault scarps on the eastern Bear Lake, western
Bear Lake (Utah and Idaho) and southern Star Valley faults (Wyoming).

Radiocarbon dating of the latest two to three surface-faulting earthquakes
on these faults.

Results

astern Bear Lake fault -- the eastern Bear Lake fault is marked by a
narrow zone of range-bounding fault scarps up to 30 m high. Based on
stepovers and morphologic features of scarps, I postulate that three
segments exist: the southern segment from Laketown, UT to the NE corner
of Bear Lake (32 km), the central segment from Bear Lake to Montpelier,
ID (26 km), and the northern segment north of Montpelier (at least 20 km).

- six radiocarbon ages were received from two trenches excavated across
9 m- and 14 m-high fault scarps on the southern segment. Logs of these
trenches, with locations of samples, were included in the previous NEHRP
Summary (McCalpin, 1990). Ages indicate that about 10 m of vertical fault
displacement has occurred since 12.7 ka. The most recent event occurred
about 2.1 ka, but slip per event is unknown.

TABLE 1

Radiocarbon Dates From The Eastern Bear Lake Fault, Southern Segment

Trench Sample No. Lab. No. Radiocarbon Age Significance

(yr. BP)

eastern JM89-20
western JM89-08
" JM89-11
! JM89-13
natural JM89-01
exposures JM89-21

12,780+140

9150+110
213080
580+70
9100+90

12,700%130

predates latest two events
predates latest two events
closely dates latest event
post-dates latest event

predates latest two events
predates latest two events

Western Bear Lake fault zone -- the western side of the Bear Lake graben
is marked by a 3 km-wide zone of Tow horsts and grabens which displace the
late Pleistocene/Holocene(?) lake floor. This wide zone of distributed
Quaternary faulting was first identified in October, 1989, by V.S.
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Khromovskikh (Institute of the Earth's Crust, USSR) while collaborating
on this project. We interpret the zone as the surface expression of a
complexly-faulted hingeline on the margin of an asymmetric graben.

- two trenches across 2.0-3.5 m-high fault scarps revealed faulted
monoclines with displacements of about 1.6-2.0 m which we believe resulted
from a single event. Larger scarps (up to 8 m high) exist on the western
Bear Lake fault zone, and may be due to recurrent late Quaternary faulting
or to shoreline modification. Four radiocarbon dates bracket the latest
episode of faulting between 5.9 and 6.5 ka.

TABLE 2

Radiocarbon Dates From the Western Bear Lake Fault at Bloomington, ID

Trench Sample No. Lab. No. Radiocarbon Age Significance
{yr. BP)
BLS BLS-1 @-36674 5900+80 closely dates latest event
BLS-2 @-36675 1890+70 post-dates latest event
BLS-Aug. 1 @-36676 11,240+90 greatly pre-dates Tlatest event
BLS-Aug. 2 ©-36677 6530+90 closely dates latest event
3. Star Valley fault -- Two or more trenches will be excavated near Afton,

Wyoming in May 1990 across 11-12 m-high scarps which displace late
Pleistocene alluvium.

4. Regional Tectonics of the NWTC
A comparison of the total Neogene throw with the late Quaternary slip on
the major faults of the NWTC shows that faults are slipping in a non-
uniform manner. Total Neogene throw estimates range from 3.4 km to 5.0
km, while late Quaternary (within last 12-15 ka) vertical slip rates range
from 0.27 m/ka to 2.2 m/ka. The late Quaternary slip rates are greatest
at the ends of the NWTC and smallest in the center (Fig. 1).

Extension
This contract was granted a 6-month no cost extension (until August 31,
1990) to allow trenching of the Star Valley fault in summer of 1990.

Reports

McCaTpin, James, 1990, Latest Quaternary faulting in the northern Wasatch to
Teton corridor (NWTC), in Jacobson, M.L. (comp.), Summaries of TEchnical
Reports, vol. XXXIX, U.S. Geol. Survey Open-File Report 90-54, p. 140-143.

McCalpin, James, Zhang, Liren and Khromovskikh, V.S., in press, Quaternary

faulting in the Bear Lake graben, Idaho and Utah: Geol. Soc. of America,
Abstracts with Programs, v. 22, no. 5.
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Figure 1. Diagram comparing the late Quaternary vertical slip rate within the last
12-15 ka (based primarily on fault scarp heights) to the total Neogene structural
relief, for each of the major faults of the NWTC. Neogene vertical slip is estimated
by combining the maximum depth of Neogene basin fill with the present maximum elev-
ation of the mountain block above the valley floor; as such it does not include
elevation removed from the mountain block by Neogene erosion. The low apparent

late Quaternary slip rates of the central three faults are not compatible with the
large amounts of Neogene structural relief. Several hypotheses exist to explain

the disparity between late Quaternary and Neogene slip rates among the five faults:
1) long term rates are all similar, apparent differences in late Quaternary rates
arise only from a short sampling period, 2)basins began forming at different times,
or 3) during the late Quaternary slip rates on the central three faults have lagged
behind the regionally-required slip, thus building up a '"slip deficit" in the
central NWTC.
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ACTIVE MARGIN TECTONICS, PACIFIC NORTHWEST REGION
9910-04492

P. A. McCrory

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

I tigati

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

Results

1. FY90 research focuses on tectonically deformed sediments exposed along
the coast of the Quinault Indian Reservation, Washington. Preliminary
stratigraphy has been constructed for three key sedimentary sequences
within the Quinault Formation: the Point Grenville, Taholah, and Duck
Creek sections. The next task will be to determine the age of these
sequences so as to understand the rates at which the sedimentary units
are being compressed and tilted.

2. The last set of rock samples collected in FY89 are being processed for
analyses of age and uplift data.

3. Analyses of rock samples collected in FY89 for age and uplift data are
in progress.

Reports

None this reporting period.
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Post Earthquake Investigatiorns
9910-04428

Robert J. MecLaughlin
Branch of Westerr Regioral Geology
U.S. Geological Survey
345 Middlefield Road, MS 975
Merlo Park, California 94025
(415) 329-4945

For the last two years, geologic mappirg ir five 7.5 mirute quadrangles
has beer corducted for the Natioral Mappirg Program, San Jose 1:100,000
sheet. These quadrangles straddle the San Ardreas fault zore in the south San
Frarcisco Bay region, ir additior to poorly understood active thrust and
reverse faults east of the San Andreas fault (the Sargent-Berrocal and Sharnon
fault systems). The quadrangles urder investigation irclude Loma Prieta,
Laurel, Los Gatos, Santa Teresa Hills, and Mourt Madonna 7.5' quadrarngles. On
October 17, 1989, a magnitude 7.5 earthquake occurred off the Sar Andreas
fault at a depth betweer 17 and 18 km; the epicenter was ir the Laurel
Quadrangle. Aftershock distributions and on-going field investigatiors
following the earthquake indicate that the fault along which this event
occurred did not rupture the surface, but that the rupture propagated up and
rortheastward to withir a few kilometers of the surface bereath the Sargent
fault. This blird thrust has a southwest dip of 60°-70°, based on aftershock
depth distributions.

The present purpose of this mapping project is to focus on producirg
upgraded geologic maps ard structure sections of the region of the Loma Prieta
earthquake of October 17, 1989, which accurately depict the structure and
stratigraphy of the region. In particular these maps should be important in
determiring the inter-relationships between the bedrock San Andreas fault,
active reverse faults to the northeast, 1906 breaks along the San Ardreas
fault, and surface deformation which occurred in this regior on October 17,
1989, We also are interested in determining the relationship of the rocks
rortheast of the Sar Andreas fault in this area, to possibly off'set rocks east
of the Calaveras-San Andreas fault zone in the southerr Diablo Range.

We have so far published Loma Prieta (1988), and Laurel (1989)
quadrargles as open-file maps and hope to complete Los Gatos Quadrargle in
1990. We also are ir the process of digitizirg these maps so that they may be
published in the GQ or I-series as colored USGS maps.
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STRUCTURAL FRAMEWORK OF THE PENINSULAR RANGES
9540-04040
Branch of Western Regional Geology
U.S. Geological Survey
University of California
Riverside, California 92521
(714) 276-6397

Investigations:

The project goal is to understand the geologic history of
the northern part of the Peninsular Ranges Province and its in-
teraction with the Transverse Ranges Province to the north with
emphasis on the Neogene tectonic history. Field mapping was
continued in the northern Perris Block and adjacent fault zone
areas of the Peninsular Ranges. Morphometric measurements, at
a scale of 1:24,000, were made on 10 fluvial basins which ex-
tend northeast from the Claremont fault into the San Timoteo
Badlands. The Claremont fault is the sole active strand of the
San Jacinto fault zone in this area northwest of the San
Jacinto Valley.

Results:

Linear and areal parameters for the 10 fluvial basins lo-
cated in the San Timoteo Badlands increase linearly from north-
west to southeast along the Claremont fault. The area of the
measured basins increases from 0.4 km* to 5.7 km* over a 8 km
distance along the Claremont fault. The corresponding increase
in length of the trunk streams is 1.3 to 6.8 km. These changes
have shifted the crest of the badlands 0.5 km to 4.7 km east of
the Claremont fault. Linear changes in basin lengths, areas,
and trunk stream lengths suggest a constant rate of geomorphic
development. The linear change of basin parameters with dis-
tance along the Claremont fault is most simply explained if the
long-term slip rate for this part of the San Jacinto fault zone
has also been constant.

Reports:

Morton, D. M. and Kennedy, M. P., 1989, A southern Cali-
fornia digital 1:100,000 scale geologic map series: The San Ana
Quadrangle, the first release: Geological Society of America
Abstracts with Programs, v. 21, no. 6, p. AlO7.

Morton, D. M., Sadler, P. M., and Matti, J. C., 1990,
Constant watershed growth and fault offset in the San Timoteo
Badlands, southern California: Geological Society of America
Abstracts with Programs, v. 22, no. 3, p. 70ty
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DETECTION OF BLIND THRUSTS IN THE WESTERN TRANSVERSE RANGES AND
SOUTHERN COAST RANGES

14-08-0001-G1687
Jay Namson and Thomas L. Davis

DAVIS AND NAMSON
CONSULTING GEOLOGISTS
1545 NORTH VERDUGO ROAD, SUITE 105
GLENDALE, CA 91208
(818) 507-6650

I. Objectives

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

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

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

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

ITII. Results

A. A series of 9 cross sections and restorations across the
western Transverse Ranges and southern Coast Ranges have been
completed (Figures 1 and 2). The cross sections identify the
major late Cenozic anticlinoria which are interpreted to be
caused by thrust faults (mostly concealed). The interpretations
provide an estimate of slip on thrust faults as well as the
regional shortening west of the San Andreas fault. The slip
and shortening estimates are being integrated on maps to
further understand the distribution of fault slip, slip rates,
shortening and shortening rates in the region. Based on
numerous geologic relationships, region-wide shortening began
at ~2.0-4.0 Ma and is used to calculate the convergence rates
below. The status of these cross sections are as follows:

1. Cross section 1 through the southern Coast Ranges near
San Luis Obispo has been completed and accepted for
publication (Namson and Davis, 1990). The cross section has
26.8 km of shortening from the edge of the continental
margin to the San Andreas fault and yields a late Pliocene
to Quaternary convergence rate of 13.4-6.7 mm/yr.

2. Cross section 2 extends across the western edge of the
onshore Santa Maria basin and has been accepted for
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Quaternary convergence across the onshore Santa Maria basin
is 9.2 km and the convergence rate is 4.6-2.3 mm/yr.

3. Cross section 3 extends from the western Santa Barbara
Channel near Point Conception to the San Andreas fault. The
cross section and restoration are completed and indicate
30.4 km of late Pliocene and Quaternary convergence and a
convergence rate of 15.2-7.6 mm/yr

4. Cross section 4 extends from the central Santa Barbara
Channel to the San Andreas fault (Figure 3). The cross
section and restoration are completed and indicate 57.1 km
of late Pliocene and Quaternary convergence and a
convergence rate of 28.6-14.3 mm/yr. These are the highest
values for convergence and convergence rates in the western
Transverse Ranges and could indicate this area is at the
highest risk to moderate to large compressive earthquakes.
The Santa Ynez Range anticlinorium and Coal 0il Point
anticline are the southernmost structures on the transect
and are caused by motion on the San Cayetano thrust which is
shown as an active blind thrust beneath the cities of Goleta
and Santa Barbara (Figure 3). The cross section also
illustrates the thrust belt structural style of the area.

5. Cross section 5 extends from the eastern edge of the
Santa Barbara Channel to the Big Pine fault and is a
modified version of a previously published cross section
(Namson, 1987). The interpretation shows 31.5 km of late
Pliocene and Quaternary convergence and convergence rates of
15.7-7.8 mm/yr.

