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include both work performed under contracts administered by the
Geological Survey and work by members of the Geological Survey.
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Seismic Monitor.ng of the Shumagin Seismic Gap, Alaska
# 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 (Figure 1) 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 earth
structure, studies of regional tectonics, analysis of possible earthquake precursors, and seismic
hazard evaluation. Yearly bulletins are available starting in 1984 through 1990.

Results .

Shumagin network data were used to locate 137 earthquakes from January 1 to June 30, 1990,
bringing the total number of digitally recorded events in Shumagin network catalog to 5805 since
1982. The seismicity for the first half of 1990 is shown in map view on Figure 2 and in cross
section on Figure 3. Events shown by solid symbols are those events that meet the following
quality criteria: located by 8 or more P or S arrivals, vertical error from Hypoinverse 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. Also, depths of shallow earthquakes are only
well-determined beneath the Shumagin Islands.

Significant reconfiguration of the network took place in the summer of 1990, in an effort to
refocus network research while drastically reducing operating costs (Figure 1). Five short-period
instruments were removed, approximately 1/3 of the telemetered network: stations on Sanak Island
(SNK); False Pass, Unimak Island (FPS); northern Pavlof Volcano (PN6); a 3-component station
at Black Hills, northern Alaska Peninsula (BLH); and Ivanof Bay, in the NE (IVF). At the central
station, backup analog equipment was shut down and removed. The remaining network includes
primarily stations in the Shumagin Islands proper, where they can be sited as close as possible to
the Aleutian interplate thrust, and a few stations monitoring the Pavlof and Dutton Volcanos in
conjunction with the Alaska Volcano Observatory.

One significant improvement was made, to upgrade the central station at Sand Point to a
continuous digitally-recorded broad-band station. The instrument, a Guralp CMG-4, records
ground velocity at periods up to 20 s on 3 components. It is recorded separately from the
telemetered network, along with one station on Pavlof Volcano (PVV), at a continuous 20
samples/second. This instrument has provided high-quality records since late July, 1990, which
are being used for detailed source and propagation studies (e.g., Figures 4-5).

The overall pattern in Figures 2-3 resembles the long term seismicity. 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. Seismicity contours below 30 km depth parallel the volcanic
arc, rather than the trench, and become closer to the trench west of the network (Figure 2).
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. Some locations
near 100 km depth on Figure 2 correlate with the lower plane of the double seismic zone seen in
long-term seismicity.
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The most significant activity in the Shumagin area has been in the outer-rise regions east and
west of the Shumagin segment. On July 27, 1990 a Mb 5.7 outer-rise event was recorded near the
trench, east of the Shumagin "gap” but seaward of the inferred nucleation point of the 1938
Ms=8.3 event (Figure 4). Sand Point broad-band seismograms from this event show a strong
radially-polarized phase on horizontal components (Figure 5), which has been modelled as a
surface refracted Sp phase. Teleseismic analysis shows that this event is 40-45 km deep and has a
thrust mechanism. To our knowledge this is the first outer-rise earthquake with a thrust
mechanism recorded anywhere in the Aleutians.
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Figure 1. Map of stations in the Shumagin Seismic Network, as of August 1990. Circles are
short-period telemetered stations, all vertical-component except for SGB which is 3-component.
Upright triangles are analog SMA-1 sites only; in addition, SMA-1's are co-located with stations at
SGB, BKJ, NGI, DLG, and DRR. Inverted triangles are telemetered 3-component FBA's; CNB
also has a vertical short-period seismometer. The square is the central station site at Sand Point,
where all data is recorded and the location of the broad-band instrument. In addition, digital
strong-motion instruments are operating at SAN and Dutch Harbor, Unalaska.



50
40
30
20
1.0
0.0

o000

143 Events l XI
56.0
54.0
TRIANGLE = Station
Depth (km): CIRCLE < 50.0 < BOX < 100.0 < DIAMOND
| | | | o
-166.0 -164.0 -162.0 -160.0 -158.0 —152.%

Figure 2. Map of seismicity located by the Shumagin seismic network from July to December, 1990. Symbol
shapes show depths, sizes show magnitudes. Filled symbols meet criteria for well-located events, described in text.

Figure 3. Cross-section of all'Shumagin Network seismicity July-December 1990, located in Figure 2.
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Fig. 4. Location and mechanism of outer-rise
event of 7/25/90. Also shown is raypath to
broad band station SAI in Sand Point, where
seismograms in Fig. 5 are recorded.
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Fig. 5. Broad-band secismograms for outer-rise earthquake of 7/25/90, recorded at Sand Point. Rotated
to vertical, radial, and tangential (z,r,t) components. Note strong radial X1’ phase, tentatively
identified as a surface-refracted Sp phase from waveform modelling. Broad-band instrument is flat to
velocity between 2.0 and 0.05 Hz. 4
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Semi-Annual Technical Summary
October through March, 1991

Seismological Data Processing Project
9930-03354

Greg Allen, Moses Smith

U.S. Geological Survey
345 Middlefield Road
Menlo, Park, Ca. 94025

(415) 329-4695

This project provides services for UNIX -computers and PCs in the areas
of network management and maintenance, computer system management,
installation, backups, maintenance, and user assistance. There are
currently 19 UNIX computers in the Branch of Seismology: an

Integrated Solutions Inc., multi-user system; a SUN 4/280 fileserver;

6 SUN SPARCstation 1ls; 6 SUN 3/60 workstations; 2 SUN 3/50 workstations:
1 SUN 3/80 workstation; 1 SUN SPARCstation SLC; 1 SUN SPARCstation 2.
This project also maintains a NOVELL network of 7 PCs (MS-DOS),

for the branch administrative staff. The body of this report does not
contain investigations, results and reports, as these are not germain to
the nature of this project.

During the first 6 months of FY91 we provided the following serivces
for the Branch:

General user assistance with the use of UNIX systems.
Nightly incremental backups of the ISI and SUN computers.
» Monthly system backups of the SUN file server and the ISI computer.

Maintained RTP data system buffer service to Branch UNIX and VAX
computers.

Maintained the Branch Administrative Office’s Novell PC network.
Maintained and upgraded application software.
Arranged for various hardware repairs for the UNIX computers.

Extended the SUN data communication sub-net from building 7
to building 8.
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Moved the SUN 4/280 file server from the 2ond floor of building 8,
to the new computer room on the 1lst floor of building 7.

Upgraded the SUN 4/280 file server hardware by adding a 1 gigabyte,
SCSI disk, and 32 serial ports.

Upgraded the operating system of the SUN 4/280 and 2 SUN workstations
to SUN OS 4.1.1.

Have and are currently working with Tom Jackson, of the Consolidated
Digital Recording and Analysis Project, on preparing the new
computer room facilities.



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 82-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 bulletins and biennial earthquake catalogs.

Results (October 1, 1990 - March 31, 1991)

General accomplishments. During the report period, significant efforts related to: (1)
design and acquisition of a distributed computer system (4 SUN Sparc 2 workstations with
optical-disk data storage) for processing and analysis of network data and data from portable
seismographs; (2) acquisition and testing of 4 REFTEK digital recorders for supplementing
regional-network data collection; (3) promoting, for the second time, a major initiative to the
Utah state legislature for modemizing seismic-network instrumentation in Utah; and (4) contin-
ued upgrading of site hardware and electronics at field stations that have been operating since
the mid-1970s.

Network Seismicity. Figure 1 shows the epicenters of 374 earthquakes (ML <34)
located in part of the University of Utah study area designated the "Utah region" (lat. 36.75°-
42.5°N, long. 108.75°-114.25°W) during the six-month period October 1, 1990 to March 31,
1991. The seismicity sample includes twelve shocks of magnitude 3.0 or greater (labeled in
Fig. 1) and six felt earthquakes (ML =34, 32, 3.1, 3.1, 3.0, 2.6).

The largest earthquake during the six-month report period was a felt shock of M, 3.4 on
February 21, 1991 (11:23 UTC), located 4 km west of Salina, in central Utah. Sixty percent
of the seismicity during the report period was associated with two areas of earthquake activity
located (i) north of the Great Salt Lake, approximately 40-90 km west of Logan (121 shocks,
0.8 £ M < 3.1), and (ii) in an area of ongoing coal-mining related seismicity, 20-90 km SW of
Price (98 shocks, 1.5 < M < 3.1).

Reports and Publications

Arabasz, W.J. (Editor) (1991). A Guide to Reducing Losses from Future Earthquakes in Utah:
"Consensus Document," Utah Geological and Mineral Survey, Misc. Pub. 91-1, 30 pp.

Nava, S.J. (1990). Earthquake Activity in the Utah Region, April 1 - June 30, 1990, Survey
Notes (Utah Geological and Mineral Survey) 24, 13.
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Nava, S.J. (1990). Earthquake Activity in Utah, July 1 - September 30, 1990, Wasatch Front
Forum (Utah Geological and Mineral Survey) 7, 3.

Pechmann, J.C. (1991). Plans for Replacement of Recording and Analysis Computers for the
University of Utah Regional Seismic Network (abs.), Seism. Res. Lett. 62, 23.
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Figure 1. Earthquake Activity in the Utah Region, October 1, 1990, through March 31, 1991.
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Partial Support of Joint USGS-CALTECH
Southern California Seismographic Network

#14-08-0001-A0613

Robert W. Clayton
Egill Hauksson

Seismological Laboratory,
California Institute of Technology
Pasadena, CA 91125 (818-356-6903)

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.

For more detailed information about data access, please contact:
Dr. Kate Hutton at (818)-356-6959;
or with E-mail: kate@bombay.gps.caltech.edu.

RESULTS

Seismicity

The Southern California Seismographic Network (SCSN) recorded 4691
earthquakes during the six months from October 1990 through April 1991, an average of
670 per month, making it an unusually quiet reporting period (Figure 1).

There was only one event of M] >4.0 in California during the last six months. This
M] 4.2 earthquake occurred on 18 December 1990 and was located in the eastern San
Joaquin Valley, 8 miles east of Bakersfield. The second largest earthquake that occurred
during this reporting period was an MJ 3.8, located in the Costa Mesa area, near the
Newport-Inglewood fault at the southern edge of the Los Angeles basin, at 1721 GMT
on October 17, 1990. Both events were followed by a few aftershocks. Only one
earthquake of M>3.5 occurred during the first 4 months of 1991.

During the last six months the prominent areas of microseismicity were the usual
ones: the Coso and Kern River areas, the San Jacinto fault, the southern Elsinore fault,
the Imperial Valley and the San Bernardino and Little San Bernardino Mountain areas.
Aftershocks continued at a rate clearly higher than background in the Oceanside
sequence (M[,5.3 on July 13, 1986) and the Coalinga sequence (M] 6.3 on May 3,
1983).

Focal Mechanisms

The focal mechanism for earthquakes of M>3.5 are shown in Figure 2. A total of 7
events of M>3.5 were recorded in California from 1 October 1990 to 30 April 1991 and
reliable focal mechanisms could be determined for 6 events. The one M] 3.5 event (31
January 1991) for which a focal mechanism was not determined, occurred at a shallow
depth (probably less than 1 km) in the Orcutt Qil Field in the Santa Maria basin. This



event was most likely induced in the oil field. The My 4.2 Bakersfield event (18
December 1990) showed a mixture of strike-slip and normal faulting. The MJ 3.8 Costa
Mesa event (October 17, 1990) also showed a mixture of strike-slip and normal faulting.
Three events showing strike-slip faulting occurred in the San Bernardino Mountains.
One event (14 December 1990) showing strike-slip faulting was recorded north of the
Coso Geothermal Area.

Weekly Seismicity Report

In January 1990, 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.

TABLE . Locations and Focal Mechanisms of M>3.5 Earthquakes that
Occurred During January - September 1990

Origin - Time Latitude Longitude Depth Mag  Focal Mechanisms

Day uUT N W km ML .Ddir Dip Rake
901018 1721 56.08 33-38.74  117-53.43 5.11 3.8 95 75 -150
901109 0711 20.00 34-25.23 116-48.88 421 3.5 115 80 0
901214 1422 33.05 36-33.60 117-55.82 6.00 3.6 330 60 -20
901217 1744 21.22 34-12.20 117- 1.64 6.74 3.7 310 45 0
901218 1656 43.14 35-22.05 118-50.53 5.53 4.2 185 80 -140
910308 0927 35.56 34- 8.71 116-43.26 10.73 3.7 70 90 170

Publications Using Network Data (Abstracts excepted).