6. Cross section 6 extends from the coastline along the
southwestern edge of the Santa Monica Mountains to the San
Andreas fault. The cross section and restoration have been
completed and indicate 33.2 km of late Pliocene and
Quaternary convergence and a convergence rate of 16.6-8.3
mm/yr

7. Cross section 7 extends across the Ventura basin near
the town of Filmore. The cross section and restoration have
been completed and indicate 28.0 km of late Pliocene and
Quaternary convergence and a convergence late of 14.0-7.0
mm/yr.

8. Cross section 8 extends from the coast near Santa Monica
to the San Gabriel fault. The cross section and restoration
have been completed and indicate 13.3 km of late Pliocene
and Quaternary convergence and a convergence late of 6.7-3.3
mm/yr.

9. Cross section 9 extends offshore near Palos Verdes to

the San Andreas fault and has been published (Davis et al.,
1989). The cross section has 21.4-29.7 km of late Pliocene
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and Quaternary convergence and a convergence rate of 3.8-
13.5 mm/yr.

Published Papers 1989/90

1. Namson, J. and Davis, T.L., 1990, Late Cenozoic Fold and
Thrust Belt of the Southern Coast Ranges and Santa Maria
Basin, California: American Association of Petroleum
Geologists Bulletin, v.74, n. 4.

2. Davis, T.L., Namson, J., and R.F. Yerkes, 1989, A Cross
Section of the Los Angeles Area: Seismically Active Fold and
Thrust Belt, the 1987 Whittier Narrows Earthquake, and
Earthquake Hazard: Journal of Geophysical Research, v. 94,
p. 9644-9664.

3. Namson, J., and T. Davis, 1989, Reply on Structural
transect of the western Tranverse Ranges, Califronia:
Implications for lithospheric kinematics and seismic risk
evaluation: Geology, v. 17, p.670-671.

4, Namson, J., and T. Davis, 1989, Reply on Structural
transect of the western Tranverse Ranges, Califronia:
Implications for lithospheric kinematics and seismic risk
evaluation: Geology, v. 17, p.672-673.
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NORTHERN SAN ANDREAS FAULT SYSTEM: PALEOSEISMIC
AND SLIP RATE STUDIES IN NORTHERN AND CENTRAL
CALIFORNIA
9910-04483

CAROL PRENTICE

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

Investigations

1) Investigations of the San Andreas and related faults in northern
and central California to determine timing of prehistoric earthquakes
and average Quaternary slip rates. 2) Investigations of the Loma
Prieta earthquake.

Results

1) Studies of excavations at two sites are yielding paleoseismic data
for faults of the San Andreas system in northern and central
California: 1) on the Carrizo Plain along the San Andreas fault in
central California, and, 2) along the Maacama fault near Ukiah, CA.
An excavation site along the peninsular segment of the San Andreas
fault is being evaluated for paleoseismic and slip rate potential.
Results from the first two sites are summarized below:

An excavation across the San Andreas fault on the Carrizo Plain
in central California has yielded evidence for at least six earthquakes.
The most recent earthquake is known from historical records to
have occurred in 1857. The penultimate earthquake occurred after
the deposition of a unit with a corrected radiocarbon age of 1365 *
165 AD. The third event back occurred before the deposition of a
unit formed in 1190 + 80 AD. The ages of the earlier seismic events
will be constrained by the results of radiocarbon samples that are
now being processed.

The excavation at the City of Ten Thousand Buddhas, in
Talmage, near Ukiah, California, exposed a sequence of marsh, fluvial
and lacustrine deposits overlying a paleosol developed on Pleistocene
(?) gravel. The Maacama fault, clearly expressed in the older gravels,
has not caused any brittle deformation of the overlying Late
Holocene section. The section instead has been warped.across the
fault zone. Relations indicate that only one warping event has
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occurred. Results of radiocarbon dating will provide information on
the age of the Holocene section.

2) Investigations following the Loma Prieta earthquake of October,
1989, included mapping of ground fractures and study of the
historical record to compare the effects of the 1906 earthquake along
this segment of the San Andreas fault with the effects of the 1989
earthquake. In this region in 1906, as in 1989, many large ground
cracks opened up in the Summit Road and Skyland Ridge areas. No
surface rupture occurred along the San Andreas in 1989; it is not
possible to determine from the report documenting the effects of the
1906 earthquake whether of not surface rupture occurred along the
main trace of the San Andreas fault at that time. Left-lateral offset
was documented in 1906 near the Morrell ranch; a smaller amount of
left-lateral offset occurred on this same feature as a result of the
1989 earthquake.

Reports

Prentice, Carol S., and Sieh, Kerry E., 1989, A paleoseismic site along
the Carrizo segment of the San Andreas fault, central California:
[abs.] : EQ$, Trans Am. Geophys. Union, v. 70, n. 43, p.1349.

U.S.G.S. Staff (including C.S. Prentice), 1989, Preliminary map of
fractures formed in the Summit Road—Skyland Ridge area during
the Loma Prieta, California, earthquake of October 17, 1989:
U.S.G.S. Open-File Report 89-686.

Plafker and Galloway, eds., with contributions by U.S.G.S. Staff
(including C.S. Prentice), 1989, Lessons Learned from the Loma
Prieta, California, Earthquake of October 17, 1989: U.S. Geological
Survey Circular 1045.

U.S.G.S. Staff (including C.S. Prentice), 1990, The Loma Prieta,
California, Earthquake: an Anticipated Event: Science, v. 247, pp.
286-293.

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

4/90
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Determination of Slip Rates and Dating of Earthquakes for the
Imperial and Cerro Prieto Fault Zones,Northern Baja California
and Sonora, Mexico

14-08-0001-G1669

Thomas Rockwell
Andy Thomas
Dept. of Geological Sciences
San Diego State University
San Diego, CA 92182
(619) 594-4441

Objective: The primary purposes of this study are: 1) to date
earthquakes along the Imperial and Cerro Prieto faults, where
possible; and 2) to determine a slip rate across these two
faults. These data will further our understanding on the timing
of past earthquakes for two of the regions most prominent and
seismically active faults and help resolve how slip is
distributed in the southern San Andreas fault systemn.

Results: High ground water and agriculture have impeded
preliminary work on the Cerro Prieto fault so our work has
focused primarily on the Imperial fault. We excavated trenches

across the fault at Tamalipas (Cucapa) and at the International
Border. The proximity of the fault to buildings in Tamalipas
precluded further work there at this time. The border site
exposed the fault as a 2-4 m wide zone of rupture (consistent
with historical accounts of the 1940 rupture) in stratified
fluvial deposits. Work is now focusing on the resolution of slip
for different stratigraphic units.

We have also begun study of the south end of the Imperial fault
where the fault appears to express predominantly dip slip. Of
interest 1is substantial recent (post 1984) dip slip that has
occurred along the surface trace. Analysis of early aerial
photography flown after the 1934 Cerro Prieto earthquake and the
1940 Imperial earthquake indicate that the southern end of the
Imperial fault may have sustained surface rupture in both
earthquakes. The recent slip, however, appears to be creep and
may be either tectonic or induced by thermal well production in
the nearby Cerro Prieto field. Individual buildings, roads or
canals are vertically displaced by up to 30 cm, and a 50 cm high
scarp in alluvium is locally present.
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I.3

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

14-08-001-G1772

Eugene S. Schweig, III
Center for Earthquake Research and Information
Memphis State University
Memphis, TN 38152
(901) 678-2007

Objective:

Although the New Madrid seismic zone is the site of the greatest historical
earthquakes in eastern North America, the surface expression of the causative
fault(s) for these earthquakes has never been found. However, during a compre-
hensive remote sensing examination of the New Madrid seismic zone (Marple,
1989) a discontinuous linear feature was discovered that may be the surface expres-
sion of at least one of the coseismic faults of the New Madrid earthquakes of 1811
and 1812 (Figure 1). We now call this feature the Bootheel lineament. The objec-
tives of this study are to demonstrate that the lineament is indeed a fault, to charac-
terize it in terms of its length, geometry, and displacement, and to determine
whether or not it has ruptured prior to 1811.

Results to date:

We are currently mapping the Bootheel lineament in detail and have exca-
vated two trenches across it. Both trenches were in areas where the lineament is
well-defined by linear sand bodies (Figure 1). The first was southwest of Hayti, Mis-
souri. Here, the lineament is expressed as a shallow depression, with the area to the
northwest of the depression about 0.5 m lower in elevation that the area to the
southeast. A linear sand body runs along the depression. A portion of the trench
log is shown in Figure 2a. A dike of liquefied sand, dipping 30° to the northwest,
underlies the surface sand body. On the opposite side of the trench the dike is more
steeply dipping. The modern plow zone obscures any possible offset of the pre-1811-
12 ground surface. Also, the clayey sands into which the dike was intruded were
massive, thus there was no opportunity to see offset horizontal bedding.

The second trench site was west of Steele, Missouri (Figure 1). There was no
topographic expression of the lineament here, but again there was a well defined
linear sand body. We had determined through hand augering that this site had ver-
tical stratigraphic changes that would be useful in determining vertical offset. This
was borne out in the excavation. The portion of the trench log near the trace of the
lineament is shown in Figure 2b. Two nearly vertical dikes of sand are evident
about 6 m apart. The block between the dikes has been down-dropped about one
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The sites of the first two trenches are also shown.
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Plow and Spoil Zone

26 27 28 29 30 31 32 33 34

. Sandy clay, mottled, massive, very dark gray [10 YR 3/1]

Lio' efied sand, medium, mostly quartz, well rounded, well sorted, poorly consolidated,
it t yellowish~brown.[10YR6/4]

-2m

50

Figure 2:

T T
511 52 53 54 55 56 57m

Ligquefied sand, medium, mostly quartz, yellowish brown [10 yr 5/47
Clayey sand fining upward into clay, mottied, brown [10 yr 5/3}

Clay, gray {10 yr 5/1]

E@Edn

Medium sand, mottled yellowish~brown [10 yr 5/6]

Logs of portions of trenches across the Bootheel lineament (see Figure 1 for locations). A:
Trench site 1 southwest of Hayti, Missouri. The dike of sand underlies the trace of the
lineament as identified from aerial photographs. B: Trench site 2 west of Steele, Missouri.
The downdropped block between the two sand dikes underlies the trace of the lineament.
Note that the clay unit (second from the bottom) appears to have different thicknesses on
opposite sides of the dikes. Horizontal scale is meters from east end of trench.
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half meter, with the fissure left at the surface having been filled by the liquefied
sand erupted through the dikes. This down-dropped block may not be directly re-
lated to faulting, but may have dropped down to fill the space left by the erupted
sand. In fact, this graben-like structure is probably very local; the dikes are not paral-
lel to each other and, if planar, should intersect several meters south of the trench.

There was some circumstantial evidence of lateral displacement along the lin-
eament at the second trench site. The thickness of a sandy clay unit was greater
within the graben than to either side of it. This could either be due to lateral
movement that juxtaposed different thicknesses of the unit or to growth faulting
that led to a greater rate of deposition with the graben. The latter explanation seems
unlikely because there is no other sedimentologic or geomorphic evidence (such as
a colluvial wedge or eroded graben shoulders) that a graben existed at this location
prior to the last movement. We plan to excavate at least two short trenches nearby
and parallel to this trench to help resolve this question.

All geomorphic and pedologic data suggest that the liquefaction and move-
ment documented in the first two trenches dates from 1811 and 1812. However, we
collected wood from a tree stump buried by the liquefied sand in the graben area in
the second trench and are having it carbon dated.

Reports:

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

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

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

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

p- A186.

Schweig, E.S., III, and Marple, R.T., 1990, The Bootheel lineament, northeastern
Arkansas, and the New Madrid seismic zone, in Guccione, M.J., and Rutledge,
E.M,, eds., Field guide to the Mississippi alluvial valley, northeast Arkansas
and southeast Missouri: Friends of the Pleistocene South-Central Cell,

p- 265-277.
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EARTHQUAKE GEOLOGY OF THE SAN ANDREAS
AND OTHER FAULTS IN CALIFORNIA

Grant Numbers 14-08-0001-G1370
and 14-08-0001-G1789

Kerry Sieh
Division of Geological and Planetary Sciences
California Institute of Technology
Pasadena, CA 91125
(818) 356-6115

During the six month period ending April 1990, I and my graduate students, in
collaboration with Carol Prentice of the U. S. Geological Survey, have made progress in
several areas:

1) Bidart Site

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

Unfortunately, the geomorphic basis of this important conclusion is tenuous.
Thus, we have sought to date and characterize the past several earthquakes more
convincingly. To this end, we excavated and logged one wall of a trench across the
Carrizo segment of the San Andreas fault in May and July 1989. During March and April
1990 we reopened the trench and logged the opposite wall. This confirmed our earlier
findings that several large rupture events are recorded by these sediments. These ruptures
are clearly indicated by upward truncations of fault planes and facies variations in alluvial
fan and pond deposits. The characteristics of the sediments are such that we are confident
that we have a complete record of at least the latest three events. Within the past 6 months
we received the results of radiocarbon analyses of samples collected from the trench. The
radiocarbon dates indicate that two slip events have occurred at the Bidart site since about
1263 A.D. The carbon sample that was dated at 1263 A.D. was considerably below the
horizon of the penuitimate event. Thus the data are consistent with our earlier suspicions
that the past three ruptures of the Carrizo segment of the San Andreas fault may correlate
with ruptures documented at Pallet Creek that occurred around 1100 A.D., around 1480
A.D. and in 1857 AD.

2) Van Matre Ranch Site

We have done no more field work at the Van Matre Ranch site in the past six
months, but we have received the results of radiocarbon analyses of samples collected from
that site. These analyses indicate that two slip events have occurred at this site (about 15
km southeast of the Bidart site) since the early 1400's A.D. This further supports the
hypothesis that the past three ruptures of the Carrizo Plain segment correlate with ruptures
at Pallet Creek that occurred around 1100 A.D., around 1480 A.D. and around 1857 A.D.
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3) Phelan Site

Dextral offsets of small stream channels in the Carrizo Plain occur in rough
multiples of 10 meters (Sieh, 1978). This observation is the basis for the interpretation that
10 meters is the magnitude of slip associated with each large earthquake produced by this
section of the fault. If this interpretation is correct, this section of the fault must rupture
about every 250 to 450 years (Sieh and Jahns, 1984).

In order to test this interpretation, Lisa Grant and several other graduate students
continued 3-D excavations of an alluvial fan/channel complex that crosses the Carrizo Plain
segment of the San Andreas fault. During March 1990, Lisa excavated and logged two
new trenches at this site. In combination with three trenches that were dug at this site
earlier, the new trenches reveal two buried channels which are each offset 6.3 to 7.9
meters. Radiocarbon analysis of carbon samples collected from these channels is currently
being performed and should bracket the age of the channels. Stratigraphic evidence for the
number of slip events that produced the 6.3 to 7.9 m offset of the channels is inconclusive
at this point and requires further investigation. If the offset occurred in one slip event then
these data will basically confirm the hypothesis that the Carrizo Plain segment of the San
Andreas fault ruptures in large-magnitude slip events spaced relatively far apart in time. If,
however, the offsets occurred in two events, then the recurrence interval for rupture of the
Carrizo segment may be shorter than previously believed. We expect that future work at
the Phelan site will resolve this question.

4) Garlock fault

Graduate student Sally McGill has written the first draft of a paper that characterizes the
most recent slip events along the eastern Garlock fault, based on offset geomorphic
features. She has found that the most recent earthquake on the easternmost 90 km of the
fault probably was produced by about 3 m of left-lateral slip. Furthermore, along part of
this stretch, within Pilot Knob Valley, each of the past 5 earthquakes may have been
produced by about 3 m of left-lateral slip. Farther west, near highway 395, the most
recent event may have involved as much as 7 m of left-lateral slip. These data suggest that
the Garlock fault is capable of producing earthquakes of M=7.3 to M=7.5. If the Holocene
slip rate determined near Koehn Lake (Clark and Lajoie, 1974) is applicable to the entire
eastern Garlock fault, then the recurrence interval for large earthquakes may be about 1000
)t;ea;s :lear highway 395 and may be as short as 430 years along the easternmost 90 km of

€ 1auit.

In order to determine the recurrence interval more directly, Sally has selected a site at
which she will undertake paleoseismic excavations in May 1990. She has also begun
mapping an offset shoreline of Searles Lake, from which she expects to determine a
Holocene slip rate for the eastern Garlock fault.
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Paleoearthquake Study in the New Madrid Seismic Zone
14-08-0001-G1791

Steven G. Wesnousky
Center for Neotectonic Studies
University of Nevada
Reno, Nevada 38152
702-784-6067

Objective: For purposes of flood control and land reclamation, the U.S.
Army Corps of Engineers has recently reexcavated and widened an
extensive set of drainage ditches within the Saint Francis drainage basin.
The majority of the ongoing and planned excavations cut through the
meisoseismal zone of the great 1811-12 New Madrid earthquakes. The
1811-12 earthquakes produced extensive liquefaction within the New
Madrid Seismic zone at the time of the earthquakes. Evidence of that
liquefactiction still exists in the geologic record. The ditches provide an
excellent opportunity to systematically examine and document the
geological record of liquefaction in the New Madrid Seismic Zone. The
objective of this study is to document liquefaction phenomena exposed in
the ditches and determine whether or not evidence for pre-1811-12
earthquakes exists.

Progress: Figure 1 shows where we concentrated our efforts during 1989.
During 1988 and early 1989, the Corps completed the reexcavation of
Buffalo Creek Ditch, Ditch No. 12, and Stateline Ditch No. 29. The contour
and shading within the inset of Figure 1 shows the region where
liquefaction deposits (i.e. extruded sands) attributed to the 1811-12
earthquakes still comprise greater than 1% and 25% of the ground cover,
respectively. The ditches are situated on braided stream terrace deposits
associated with the retreat of the last glaciation and, hence, on a surface
that has been relatively stable during the last 6 thousand to 10 thousand
years. The upper few meters of the stratigraphy of the braided stream
terrace deposits and visible in the ditches is generally quite simple,
consisting of very fine to fine sands overlain by a clay and silt-rich
topstratum of low permeability. Toward identifying possible evidence of
paleoliquefaction, we have walked the length of the reexcavated ditches
in Figure 1 and searched for breaches in the clay-rich topstratum. In this
manner, we systematically identfy sites of sandblows and sand dikes.
Those sections of the ditches showing a greater concentration of
liquefaction phenomena are later logged in greater detail. More
specifically, we establish benchmarks that may later be reoccupied and
use a Total Station to survey the upper and lower contacts of the clay-
rich topstratum or ‘clay cap'. The surveying serves to document the

158



general character of liquefaction phenomena along the ditches and
permanantly deocument their location for later study by ourselves and
otheres in the future.. Sections of the ditches we have logged in this way
are labeled Log 1, Log 2, and Log 3 in Figure 1. The pervasive nature of
liquefaction is illustrated by the numerous breaches of the clay-rich
topstratum by liquefied sands observed in the Log 2 pictured in Figure 2.
Towards looking for evidence of pre-1811-12 liquefaction, ruptures or
breaches in the 'clay cap' will be further cleaned off by hand shovel or
backhoe to be photographed and logged in detail. Two sites selected for
detailed logging are labeled Sites 1 and 2, respectively, in Figure 2. To
date, no evidence of pre-1811-12 liquefaction has been recognized.
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Convergence Rates Across Western Transverse Ranges
14-08-0001-G1372 and -G1798

Robert S. Yeats and Gary J. Huftile
Department of Geosciences
Oregon State University
Corvallis, OR 97331-5506
(503) 737-1226

Investigations

Surface and subsurface geology of the Piru 7i-minute
quadrangle (Figure 1) has been compiled, and the accompanying
report is being written for submission as a USGS open-file
report. The Piru quadrangle and the Val Verde quadrangle to the
east, open-~filed earlier (Yeats et al., 1985), comprise the
displacement-transfer zone between the San Cayetano fault to the
west and the Santa Susana fault to the east.

Prof. Lu Huafu of Nanjing University, China is constructing
a regional cross section from the Simi fault through the San
Cayetano-Santa Susana transfer zone to the San Gabriel fault. We
are also starting a new cross section across the eastern lobe of
the San Cayetano fault, part of which was included in a cross
section by Yeats (1983, Figure 11).

Results

In the Piru quadrangle, the San Cayetano fault bifurcates
into two strands (Figure 1), the Main and Piru strands. Both
strands have evidence of late Quaternary displacement, offsetting
alluvial-fan material. The southern, Piru strand offsets
alluvium west of and in the town of Piru. The northern, Main
strand offsets the alluvial fan at the mouth of Modelo Canyon;
aerial photographs show that drainages in the fan are more
incised northwest of the fault than they are southeast of the
fault, suggesting uplift of the block northwest of the Main
strand. Some drainages are offset left-laterally, suggesting
that offset is oblique on this part of the fault as would be
expected for a reverse fault that turns in the direction of
stress shown by Mount and Suppe (1987) and dies out. The folds
in the Modelo lobe (Figure 1), in the hanging-wall block of the
San Cayetano fault, occur above a décollement in the lowermost,
Modelo Formation. The Oak Ridge fault (Figure 1) bifurcates into
north, middle, and south strands, although the north strand is
considered younger because it offsets folded Pleistocene Saugus
Formation (Yeats, 1988). The Santa Clara syncline extends east
to just southwest of Piru where a fold pair, the Piru anticline
and Piru syncline trend N70°W and underlie the Santa Clara Valley
at Piru. Much of the folding of the Piru syncline, between the
San Cayetano and Oak Ridge faults in the Santa Clara Valley, was
probably coincident with movement on the south strand of the Oak
Ridge fault, thus predating movement on the north strand.
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On-Line Seismic Processing
9930-02940

Rex Allen
Branch of Seismology
U.S. Geological Survey
345 Middlefield Road, MS 77
Menlo Park, California 94025
(415) 329-4731

Investigations and Results

Work has continued during this period at getting the RTP system running on
INMOS transputer hardware. Progress on the software conversion has been slower than
hoped, but no major difficulties have appeared. The principal bottleneck is getting used
to the formalism of programming in OCCAM, the language of preference for INMOS
equipment, and the one used in communicating between the various processors of a
transputer multiprocessor.

The planned arrangement for outside design of the A/D converter did not work
out as expected, and instead the A/D is being built in-house by Jim Ellis and Grey
Jensen. They report satisfactory progress and no major known difficulties.

The Mk I RTP’s at Menlo Park and the University of Utah have continued to
operate satisfactorily, as have the Mk II's at Menlo Park and Caltech.
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Long Baseline Tiltmeters: Southern California
14-08-0001-G1790

John Beavan

Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964

(914) 359-2900

Investigations
We operate a 535 m long-baseline half-filled water tube tiltmeter at Pifion Flat Observatory
(PFO) in the San Jacinto Mountains of southern California. This is used in conjunction with a
similar instrument operated by the University of California, San Diego (UCSD), to investigate:
(1) sources and magnitudes of noise affecting the tilt signal;
(2) water level sensor design and reliability;
(3) methods of referencing tiltmeter to depth;
(4) interpretation of tilt signal.

Results (April, 1990)
1. Tiltmeter Operation and Sensor Development

The LDGO tiltmeter continues to perform reliably, requiring little maintenance.
Development of a simple absolute sensor (USGS Open File Report 90-54, pp 163-165, 1989)
continues satisfactorily despite the departure of the engineer working on the project. A new
engineer has been hired who brings highly relevant skills and enthusiasm to the task. The
remainder of this report concentrates on analysis of data from the LDGO tiltmeter.

2. Tiltmeter Data Analysis

Tilt is monitored by measuring the height of the air-water interface at each end of a long
horizontal pipe buried at ~2 m depth and half-filled with water. The water height is measured
using a laser Michelson interferometer. Tilt is derived by differencing the two signals. The
heights of the near-surface piers are also referenced to presumably more stable fiducial points at
~30 m depth using vertical strainmeters. The tilt measured between the (relatively unstable)
surface piers is corrected using the vertical strain signals, so that the final estimate of tilt is from
a long-baseline instrument that appears to be buried at ~30 m depth. Residual thermal signals
can be removed by measuring the temperature of the sensors at each end and applying a
correction to the resulting data.

The tilt data back through late 1984 have been analyzed, with corrections made for vertical
displacements of the near-surface piers. Also, occasional micrometer measurements of water
height have been used to adjust the datum of the water level series when it has been lost due to
power outages or interferometer fringe counter failures. Results are presented in the Figures;
data since November 1987 are superior due to more reliable fringe counters and to improved
micrometer back-up measurements. The data presented here should not be regarded as final;
the various edits and corrections applied are to be reviewed for accuracy, and the data analysis
is to be extended back to 1983.

Figure 1a shows the water levels at the east and west ends of the tiltmeter as recorded by
the occasional micrometer readings. Figures 1b and 1c show the difference between these
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micrometer readings of water height and the interferometer readings of water height, after the
interferometer readings have been adjusted for datum shifts as described above. The residual
scatter is less than £20 um. This is somewhat worse than the £3 um short-term reading
repeatibility of the micrometers, and is probably due to differences in temperature response of
the micrometer and the interferometer, and to temporal variations in surface cleanliness of the
water in the micrometer chamber. Nevertheless, the micrometer readings assure the long-term

accuracy of the water level difference to better than £30 um, which corresponds to £0.05 prad
tilt.