Hauksson, E., and S. Gross, Source parameters of the 1933 Long Beach earthquake,
Seismol. Soc. Am., Bull., 81, 81-98, 1991.

Michael, A. J., Spatial variations in stress within the 1987 Whittier Narrows, California,
aftershock sequence: New techniques and results, J. Geophys. Res., 96, 6303-
6319, 1991.

Mori, J., Estimates of velocity structure and souce depth using multiple P waves from
aftershocks of the 1987 Elmore Ranch and Superstition Hills, California,
earthquakes, Seismol. Soc. Am., Bull., 81, 508-523, 1991.

Su, F., K. Aki, and N. N. Biswas, Discriminating quarry blasts from earthquakes using
coda waves, Seismol. Soc. Am., Bull., 81, 162-178, 1991.

Wesnousky, S. G., Seismicity as a function of cumulative geologic offset: Some
observations from southern California, Seismol. Soc. Am., Bull., 80, 1374-1381,
1990.
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121° 120° 119° 118° 117° 116° 115°
370 Ll]lllllllllllllll||l||l|lllllLLIlllllJlllllJJll‘llllllllllllI|Ll||lll|l||[l||
! \\ \\ E
° \ \ =
. ® \ -
36°—o —
3 N\ -
3% % C
35°— —
7 ° -
TJa % o
340__: -
ﬂ -
330_: .__
32°—] —
T ek . o\
'l'UIJI|HIIIIUIITT“]lllHIIIIUIITWIIIHIIlHTIIHIIIlPI'IH|ITIWI|I“
121° 120° 119° 118° 117° 116° 115°

Figure 1. Map of epicenters of earthquakes in the southern California region,
1 October 1990 to 30 April 1991.
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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, A.l. Qamar and R.S. Ludwin
Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020
October 1, 1990 - March. 31, 1991

Investigations

Operation of the Washington Regional Seismograph Network (WRSN) and routine
preliminary analysis of earthquakes in Washington and Northern Oregon continue under
these contracts. Quarterly bulletins which provide operational details and descriptions of
seismic activity in Washington and Northern Oregon are available from 1984 through the
first quarter of 1991. Final published catalogs are available from 1970, when the network
began operation, though 1986.

The University of Washington operates 76 stations west of 120.5°W under these
agreements, 28 are supported under A0622, 46 under A0623, and 2 are operated jointly.
Station locations are shown as small triangles in Fig. 1. This report includes a brief sum-
mary of significant seismic activity. Additional details are included in our Quarterly bul-
letins.

Network Operations

In August and September 1990, under JOA 14-08-0001-A0623, we installed 4 new
stations in Oregon (HBO, DBO, MPO and HSO). Patrick McChesney, a new technician
who is stationed in Vancouver WA, was hired to maintain stations at Mt. St. Helens and
in Oregon.

To improve our ability to function in emergency situations the University provided
us with an uninterruptible power supply (UPS). To improve access to digital trace data,
we are copying our "master” 9 track, 1600 bpi tapes of digital trace data to exabyte tape
cartridges, and we developed software to facilitate recovery of data files. To improve
communication with other agencies, we implemented a public update service. Anyone on
internet can access the most current information on seismic activity. The utility "finger
quake@ geophysics.washington.edu” gives locations of significant Pacific Northwest earth-
quakes during the past several days, several of the the most recent WRSN locations, and
the most recently received NEIS QED locations. The same service is available by dialing
our main computer (206) 685-0889 and logging in as "quake" with password "quake".

Seismicity

Figure 1 shows earthquakes (M, = 0) located in Washington and Oregon during this
reporting period. Excluding blasts, probable blasts, and earthquakes outside the U. W.
network, a total of 748 earthquakes west of 120.5°W were located between October 1,
1990 and March 31, 1991. Of these, 354 were located near Mount St. Helens, which has
not erupted since October of 1986. East of 120.5°W, 49 earthquakes were located.

There were five earthquakes reported as felt west of Cascades, and three reported as
felt to the east of the Cascades. None of these were damaging. The largest earthquakes
in this reporting period were two at M, 3.5. The first was on October 19, felt on Mt.
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Hood, and located at a depth of ~ 6 km. It was one of 24 earthquakes (all but two smaller
than M, 1.7) that occurred during a three-hour swarm of activity that day. The other M,
3.5 earthquake was on December 30, at a depth of ~ 17 km, and was felt at North Bend,
east of Seattle.

Network Review

During 1990, the USGS conducted a review of all the networks which it funds. As
part of the review process, we wrote a summary report which covers operational aspects of
our network data acquisition and processing, and reviews a number of network-related
research projects, carried out here at the University of Washington. Copies of this over-
view are available from the University of Washington.

Publications

Barker, S.E. and S.D. Malone, (in press), Magmatic system geometry at Mount St.
Helens modeled from the stress field associated with post-eruptive earth-
quakes, JGR.

Crosson, R.S, S.D. Malone, and R.S. Ludwin, 1990, Washington Regional Seismo-
graph Network - Major scientific accomplishments and Operations, Univer-
sity of Washington.

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, 1991, Washington Earth-
quakes 1985, in Stover, C.W and L.R. Brewer, U.S. Earthquakes, 1985,
U.S.G.S. Bulletin 1954.

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, (in press), Washington
Earthquakes 1986, in U.S. Earthquakes

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.I. Qamar, (in press), Washington
Earthquakes 1987, in U.S. Earthquakes

Ludwin, R. S,, S.D. Malone, R.S. Crosson, A.I. Qamar, (in preparation), Washington
Earthquakes 1988, in U.S. Earthquakes

Ludwin, R. S., S.D. Malone, R.S. Crosson, A.L. Qamar, (in preparation), Washington
Earthquakes 1989, in U.S. Earthquakes

Ludwin, R. S, C.S. Weaver, and R.S. Crosson, (in press), Seismicity of Washington
and Oregon, in: Slemmons, D.B.,, E.R. Engdahl, D. Blackwell and D.
Schwartz, editors, Decade of North American Geology associated volume
CSMV-1; Neotectonics of North America.

Ma, Li, R.S. Crosson, and R.S. Ludwin, (submitted), Preliminary Report on Focal
Mechanisms and stress in western Washington, in: USGS Professional Paper
"Assessing and Reducing Earthquake Hazards in the Pacific Northwest")

Malone, S.D., 1990, Mount St. Helens, the 1980 re-awakening and continuing seismic
activity, Geoscience Canada, V 17, N. 3, pp. 146-150.

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

Weaver, C.S., R.D. Norris, and C. Jonientz-Trisler, 1990, Results of Seismological
monitoring in the Cascade Range, 1962-1989, earthquakes, eruptions,
avalanches, and other curiosities, Geoscience Canada, V. 17, pp. 158 - 162.
BSSA.

Univ. of Wash. Geophysics Program, 1991, Quarterly Network Report 90-D on
Seismicity of Washington and Northern Oregon

Univ. of Wash. Geophysics Program, 1991, Quarterly Network Report 91-A on
Seismicity of Washington and Northern Oregon

Abstracts

Johnson, P.A,, and S.D. Malone, 1991, Cluster analysis of eastern Washington
seismicity: a new algorithm, results and geologic correlations, Seismol. Res.
Lett. V. 62, p. 47.s. Lett. V. 62, p. 47.

Jonientz-Trisler, C., C. Driedger, and A.l. Qamar, 1990, Seismic signatures of debris

14



flows on Mt. Rainier, WA, EOS, V. 71, No. 36, p 1068.

Jonientz-Trisler, C., and C. Driedger, 1990, Seismic evidence of historic debris flows
and dry season floods on Mount Rainier, Washington, 1961-1990, EOS, V.
71, N. 41, p 1145.

Malone, S.D., 1991, The Hawk seismic data acquisition system, Seismol. Res. Lett.,
V. 62, p. 23.

Malone, S.D., A. Qamar, and C. Jonientz-Trisler, 1991, Recent seismicity at Mount
Rainier, Washington, Seismol. Res. Lett., V. 62, p. 25.

Moran, S. C., and S.D. Malone, 1990, Focal mechanism solutions from recent earth-
quakes in the deeper magm atic system at Mt. St. Helens, EOS, V. 71, N. 41,
p. 1145.

Moran, S.C., and S.D. Malone, 1990, Pre-1980 seismicity at Mt. St. Helens: is the
past the key to the present, EOS, V. 71, N. 36, p 1067.

Nabelek, J.,, K. Werner, R. Yeats, and S. Malone, 1990, The August, 1990, Wood-
burn, Oregon earthquake sequence: constraints from broadband regional
recording and geological implications, EOS, V. 71, N. 41, p. 1145.

Qamar, A. and J. Zollweg, 1990, The 1990 Deming Washington earthquakes: a
sequence of shallow thrust earthquakes in the Pacific Northwest, EOS, V. 71,
N. 41. p 1145.
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Figure 1. Map view of Washington and Oregon showing locations of earthquakes (M. 2 0) that
occurred between October. 1, 1990 and March 31, 1991. Triangles designate seismic
stations operatcd by the WRSN.
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Central California Network Operations
9930-01891

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

Investigations

Maintenance and recording of 343 seismograph stations (444 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 105
B. summing amplifiers 1
C. seismic test units 2
D. VO2H/JO2L VCO Units 36
E. DC-DC Converters 3
2. Production/Fabrication
A. J512A VCO units 43
B. J512B VCO units 8
C. summing amplifier units 20
D. dc converter/regulators 28
E. V02H/VO2L Units 21
3. Rehabilitation: VCO enclosures 28
4. Discriminator Tuning: J120 discriminators 52
5 Equipment Shipped: J512A VCO for HVO 10
6. Ordered and load components on 100 ea additional J512 VCO's
7. New seismic stations: JJR (Joaquin Road); LPK (Park); LRB (Red Bank); GRO (Round
Mountain); LPG (Panther Gulch); LVR (Valentine Ridge).
8. Stations deleted: HPR (Peckam Road); HFH (Flint Hills); HKR (Kinkaid Ranch); BSCE,
BSCN, BSCV, BSCZ (Stone Canyon),
9. Completed RFP for "Repair, Modify, Calibrate and Perform Quality Control Checks on Seismic
Instruments".
10. Contract award and completion of 30 day training for two seismic field technicians from the
Bendix Corporation.
11. Fabricate 256 channel interface for Tustin Digitizer to Cusp.
12. Fabricate 256 channel interface for PC computer system.
13. Discontinued recording on one Develocorder.
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Cooperative New Madrid Seismic Network

14-08-0001-G1922 14-08-0001-G1923
R. B. Herrmann A. C. Johnston, J. M. Chiu
Department of Earth Center for Earthquake
and Atmospheric Sciences  Research and Information
Saint Louis University Memphis State University
3507 Laclede Avenue
St. Louis, MO 63103 Memphis, TN 38152
(314) 658-3131 (901) 678-2007

Purpose

The object of this effort is to upgrade the regional seismic networks in
the central Mississippi Valley to provide the data sets necessary for future
research in the earthquake process and in earthquake generated ground
motion.

In order to accomplish this, the satellite telemetry capability of the US
National Seismic Network will be used to communicate between central data
collection points at Memphis and St. Louis and the intelligent regional
seismic network nodes to be placed at five sites in the region.

Major tasks involve the design and implementation of the data centers,
the regional nodes at satellite uplink points, and the seismic sensors in the
field. Data will be transmitted from the sensors to a node using all digital
telemetry, 20 and 24 bit, to the extent possible with the present funding. The
final network will consist of 5 nodes, each collecting data from a broadband
sensor, an accelerometer and three-component seismometers.

Progress to Date

Major emphasis has been on the design of the regional nodes. This has
melded with a complementary effort to replace the PDP 11/70 and PDP 11/34
data processing and collection systems. The off line data processing has been
moved to a SUN 4, with the ability to process all previously archived PDP
11/70 data tapes. Since the replacement of the PDP 11/34 and the develop-
ment of the regional node have very similar requirements, the 11/34 replace-
ment will provide the heart of the regional node.

The following decisions have been made:

1. To replace the PDP 11/34, an Intel based 486 PC will be used. This will
have a 150 mB ESDI drive, VGA adapter, ethernet connection, and mouse. A
16 bit A/D will be used together with a Sprengnether 128 channel multiplexer
board. The VenturCom real time VENIX/386 operating system will be used
with the added benefit of supporting UNIX, NFS, a DOS emulator and
X11R3.
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2. The regional intelligent data collection nodes will run the real time OS/9000
operating system with similar hardware.

3. A USNSN satellite dish has been installed at Saint Louis University,
Memphis State University and at one regional node site at Marked Tree,
Arkansas.

Future Plans

The PC based PDP 11/34 replacement will be in operation in July. Details
will be given to other users of the original PDP 11/34 - PDP 11/70 systems.

The first field uplink will be at New Madrid, and will be functional in
October, 1991.

The project will be complete in August, 1992.
Publications

Haug, E. J., R. B. Herrmann, and J.-M. Chiu (1991). The cooperative New
Madrid Seismic Network - implementation of the regional nodes (abs),
Seism. Res. Letters 62, 33.
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Next Generation Seismic Studies of the New Madrid Seismic Zone
#14-08-0001-G1534

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

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

Investigations

Since mid-October 1989, the 40 three-component PANDA (Portable Array for Numer-
ical Data Acquisition) stations have been deployed in the central New Madrid seismic zone
(NMSZ) in 2- to 6-km interstation spacings. More than 500 earthquakes with magnitude
ranging from -2.0 to 4.6 were on-scale recorded by PANDA during the first 19 months of
field operation. The onset of P and S arrivals can be unambiguously determined from the
vertical and two horizontal components, respectively, to obtain accurate and reliable earth-

quake locations that are otherwise impossible using data from regional seismic networks
alone.

Results

Three-component digital seismograms collected in the region by PANDA are charac-
terized by (1) very weak direct S arrivals on the vertical component, which can, however,
be identified unambiguously from the two horizontal components, and (2) at least two
prominent secondary arrivals between the direct P and S arrivals, one (Sp) dominant on
the vertical component and the other (Ps) with smaller amplitude on the two horizontal
components (Figure 1). Travel time differences between the Sp and S and between the
P and Ps are the same from different earthquakes to the same station and are different
between stations. Polarization analyses of three-component seismograms and travel time
measurements confirm the interpretations that these two secondary arrivals are the P to
S (Ps) and S to P (Sp) converted waves that occurred at the bottom of the sedimentary
cover beneath each station. Therefore, travel time differences between the direct and the
converted waves are used to calculate the depth to the bottom of the unconsolidated sed-
iments beneath each station by assuming almost vertical raypaths for the direct and the
converted waves. A three-dimensional representation of the geometry of the sedimentary
basin in the upper Mississippi embayment is thus constructed by contouring the convert-
ing point beneath each PANDA station. The Tertiary boundary of the embayment was
digitized and used to define the outer boundary of the sedimentary basin (Figure 2). In
general, the geometry of the bottom of the sedimentary basin is very smooth except for
the central portion where the contact between the sedimentary basin and the underlying
Paleozoic sedimentary rock is disturbed. This disturbed area coincides with the upward
extension of the southwesterly dipping fault zone (~ 52° dip angle) and may represent
results of recent tectonic activities from the underlying rift system.

Unlike the broad and almost vertical fault zone extending to lower crust determined
by many previous studies in the region, cross-sectional views of the new data clearly define
a narrow inclined fault zone with ~ 52° dipping in the southern and ~ 37° in the north
toward southwest direction extending from beneath the sedimentary basin (~ 0.6 km) to
about 13 km depth. In contrast to the central NMSZ. the northern end of the southwestern
segment and the southern end of the Northeast segment of the NMSZ are characterized by
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almost vertical fault zone that intersects with the central zone around Ridgely, Tennessee,
and around New Madrid, Missouri respectively, where seismicity are the highest in the
region. Over the 19 months of PANDA operation, seismicity shows a seasonal pattern that
can be correlated with the fluctuation of regional water level. Such correlations may suggest
that seasonal variations of regional hydroinduced pressure in the upper crust due to water
level changes on the surface may play an important role in the generation of earthquakes in
the central NMSZ. Three-dimensional velocity inversions for P and S waves are calculated
independently to investigate velocity structures in the upper crust. Preliminary inversion
results suggest a P-wave low velocity zone at depth between 2.5 and 5 km which may be
associated with clastic sediment filling the graben. Earthquakes were relocated using the
new velocity model after inversion. Figure 3 shows several representative cross sectional
views of the central NMSZ using data base located by regional network model (regional),
Walter Mooney’s velocity model (old), and the new velocity model obtained from velocity
inversions. The linear fault zone features have been significantly improved when new
velocity model is used. The fault zone geometry in the central NMSZ show a very clear
correlation and response to the dirction of the pinching northeastern segment NMSZ in
the north and the southwestern segment NMSZ in the south.

Reports

Bataille, K. and J.M. Chiu, Polarization analysis of high-frequency, three-component seis-
mic data, Bull. Seismo. Soc. Am., v. 81, no. 2, 622-643, 1991.

Chen, K.C., J.M. Chiu, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group,
Three-dimensional geometry of the sedimentary basin and its tectonic implications in
the upper Mississippi embayment: results from the PANDA experiment, EOS, v. 71,
no. 17, p. 264, present at the Spring AGU meeting, 1991.

Chiu, J.M., G. Steiner, R. Smalley, and A.C. Johnston, PANDA: a simple, portable seismic
array for local- to regional-scale seismic experiments, Bull. Seismo. Soc. Am., v. 81,
no. §, 1991.

Chiu, J.M., G. Steiner,R. Smalley, A.C. Johnston, and the PANDA Group, The PANDA
II - a PC-based seismic array, presented in the ESSA meeting, Oct., 1990.

Chiu, J.M., A.C. Johnston, and the PANDA Group, The September 26, 1990, Md=4.8,
Cape Girardeau Earthquake and its aftershocks, presented in the ESSA meeting, Oct.,
1990.

Chiu, J.M., K.C. Chen, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group, A
high-resolution PANDA experiment in the central New Madrid seismic zone, EOS, v.

71, no. 43, p. 1435, presented in the Fall AGU meeting, 1990. presented in the ESSA
meeting, Oct. 1990.

Chiu, J.M., K.C. Chen, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group, A
high-resolution PANDA experiment in the central New Madrid seismic zone, invited
talk in the GSA meeting, Oct. 1990.

Chiu, J.M., K.C. Chen, Y.T. Yang, S.C. Chiu, A.C. Johnston, and the PANDA Group, A
high-resolution PANDA experiment in the central New Madrid seismic zone, presented
in the ESSA meeting, Oct. 1990

Yang, Y.T., J.M. Chiu, Z.S. Liaw, K.C. Chen, S.C. Chiu, A.C. Johnston, and the PANDA
Group, Fault zone geometry and crustal velocity structures in the central New Madrid

seismic zone using the PANDA data, EOS, v. 71, no. 17, p. 264, present at the Spring
AGU meeting, 1991.
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Figure 1. A typical three-component digital seismogram recorded by the PANDA
station in the New Madrid seismic zone. Cearly direct P, S, and
converted Ps and Sp can be identified.
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Figure 3. Two representative cross-sectional views of the central New Madrid seismic
zone, A-A’ (top three) in the north and B-B’ (bottom three) in the south. Map
views of the seismicity determined from the PANDA array and locations of A-A’
and B-B’ are shown in the left. Data used to construct (3a) and (3b) are PANDA
- locations (Oct. 1989 - May 1991) determined by a new velocity model obtained from
3-dimensional P and S velocity inversions and by a velocity model determined from
seismic reflection/refraction data by Mooney and Andrews (1984) respectively. Data
used in (3c) are the regional seismic network data (June 1974 - Dec. 1990). 1t is clear
that data quality has been improved dramatically from (3c) to (3b), and from (3b)
to (3a). The fault zone dips about 52% in the B-B’ section and about 37° in the A-A’

section,
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Central Aleutians Islands Seismic Network

Agreement No. 14-08-0001-A0259

Carl Kisslinger, Julie Hill, and Bruce Kindel
Cooperative Institute for Research in Environmental Sciences
Campus Box 216, University of Colorado
Boulder, Colorado 80309

(303) 492-6089

Brief Description of Instrumentation and Data Reduction Methods

The Adak seismic network consists of 13 high-gain, high-frequency, two-component
seismic stations and one six-component station (ADK) located at the Adak Naval Base. Sta-
tion 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 through an analog-to-digital (a-to-d) con-
verter into a computer at four-times the speed at which they were recorded. This computer
then digitizes the data, automatically detects events, demultiplexes each event, and writes
them to disk. These events are edited to eliminate spurious triggers, and a tape containing
only seismic events is created. All subsequent processing is done from this tape. Times of
arrival and wave amplitudes are read from an interactive graphics display terminal. The
earthquakes are located using a program originally developed for this project by E. R. Eng-
dahl, which has been modified several times since.

Data Annotations

The scheduled maintenance trip for the summer of 1990 was not made, due to medical
problems of contract personnel. By October, 1990 most of the stations were down and the
events that were recorded could not be located. The decision was made to shut down the net-
work until the maintenance trip could be made in the spring of 1991. Since then, the U.S.G.S.
decided to permanently shut down the network. A final field trip to Adak will be made this
summer in order to retrieve all equipment and restore the station sites.

Current Observations

All analog data have now been digitized. Some of the older data (early 1980s) that
were archived on to 9-track tapes have been lost because of the natural deterioration of these
tapes with age. For this reason, all archived data are now being transferred to Exabyte tapes,
which supposedly have a longer shelf life and require significantly less storage space. All
1990 events have been located and the primary emphasis for the remainder of the contract
will be on filling in the data gaps that exist because of the work load resulting from the May
1986 earthquake.

The location work for this report includes: (1) 188 earthquakes located for April and
May, 1989; (2) 218 earthquakes located for October through December, 1989; (3) 77 earth-
quakes located for January and February, 1990; and, (4) 239 earthquakes located for June
through September, 1990.
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The total of events located for all time periods is 722. Fifteen of the 1989 events and
ten of the 1990 events, which were located with data from the Adak network, were also large
enough to be located teleseismically (U.S.G.S. PDEs). The epicenters of the 1989 and 1990
events are shown in Figures 1 and 2, respectively.

Cross-sections for the 1989 and 1990 data and a catalog of all hypocenters 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.
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Figure 1: Map of seismicity located for April through December, 1989. Events located for
this report include April and May, and October through December, 1989. 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 determined 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.
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Alaska Seismic Studies
9930-01162

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

Investigations

1) Cooperated with the Geophysical Institute of the University of
Alaska (UAGI) and National Earthquake Information Center (NEIC) in
the operation of the Alaska Earthquake Information Center (AEIC) in
Fairbanks. 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.

2) Cooperated with the Branch of Igneous and Geothermal
Processes, 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
ten-station arrays of seismographs near Mt. Spurr and Mt. Redoubt,
respectively.

3) Cooperated with the Branch of Engineering Seismology and
Geology and the UAGI in operating 15 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 have been determined by the AEIC for
2049 earthquakes that occurred in southern Alaska during the period
July-December 1990. Focal mechanisms for about 250 of these events
were determined wusing initial P-wave ©polarities. Shallow
seismicity (Figure 1) tends to be concentrated in areas that have
remained active for at least the last few years. North and west of
the Chugach Mountains shallow seismicity occurs within the crust of
the North American Plate but appears to be poorly correlated with
mapped traces of principal faults. In contrast, most of the
shallow seismicity beneath the Chugach Mountains and extending
southward into near—-offshore areas is in the subducted Pacific
plate. Significant aftershock activity is continuing from the
1987/88 Gulf of Alaska sequence of large earthquakes (Lahr and
others, 1988), as indicated by the northerly-trending =zone of
epicenters along longitude 143° W and south of latitude 59° N.