Figure 2a shows the inferred tilt signal, after corrections for the micrometer readings and
for vertical strain. Figure 2b shows the same signal with tides removed. These data have been
independently analyzed by UCSD investigators (Wyatt, pers. comm., 1990), and the
discrepancies between our respective residual signals are at most ~0.1 prad; the discrepancies
are largely confined to short sections of the data where there are obvious instrumental or other
problems. The comparison between the independent analyses will be pursued in order to
understand the source of the (small) differences. Our data suggest that the average 1984-89 tilt
rate at PFO has been less than 0.01 prad/yr, though there are more rapid fluctuations about this
mean value.

LDGO tilt at PFO. Micrometer corrected. Vertical strain corrected.
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In Figure 3, power spectral analysis of the LDGO tilt data is used to compare tilt noise
levels with those expected from available and projected geodetic techniques. For signals that
contain periods shorter than several years, this Figure demonstrates that long baseline tiltmeters

provide far lower noise data than any available geodetic technique.

Annu‘a} GPS,2cm BIRON FLAT

27 Annual leveling
eermrmrmimimre—t—tatm———. " 4
—_ T Daily GPS, 2 cm
> 0 - '.\‘"‘m y -
_g --------- =f'~|.-..~ -----------------------------
) P=23x10°xt "
N\
©
3 2
- PFO tilt

. 4 - | Figure 3. Power Spectral Density of Tilt from
LDGO Long Baseline Tiltmeter at PFO, Compared
with GPS and Leveling over a 40 km Baseline.

T v rrrrr T
-1

I4 L l‘rlllll]3 2
10 10 10
c/day

168



II.1

Crustal Deformation Measurements in the Shumagin Seismic Gap, Alaska
14-08-0001-G1792

John Beavan
Lamont-Doherty Geological Observatory of Columbia University
Palisades, NY 10964
(914) 359 2900

Investigations

1. Eleven short (~ 1 km) level lines are measured approximately annually within the Shumagin
seismic gap, Alaska (Figure 1). Surface tilt data are interpreted in terms of tectonic deformation
and earthquake hazard at the Pacific-North American plate boundary.

2. Six absolute-pressure sea-level gauges are operated in the Shumagin Islands in an attempt to
measure vertical deformation associated with the Aleutian subduction zone.

3. The sea-level data are transmitted by satellite in near real time, and are examined for possible
tectonic signals. Noise studies are used to determine the relative usefulness of different types of
measurement, and to evaluate the minimum size of tectonic signal visible above the noise. Our
data are compared with other crustal deformation data from the Shumagin gap.

Results (April 1990)

This report will deal principally with the sea level data. The leveling data are most recently
described by Beavan (1989). As of this writing, three of our sea-level sites are still operating with
three having failed during the winter. This is disappointing after a near-perfect performance during
1988-89. Some of the data may be recoverable from the backup recording described below, but
most of the failures have occurred at sites not yet fitted with backup recording.

ALASKA
Figure 1. Location of the Shumagin Islands
with respect to the trench and the volcanic
arc. Depth contours are in metres. The
seismic gap stretches from approximately
Sanak Island in the west to about 30 km
east of the Shumagin Islands. Also shown X
are the sites of six sea-level gauges operated ‘SHISHALDIN
by LDGO and one by the National Ocean VOLCANO  Exa $ANAK
Survey (at SDP). Level lines of approx. 1
km aperture are located on many of the
Shumagin Islands, and on Sanak Is.
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Backup Recording

During 1989, we installed solid-state backup recorders at three sites in order to protect
against certain types of station failure. In 1990 we will upgrade the remainder of the sites: in some
cases with backup recorders, in the more exposed sites with self-contained gauges that record
more than a year of data in internal solid-state memory. These gauges will be far more robust
because they will not require the cable linking the pressure sensor to shore. Their data will not be
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available in real time; however, some sites will continue to be transmitted in real-time so that
detection of possible preseismic anomalies (see Beavan et al., 1984) will still be achievable.
Sea Level Data Analysis

The sea level gauge instrumentation and analysis techniques are described by Beavan et al.
(1986) and Hurst and Beavan (1987). A suite of sea level difference data collected since 1976 is
plotted in Figure 2. These plots show sea level difference with each trace labeled in the manner
XXX_YYY, so that relative tectonic uplift of the second-named site (yyy) is indicated by an upward
excursion of the graph. The gauges have been repeatedly tied to bedrock benchmarks in order to
assure elevation control; none of these benchmarks has shown instability above the 1 mm level.

The three parts of the Figure require some explanation. Figure 2a includes the only 3 sites
to have been operating during 1976: SDP and PRC in the Inner Shumagins, and SIM in the Outer
Shumagins. The 1976 data were from a conventional NOS float gauge at SDP, and from mean-
sea-level-indicators (msli; Bilham, 1977) at PRC and SIM. Before differencing, the NOS data
were filtered with a long time-constant filter that approximated the operation of the msli. :

The 1981-85 data are from gauges installed near lower low tide that used ceramic sensors
to measure pressure. These gauges had significant long term instabilities. Empirical corrections of
several cm have therefore been applied in order to make the SDP-PRC difference data
approximately constant (because SDP and PRC are on the same island separated by only 15 km).
The SDP gauge measures sea level, whereas the L-DGO gauges measure sea+air pressure. In
order to difference these data correctly, an appropriate air pressure series is first added to the SDP
data, assuming the usual 1 cm/mbar inverse barometer effect (see Beavan et al., 1986).

There is an offset between 1983 and 1984 that could coincide with the Valentine's Day
earthquakes of 1983 which occurred just south-east of SIM (Taber and Beavan, 1986). This ~6
cm relative subsidence at SIM depends to some extent on the way corrections are made to the data,
so we do not regard it as very persuasive. An offset this size could not have been coseismic
because two sea-level gauges (SIM itself, and SAD near the S end of Nagai Is.) were running
during the earthquakes and examination of their difference data excludes a sudden coseismic offset
greater than ~3 cm. (It is difficult to make this estimate more precise because of a 10 cm seiche
signal in the SIM data and the 12 min sample interval.) The horizontal deformation data show a
displacement between SIM and sites to the NW of < 2 cm between Summer 1981 and Summer
1983 (Lisowski et al., 1988), which also suggests that a subsidence of 6 cm is too large.

The 1985-89 data are from quartz pressure gauges installed in a similar manner to the 1981-
85 gauges. Some small corrections have been made to the raw data, based on calibrations of the
gauges before installation and after removal. The noise levels are substantially reduced relative to
earlier data. There is a positive trend on both the PRC-SIM and SDP-SIM plots between 1985-89.
This represents relative uplift at SIM of ~3.2 mm/yr. The trend continues through several sensor
changes (marked by dots in the Figure) so is most unlikely to be caused by sensor instability.

Despite the problems with the 1981-85 data there does appear to be a difference between
the 1976 and 1985-89 relative elevations of SIM and PRC/SDP, with SIM having subsided 815
cm during that period (note that this is not significant at the 95% level). This subsidence would be
explained in large part by the 1983 offset, if real.

A final result from Figure 2a is that the PRC-SIM relative elevation change between 1976-
81 could not have been more than a few cm, say 10 cm at the most. Beavan et al.'s (1984)
interpretation of the 1978-80 reverse tilting episode required uplift of SIM relative to PRC of ~25
cm between 1978-80. From the limited (1981/82 compared to 1976) differential sea level data
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Figure 2. (a) Sea level differences from 1976 to 1989 at the three sites SDP and PRC (Inner Islands) and SIM
(Outer Islands). The SDP data are from an NOS float gauge. The PRC and SIM data are from strongly filtered
float gauges in 1976-7, ceramic pressure sensors in 1981-85, quartz pressure sensors since 1985. The post-85
data are by far the most reliable. The offset in 1983 may be caused partially by the 14 Feb 1983 earthquakes,
but is probably partly due to gauge instability. The dots above the traces indicate when sensors were changed
at one or both the sites. The fact that the 1985-89 positive trend on traces prc_sim and sdp_sim is independent
of these changes leads us to believe that it is a real tectonic signal. The trend indicates emergence of the Outer

Islands relative to the Inner Islands at ~3.2 mm/yr. See detailed discussion in text for more information.
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Figure 2 (contd.) (b) The lower 3 traces repeat the sea-level difference data of Figure 2a, from 1981 onwards.
The top 3 traces are differences that include site PRS in the Central Islands - this is the only other site to have
been operating since 1981. (c) Differences that include sites CHN and SQH, installed in 1983 and 1984,

Sensor changes have also occurred frequently in these series, though they have not been marked as in Fig. 2a.
Note the indications of slight submergence of the Central relative to the Inner Islands, e.g. trace sqh_prs, and
the emergence of the Outer relative to the Inner Islands, e.g. traces prc_chn and sgh_sim.
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available to them, Beavan et al. (1984) argued that the deformation in 1976-78 and 1980-81 might
have partially masked this 25 cm signal, so that it might not be obvious in the differential sea level
data. While this was a plausible explanation at the time, the continued measurement of <1 cm/yr
deformation rates make it seem increasingly unlikely. Although the 1978-80 seismicity data, as
well as the deformation data, show unusual behavior, we nevertheless now feel that the Beavan et
al. (1984) interpretation of the 1978-80 reverse tilt episode is not supported by the sea level data.
Figure 2b repeats the 1981-89 data from (a), and adds data from the other gauge, PRS,
installed in 1981. Looking in detail at only the post-1985 data, these plots suggest slow
submergence of the Central Islands (PRS) relative to both Inner (PRC/SDP) and Outer (SIM)
Islands. Note that these deformation rates are quite consistent with the sense and magnitude of our
leveling data, which show tilting trenchward in the Inner and Central Islands and arcward in the
Outer Islands. The combined data suggest a hinge line slightly trenchward of the Central Islands.
Figure 2c plots difference data that incorporate two additional gauges - CHN installed in
1983, and SQH in 1984. These data tend to support the above scenario, though there are some
oddities such as the apparent motion between SIM and CHN; this, however, is not unexpected
from the geology and geomorphology. Also, dislocation modelling of the Oct. 1985 earthquake
sequence south of CHN predicts up to 1 cm subsidence at CHN, which is of the right sense,
though rather too small, to explain the ~2 cm offset between the 1983 and 1986 CHN-SIM data.

The sea level data since 1985 are summarized in Table 1, where the rates are calculated by
linear regression on all available post-1985 data. There are inconsistencies within these rates (e.g.,
SDP-PRS plus PRS-SIM does not add up to SDP-SIM), the reason being that the data sets are
incomplete and the positions of the data gaps bias the derived rates. The mean values are also
biased because there are 3 sites in the Inner, 1 in the Central, and 2 in the Outer Islands.
Nevertheless, the tendency for submergence in the Central relative to both Outer and Inner Islands
is apparent. The 1o errors in these rates are on the order of 2 mm/yr, but we have not formally
evaluated them. The data are also capable of interpretation as indicating zero vertical motion, in
agreement with Lisowski et al.'s (1988) contention that deformation is currently taking place by
steady aseismic slip.

Table 1. 1985-89 Differential Uplift Between Island Groups in mm/yr

Inner - Outer Inner - Central Central - Outer
sdp-sim  +2.2 sdp-prs -1.7
prc-sim +4.3 prc-prs -3.9 prs-sim +3.7
prc-chn +0.5 prs-chn +0.4
sqh-sim -0.3 sqh-prs -3.2
sgh-chn -0.1
Mean +1.3 -2.9 +2.0

Positive rate implies second-named site is uplifting relative to first.

The low measured deformation rates, both horizontal (Lisowski et al., 1988) and vertical,
are in sharp conflict with the inferred seismic history (Boyd et al., 1988) if simple models of
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subduction (e.g., Savage, 1983) are assumed. One potential explanation is that the plate boundary
is currently locked, yet the deformation rate is lowered by viscoelastic effects late in the inter-
seismic cycle (Thatcher and Rundle, 1984). This possibility is considered by Lisowski et al.
(1988), as is the possibility that the low rates may be the result of interaction with neighboring
large quakes; they find that neither effect is large enough to explain the observations. However,
recent finite-element modelling by Rice and Stuart (1989), which includes effects of mantle
relaxation, re-opens the possibilty that relaxation effects are responsible for the discrepancy. The
model predicts unusually low compressional (or even slightly extensional) horizontal strain rates
during the latter part of the seismic cycle on the surface of the overriding plate somewhat inland of
the down-dip end of the locked main thrust zone. This model also predicts reduced rates of
vertical deformation in the same area, relative to the elastic model (Rice, pers. comm., April 1990).
However, the model predictions do not match our observations of tilt and sea level in detail; in
particular, the direction of tilting predicted by the models appears to be opposite to that observed.