Notable crustal shocks from this time period include:
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continuing seismicity (M < 2) within a tight cluster beneath
Redoubt volcano following the 1989-1990 eruption sequence
(Brantley, 1990); a magnitude 4.1 shock on November 22 beneath
Cook Inlet north of the Kenai Peninsula (near 61° N, 151° W) where
the rate of seismicity has been noticeably elevated for about two
years; and a magnitude 5.6 m, (5.2 M, NEIC) shock on July 11 in
southeastern Alaska near Glacier Bay for which a focal mechanism
determined from the polarities of initial P-waves indicates almost
pure thrust, but the direction of the axis of maximum compressive
stress is poorly constrained [R. Horner, personal communication,
1991]. No unusual patterns of seismicity were observed in or
around the Yakataga seismic gap, although both the data
completeness and the magnitude threshold for detection in this area
continue to be affected adversely by unreliable recording.

The Wadati-Benioff seismic zone (WBZ) within the subducted
Pacific plate is clearly expressed by earthquakes located deeper
than 30 km depth (Figure 2). The largest event that occurred
during this time period was a magnitude 5.6 (5.3 m,, NEIC) shock on
August 13 located 73 km deep beneath Iliamna volcano, where WBZ
shocks in the magnitude range 5-6 occur about once a year. A shock
of magnitude 5.3 (5.1 m,, NEIC) on December 28 was located 74 km
deep in the WBZ near latitude 63° N, longitude 148.6° W. Sixteen
other shocks had magnitudes of 4 or larger.

2) The last significant eruption of Redoubt volcano occurred on
April 21, 1990, and since then the rate of volcano-tectonic
seismicity at the volcano has continued to decline slowly. Nearly
all of the recent seismicity is located at depths of 2 to 10 km
within a broad (~ 9 km—wide) zone that extends 5 km north from the
summit, but most is concentrated beneath the summit.

In July, episodes of vigorous steaming activity began to occur
[G. Tytgat, personal communication, 1991]. On Helicorder records,
these events appear to have high-frequency (~ 10 Hz) onsets
followed by sustained energy near 2 Hz lasting up to about 40
minutes. Many of these events appear as weak signals on SSAM
(seismic spectral amplitude measurement) records. The rate of
occurrence and recorded amplitudes of steam events increased
rapidly at the end of August, decreased slowly until late November,
increased rapidly again and remained high until late January, 1991,
and then gradually declined until at least mid-April.

A distinct change beginning November 4 was noted in the
character of SSAM records for seismographs located within 3 km of
the dome. For periods ranging from a few hours to more than a day,
sustained excitation with energy predominantly in the frequency
range 1.3-2.1 Hz was observed. These signals often began and
terminated abruptly. Because of similarites to signals generated
by the swarms of long-period events that preceded many of the
earlier eruptions, the level of concern color code (Brantley, 1990)
was raised from yellow to orange on November 5, which prompted
resumption of 24-hour monitoring of the volcano. By November 9, it
became apparent that a different process, such as the interaction
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of ground water with a buried heat source, was causing these
signals, and the level of concern color code was lowered to yellow.

3) Microearthquakes that occurred beneath western Prince William
Sound were relocated using a velocity model derived from results of
the 1988 TACT marine seismic reflection/refraction profiling
experiment. Nearly all of the well-constrained hypocenters occur
in a 10-to-20 km thick zone below a depth of about 18 km. The
upper surface of this seismic zone coincides with a pronounced,
regional seismic reflector (Brocher and others, 1991). Focal:
mechanisms typically indicate an axis of least compressive stress
that dips at a low angle to the west or northwest. The earthquakes
are interpreted as defining the shallow, subhorizontal part of the
Aleutian Wadati-Benioff =zone, and the reflector as marking the
overlying megathrust. The megathrust, which slipped on the order
of 20 m in 1964 in the second largest earthquake of this century
(M, 9.2), is practically aseismic today.

4) Seismic data from Alaska has been inverted to obtain a
tomographic image of the velocity structure down to a depth of 200
km. This work (Kissling and Lahr, 1991) used an approximate
solution to the full inversion, so results are preliminary. The
most striking anomalies occur beneath the Kenai Peninsula - Cook
Inlet region, where the subducted Pacific plate appears as a slab
of high P-wave velocity (up to +5%) beneath a low velocity (up to -
10%) zone. The Wadatti—Benioff zone (WBZ) seismicity tends to lie
within the high-velocity gradient zone between these anomalies,
although in some regions the seismicity is located well within the
region of low velocity. Further inversion work is planned to
verify the relative location of the earthquake zone with respect to
the anomalies.

P-wave first—-motion data for events within the WBZ were used
to determine composite focal mechanisms. The T-axes of these
mechanisms tend to remain parallel to the dip of the WBZ as is
increases from about 10° to 60°. This pattern is consistent with
WBZ earthquakes occurring within a contiguous plate which is
sinking due to gravitational forces and acting as a stress guide.

5) No strong—-motion recorders were triggered by earthquakes in
southern Alaska during the last year.

6) The digital signal co-processing (DSP) board used with the
XDETECT online data acquisition system (Tottingham and Lee, 1989)
has been upgraded from a 5 MIPS unit to a 25 MFLOP unit. With this
modification, the number of data channels for which spectral
analysis can be performed in real time has been increased from 32
to 64 while achieving both higher dynamic range and a better
signal-to—-noise ratio.

A network of pressure sensors will be installed this summer to
monitor for explosive eruptions at the Cook Inlet volcanoes.
Analog signals will be telemetered to the AVO recording center in
Fairbanks via standard FM telemetry channels used for seismic data.
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To accomplish this, a new interface was designed to connect the
voltage output of the pressure transducer with the telemetry
hardware.
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Figure 1.

SOUTHERN ALASKA SEISMICITY, JULY — DECEMBER 1980
DEPTHS 30 KM AND SHALLOWER, 874 EVENTS
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Figure 2.

SOUTHERN ALASKA SEISMICITY, JULY — DECEMBER 1990
DEPTHS BELOW 30 KM, 1125 EVENTS
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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.

Recently 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 9709 earthquakes located in northern and central California and vicinity
during the time period October 1990 through March 1991, That level of activity is normal for
a six month time period. The largest earthquake located for the month occurred on October
23 near Mono Lake along the eastern border of California. That earthquake had a magnitude
of 5.7 and was followed by 140 aftershocks through March 1991. More than 50 of those were
recorded in the first 24 hours, with the largest, a M4.1 shock, occurring approximately 4
minutes after the mainshock.

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 makes CUSP more
universally acceptable to groups that are using or plan to uvse it in the future because the
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commands are relatively non-specific to any particular group operation.

In late October 1990 we began using new software and hardware to process the earthquake
data. At that time we converted from very old DEC PDP 11/44 computers and Tektronics
4014 terminals to newer and much faster DEC VAXstation 3100 computers. The new works-
tations now perform all of the functions of the older computers and terminals, and more,
including automatic event detection and preliminary processing, and final manual processing.
The new program used for final manual processing of the data is called TIMIT. This new
program incorporates the old processing program QED, plus includes many new features
which make processing much smoother, faster, and more efficient.

This year we plan to begin publishing, probably on a monthly basis, a preliminary catalog of
earthquakes for northern and central California. The format is not yet established but it will
probably be some type of listing of events accompanied by a text explaining the processing
and what is in the catalog, and a map showing the epicenters. The catalog will be approxi-
mately 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. The final data will be published in
an annual catalog after year’s end. Steve Walter has begun work on publishing catalogs for
the years prior to 1991.

The current catalog is relatively complete and correct through February 1991. The data from
March are somewhat incomplete and some errors still remain to be identified and corrected.
Also, quarry blasts need to be identified for January through March.

New hardware was purchased for the new Geologic Division video editing room by Steve
Walter. He is currently setting up the new facility which will greatly enhance our ability to
produce high quality videos.

Steve Walter continues to investigate the seismicity in the Medicine Lake region. He is co-
author of paper in press that describes the historical seismicity and crustal deformation in that
region. Also, Steve presented and definitive paper describing 10 years of seismicity in the
region around Mount Lassen, Mount Shasta, and Medicine Lake at the Spring SSA-GSA joint
conference in San Francisco.

Nan Macgregor and Dave Oppenheimer presented at paper at the Spring SSA-GSA conference
that assessed the potential for earthquakes in the east San Francisco Bay region.

Reports

Dzurisin, D., Donnelly-Nolan, J., Evans, JR., and Walter, SR., (in press), Crustal sub-
sidence, seismicity, and structure near Medicine Lake, California, Journal of Geophysical
Research, 43p.
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Walter, S.R., 1991, Ten years of earthquakes at Lassen Peak, Mount Shasta and Medicine
Lake volcanoes, northern California: 1981 - 1990 (abstract), Seismological Letters 62, p
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Western Great Basin - Eastern Sierra Nevada
Seismic Network

Cooperative Agreement 14-08-0001-A00
1 October 1990 - 31 March 1991

W.A. Peppin and D.M. dePolo
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 from these earthquakes. Research using the data
base was performed under USGS contracts 14-08-0001-G1524 and
14-08-0001-A0618 and is reported elsewhere in this volume.

Results

bDuring the time period 1 October 1990 to 31 March 1991 2,601
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 Mammoth Lakes/Long Valley caldera region
(Figure 1). Of the 2601 events located during this six month
period, 45 were magnitude 3 and greater and three exceeded 4
in magnitude, the 24 October 1990 Lee Vining-Mono Lake
earthquake (Mc 5.0), the 5 November 1990 (Mc 4.0) Lee
Vining-Mono Lake aftershock and the 2 January 1991 Carson City
event (Mc 4.6). Figures 1 and 2 show a map of these events.
Three significant swarms occurred during this period, the Lee
Vining-Mono Lake sequence, the Carson City sequence and a
burst of activity in the Long Valley caldera near the
southwest flank of the resurgent dome. 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
2, and is dominated by five groups of events, numbere

through 5 in this figure. 1 is the Lee Vining-Mono Lake swarm
of earthquakes, 2 continulng south-moat activity which had a
significant increase in late March 1991. Because of the
reactivation of wuplift (Dec 1989) and the close proximity of
the swarm to the town of Mammoth Lakes, this activity commands
special attention and warrants careful monitoring. 3 is 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. 4 are continuing aftershocks of
the the November 1984 Round Valley earthquake, and 5 are
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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 PDP11/70 and a
PDP11/34 was replaced by the Microvax/CUSP system on 7
November 1989. The completion of a bulletin through 1989 will
put, 1in 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 CuUSP
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, so use 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 (Fiqure 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 ROOTS$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 address 134.197.33.248 and supports TCP/IP
communications through the FTP file transfer package from
Multinet.
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Nevada — Western Great Basin Seismicity
1 October 1990 through 31 March 1991
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Mammoth — White Mountains Seismicity
1 October 1990 — 31 March 1991
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Shallow Seismic Reflection Surveys in the New Madrid Seismic Zone

14-08-0001-G1925
9950-1896

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

Eugene A. Luzietti
Kaye Shedlock
Branch of Geologic Risk Assessment
U.S. Geological Survey, Box 25046, MS 966
Denver, CO 80225
(303) 236-1621

Objectives:

Although the New Madrid seismic zone (NMSZ) is the most active seismic
zone east of the Rocky Mountains, it has little surface expression. Surface faulting
from the great 1811-12 earthquake sequence has not been unambiguously identified,
and the presence of additional faults with Holocene activity is uncertain. ~ Our ob-
jective is to examine several intriguing and potentially seismogenic tectonic features
in the vicinity of the NMSZ using high-resolution seismic reflection data to deter-
mine the role that faulting has played in their origin and the age and amount of
displacement on the faults. This project is a collaboration of the authors named
above at Memphis State University and the U.S.G.S and Roy VanArsdale at the
University of Arkansas. This report describes results for the Bootheel lineament of
Missouri and Arkansas and the Crittenden County fault zone of Arkansas. Another
part of the project, a study of Crowley's Ridge, Arkansas, is described in the report by
VanArsdale in this volume.

Results to date:

During the summer of 1990 we acquired 27 km of shallow, high-resolution
Mini-Sosie reflection data, which were processed at the U.S5.G.S. For each line we
collected one second of two-way travel time, corresponding to approximately the
upper 1.2 km of the crust. Data quality was generally high. We were able to image
reflectors between depths of about 50 m and 800 m.
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We collected eight seismic reflection profiles, totalling 11.5 km in length, across
the Bootheel lineament, which has been proposed as a possible surface rupture of
the 1811-12 earthquake sequence. The Bootheel lineament is associated with 1811-
12 liquefaction and fissuring and is the site of topographic anomalies. We wanted to
find out whether it is also the site of subsurface faulting. Five profiles were collected
across the main trace of the lineament and three profiles were collected over a paral-
lel, less-distinct trace about 4 km to the west.

Regional focal mechanisms suggest that dextral offset would be expected on the
Bootheel lineament. Gentle folding with wavelengths of about 800 m and ampli-
tudes of 10 m to 25 m is evident on nearly every profile, generally coinciding with
the surface traces of the lineament. The profiles identify some zones of deformation
that had not been traced on the surface. Zones of disruption, in which reflectors dis-
appear, underlie several lineament traces. The overall picture is of a complex zone
of deformation consisting of multiple flower structures and fractured rock, with de-
formation at least as young as the base of the Quaternary (Figure 1). We will acquire
additional lines during 1991 to further resolve the geometry and age of these fea-
tures.

The subsurface Crittenden County fault is known from borehole data in Crit-
tenden County, Arkansas, where it displaces Cretaceous and Paleozoic rocks and lo-
cally preserves Devonian section beneath the Cretaceous unconformity. On propri-
etary petroleum industry seismic lines, the fault appears as a northwest-dipping re-
verse fault with splays, displacing the top of Paleozoic and top of Cretaceous reflec-
tors. This structure lies only 30 km from the Memphis, Tennessee area, thus infor-
mation on its nature and age are critical to seismic risk assessment.

We ran nine Mini-Sosie profiles, eight of which crossed the Crittenden County
fault. By combining well logs from local boreholes with log and lithologic descrip-
tions from adjacent counties, we were able to confidently identify several of the re-
gional reflectors on our profiles. At the level of the Cretaceous reflector, the Crit-
tenden County fault appears as a northeast-trending fault zone several hundred me-
ters wide; within the Paleocene and Eocene section, the structure is a down-to-the-
southeast monoclinal flexure, with minor faulting in places (Figure 2). We there-
fore propose the term Crittenden County fault zone for this feature. The amount of
relief across the flexure increases to the southwest, reaching approximately 80 m in
the Paleocene Fort Pillow Sand on line BS-1. The profiles indicate that most of the
stratigraphic thinning over the flexure occurred during and after deposition of the
Eocene Memphis Sand. Although it is not always clearly imaged, the Tertiary-Qua-
ternary boundary reflector shows arching and disruption over the Crittenden
County fault zone, suggesting very young activity on the zone. We plan to further
delineate the extent, magnitude, and age of most recent activity of this zone in fu-
ture work.
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Figure 1. Profile BS-6 across the Bootheel lineament in southeastern Missouri.
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Figure 2. Profile BS-1 across the Crittenden County fault Zone, Arkansas. K = top of
the Cretaceous section; Ppc = top of the Porters Creek Clay; Pfp = top of the
Fort Pillow Sand; Efi = top of the Flour Island Formation; Ems = top of
the Memphis Sand; Q/T = Quaternary-Tertiary boundary.
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Investigations

The purpose of the network is to monitor seismic activity in the Central
Mississippi Valley Seismic zone, in which the large 1811-1812 New Madrid
earthquakes occurred. The following section gives a summary of network
observations during the last six months of the year 1990, as reported in Net-
work Quarterly Bulletins No. 65 and 66.

Results

In the last six months of 1990, 112 earthquakes were located by the 40
station regional telemetered microearthquake network operated by Saint
Louis University for the U.S. Geological Survey and the Nuclear Regulatory
Commission. Figure 1 shows 112 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 90 earth-
quakes located within a 1.5° x 1.5° region centered at 36.25°N and 89.75°W.

In the last six months of 1990, 44 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 determine 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 1990
include the following:

August 7 (0505 UTC). New Madrid, Missouri Region. mbLg 3.0 (SLM). Felt
(IV) at Wyatt, Missouri and (IIT) at Wolf Island, Missouri.

August 29 (1934 UTC). Tennessee. mbLg 3.5 (NEIS), 3.4 (TUL). Felt (V) at
Ripley; (IV) at Burlison, Henderson and Henning; (IIl) at Covington, Gates
and Munford, Tennessee. Also felt (IV) at Blytheville and Tomato; (III) at
Armorel, Manila and Osceola, Arkansas.

September 26 (1318 UTC). Cape Girardeau, Missouri Region. mbLg 5.0 (TUL),
4.8 (BLA). MD 4.7 (SLM). Slight damage in the Cape Girardeau area and in
southern Ilinois. Felt (V) in many areas of southern Missouri, southern

46



Ilinois, and western Kentucky. Also felt in Indiana, Arkansas, Tennessee and
at Cincinnati, Ohio.

September 27 (0147 UTC). Cape Girardeau, Missouri Region. mbLg 3.0
(NEIS), 3.2 (TUL). MD 3.3 (SLM). Felt (IV) at Benton and Scott City; (III) at
Allenville, Dutchtown and Oran; (II) at Cape Girardeau. Felt (IIT) at Thebes,
Nlinois. Also felt at Paducah, Kentucky.

October 24 (0820 UTC). Southern Illinois. mbLg 3.5 (NEIS), 3.2 (TUL). MD
3.4 (SLM). Felt (IV) at Bluford, Dix, Richview, Tamaroo and Woodlawn; (III)
at Centralia, Dahlgren, Irvington, Johnsonville, Kell, McLeansboro, Murphys-
boro, Radom and Vernon.

October 30 (0655 UTC). Cape Girardeau, Missouri region. mbLg 2.3 (NEIS).
Felt at New Hamburg and in the Cape Girardeau area.

November 09 (0339 UTC). New Madrid, Missouri region. MD 3.4 (SLM).
mbLg 3.6 (NEIS). Felt (V) at Conran and Dexter; (IV) at Baderville, Catron,
Lilbourn, New Madrid and Portageville; (III) at Canalou, Jackson, Kewanee,
Matthews, Parma and Risco. Felt (IV) at Tiptonville and Wynnburg, Tennes-
see. Also felt at Paducah, Kentucky.

November 21 (1607 UTC). New Madrid, Missouri region. MD 2.7 (SLM).
Felt (IIT) at Ridgely, Tiptonville and Wynnburg, Tennessee; (II) at Finley and
Mason Hall, Tennessee.

December 17 (0524 UTC). Ilinois. MD 3.2 (SLM). Felt (IV) at Crawfords-
ville, Lafayette and Waynetown, Indiana. Felt (III) at Bainbridge, Battle
Ground, Darlington, Kentland, Ladoga, Logansport, Mulberry, New Market,
New Ross, Radnor, Roachdale and Veedersburg, Indiana. Also felt (IIl) at
Danville, llinois.

December 20 (1404 UTC). Indiana. mbLg 3.6 (BLA). Felt (V) at Bainbridge,
Danville, Greencastle, Putnamville, Quincy and Roachdale. Felt (IV) at Amo,
Clayton, Cloverdale, Coatesville, Eminence, Fillmore, Martinsville, Monrovia,
Nashville, Reelsville, Russellville and Stilesville.

The September 26, 1990 New Hamburg, Missouri earthquake was the
third largest event in the central Mississippi Valley during the last 16.5 years.
A report summarizing the focal mechanism and aftershock monitoring of this
event can be found as an appendix to CMVSN Bulletin #65 (Taylor and
Wuenscher, 1990).

A composite focal mechanism for the mainshock and principal aftershock
was calculated from forty-four P-wave first motions. A modified version of
FOCMEC (Snoke et al., 1984) was used to search for all consistent mechanisms.
585 solutions met the search requirements of having three or fewer incon-
sistencies. The distribution of solutions is shown in Figure 3.

As one can see in Figure 3, the distribution of T-axes is bimodal and one
average mechanism will not be representative of all solutions. Of the 585
solutions, 471 (80.5 percent) have T-axes clustered to the northwest, while the
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other 114 (19.5 percent) have T-axes clustered to the southeast. Therefore,
the entire population was split and two average mechanisms were calculated.
For the 80.5 percent, Mech “A” is the average solution. This mechanism has
NP1: strike = 14.2°, dip = 78.2°, slip = 161.2°, NP2: strike = 108.2°, dip =
71.6°, slip = 12.5°; T-axis: trend = 330°, plunge = 21°, P-axis: trend = 62°,
plunge = 4°. The ©,. (polar equivalent of two standard deviations) are 20
and 22 degrees for the P- and T-axes respectively. For the remaining 19.5 per-
cent, Mech ”B” is the average solution and has NPI: strike = 198.0°, dip =
74.9°, slip = 158.9°, NP2: strike = 293.8°, dip = 69.6°, slip = 16.1°; T-axis:
trend = 155°, plunge = 25°, P-axis: trend = 246°, plunge = 4°. The € are 14
and 15 degrees for the P- and T-axes respectively. Both of these mechanisms
are shown in Figure 3.
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Pressure and tension axes for all acceptable solutions having three or
fewer inconsistencies. The distribution of "P” and "T” axes shows

there are two possible average solutions. There are 585 solutions in
the figure.

MECH "A" MECH "B"

New Hamburg, Missouri main shock and aftershock compaosite focal
mechanisms with pressure and tension axes shown by “P” and "T”.
Compressional first motions are shown by circles, dilatations by tri-
angles., Mech “A” and Mech “B” are two alternative solutions based
upon the bimodal distribution of solutions in the figure above.

FIGURE 3
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Consolidated Digital Recording and Analysis
9930-03412

Sam Stewart
Branch of Seismology
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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 from

earthquakes registering just slightly above background noise level

to very large ones, (2) near-realtime and offline 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, 3100 and 3200.

Software is based upon the DEC/VMS operating system, the CUSP database
system, and the GKS graphics system. VMS is a major operating system,
well documented and developed, and has a rich variety of system services
that facilitate our own system development. CUSP is a state-driven data
base system designed for systematically processing large numbers of
earthquakes recorded by large local seismic networks. It was 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 "TIMIT", 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 VaxStation

series of workstations for interactive graphic analysis of

earthquakes.

Results.

1. Since 1984 the CALNET network processing proj-ct

(see Project 9930-01160, Rick Lester, this vclume)

has used CUSP system software developed in the early 1980's

to process waveform data from earthquakes occurring primarily
within the network. The hardware consisted of two DEC PDP 11/44
computer systems, and two Tektronix 4014 graphics terminals.
Magnetic tape operations were required at several steps in the

52



Reports:

processing.

During October 1990 the CALNET project completed the
transition from the 11/44 CUSP system to a ’Generic’ CUSP
system built around DEC VAXstation 3200, 3100 and 2000 hardware
and the VAX/VMS operating system. The hardware/software systems
are integrated into an earthquake processing environment by using
DEC Local Area VaxCluster (LAVC) software and appropriate
networking hardware.

2. A program to convert CUSP digitized seismogram files into
the Lamont AH format with the SUN XDR (External Data Representation)
format was written and is now in routine use. This is a very
significant improvement in the ability to convert CUSP data and
digitized waveforms to a format immediately usable in a non-~-CUSP
environment.

3. A program to convert CUSP digitized seismogram files into
the SEG-Y format was written and is now available.

4. The RTP-to-CUSP software was re-written and is being
tested. The main change was to replace DCL command routines
with the equivalent Fortran programs. The net result is less
demand on the CPU, more efficient error-—handling, and more
efficient maintenance and modification of the software.

5. We continue to provide hardware and software support for the
two Parkfield seismic networks (Varian and Haliburton). We also
provide CUSP software support for INEL (Idaho National Engineering
Laboratories), CUSP software and operating system support for UNR
(University of Nevada at Reno), and CUSP software support for the
Caltech/USGS Cooperative Seismic Network in Pasadena.

6. We continued responsibility for providing general VAX/VMS
computing services to the Branch of Seismology in Menlo Park.