A modification described by Beavan (1988), and also discussed by Lisowski et al. (1988)
as the "Beavan" model, enables the predictions of the simple dislocation model to match the tilt and
strain data about as well as they are matched by an aseismic deformation model. However, the
model prediction of 0.5 - 1.5 cm/yr submergence of the Outer and Central relative to the Inner
Islands is emphatically not matched by the sea level data (Table 1), so this model is now rejected.
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Error Analysis and Network Design in GPS Measurement of Crustal Deformation
14-08-0001-G1335

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

Objectives:

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

Investigations undertaken:
Our investigations of the last six months have focused on two primary areas:

(1) continuously monitoring array of GPS observatories in southern California
(2) data analysis of the USGS Parkfield GPS network

Continuous Monitoring of Deformations with GPS
(1) Background

Investigators at four universities (Caltech, MIT, UCLA and UCSD) and JPL, in collaboration
with USGS and NGS, are operating an array of continuously and remotely operating GPS
receivers in southern California. In this concept, GPS observations are made continuously for an
indefinitely long period of time in search of precursory deformation of some sort, particularly
related to the earthquake cycle. If phase lock can be maintained, phase ambiguities on the network
baselines need to be resolved only once and relative station positions can be constrained so that
deformations can be analyzed continuously at temporal scales as short as several minutes (Bock
and Shimada, 1989).

The scientific motivations for continuous monitoring are (1) establishing a reference network
for rapid, frequent resurveys of dense networks in central and southern California; (2) detection
and analysis of steady and transient strains; (3) studying strain over a broad spectrum of spatial
and temporal scales; and (4) studying the three-dimensional strain tensor (horizontal and vertical).
Ultimately, we seek to understand underlying physical phenomena, particularly the physics of the
earthquake process.

The technical motivations for continuous monitoring are (1) determining the long-term
positional accuracy of GPS geodesy; (2) understanding periodic, non-random signatures in GPS
data; (3) determining the "instrument response” of GPS hardware (receivers and antennas); (4)
improving the signal-to-noise ratio for baseline estimation; (4) developing optimal and rapid
analysis techniques; and (5) studying monumentation and site stability issues. The overall goal is
to separate the geophysical signal from the geodetic noise, rapidly and confidently.
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The continuous array is meant to support the instrument and orbit tracking requirements of
geophysical investigations using GPS. Any investigator will be able to do GPS surveys in central
and southern California with as little as one receiver and know that there is a continuously
recording station within 100 kilometers, and accurate satellite ephemerides available.

(2) Current Activities and Results

At present (April, 1990), three SNR-8 Rogue receivers are tracking at Scripps, Pifion Flat
Observatory and Jet Propulsion Laboratory (Figure 1). For orbit tracking support, we are
collecting, from the National Geodetic Survey, data from the U.S. CIGNET stations including
Mojave (California), Westford (Massachusetts) and Richmond (Florida). In February and March,
data were collected on the Scripps to Pifion baseline with Trimble 4000 SDT receivers. SNR-8
Rogue receivers were deployed in mid-March. The data collected through April 1990 are listed in
Tables 1 and 2.

The continuous array data system under development at Scripps is illustrated in Figure 2. It
includes collection, analysis, archiving, distribution and interpretation of data. The data from the
array is available over Internet for all investigators using GPS measurements in California. At
Scripps, we are currently processing the data collected in the array with the CIGNET data using
analysis techniques described in Dong and Bock (1989). A byproduct of our analysis will be
accurate satellite ephemerides to support GPS-based geophysical research in California.

We are currently analyzing 14 months of continuously monitored GPS observations collected at
a ten station network in the Kanto-Tokai district in Japan by the National Research Center for
Disaster Prevention [Fujinawa et al.,, 1989]. We have been using this data set as a basis for
developing data processing, data handling and data archiving algorithms for use in the California
network. The goal is to develop rapid and efficient techniques to handle large quantities of
continuously monitored GPS data, and to be able to detect confidently any temporal strain events
for time periods as short as several minutes.

Parkfield GPS data
(1) Background

We are currently analyzing the GPS time series collected by USGS since 1986 at four stations
in the vicinity of Parkfield (Davis et al., 1990). The baselines are several kilometers in length, in a
range where modeling of the ionospheric delay should be beneficial in more accurate monitoring
of deformations. The baselines are too long to analyze using L1 and L2 frequency data
independently (since residual ionospheric delays start becoming significant) and too short to
optimally use the ionosphere-free linear combination (since amplification of the phase error in
forming the linear combination is larger than the residual ionospheric delay). We are using hybrid
observables [Schaffrin and Bock, 1988; Dong and Bock, 1989] which are a combination of L1,
L2 observations and constraints on the ionosphere based on ionospheric models, available
externally and/or derived from an internal calibration of the GPS data. The solutions using these
observables will be compared to the L1 and L2 independent and ionosphere-free solutions, as well
as to the solutions by Prescott's group at Menlo Park.

(2) Current Activities and Results

We have completed an analysis of 18 individual Parkfield GPS occupations from mid-1986 to
early 1989. We have processed the data in two ways, using the L1 and L2 observations as
independent observables, and using the ionosphere-free combination of phase. In both cases,
phase ambiguities have been resolved. In general, the two solutions agree within 1 cm except for
two occupations where the difference is several centimeters. As an example, we illustrate in
Figures 3 and 4 the changing lengths of two baselines of the network, both spanning the fault,
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using both ways of processing. In general, the rate inferred from the L1 and L2 independent
solutions (7.8 mm/yr for 10jdg to 33jdg) is almost 50% slower than the ionosphere-free solutions
(14 mm/yr) although these differences may change as we refine our solutions and add additional
data points. USGS investigators have published a rate of 9 mm/yr for 10jdg to 33jdg (Davis et al.,
1989). The data from the ionosphere-free solutions more strongly support a linear rate of change
(Figures 2 and 3). We are continuing our analysis of the remaining GPS occupations at Parkfield,
testing hybrid observables, and ionospheric models.
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Davis J.L., W.H. Prescott, J.L. Svarc and K.J. Wendt (1989). "Assessment of Global
Positioning System measurements for studies of crustal deformation,” J. Geophys. Res., 94,
13635-13650.

Dong, D. and Y. Bock (1989). "Global Positioning System network analysis with phase
ambiguity resolution applied to crustal deformation studies in California," J. Geophys. Res.,
94, 3949-3966.

Fujinawa Y., S. Shimada, T. Kishii, S. Sekiguchi, T. Eguchi, Y. Okada and S. Watada (1989).
"Some results in the preliminary data analysis of the fixed-point GPS baseline determination
network in Central Japan,” presented at International Association of Geodesy General
Meeting, Edinburgh, Scotland, 3 to 12 August.

Schaffrin, B. and Y. Bock (1988). "A unified scheme for processing GPS dual-band phase
observations," Bull. Geod., 62, 142-160.

Bock, Y. and S. Shimada, 1990: "Continuously monitoring GPS networks for deformation
measurements,” in Global Positioning System: An Qverview, proc. IAG Symposium 102,

Y. Bock and N. Leppard (eds.), Edinburgh, Scotland, August 7-8, 1989, Springer Verlag, in
press.

177



II.1

Table 1: Permanent GPS Geodetic Array in Southern California — Tracking Log
February and March 1990

Date Day Start Stop GPS SIO  Pifion JPL CIGNET Comments

12 12 M W R

Feb 15 046 04:20 11:20 527 4 t - t - - m m m
16 047 04:16 11:16 527 5 t - t - - mmm
17 048 14:12 21:12 527 6 t - t - - m m m error in scenario
18 049 04:08 11:08 528 O t - t - - m m m Riverside Co. begin
19 050 04:04 11:04 528 1 t - t - - m m m
20 051 04:00 11:00 528 2 t - t - - mmm
21 052 03:56 10:56 528 3 t - t - - mmm
22 053 03:52 10:52 528 4 t - t - - mmm
23 054 03:48 10:48 528 5 t - t - - mmm
24 055 03:44 1044 528 6 t - t - - mmm
25 056 03:40 1040 529 O t - t - - mmm
26 057 0336 10:36 529 1 t - t - - m m m
27 058 03:32 10:32 529 2 t - t - - m mm
28 059 03:28 10:28 529 3 t t - - mmm

Mar 01 060 04:20 10:24 529 4 t - X - - m m m no Pifon, late SIO
02 061 03:20 10:20 529 5 t - ot - - mmm
03 062 03:16 10:16 529 6 tt ottt - m m m SIO & Pifion ties
04 063 03:12 10:12 530 O t ot tt - m mm " (Riverside Co, end)
05 064 03:08 10:08 530 1 t ot t ot - m m m SIO & Piiion ties
06 065 03:04 10:04 530 2 t - t - - m mm
07 066 03:00 10:00 530 3 t - ot - - m mm
08 067 02:56 09:56 530 4 t - ot - - m mm
09 068 02:52 09:52 530 5 t - ot - - mmm
10 069 02:48 (09:48 530 6 it t - - m m m NGS observes SIO 1
11 070 02:44 09:44 531 O -t t - - m m m SIO 2 observed
12 071 02:40 09:40 531 1 t - ot - - m mm
13 072 02:36 09:36 531 2 t - ot - m mm
14 073 02:32 09:32 531 3 t - t - - mmm
15 074 02:28 09:28 531 4 t - ot - - m m m Rogues installed
16 075 02:24 09:24 531 5 -t -t - m m m  Trimbles moved
17 076 02:20 09:20 531 6 rt rt - m m m
18 077 02:16 09:16 532 O rt rt - mmm
19 078 02:12 09:12 532 1 rt rt - m mm
20 079 02:08 09:08 532 2 rt rt - m m m
21 080 02:04 09:04 532 3 rt rt - m mm
22 081 02:00 09:00 532 4 rt rt - mmm
23 082 01:56 08:56 532 5 rt rt r m mm
24 083 01:52 08:52 532 6 -t -t - m m m
25 084 00:52 0852 533 O -t -t - m m m S. Calif. Expmnt.
26 085 00:48 08:48 533 1 rt rt r m m m S, Calif. Expmnt.
27 086 0044 08:44 533 2 rt rt - m m m S. Calif. Expmnt.
28 087 00:40 08:40 533 3 rt 1t r m m m S. Calif. Expmnt.
29 088 00:36 08:36 533 4 -t rt r m m m S. Calif. Expmnt.
30 089 00:32 0832 533 5 -t rt - m m m S. Calif. Expmnt.
31 090 00:28 08:28 533 6 -t rt - m m m S. Calif. Expmnt.

t : Trimble 4000 SDT, r : SNR-8 ROGUE, m : Mini-Mac 2816 AT, ti : TI 4100, - : no data
CIGNET: M (Mojave, California), R (Richmond, Florida), W (Westford, Massachusetts)
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Table 2: Permanent GPS Geodetic Array in Southern California — Tracking Log

April 1990
Date Day Start Stop GPS SIO  Pifion JPL CIGNET Comments
12 12 M W R
Apr 01 091 00:24 08:24 534 O -t - - - m m m S. Calif. Expmnt.

02 092 01:16 08:16 534 1 -t - - - m m m JPL GPS Workshop
03 093 01:12 08:12 534 2 -t - - - m m m NASA CDP
04 094 01:08 08:08 534 3 -t - - - m m m NASA CDP
05 095 01:04 08:04 534 4 -t - - - m m m NASA CDP
06 096 01:00 08:00 534 5 -t - - - m m m
07 097 00:56 07:56 534 6 - - - - - m m m  noarray data
08 098 00:52 07:52 535 O - - - - - m m m noarray data
09 099 0048 07:48 535 1 - - - - - m m m  no array data
10 100 0044 07:44 535 2 - - - - - m m m noarray data
11 101 0040 07:40 535 3 - - - - - m m m  noarray data
12 102 00:36 07:36 535 4 - - - - - m m m  noarray data
13 103 00:32 07:32 535 5 - - - - - m m m  noarray data
14 104 00:28 07:28 535 6 - - - - - m m m  noarray data
15 105 23:28 07:28 536 O r - r - r m m m full Rogue tracking
16 106 23:24 07:24 536 1 r - r - r m m m
17 107 23:20 07:20 536 2 r - r - r m m m
18 108 23:16 07:16 536 3 r - r - r m mm
19 109 23:12 07:12 536 4 r - r - r m m m Pifion GPS survey
20 110 23:08 07:08 536 5 r - r - r m m m
21 111 23:04 07:04 536 6 r - r - r m m m
22 112 23:00 07:00 537 O r - r - T m m m
23 113 22:56 06:56 537 1 r - r - r m m m
24 114 22:.00 09:00 537 2 r - r - r m m m
25 115 21:56 08:56 537 3 r - r - r m mm
26 116 21:52 08:52 537 4 r - r - r m m m
27 117 2148 08:48 537 5 r - r - r mmm
28 118 21:44 08:44 537 6 r - r - r m m m
29 119 21:40 08:40 538 O r - r - r m m m
30 120 21:36 08:36 538 1 r - r - r m m m

t : Trimble 4000 SDT, r : SNR-8 ROGUE, m : Mini-Mac 2816 AT, - : no data
CIGNET: M (Mojave, California), R (Richmond, Florida), W (Westford, Massachusetts)
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Figure 1: Stations of the Permanent GPS Geodetic Array in Central and Southern California and
the CIGNET Mojave tracking station. SNR-8 Rogue receivers are deployed at SIO, PFO and JPL
and a Mini-Mac 2816 AT receiver at Mojave. The stations at Vandenberg and Parkfield will be
deployed in 1990. The circles have a radius of 100 km.
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Figure 2: Data system under development at Scripps Institution of Oceanography to support the
Permanent GPS Geodetic Array.
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Figure 3: Rate of change of length of the Parkfield GPS baseline from station 10JDG to 33]1DG
based on 19 individual occupations from 1986 to 1989. The upper left plot shows the L1 and L.2
independent solution, the upper right plot shows the ionosphere-free solution, and the lowe plot
shows the difference between the two.
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Figure 4: Rate of change of length of the Parkficld GPS baseline from station 10JDG to Joaquin
based on 12 individual occupations from 1986 to 1989. The upper left plot shows the L1 and 1.2
independent solution, the upper right plot shows the ionosphere-free solution, and the lowe plot
shows the difference between the two, ’
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Remote Monitoring of Source Parameters for Seismic Precursors
9920-02383

George L. Choy
Branch of Global Seismology and Geomagnetism
U.S. Geological Survey
Denver Federal Center
Box 25046, Mail Stop 967
Denver, Colorado 80225
(303) 236-1506

Investigations

1. NEIC reporting services. Broadband data are used routinely to increase
the accuracy of some reported parameters such as depth and to compute addi-
tional parameters such as radiated energy. These parameters are published

in the Monthly Listing of the Preliminary Determination of Epicenters.

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

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

Results

1. Reporting services. The NEIC now uses broadband waveforms to routinely:
(1) resolve depths of all earthquakes with my > 5.8; (2) resolve polarities
of depth phases to help constrain first-motion solutions; and (3) present as
representative digital waveforms in the monthly PDE's. In the Monthly List-
ings of the Preliminary Determination of Epicenters covering the interval
April 1989-September 1990, depth phases from broadband data were computed
for 59 earthquakes; radiated energies were computed for 55 earthquakes.

2. Rupture process of earthquakes. We have modeled the rupture process of
three large earthquakes that occurred within an interval of 12 hours at
Tennant Creek, Australia, on January 22, 1988, by using broadband data,
strong constraints on earthquake location (provided by the Warramunga Array)
and observed surface deformation. From the derived complexity of rupture
and history of stress release, we conclude that the occurrence of multiple
main shocks is not an uncommon mode of rupture in intraplate environments.

A study of the Armenian earthquake of 7 December 1988, in collaboration with
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the German Geological Survey, has been finished. The earthquake was a
complex rupture; from the broadband data we can resolve the source functions
of three subevents. From the distribution of aftershocks and the derived
focal mechanisms, we infer that the causative faults have different strikes.
The relative locations of these subevents indicate a fault zone that has a
bend. Source characteristics of the Loma Prieta, California, earthquake of
18 October 1989 are being studied with global digitally recorded broadband
data. Besides the static parameters such as focal mechanism and depth, we
are deriving the rupture history, radiated energy, and associated stress
drops. In addition to modeling displacement and velocity records in the
time domain, we are analyzing acceleration in the frequency domain.

3a. Subduction-zone events. We have compiled the log-averaged P-wave
acceleration amplitude spectra from teleseismic data for a set of large,
shallow-focus subduction—-zone earthquakes. The events range in size from
the magnitude 6.2 to 8.1. The acceleration spectra, corrected for
frequency—-dependent attenuation and the modulation of depth phases, are
approximately flat from 10 secs to 2-3 seconds, falling off somewhat at high
frequencies. The radiated energies of these earthquakes are proportional to
the seismic moments, but the high-frequency acceleration levels are more
strongly proportional to the asperity areas than the seismic moments of the
earthquakes.

3b. Intraplate events. We have applied our algorithm for the computation
of acceleration spectra to a series of shallow intraplate earthquakes. Most
of these events are characterized by a flat spectral level at high frequenc-
ies but an intermediate slope before an w? falloff at low frequencies. The
high-frequency spectral levels of these intraplate earthquakes are the same
as the levels of subduction-zone earthquakes with the same seismic moments,
although the spectral shapes are different.

Reports

Boatwright, J. and Choy, G. L., 1989, Acceleration spectra for subduction
zone earthquakes: Journal of Geophysical Research, v. 94, p. 15541~
15553.

Choy, G. L., 1990, Global digital data: Interpretation of the earthquake
mechanism from broadband data: Proceedings of the PACRIM 90 Congress,
Australia (submitted).

Choy, G. L. and J. Boatwright, 1990, Source characteristics of the Loma
Prieta, California, earthquake of October 18, 1990 from global digital
seismic data: Geophysical Research Letters (submitted).

Choy, G. L., Boatwright, J. and LaVonne, C. K., 1990, Teleseismic estimates
of radiated energy from global seismicity of 1986-1988 [abs.]: EOS
(American Geophysical Union, Transactions), v. 71, p. 258.

Choy, G. L. and Bowman, J. R., 1990, The rupture process of a multiple main
shock sequence~-Teleseismic, local and near-field analysis of the
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Analysis of Natural Seismicity at Anza
9910-03982

Joe Fletcher, Linda Haar, and Larry Baker
Branch of Engineering, Seismology, and Geology
345 Middlefield Road
Menlo Park, CA. 94025
(415) 329-5628

Investigations

The Anza project is based on the analysis of 3-component digital seismograms from
an array of ten, short-period, broadband, high-dynamic-range stations distributed
around the Anza seismic gap on the San Jacinto fault in southern California. The
array has been in existence since 1982 and the data have been used to study such
subjects as source scaling, attenuation of high-frequency seismic waves, and shear
wave polarization.

Results

Several improvements were made to the array during the reporting period. Upgrades
to the field instrumentation and to the data acquisition computer were accomplished
this past fall. The RT-24 Data Acquisition Units, upon which the original field
system was based, required that the digitizing parameters ( e.g. sampling rates and
gains) be hard-wired at each individual site. Each site, also, had its own clock which
ran asynchronously. This has been changed with the substitution of RT-97s for the
RT-24s. The RT-97s contain microprocessors. Now, timing and instrument
parameters can be set remotely and the data are arranged and telemetered in
packets. Along with the increased convenience, the upgrade has eliminated most of
the telemetry glitches seen in previously recorded data.

The data acquisition system previously consisted of a DEC PDP 11/34 computer
running software written by Larry Baker. The system required a special piece of
hardware, called a TIU, which acted as an interface between the microwave
telemetry system and the PDP 11/34. This past fall an RT-44 from Refraction
Technology, was installed on Toro Peak. This module serves several functions
including collating and packetizing the data from all of the field sites and
transmitting the data on to San Diego via the microwave link. The RT-44 transmits
data over the microwave telemetry to another RT-44 in San Diego, which then sends
packets of data through a digital interface to a MICROVAX-II. This arrangement
eliminated the TIU, which was difficult to maintain. The switch to a MICROVAX-II
computer provides compatibilty across several projects all of which use the same
computer and software for data acquisition. The MICROVAX II has a much larger
address space which allows greater flexibility in building the data acquisition
program. Although various aspects of using a virtual memory computer for a real-
time application have presented problems, none of these problems have been
insurmountable.
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The array is generally set at gain levels that would cause the digitizer to clip on
local events with magnitudes of 3.5 or larger. Since large events are not common in
the gap, this is usually not a problem. However, since early December 1989,
seismicity has increased dramatically and several magnitude 4+ events have
occurred. Although there are several SMA-1 accelerographs in the area, few of these
are co-located with Anza stations. To provide on-scale recordings for these larger
events, we installed GEOS digital event recorders equipped with force-balance
accelerometers at five sites (KNW, PFO, BZN, WMC, and CRY). Since their
installation, a magnitude 4.1 event and a magnitude 3.2 event (both on February 18,
1990) have been recorded by the GEOS. Figure 1 shows a plot of the acceleration
records obtained for the M 4.1 event.

Reports
none this reporting period.
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Southern California Earthquake Project
90-9930-01174

Thomas H. Heaton
Branch of Seismology
U.S. Geological Survey
525 S. Wilson Ave.
Pasadena, CA, 91106
FAX: 818-405-7827

Introduction

This project covers almost all of the activities of the
Pasadena Office of the U.S. Geological Survey. This is a large
and complex project that includes the operation of the 250-sta-
tion Southern California Seismic Network (SCSN), response to
major southern California earthquake sequences, and basic
research in earthquake physics.

Investigations

1. Operation, maintenance, development and recording of the
Southern California Seismic Network consisting of 220 U.S.G.S.
telemetered seismometers and 66 seismometers telemetered from
other agencies. All stations are recorded on the CUSP digi-
tal analysis systenm.

2. Routine Processing of Southern California Network Data. Rou-
tine processing of seismic data from stations of the coopera-
tive southern California seismic network was continued for the
period October 1989 through March 1990 in cooperation with
scientists and staff from Caltech. Routine analysis includes
interactive timing of phases, location of hypocenters, calcu-
lation of magnitudes and preparation of the final catalog
using the CUSP analysis system. About 800 events were
detected in most months with a regional magnitude completeness
level of 1.8. The largest earthquake this recording period
was the M =5.2 earthquake of February 28, 1990 near Upland in
the San Gabriel Valley east of Los Angeles.

3. Development and testing of an automated real-time earthquake
location capability that is fast, reliable, uses data from all
network stations and is not dependent on exotic hardware.

4. Seismotectonics of Southern California. In 1985, a well
recorded earthquake of ML 4.0 occurred at a depth of 30 knm
beneath the Ventura basin in the western Transverse Ranges.
This earthquake was far deeper than any previously determined
reliable earthquake depth in southern California. Subsequent
analysis has shown that many microearthquakes have been
recorded under the Ventura basin in the last two decades at
depths between 20 and 30 km. Other analyses have shown that
the Ventura basin 1is characterized by the lowest heat flow,
deepest Quaternary sediments and one of the fastest rates of
movement (as shown by geodetics) in California. We have ana-
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lyzed the deep earthquakes under the Ventura basin to deter-
mine the cause of the deep events and their relation to the
other anomalous phenomena in the Ventura basin.

Prediction Probabilities from Foreshocks. When any earthquake
occurs, the possibility that it might be a foreshock increases
the probability that a larger earthquake will occur at the
same site within the next few days. It is intuitively obvious
that the probability of a very large earthquake should be
higher if the potential foreshock were to occur on or near a
fault capable of producing that very large mainshock, espe-
cially if the fault is towards the end of its seismic cycle or
if the background rate of seismic activity is particularly
low. In this study, the probability of a major earthquake
characteristic to a particular fault, given the occurrence of
a potential foreshock near to that fault is analytically
derived from basic tenets of probability theory.

Study of multiple P waves in the Imperial Valley. Continuing
work was done on the multiple free-surface reflection of P
waves which were observed in aftershock data of the 1987
Elmore Ranch and Superstition Hills earthquakes. Event record
sections were formed from 39 aftershocks of the Elmore Ranch
event and 29 aftershocks of the Superstition Hills event.
These data were compared to synthetics calculated using flat-
layered structures, to estimate the velocity gradient of the
upper 5 km and the source depth of the aftershocks.

Teleseismic data recorded on the network. Record sections
were constructed for teleseismic P waves which triggered the
network.

Network recordings of sonic booms. We have examined the seis-
mograms of the shock wave produced by the space shuttle as it
passes over the Los Angeles area. We have estimated the
direction and amplitude of the pressure wave produced by sev-
eral supersonic sources.

Investigate the physics of the earthquake rupture process
through the modeling of seismic waveforms.

Results

Operation and maintenance of field stations and recording sys-
tems continued with 1little failure during this reporting
period. Time varying attributes of the system are completely
recorded on a data base (DBASE III). Documentation of the
system and changes to the system continued to be developed by
the preparation of semi-annual network bulletins.