None.
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INVESTIGATION

Monitor earthquake activity in the Los Angeles Basin and the adjacent offshore
area. Upgrade instrumentation by installing large dynamic telemetry systems and deploying
downhole seismometers. Carry out waveform analysis for crustal anisotropy and stress
field determination. Investigate the reflected and converted phases to delineate the Los
Angeles basin-basement contact .

RESULTS

During 1990, a total of 690 earthquakes were located in the Los Angeles basin and
its offshore area. The February 28, 1990 Upland sequence with a M=5.5 main shock
accounts for more than half of the events recorded in 1990. In the meantime, Santa Monica
bay, the Newport-Inglewood fault, and the Whittier fault and its NW extension have been
seismically active. Figure 1 shows the 1990 seismicity in the greater Los Angeles basin.
About 95% of the reported 1990 events have magnitudes less than My, =3.0. A total of 36
events have My > 3.0. The number of earthquakes per day in the Los Angeles basin
during 1990 is shown in Figure 2. The large peak beginning on February 28 corresponds
to the Upland earthquake sequence. The detection threshold and location precision are
being improved constantly. Figure 3 gives the capability of the Los Angeles Basin Seismic
Network's (LABNET) current resolutions on epicenter and focal depth.

The continued increase in the number of recorded earthquakes can be explained in
part by the improvement of the seismic network coverage that allows lowering of the
detection threshold with more precise locations. But an overall increase of seismic activity
in the Greater Los Angeles area has been recognized in the recent past. The October 17,
1987 Whittier Narrows earthquake (M, = 5.9) was followed by a very long aftershock
sequence with a large number of events that lasted well into 1988; this activity has not died
out completely, even in 1990. Meanwhile, the first Upland sequence occurred on June 26,
1988 with a main shock My, = 4.6. A large swarm occurred in Santa Monica bay on
January 19, 1989, some 25 km off the coast south of Malibu, with main shock M, = 5.0;
this activity is still on-going during 1990. During this reporting period, an even larger
swarm, the second Upland sequence, occurred on February 28, 1990 with main shock Mr,
= 5.5. This second Upland sequence was very strong; it consisted of at least three large
aftershocks in the range of My, = 4.6-4.7 and the aftershocks accounted for more than half
of the recorded and located events in 1990. The two Upland sequences form a NE-
trending aftershock zone; this orientation is more obvious from the fault-plane solutions.
Both sequences are believed to have occurred on a NE-trending fault that undergoes left-
lateral strike-slip movement.
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The mechanisms of four Upland events are given by their fault-plane parameters:

Magnitude ~ Strike Dip Rake
1. February 28, 1990 M=5.5 310 70 0
2. March 1, 1990 M=47 316 70 349
3. March 2, 1990 M=4.6 295 75 10
4, April 17, 1990 M=4.6 315 70 0

All four fault planes are very consistent, showing left-lateral strike-slip motions.

A shear-wave splitting analysis was performed using seismic waveform data. The
result is interpreted in terms of microcrack distribution and orientation in the upper crust.
Figure 4 gives a sample of the shear-wave splitting data and the associated particle diagram.
It is found that microcracks in the Los Angeles basin are oriented NS and nearly vertical,
with a crack density between 0.04 ~ 0.06. This implies a NS regional compression
operative in the Los Angeles basin area. However, close to the thrust fault regions, such as
along the Palos Verdes fault and the Malibu-Santa Monica fault, the microcrack orientation
may turn sub-horizontal due to the thrust motion. A stress mapping summary is given in
Figure 5 with the solid dots with thick arrows showing the crack of stress orientation.
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Sshallow Seismic Reflection Surveys in the New Madrid
Seismic Zone

14-08-0001-1926

Roy B. VanArsdale
Geology Department
University of Arkansas
Fayetteville, Arkansas 72701
(501) 575-3355

Kaye Shedlock
Robert Williams
Branch of Geologic Risk Assessment
U.S. Geological Survey, Box 25046, MS 966
Denver, CO 80225
(303) 236-1621

Objective

Shallow seismic reflection surveys in the New Madrid seismic
zone is a project that includes three primary targets in nor-
theastern Arkansas and southeastern Missouri. These targets are
Crowley's Ridge (AR), the Bootheel Lineament (MO), and the Crit-
tenden County fault 2zone (AR). Roy VanArsdale (University of
Arkansas), Eugene Schweig and Lisa Kanter (Memphis State Univer-
sity), Kaye Shedlock (USGS), Eugene Luzietti (USGS), and Rob Wil-
liams (USGS) are collaborating on this project. The focus of
this status report is on the Mini-Sosie reflection lines across
the margins of Crowley's Ridge. The principal objective of the
Crowley's Ridge study 1is to determine if the ridge is fault
bounded. The status of the Bootheel Lineament and Crittenden
County fault zone studies are described in a separate report by
Schweig et al. in this volume.

Progress

During the summer of 1990, five Mini-Sosie reflection lines
totalling 11 km were recorded across the margins of Crowley's
Ridge (Fig. 1) and processed at the U.S.G.S. One second of two-
way travel time was collected for each line which approximately
corresponds to the upper 1.2 km of the crust. The quality of the
data was generally good with better results from the terraces
adjacent to Crowley's Ridge and data quality diminishing over the
ridge.

All of the lines, with the possible exception of line 4, rev-
eal faulting that displaces Cretaceous and overlying Tertiary
strata (VanArsdale et al., 1990). However, reflectors were not
imaged in the upper 200 m so it 1is not possible to determine
whether Quaternary strata are displaced.
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The most interesting of the profiles is line 5. This line
reveals a gentle anticlinal fold (10 m amplitude) beneath
Crowley's Ridge, a down-to-the-east fault (10 m of displacement)
at the eastern boundary of the ridge, and a major normal fault
system (50 m of displacement) in the eastern portion of the line
that may be west-bounding faults of the Reelfoot rift (Figs. 1
and 2). The faults clearly displace Cretaceous strata and appear
to displace Tertiary strata. Tertiary strata in profile 5 gener-
ally dips gently eastward; however, east of the fault labeled RR
in Figure 2 the Tertiary strata dips gently westward. Thus, it
appears that Tertiary or Holocene reactivation of fault RR tilted
the Tertiary strata westward. Continuing studies are underway to
better define the structure and stratigraphy revealed in the
Mini-Sosie lines.

Reports
VanArsdale, R.B., Scherer, G.G., Schweig, E.S., III, Kanter,
L.R., Williams, R.A., Shedlock, K.M., and King, K.W., 1990,

Seismic reflection survey of Crowley's Ridge, Arkansas, EOS, v.
71, p. 1435.
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Fig. 1. Index map of Crowley's Ridge (shaded) seismic lines.
Seismic line locations are labeled 1-5 and the Reelfoot
rift boundaries are represented by dashed lines.
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Field Experiment Operations
1-9930-01170

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

Investigations

This project performs a broad range of management,
maintenance, field operations, 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 authorization 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

Portable Networks

Seventeen 5-day magnetic tape recorders, along with 5
digital recorders and 8 telemetered sensors were used in a
tomographic study of the Loma Prieta earthquake rupture area.
The experiment started in July 1990 and ended in November 1990.
Stations from the Central California Seismic network were also
included in the experiment. The data from this experiment are
being analyzed.
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Tape Dubbing

Magnetic tapes of all stations in the Central Cal. Net. are
dubbed at the M4 level for earthquakes. All smaller events to
M2.5 are digitized only and added to the quarterly catalog and
data library.

Permanent Networks

Good progress has been made in "hardening" the Central cCal.
Network. Several local stations have been moved from phone lines
to radio. Approval has been grated to modify our microwave
network so that more data can be transmitted to University of
California, Berkeley. We have also received permits to install
several digital seismic stations in the Bay Area. Equipment is
being ordered.
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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-
ern Washington-Oregon Cascade Range (north of Newberry Volcano). The data from this
monitoring is being used in the development of seismotectonic models for southwestern
Washington and the interaction of the Basin and Range with the Oregon Cascades. (Weaver,
Grant, Norris, Yelin, UW contract)

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

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

6. Study of seismically recorded rockslides and avalanches on Cascade volcanoes (Norris).

7. Formation of the Pacific Northwest Earthquake Team by Rob Wesson, Chief of the Office
of Earthquakes, Volcanoes, and Engineering. (Weaver)

Results

The Pacific Northwest Regional Team began functioning in November, 1990. This team
is part of three major changes in the USGS portion of the National Earthquake Hazards
Reduction Program (NEHRP) since November 1990. First, as part of the Federal budget pro-
cess for Fiscal Year 91, USGS NEHRP funding was increased from $35M to $50M. The
earthquake legislation authorizing the increased funding level directed the USGS to pursue
regionally-based studies in four areas: 1) southern California, 2) the San Francisco Bay area,
3) the New Madrid region, and 4) the Pacific Northwest. The Chief of the Office of
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Earthquakes, Volcanoes, and Engineering (OEVE), Rob Wesson, established "Regional
Teams" in each region named in the legislation to oversee the development of science plans,
review internal USGS proposals submitted to the regional programs, and help set the priorities
of work to be funded by the USGS external program. Each Regional Team has a leader;
Craig Weaver (206-553-0627) is the Pacific Northwest Regional Team leader. Team members
for the Pacific Northwest are listed below.

Second, to meet the directives of the legislation increasing the NEHRP budget and recog-
nizing that the increase was not added to our fiscal base funding (but is essentially a one-time
increase), the Chief of OEVE divided the total amount of NEHRP funds into two
components--core and regional. Core funds essentially represent program funding levels for
FY90, and were distributed in approximately the same distribution as FY90 funds. The
regional funds are to be used to initiate new efforts in the four regions. Under the regional
program (new funds), about $1.5M was allocated for the Pacific Northwest: $900K was allo-
cated for internal USGS work and $696K was set aside for additional FY91 grants to outside
investigators. As of March 31, 1991, the $900K has been distributed to projects within the
USGS as shown in the summary below and research proposals from the external (non-USGS)
community are in peer review. The internal core program budget for the studies in the Pacific
Northwest is about $1137.5K; this number is still preliminary and may be revised after final
project budgets are set. In addition to the internal core program, the internal and external
regional program, about $1207.5K of external research for FY91 has already been funded in
the region; this total includes cooperative funding of $100.0K each to the state geological sur-
veys of Oregon and Washington. The external research proposals now receiving FY91 funds
were selected for support by the scientific peer review process conducted last spring.

Third, the USGS adopted a new national plan and four regional plans to guide our pro-
gram. The national plan is currently referred to as the "Page Plan", after the chair of the
committee established to revamp the old NEHRP plan. The new national plan will be issued
as a USGS Circular later in 1991. The Pacific Northwest Regional Science Plan was written
by Shedlock and Weaver and has gone to press; it is being issued as a USGS Circular 1067 in
late May, 1991. The conclusions of that plan are reproduced below.

PACIFIC NORTHWEST REGIONAL TEAM

Craig Weaver, Branch of Seismology, Seattle--Team Leader

Kaye Shedlock, Chief, Branch of Geologic Risk Assessment, Golden

Bob Masse, Chief, Branch of Global Seismicity and Magnetism, Golden

Al Lindh, Chief, Branch of Seismology, Menlo Park

Will Prescott, Chief, Branch of Tectonophysics, Menlo Park

Tom Holzer, Chief, Branch of Engineering, Seismology, and Geology, Menlo Park
Pete Lipman, Chief, Branch of Igneous and Geothermal Processes, Menlo Park
Randy Updike, Associate Chief, OEVE, Reston

Elaine Padovani, Deputy Chief for External Programs, OEVE, Reston

Garry Rogers, Geological Survey of Canada, Sydney, British Columbia

Mike Lisowski, Branch of Tectonophysics, Menlo Park

Rowland Tabor, Branch of Western Regional Geology, Menlo Park

Bob Bucknam, Branch of Geologic Risk Assessment, Golden

Dal Stanley, Branch of Geophysics, Golden

Don Swanson, Branch of Igneous and Geothermal Processes, Seattle

CONCLUSIONS OF PACIFIC NORTHWEST SCIENCE PLAN

A great subduction-zone earthquake that could devastate the Pacific Northwest is possi-
ble; crustal and intraplate earthquakes near population centers of the Pacific Northwest are
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probable. Either type of earthquake would severely impact the region. Loss of life could be
high and damages could easily run into the billions of dollars. Thus, the principle scientific
objectives of the USGS/NEHRP program in the Pacific Northwest are to establish estimates of
the probabilities of the occurrences of crustal, intraplate, and great subduction-zone earth-
quakes and to establish estimates of the effects and damage due to each type of earthquake.
Since earthquake hazards in the Pacific Northwest are both regional and local in scale, the
earthquake hazard assessment program must be both regional and local in scale. The program
must include: (1) regional and local monitoring of seismicity and deformation, (2) tectonic
framework studies, (3) improved seismic hazard and risk assessments, and (4) cooperative
hazard-mitigation studies.