Routine Processing of Southern California Network Data. The
projects to wupgrade the southern California seismic network
are continuing. To increase the accessibility and research
potential of the seismic data, a series of semi-annual Network
Bulletins have been issued since 1985. These bulletins pro-
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vide information about how to access data from the network,
problems with the data, details of the processing computer
systems, and earthquakes in southern California. As part of
this project, documentation of past and present station con-
figurations has been compiled. Reconfiguration of station
electronics to maximize the dynamic range and frequency
response of the stations is continuing. The average dynamic
range of most of the short period vertical seismometer sta-
tions in the network is now 40-50 dB. The gains on the sta-
tions are now staggered (some very high. others quite low) to
maximize the overall dynamic range of the network. At the
lowest gains, 7 force balance accelerometers are now being
telemetered and digitized within the short period network. We
have also completed installation of a system to digitize con-
tinuous FM-tape recordings of the network data. This system
allows for the analysis of waveform data for times that were
not contained in the normal online triggering process (e.g.
teleseisms).

Development of Real-Time Analysis Systems. A software progranm
(PICKLE) has been developed that runs in parallel with the
existing online data aquisition system on a DEC MicroVAX com-
puter. PICKLE was tested during the aftershock sequence of
the Mi 5.2 Upland earthquake of 28 February 1990. During the
two-week test, it picked and located 983 events. We have also
installed a new MicroVAX 3200 online analysis system to phase
out an obsolete PDP 11/34.

Seismotectonics of Southern California. Earthquakes at depths
of 20-30 km occur beneath the Ventura Basin in southern Cali-
fornia. The epicentral distribution of deep seismicity out-
lines an east-trending ellipse which corresponds closely with
the mapped Santa Clara Syncline, the main structural element
of the Ventura basin with 12 km thickness of sediments. Clear
Pn and Pg phases are seen for even the deepest earthquakes
which demonstrate that these earthquakes are occurring within
the crust. Travel time curves from shallow and deep earth-
quakes in the western Transverse Ranges require that the depth
to the Moho under the Ventura basin must be depressed by 5-7
km relative to the surrounding area. Other researchers have
shown that the Ventura basin also has the lowest heat flow in
California. Thus low heat flow, very deep (12 km) sediments,
the deep earthquakes, and a depressed Moho all coincide within
a small area, strongly suggesting a common cause for all four
phenomena in the rapid shortening of the Ventura basin. The
confinement of the deep earthquakes and depressed Moho to just
the Ventura region suggests that the very rapid shortening of
the Ventura basin is not representative of the rate of shor-
tening across all of the western Transverse Ranges.

Prediction Probabilities from Foreshocks In this study, the
probability of a major earthquake characteristic to a particu-
lar fault, given the occurrence of a potential foreshock near
to that fault is analytically derived from basic tenets of
probability theory. The data needed to compute this probabil-
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ity are 1) the rate of background activity on that fault, 2)
the 1long term probability of a large earthquake occurring on
that fault, and 3) the rate at which foreshocks precede the
large earthquakes. We compute the probability with an expres-
sion that includes the parameters of time, magnitude and spa-
tial 1location. We assume that foreshocks to San Andreas
earthquakes will follow the average properties of foreshocks
to moderate earthquakes in California. 'We thus assume that 1)
the rate of mainshock occurrence after foreshocks decays rap-
idly with a 1/t type behavior and that most immediate fore-
shocks occur within three days of their mainshock, 2) that
foreshocks and mainshocks occur within 10 km of each other,
and 3) that the percentage of mainshocks preceded by fore-
shocks increases linearly as the magnitude threshold for fore-
shocks decreases, with 50% of the mainshocks preceded by fore-
shocks with magnitudes within 3 units of the mainshock's mag-
nitude within 3 days. This derivation is applied to the San
Andreas, Hayward, San Jacinto and Imperial faults. We assume
that at the scale at which we are examining the faults, all
sections of the fault are equally likely to contain the epi-
center of the mainshock (and thus the foreshocks). We use the
long-term probabilities of a large earthquake from the Working
Group on California Earthquake Probabilities (1988). The
short-term probability that a M5.0 earthquake on the San
Andreas fault will be followed by a large earthquake within 3
days ranges from a low of 0.2% from Point Arena to Cape Mendo-
cino to a high of 24% in the Carrizo Plain (Figure). By com-
parison, the probability that any M5 in California will be
followed by a M7.5 within 3 days is 0.08%. The rate of back-
ground activity along the major faults varies more than the
long term probabilities and thus leads to greater variations
in the short term probabilities.

Comparison of the synthetic seismograms with the data indi-
cated that a linear velocity gradient with a surface velocity
of 1.8 km/sec increasing to 5.8 km/sec at 5.5 km depth, could
adequately model the arrival times of the multiple P waves.
Using this velocity structure, the amplitudes of the arrivals
were used to estimate source depths for the aftershocks. For
both the Elmore Ranch and Superstition Hills aftershocks, the
depth distribution were similar and ranged from about 5 to 10
km.

Plots of the teleseismic P waves recorded on 50-150 stations
show coherent first arrivals and in some instances clear later
arrivals, such as upper mantle triplications and PcP. Fig. 1
shows a record section formed by combining 4 events from Mex-
ico with distances to the network stations that range from 15
to 30 degrees. Upper mantle triplications due to the 450 and
670 km discontinuities can be seen, with cross over points
near 17 and 23 degrees, respectively. These data are being
used to study upper mantle velocity structure.

A program was written to use shock wave arrival time data to
estimate speed, direction and height of supersonic sonic
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sources as they pass over the network. The program was used
to determine the flight path of several space shuttle landings
and the final SR-71 flight. The amplitude of the shock wave
was used to estimate the air pressure at the recording site
{about 0.7 to 2.2 millibars for a recent space shuttle land-
ing).

9. Simultaneous and instantaneous changes in effective stress on
a finite fault are shown to produce far-field body waves that
have high-frequency spectral decays that depend upon the
assumed geometry of the rupture surface and the location of
the observer. For most assumed rupture geometries and physi-
cally plausible slip distributions, high frequency spectral
decays are faster than inverse omega cubed. Brune (1970, JGR,
4997-5009) concluded that this class of rupture models should
produce far-field high—-frequency spectral decays proportional
to the effective stress times inverse omega-squared, where
effective stress is that stress that drives the inertia of the
opposite sides of a fault. Therefore, it is incorrect to
estimate effective stress from the 1level of high~-frequency
waves radiated during earthquakes.

Publications
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crust: Measurements from New York State, South Africa and
Southern California, submitted to J. Geophys. Res.
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Figure 1. Record section formed by combining P-wave arrivals from

4 events in Mexico as recorded on the Southern California
Seismic Network. The traces were initially lined up on the P
wave arrival and then offset assuming a Herrin velocity struc-
ture. Note the triplications, c¢caused by the 450 and 670 km
upper mantle discontinuities, which have c¢ross over points
near 17 and 23 degrees, respectively.
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Instrument Development and Quality Control
9930-01726

E. Gray Jensen
Branch of Seismology
U.S. Geological Survey
345 Middlefield Road - Mail Stop 977
Menlo Park, California 94025
(415) 329-4729

Investigations

This project supports other projects in the Office of Earthquakes, Volcanoes and
Engineering by designing and developing new instrumentation and by evaluating and improving
existing equipment in order to maintain high quality in the data acquired by the Office.
Tasks undertaken during this period include activities related to the Loma Prieta earthquake
(including an development of an aftershock alarm), modification of the SGR system and
development of a new blaster and master clock combination, among other things.

Results

The Loma Prieta earthquake in October occupied much of our time early in this period.
On the night of the 17th, project personnel maintained the continued operation of the main
emergency generator which supplies power to all critical data acquisition operations.
Additional power units and cabling were setup to permit use of lights, analysis computers, etc.
For the following two weeks, technical personnel were on-site 24 hours daily to ensure prompt
response to unforeseen problems.

During this time a new earthquake alarm system was developed in response to the need
for early warning of aftershocks at such places as the 1-880 Cypress structure. This unit was
a variation of the multi-channel earthquake alarm developed previously for in-office use. For
this version three low-gain seismic stations were installed at different locations in the
epicentral region. These seismic signals were radioed directly to the Menlo Park office where
a trigger circuit would trip if a signal amplitude equivalent to a magnitude 3.7 event in the
epicentral region was detected on two or more sensors. The alarm output radioed a code via
a mountaintop repeater to any of several receivers located in the Bay Area. The receivers
emitted an audible alarm upon receiving the code. The receivers displayed a green light
whenever they were in radio contact with the alarm system. This system provided about a
10 second (P-wave) or 20 second (S-wave) advance warning of Loma Prieta aftershocks
greater than M3.7 to CalTrans operations in the I-880 Cypress area.

Microprocessor program code changes were made in the Seismic Group Recorder (SGR)
timer boards and transfer clock units to implement improvements in operation. Changes were
also made to the laptop computer software used to control the SGR’s. The SGR’s were used
in Kenya in January and February as part of a multi-national cooperative refraction experiment
(KRISP). This appears to have been quite successful although much of the data has yet to
be processed.
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A new blaster for firing explosives in refraction experiments was developed. Previously,
blasting required a separate blaster, a master clock, a chart recorder and an interface unit.
Eventually, this new device will incorporate all these elements in one case. Eight units with
the new solid-state blaster circuitry have been built so far. These were used in the KRISP
experiment in Kenya. Development of a new master clock based on the circuitry used in the
SGR timer and an associated chart recorder is continuing.

A digital seismic station using a Nanometrics RD-3 digitizer was installed at Monument
Peak in February. This station is telemetered using 9600 baud modems over the microwave
system. The 3-component, 5 sample per second, 14-bit data is collected by a PC-AT
compatible computer in Menlo Park. The signal is gain-ranged yielding a dynamic range as
high as 124 dB. This is an experimental station and investigation into digitizer, radio and data
receiver options is continuing.

Reports

Bakun, W. H., Fischer, F. W., Jensen, E. G., and Van Schaack, J., 1989, An early warning
alert system for aftershocks, AGU , San Francisco, CA, December 1989.
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State of Stress in the Rupture Zone of Large Earthquakes
Grant No. 14-08-0001-G1773

Hiroo Kanamori
Seismological Laboratory, California Institute of Technology
Pasadena, California 91125 (818) 356-6914

Investigations

1. Fault Parameters and Tsunami Excitation of the May 23, 1989 Macquarie
Ridge Earthquake, Kenji Satake and Hiroo Kanamori.

2. Focal Mechanisms of the Spitak (Armenia) Earthquake of Dec. 7, 1988
Determined from Teleseismic Records, K. Satake, H. Kanamori,
H. Kawakatsu and M. Kikuchi.

Results

1. Fault Parameters and Tsunami Excitation of the May 23, 1989 Macquarie
Ridge Earthquake.

The Macquaire Ridge earthquake of May 23, 1989 is one of the largest events in the
last decade. Furthermore, it is the largest strike-slip earthquake ever recorded instru-
mentally. We analyzed long-period surface waves and body waves recorded at global
network (GDSN, IRIS, GEOSCOPE and IDA) to estimate the fault parameters and
computed tsunamis from the estimated parameters. The Centroid Moment Tensor (CMT)
solution from surface waves shows that the mechanism is almost pure strike-slip with one
of the nodel planes parallel to the strike of the Macquarie Ridge. The seismic moment is
1.6 x 1021 Nm (x1028 dyn-cm) and the corresponding moment magnitude is My = 8.1.
Teleseismic P and S waves from 10 stations with good azimuthal coverage are used to
model the temporal and spatial distribution of the subevents. Four subevents are located
sequentially from south to north along the ridge system in about 30 sec. All of them have a
mechanism similar to the CMT solution. The fault length is estimated to be about 120 km
from the subevent and the aftershock distributions. The rupture propagates from south to
north at a relatively high speed. The average slip on the fault depends on the estimate of the
fault width, but it is probably in a range of 9 to 27 m. A large strike-slip earthquake like
this event produces significant vertical displacements on the ocean bottom and excites
tsunamis. Computation of tsunamis using the estimated fault parameters predicts that small
tsunamis are expected at Australia and New Zealand. In fact, small tsunamis were
observed at the southern coast of Australia.