The resulting scientific information will provide the foundation necessary for State
governments, local governments, and the private sector to implement effective programs for
earthquake hazard mitigation, preparedness, and response on regional and local scales.

Reports

Grant, W. C. and Weaver, C. S., 1997, Seismicity of the Spirit Lake area: Estimates of possi-
ble earthquake magnitudes for engineering design, in The formation and significance of
major lakes impounded during the 1980 eruption of Mount St. Helens, Washington, U.
S. Geological Survey Professional Paper, edited by R. L Shuster and W. Meyer, (for-
ever in press). Funded by Earthquake, Geothermal, and Volcano Hazards.

Ludwin, R., C. S. Weaver, and R. S. Crosson, 1991, Seismicity of Washington and Oregon,
GSA Decade of North American Geology Associated Volume, Neotectonics, (in press).
Funded by Geothermal, Volcano Hazards and Earthquake Programs.

Weaver, C. S., Norris, R. D., and C. Jonientz-Trisler, 1990, Seismological monitoring in the
Cascade Range, 1960-1989: Earthquakes, eruptions, avalanches, and other curiosities, in
Geoscience Canada, 17, 158-162. Funded by Volcano, Geothermal, and Earthquake
Hazards Programs.

Yelin, T. S. and H. J. Patton, 1991, Seismotectonics of the Portland, Oregon region, Bull.
Seis. Soc. Am., 109-130. Funded by Earthquake and Geothermal Programs.

Norris, R. D., 1991, The Cascade Volcanoes: Monitoring history and current land manag-
ment, for U. S. Geol. Surv. Open-File Report, 91-31, (in press, 80 pages). Funded by
Volcano Hazards.

Shedlock, K. M., and Weaver, 1991, Program for earthquake hazards assessment in the Pacific
Il";orthwest, U. S. Geol. Surv. Circular 1067, 29 pp., (in press). Funded by Earthquake

azards.

Weaver, C. S. and K. M. Shedlock, (in revision) Estimates of seismic source regions from
considerations of the earthquake distribution and regional tectonics, for U.S. Geol. Surv.
Prof. Paper, Earthquake Hazards in the Pacific Northwest, A. Rogers, W. Kockelman,
G. Priest, and T. Walsh, eds., (34 pages, 10 figures). Funded by Geothermal and Earth-
quake Programs.

Norris, R. D., 1991, Seismic observations of rock and debris falls at Mount St. Helens, Wash-
ington, (abs), Seis. Res. Lett., (in press).
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Analysis of Seismic Data from the Shumagin Seismic Gap, Alaska
# 14-08-0001-G1981

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

Investigations

The mechanics of rupture on plate boundary faults remain poorly understood, but play a critical
role in the nucleation and extent of major earthquakes. This is particularly true of subduction
zones, where little local seismic data exist. The Shumagin network has recorded 10 years of digital
seismic data within 0-100 km of the main Aleutian interplate thrust, with a variety of types of
instruments. We analyze here the spatial distribution and rupture processes of small-to-moderate
(M<5) earthquakes, by using the local network waveforms to determine their rupture histories. A
primary task is to use empirical Green's function techniques to remove path effects in waveforms
of moderate-sized earthquakes, by deconvolving from these seismograms the waveforms of small
earthquakes from the same location and with the same mechanism. The resulting wavelets reflect
the source behavior of the larger earthquakes, and can be quantified using a variety of standard
measures (€.g., seismic moment, radiated seismic energy, duration, stress drop). We explore
these measures and their variation between different parts of the main thrust zone, in order to
document variations in the mechanical behavior of the interplate thrust.

In particular, we are testing the possibility that variations exist between shallow and deep parts
of the thrust zone, following the suggestion from teleseismic analyses that deeper earthquakes (40-
50 km depth) have much higher stress drops than shallower events (25-35 km) closer to the trench.
We are also testing for differences between aftershock behavior and background seismicity, and
for along-strike differences that may be related to subduction zone segmentation. As a parallel part
of this study, we analyze the spatial variability of seismicity and earthquake mechanisms in
different parts of the main interplate thrust.

Results

Initial work has concentrated on selecting events appropriate for empirical Green's function
analysis, determining variations in instrument characteristics, and analyzing event clustering. In
order for empirical Green's function methods to be successful, differences between waveforms for
primary study events and secondary "Green's function" events must be entirely due to source
properties, so significant effort is being made to insure that non-source effects are minimized.
Variable instrument calibration is potentially a problem for data spanning a long time, such as the
digital Shumagin network data (10 years). Thus, we have completed a catalog of instrumental
calibration information, system changes, gain changes, and failures. Fortunately the network is
usually serviced only once per year so few opportunities exist for operators to change its
configuration; most station hardware changes rarely and the dominant problem is drift of natural
frequencies of seismometers with age. The most significant changes have occurred at our central
station in Sand Point, where new instrumentation has been frequently tested. All these changes
have been compiled, and instrument response functions are now archived in the headers of
seismograms.

A second potential source of error in empirical Green's function methods is path differences
between primary and secondary events caused by differences between the hypocenters of the two
events. We try to minimize this effect by careful selection of events in clusters, where there is the
greatest chance of finding several close events. Initial inspection of the Shumagin catalog shows
that the spatial distribution of seismicity is markedly heterogeneous at depths shallower than 40 km
(e.g., Figures 1, 2). Some of the heterogeneity is due to swarms or aftershock clusters and
appears in only some years of data collection, but much of it is long-lived (Figure 1). The best-
defined seismicity is in the Shumogin Islands part of the newtork, where many events are within 1-
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2 focal depths of a station.

recorded waveforms, in order to select the best events for deconvolution.

In the Shumagin Islands region we have identified several
concentrations of events near the main thrust zone, i.e. between 20 and 40 km depth (Figure 2).
Of the 242 selected events (5930 possible pairs), there are 485 event pairs with spacing less than
1.0 km and 148 event-pairs with spacing less than 0.5 km, based on Shumagin catalog locations
(Figure 3). Of the possible event-pairs in Figure 2, 375 event-pairs have magnitude differences
greater than 2.0 and 1556 event-pairs have differences greater than 1.0, so that there are many
useful event-pairs to choose from. Events in these clusters are being relocated using a joint
relocation procedure, in order to refine these observations and to best identify closely spaced
events. Closely-spaced events will be examined for similarity of mechanism and quality of
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Figure 1. Shumagin network locations near Shumagin Islands, for events 20-40 km deep. Symbols:
triangles, stations; circles, events 20-30 km deep; squares, events 30-40 km deep. Four 2-year time
periods are shown, in order to distinguish persistent from transient event clusters. Events are selected
from the Network catalog, and include all events recorded by 8 or more phases, with HYPOINVERSE
standard errors in epicenter and depth all less than 5 km, 711
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Figure 2. Identification and location of clusters of earthquakes used in preliminary analysis. Map
shows all earthquakes in Shumagin Catalog between 20 and 40 km depth, solid symbols for events in
identified clusters. Comparison with Figure 1 shows that some of these clusters (e.g., 1,2,3) are long-

lived features of seismicity, while others (e.g., 6,7) are transient features such as aftershock sequences.
Symbols same as Figure 1.

72

54.9

8%°



pairs

#event

20

2004

Ciluster 1

Cluster 3

Cluster 5

Cluster 7

40 Cluster 2

30 Cluster4

151 Cluster 6

Figure 3. Histograms showing event spacings
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ed. These results are for original HYPOIN-
VERSE locations used to produce catalogs, and
currently are being refined by joint hypocenter
relocation.
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SEISMIC SOURCE ANALYSIS
USING EMPIRICAL GREEN’S FUNCTIONS

9910-02676

John Boatwright and Leif Wennerberg
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
415/329-5609, 5659 or FTS/459-5609, 5659

Investigations

Our research has focused on extending the Green's function technique to separate source
and site spectral characteristics from multiple recordings of moderate-sized earthquakes.
We have devised and applied a series of inversions to recordings of the aftershocks of the
1989 Loma Prieta earthquake.

Results

1y

2)

The relative site response has been determined as a function of frequency for a set of
eleven stations in and around the Marina District in San Francisco. The seismic ampli-
fication of six stations within the Marina District appears remarkably consistent relative
to a nearby station at Fort Mason, sited on Franciscan Sandstone. The Marina stations
exhibit a peak at 1 Hz amplified by a factor of 6-10 and a broad sidelobe at 2-3 Hz
amplified by a factor of 3-4. two stations sited just outside the Marina on dune sands
do not exhibit the strong low-frequency peak in amplification.

We have devised a new method of empirically determining site response and source
spectra by fitting Brune models conditioned by a frequency independent Q to the
recordings, and projecting the residuals on the sites. This analysis has been applied to
four San Francisco stations using epicentral distances of about 100 km, and four
accelerograph sites which recorded the Loma Prieta main shock at epicentral distances
from 2-25 km, by Boatwright, et al. (1991). The absolute site amplifications are fixed
through frequency-specific geotechnical constraints. The epicentral studies determined
O = 380 and 414 for S and P waves, respectively. The stress drops of the 28 after-
shocks did not vary as a function of seismic moment for earthquakes with M, < 10%
dyne-cm.
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3) We have extended this spectral inversion technique to analyze the geometrical and an-
elastic attenuation using a line of stations sited along the axis of the San Francisco
Peninsula from the Santa Cruz Mountains up to San Francisco. After fitting the
sources and attenuation, the residuals are projected onto the set of stations and to a
set of distances, resulting in a map of residual attenuation as a function of distance and
frequency. The residual attenuation for the P and S waves is surprisingly similar.
There are a series of troughs and peaks which are reasonably constant over frequencies
> 5 HZ in the distance range from 30 to 60 km, which are assumed to represent arri-
vals which have been critically refracted from a series of velocity discontinuities from
10 to 20 km in depth. Then a broad region of relatively little variation extends from
60 to 90 km at high frequencies; there are some weak peaks and holes for frequencies
< 3 Hz. Finally, there is a strong peak at low frequency (* 1 Hz) at 100 km which is
at a slightly further distance than a broad amplification at frequencies > 15 Hz, but it
is unclear whether this high-frequency amplification corresponds to a critically refracted
arrival or to a frequency dependence of the attenuation.

Reports

Boatwright, J., Seekins, L.C., and Mueller, C.S., Seismic amplification in the Marina
District: Bulletin of the Seismological Society of America, in press.

Boatwright, J., Fletcher, J.B., and Fumal, T.E., A general inversion scheme for source,
site, and propagation characteristics using multiply recorded sets of moderate-
sized earthquakes: Bulletin of the Seismological Society of America, in press.

Fletcher, J.B., and Boatwright, J., Geometric and anelastic attenuation along the San

Francisco Peninsula inferred from a joint inversion of digital seismograms:
submitted to Bulletin of the Seismological Society of America.
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Analysis of the 1957 Andreanof Islands Earthquake
14-08-0001-G1766

Thomas M. Boyd
Colorado School of Mines
Department of Geophysics

Golden, CO 80401
(303) 273-3522

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 arise from spatial
variations of the frictional characteristics along the fault 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 the fault interact with neighboring
regions [e.g., Rundle and Kanamori, 1987; Horowitz and Ruina, 1989].