2. Focal Mechanisms of the Spitak (Armenia) Earthquake of Dec. 7, 1988 Determined
from Teleseismic Records

We determined the focal mechanism of the Spitak (Armenia) earthquake of
December 7, 1988 using teleseismic surface and body waves. Time-domain Centroid
Moment Tensor (CMT) inversion was made using long-period surface waves recorded at
eight stations. Only those seismograms recorded by the Streckeisen (STS) seismometer
were used because of their good signal-to-noise ratio at long period. The CMT solution

gives T-axis of 1.2 x 1026 dyne-cm (pl 660, az 2409), N-axis of 0.7 x 1026 dyne-cm (pl
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219, az 90°) and P-axis of 1.9 x 1026 dyne-cm (pl 119, az 3560). Inversion of spectral
data of Rayleigh and Love waves over a period range from 150 to 300 sec yielded an
almost identical solution. This solution has a large non-double couple (non-DC)
component (minor DC/major DC - 36%) and suggests complex faulting. The double
couple soloution indicates a dip-slip fault striking roughly in an E-W direction. Body
waves from this event show very complex waveforms. We used a revised version of
multiple deconvolution technique by Kikuchi and Kanamori to obtain three major subevents
with different mechanisms. The first two subevents are predominantely dip-slip type. The
largest subevent occurred about 40 sec after the first one with strike-slip mechanism. This
temporal change in mechanism causes an apparent large non-DC component in the CMT
solution. The composite moment tensor obtained by tensorial summation of the sub-events
is similar to the CMT solution and also has a large non-DC component.

Publications

Satake, K. and H. Kanamori, Fault Parameters and Tsunami Excitation of the May 23,
1989 Macquarie Ridge Earthquake, submitted to Geophys. Res. Lett. January,
1990.

Satake, K., H. Kanamori, H. Kawakatsu, and M. Kikuchi, Focal Mechanisms of the
Spitak (Armenia) Earthquake of Dec. 7, 1988 Determined from Teleseismic
Records, American Geophysical Union, Fall Meeting, San Francisco,
California, December 4-8, 1989.

Kanamori, H. and D. V. Helmberger, Semi-Realtime Study of the 1989 Loma
Prieta Earthquake Using Teleseismic and Regional Data, Special Session,
American Geophysical Union, Fall Meeting, San Francisco, California,
December 4-8, 1989.
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FAULT MECHANICS AND CHEMISTRY
9960-01485

C.-Y. King
Branch of Tectonophysics
U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025
(415) 329-4838

Investigations

[1]

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

[2] Water level was continuously recorded at six other wells in central California.

[3] Water temperature and electric conductivity were periodically measured, and water
samples were taken from most of these wells and two springs in San Jose for chemical
analysis.

[4] Cumulative slip distribution for a long sequence of slip events along a laboratory fault
is studied.

Results

[1] Geochemical Data Along Hayward Fault

Figures 1-4 show geochemical data measured at the four monitoring sites along the
Hayward fault up to March 1990. The in situ data of temperature and conductivity
beginning in the last quarter of 1989 are subject to larger experimental error due
to instrumental problems and change of field persons. The anomalous increases of
conductivity and sodium concentration at the Chabot well that began shortly before
the 3 April 1989 earthquake of magnitude 4.9 about 55 km away persisted, and
this finding is supported by the results of further analyses of the water samples for
concentrations of calcium, magnesium, and potassium (Figures 5 and 6). However, an
apparent conductivity increase that preceeded the October 17 Loma Prieta earthquake
is not confirmed by the corresponding result of water-sample analyses, and it appears
to be spurious. The Loma Prieta earthquake may have been followed by increases of
flow rate at the two springs in the Alum Rock Park in San Jose, but the measurements
were not made soon enough to catch the maximum rates. Other post—earthquake
changes at the springs may possibly be spurious.
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[2] Radon Data in Parkfield

Figure 7 shows radon concentrations with daily calibration pulses, temperature, water—
flow rate through the instrument, and barometric pressure recorded at the Taylor well
since the beginning of monitoring. The radon concentration is not significantly affected
by the fluctuation in the flow rate (within allowance of instrumental design), except
at times of power failures which interrupted water supply. The radon value shows
a seasonal variation possibly as a result of variation in water degassing rate in the
instrument caused by seasonal temperature and barometric—pressure changes.

Reports

King, C.-Y., 1989, Volume predictability of historical eruptions at Kilauea and Mauna Loa
volcanoes, Journal of Volcanology and Geothermal Research, v. 38, p. 281-285.

King, C.-Y., Earthquake—prediction techniques, Encyclopedia of Earth System Science,
Academic Press, Inc. (in press).
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Operation of Borehole Tiltmeters
at Pinon Flat Observatory, California
and Analysis of Secular and Tidal Tilt

14-08-0001-G1765

Judah Levine
Joint Institute for Laboratory Astrophysics
Campus Box 440
University of Colorado
Boulder, Colorado 80309
(303) 492 - 7785

Objectives: To install borehole tiltmeters at Pinon Flat Observatory in
Southern California; to compare the performance our instruments installed at
three different depths; to analyze the data at secular and tidal periods; and
to compare our results with those obtained from other instruments at the same
site.

Results: We completed the installation of a third instrument in a borehole
that is approximately 122 m deep. The installation was somewhat more
difficult that expected because we first had to remove an accumulation of
rust and metal chips from the bottom of the borehole. The new instrument
uses a new alignment system. The azimuth of the instrument is fixed by two
steel pins near that bottom of the casing that mate with two wedge-shaped
slots attached to the tiltmeter capsule. The slots are tapered in such a way
that the instrument is automatically rotated to the proper azimuth as it is
lowered. The azimuth of the pins was determined using a rented gyro-compass
that was mounted on a well-logging tool.

Although the newest instrument (named BOC) is somewhat noisier than its
shallower cousins, we have found good agreement between it and the shallowest
tiltmeter (which is installed at a depth of about 25 m and is named BOA).

The discrepancy that we had previously found between BOA and BOB is thus
peculiar to the intermediate depth at which BOB is installed (about 36 m).
We have been able to model this discrepancy as a tilt-strain coupling effect.
These very recent results were presented as a poster paper at the recent
workshop in Moro Bay, California. Our conclusions so far are
phenomenological -- we do not know if the coupling is a result of the change
in the hydrostatic pore pressure below the water table that accompanies the
strain tide cycle (and which has been observed as coherent changes in the
heights of nearby wells) or whether some other strain-driven effect is
responsible. We are continuing our study of this question.

We are also studying the usefulness of phenomenological models in
explaining tilt fluctuations at intermediate periods ranging from a few hours
to a few days. Our goal is to see by how much the sensitivity of existing
instruments can be improved at intermediate-period using real-time adaptive
digital processing.

We find significant coherence at these periods between barometric pressure
and tilt, for example, although the admittances vary somewhat with time. We

attribute this variation to changes in the wave-number spectrum of the
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barometric pressure. These changes would interact with the local topography
to produce an apparent change in an admittance that was derived from only a
single nearby barometer. Using an admittance to barometric pressure that
changes slowly with time, we have had significant success in reducing the
variance in the data recorded at other sites, and we are continuing this work
using the data from PFO.

Summary of Data Collected: We acquire the data from our three instruments at
PFO (2 channels/instrument) every 6 minutes. These same values are also
transmitted to the PFO central recording trailer and are digitized and
recorded there 12 times/hour.
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INVESTIGATIONS

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

RESULTS

1. A Possible Geodetic Anomaly QObserved Prior to the Loma Prieta Earthquake.

Monthly measurements since mid-1981 of distance from a geodetic station located 11
km from the epicenter of the Loma Prieta earthquake (M, = 7.1; October 17, 1989) to
three stations 30 to 40 km distant provides an unusually complete record of deformation
in the epicentral region in the years prior to an earthquake. Roughly 1.3 years before the
earthquake, at about the time of the first magnitude-5 foreshock, the rate of change in line
length for two of the lines appears to change; the rate for the third line does not change.
Other similar, though smaller, changes in rate are apparent in the eight-year record. Thus,
there is marginal evidence for change in deformation rate about one year before the Loma
Prieta earthquake, but that change nced not be a precursor.

2. A Geodetic Estimate of Fault Slip During the Loma Prieta Earthquake.

Offsets in the relative positions of geodetic stations resulting from the Loma Prieta
earthquake can be explained with a dislocation model that includes buried oblique slip on
a rupture surface reaching 37 km along the strike of the San Andreas fault, dipping 70
to the SW, and extending from a depth of 5 to 17.5 km. Assuming uniform slip on this
rectangular surface, the best fitting values for the slip vector components are 1.6 £+ 0.3 m
right-lateral strike slip and 1.2 + 0.3 m reverse slip. The geodetic data clearly preclude
rupture extending to near the surface. The uncertainties in the calculated slip values are
scaled by the misfit of the model and include estimated uncertainty in the model geometry.
Slip on an adjacent extension of the rupture to the southeast recorded in the aftershock
sequence 1s not well constrained by the geodetic data, and across-fault extension observed
in this area is not explained by the fault model.
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3. Little Postseismic Deformation Detected After the Loma Prieta Earthquake.

In the interval from 3 to 140 days after the October 17, 1989, Loma Prieta earthquake
(M, = 7.1) we detected no significant postscismic change (¢ = +7 mm) in 7 Geodolite
(EDM) line lengths observed from Loma Pricta and only marginally significant change in
the relative positions of 13 GPS stations in a 90-kin-long profile extending from Santa Cruz
to the Central Valley. We surveyed the GPS profile 2, 6, 14, 49, 91, and 140 days after
the main shock and used CIGNET tracking data to improve the satellite orbits for all but
the last (3/05/90) survey. Fault parallel and perpendicular components of position change
are shown in Figure 1. Component changes are nearly all less than 20 mm. There was no
significant fault parallel displacement across the San Andreas fault, a possible 20 mm of
right-lateral slip across the Calaveras fault (30 km NE of the San Andreas fault), and an
apparent 30 mm of contraction across the San Andreas fault.
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Figure 1. Plots of the fault parallel and perpendicular components of position change
relative to the station on Loma Prieta (3.5 km NE of the San Andreas fault) with the
second (20/23/89) survey taken as the base survey. The second survey was used as a base
because only 8 of the 13 stations in the profile were occupied during the first (10/19/90)
survey. Errors bars for the position change at the time of 1/17/90 survey are +1¢ and are
typical of the error in position change at the time of the other surveys.

4. Strain Measurements along the San Andreas Fault North of Los Angeles.

The Tehachapi and Palmdale trilateration networks have been surveyed repeatedly
since the early 1970’s. The lines in those networks that have been measured in each and
every survey are shown to the left in Figure 2, 13 lines in the Tehachapi network and 31
lines in the Palmdale network. The uniform strain fields that best explain the line length
changes observed in those two networks are shown to the right in Figure 2. The strains are
referred to a coordinate system with the 1 and 2 axes directed parallel and perpendicular
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Figure 2. Lines in the Tehachapi and Palmdale trilateration networks measured in each
and every survey (left) and strain components as a function of time for these parts of the
Palmdale and Tehachapi networks (right). The 1 axis is directed S 65°E and the 2 axis is
N 25°W. The error bars represent one standard error on either side of the plotted point.

to the local strike of the San Andreas fault. The accumulation of each component of strain
for both networks has been approximated by a linear fit in the figure, and the average
strain rate represented by the slope of that fit is shown. The only significant accumulation
is in the shear component e],. Clearly, strain accumulates more rapidly close to the fault
(Palmdale) than farther from it (Tehachapi) as one would expect if the slip at depth on the
fault is the source of the strain accumulation concentration on a fault. Although at times
data from one network may show marginally significant deviations from the linear trend,
data from the other network does not show significant deviations at the same time. Thus,
one is unable to demonstrate that significant deviations from uniform strain accumulation
have been observed.
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5. Criticism of some Forecasts of the National Earthquake Prediction Evaluation Council

The Working Group on California Earthquake Probabilities has assigned probabilities
for rupture in the interval 1988-2018 to various segments of the San Andreas fault on
the basis of the lognormal distribution of recurrence times of characteristic earthquakes
postulated by Nishenko and Buland (1987). I question the validity of those probabilities
on the basis of three separate arguments: 1) The distributions of recurrence times of
the four, best-observed, characteristic-earthquake sequences are each only marginally
consistent with the Nishenko-Buland lognormal distribution. 2) The range of possible 30-
year conditional probabilities for many of the fault segments is so great due to uncertainty
in the average recurrence time for that segment that the assigned probability is virtually
meaningless. 3) The 1988 forecasts not subject to the foregoing objection are those in which
there is a low probability of an earthquake in the near future (e.g., only a 5% chance of
rupture of the North Coast segment before the year 2049 and the Carrizo segment before
the year 2018). However, the same reasoning would assign only a 5% chance of rupture
before mid-1993 to the southern Santa Cruz Mountains segment, the segment that failed
in October 1989.

Finally, the forecast of the next Parkfield earthquake (95% probability before 1993.0)
by Bakun and Lindh (1985) depends upon an ad hoc explanation of the out-of-sequence
1934 earthquake. A less-contrived forecast would have assigned a conditional probability of
about 60 + 20% to th<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>