Distinctions between these two models can not be made from 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. In this context, an excellent region of study is the central
Aleutian Arc. In 1986, a magnitude 8.0 (My,) earthquake occurred near the Andreanof

Islands. Its slip distribution, aftershock, and preshock sequence have been described in
detail 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, however, remains poorly understood. Its seismic moment, slip distribution,
and 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 instrumentally
observed along the Aleutian Arc. As briefly described in this summary, we are
continuing our work on assembling and interpreting observations pertinent to the 1957
earthquake and the interseismic period between the 1957 and 1986 events. Progress can
be summarized as;

1) We have developed and applied a methodology for assessing confidence bounds
on rupture lengths constrained using surface-wave directivities.

2) Page scanning and relocation of seismicity listed in both the BCIS and ISS for the
years 1957 thru 1989 continues.

3) Source mechanisms for aftershocks of the 1957 event have been classified by
event type (thrust, normal, etc.), and bodywave modeling of selected events has
begun.
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Rupture Length Estimates and Error Bounds

Accurate determinations of kinematic rupture parameters have been accomplished for
some time using the so-called directivity function [e.g., Ben-Menahem, 1961; Ben-
Menahem and Toksoz, 1962, 1963; Udias, 1971]. Unfortunately, because it is highly
nonlinear, this function is difficult to invert. Using the simulated annealing method
[Kirkpatrick et al., 1983], however, we have constructed an inversion process which is
capable of extracting accurate estimates of kinematic rupture parameters and provides the
probability distribution of their values.

A PhD. level graduate student supported by this project, David Lane, has developed an
ensemble approach in which several independent inversions are run simultaneously. The
objective of each inversion is to maximize the joint probability distribution P(M=mID=d),
where M represents the kinematic rupture parameters, and D represents the observed
data. After several iterations the algorithm generates solutions distributed as exp(-E/kT}),

where E represents the error between a possible solution and the observed data, and 7j is

the control parameter of the jth inversion. We contend that the maximum likelihood
estimate obtained during a single inversion is less important than the marginal
distribution of rupture parameters. Since each of the inversions are independent we
obtain the marginal distributions P(M;=n) by summing over the joint inversions. Figure 1

shows inversion results for the 1957 event using data recorded at Pietermaritzburg South
Africa. We find that the observed directivity can be best modeled with bilateral source
that ruptured 300 km to the west, 615 km to the east, at a velocity of about 1.5 km/s.
Preliminary results from this portion of the project were presented at the 1990 Fall AGU
meeting in San Francisco [Lane and Boyd, 1990]. An overview of the technique and its
applications to other historically significant earthquakes will be presented at the 1991
Spring AGU meeting [Boyd et al., 1991].

Seismicity Relocations

Using the slab geometry described by Boyd and Creager [1991] and Creager and Boyd
[1991] we have calculated P-wave travel-time perturbations to approximately 550 stations
as a function of epicentral position. The calculated residuals are used directly as
epicentrally varying station corrections to generate relocated epicenters without
additional ray tracing. We are using this procedure to relocate all of the shallow
seismicity (BCIS and ISS) that occurred between 160 W and 175 E longitude from the
years 1957 through 1989.

Figure 2 shows our relocations of the earthquake activity recorded during the year
1957. Figure 3 shows space-time plots of the same seismicity distribution. From our
relocations it appears as though the aftershock sequence can be divided into three
temporal units. During the first, lasting about 2.2 days after the mainshock, aftershock
activity is generally confined to the rupture zone defined from the surface-wave
directivities described above. During the second time period (2.2 to 47 days after the
mainshock) activity expands eastward to fill the Unalaska seismic gap. Activity within
this portion of the aftershock zone, although low level, is persistent throughout the rest of
1957. After 47 days of activity, seismicity expands westward to include the Rat block.
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During the next few months we will continue to relocate earthquakes along the central
Aleutian Arc up through and beyond the occurrence of the 1986 event. Travel-time
observations for the period between 1958 and 1962 do not exist in computer readable
format and will be optically scanned. An undergraduate research assistant will be
working full time during the summer of 1991 to complete this task. As such, we expect
to complete our relocation effort early in the fall of 1991. Preliminary results from this
portion of the project were presented at the 1990 Fall AGU meeting [Boyd et al., 1990].

Aftershock Source Mechanisms

Using P-wave first motion and S-wave polarization observations we have been able to
classify 52 of the 92 relocated ISS events that occurred in 1957 by source type. Our
scheme has three classifications: 1) thrust faulting, 2) normal faulting, and 3) P-wave
first motions and S-wave polarizations spatially consistent, but inconsistent with either 1
or 2.

Figure 4 shows several examples of the events grouped into classes 1 and 2. All of the
events identified as normal faulting earthquakes are located within or near the trench.
Those identified as thrust faulting earthquakes are located along the main thrust-zone. 43
of the 92 events are in categories 1 and 2. Figure 5 shows preliminary waveform models
for two such events.

Figure 6 includes several examples of earthquakes grouped into class 3. Of the 92
events, 9 fall within this category. Notice that all of these events display remarkably
consistent P and S-wave observations that do not appear to be consistent with the thrust or
normal faulting events one would typically find along the Aleutian Arc. To illustrate how
we will determine source parameters for these events consider the earthquake shown in
Figure 7. The top portion of the figure shows the location and raw first motion and S-
wave polarization observations. Although the first motion data is relatively inconsistent,
the S-wave polarization data is spatially consistent, but not with what would be expected
for a typical, thrust faulting earthquake. The only consistent feature in the P-wave first
motion data is the dilatational field almost due east of the epicenter. Using the S-wave
polarization data and constraining the mechanisms to not violate the consistent feature in
the P-wave first motion data described above, we use the formalism presented by
Dillinger et al. [1971] to determine acceptable bounds on the P and T axes of the solution.
The mechanism to the left shows solutions which span a 90% confidence bound on the
positions of the P and T axes. Using these constraints, we then invert several waveforms
to derive the final solution shown on the right. This event appears to have occurred on a
high-angle normal fault within the descending slab. Preliminary results of this portion of
the project will be presented along with updates on other aspects of the project at the
1991 Fall AGU meeting.
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Figure 3: Space-time plots of the 1957 aftershock sequence. Top figure is for the calendar
ycar 1957, bottom figure shows the first 15 days of the sequence.
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Figure 4: First motion (ISS) and S-wave polarization observations [Stauder and Udias, 1963]
for events that appear to be either thrust faulting or normal faulting earthquakes. Closed
circles are compressional first arrivals, open circles are dilatational first arrivals. Source
mechanisms shown are those that would be expected for typical interplate thrust earthquakes.
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Figure 7. Source mechanism determination for and event in class 3. Map shows location of
the event in question plus four of its aftershocks. Top focal sphere shows the observed first
motions and polarization directions. Using the polarization directions the focal sphere to the
left shows acceptable positions of the P and T axes. With this constraint, the focal sphere to
the right shows the final source mechanism and several modeled waveforms.
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Earthquake Hazard Investigations in the Pacific Northwest
14-08-0001-G 1803

R.S. Crosson and K.C. Creager
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University of Washington
Seattle, WA 98195
(206) 543-8020

October 1, 1990 - March 31, 1991

Investigations

The objective of this research is to investigate earthquake hazards in the Pacific
Northwest including problems related to possible large subduction earthquakes. Improve-
ment 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 seismi-
city between the overlying North American and the subducting Juan de Fuca plates, and
kinematic modeling of deformation of the Juan de Fuca slab.

Deep three-dimensional velocity structure of the Cascadia Subduction zone

Using an approximation to non-linear inversion, we estimated the velocity structure
of the upper mantle portion of the Cascadia subduction zone using a data set of about
10,000 relative arrival times of teleseismic P waves recorded from 1980 to 1990 on WRSN
(Washington Regional Seismic Network) short-period vertical stations in Washington and
Northern Oregon. To approximate non-linear inversion, linear travel-time inversions
(conjugate gradient method) were performed alternately with three-dimensional ray trac-
ing.

The most prominent and robust characteristic of the models obtained is a steeply east-
ward dipping fast, planar feature which is inferred to be the thermal and compositional
anomaly associated with the subducting Juan de Fuca oceanic plate. The high velocity
zone is located at a depth of approximately 100 km beneath the Cascade volcanos, similar
to subduction zones clsewhere. At shallow depths (i.e. 60-80 km) the velocity anomaly is
consistent with projections from models of slab structure from 40-60 km depth.

At 48° N latitude, the high velocity zone extends to depths of 400 km or more.
However, south of 46°, the velocity anomaly disappears at a depth of ~ 150 km. Consid-
ering the tectonic history of the region and other geophysical observations such as seismi-
city, this observation is consistent with a deep slab which has separated completely from
the shallow slab in the south, and descended into the mantle. The three-dimensional velo-
city structure is used to model other geophysical observations, such as the regional gravity
field and P-wave amplitude variations due to geometrical ray spreading.

Kinematic M odeling:

We are working on the theoretical formulation and implementation of a finite element
scheme to invert for both the geometry of a thin sheet (the slab) and the flow field within
it which minimizes the global dissipation power associated with its membrane deformation
rate. The sheet is assumed to be a fluid with a Newtonian or a power-law rheology, and an
effective viscosity at least a few orders of magnitude higher than that of the surrounding
mantle. The boundary conditions used for Cascadia subduction are that (1) seaward of the
trench, the sheet is a spherical shell rotating at the Juan de Fuca/North America relative
plate rates, and (2) the slab dips 20° into the mantle along two cross sections under north-
ernmost California and under northernmost Vancouver Island. The geometry and flow
field are otherwise free to vary except that the flow must not cross the slab.
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The important aspect of the fixed part of the geometry is the concave oceanward bend
in the trench axis which occurs at the latitude of the Olympic Mountains and Puget Sound.
The combination of the bend in the trench and the downward dipping slab produce the
problem, like that of a table cloth hanging over the corner of a table, that there is too
much slab material for the available space. The trench geometry forces along-arc compres-
sion of the slab, or geometric arching/buckling, or a combination of the two. We have
investigated two possibilities: For the first we fix the geometry so that the slab dips at 20°
along all cross sections and invert for the flow field only. In the second, we allow the
geometry to vary using the boundary conditions described above. Root-mean-squared
effective strain rate of the flow field calculated in the second experiment is reduced by a
factor of ten relative to the first experiment, and the geometry after inversion displays a
pronounced arch whose axis is normal to the trench and dips at about 10° under Puget
Sound. The arch is flanked by parallel troughs. This minimum strain-rate geometry is simi-
lar to the slab geometry estimated by hypocenter distributions and receiver function ana-
lyses.

It is well known that a sheet of corrugated metal is difficult to bend along an axis nor-
mal to the corrugations. This is because of strong resistance to membrane strains. Simi-
larly, once the arch has formed in the shallow portions of the slab (above 50 km depth), it
is difficult to bend the arch from its 10° dip to its 50° dip at a depth of 150km and below.
Our seismic tomography results provide compelling evidence that the slab below a depth of
150 km dips steeply. Bending the arch provides a possible explanation for the observed
pronounced concentration of intra-plate seismicity beneath the Puget Sound basin relative
to regions to the north or south. We are investigating this hypothesis.
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Objective: Between 1915 and 1956 two earthquakes with magnitude >
6.0 occurred along the northern San Jacinto fault, and seven
earthquakes occurred along faults in northern Baja California.

The source processes of these earthquakes will be determined
through waveform modeling of regional and teleseismic body waves.
Foreshocks and aftershocks of these earthquakes will be relocated
using a bootstrap technique, and focal mechanisms will be
determined through grid searches of first motion data. Data from
available geological and geophysical studies will provide
additional constraints on fault processes. The information
obtained from the study will be used to determine the rupture
length, moments, and causative faults associated with the
earthquakes on the northern San Jacinto fault, and the nature of
faulting and rate of moment release within Baja California. The
latter information is needed to evaluate how plate motion from the
Gulf of California is being transferred across Baja California to
the San Andreas, Imperial, and San Jacinto fault systems and how
it may affect the recurrence rates of earthquakes within southern
California.

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

(1) Waveform modeling of earthquakes along the northern San
Jacinto fault has been completed and a paper on the results is in
preparation for the Bulletin of the Seismological Society of
America. The modeling results suggest that the 1918 (M=6.8) San
Jacinto earthquake occurred along a fault with an orientation
similar to that of the Claremont branch of the San Jacinto fault
at a depth of 8 km. Data for the 1923 (M=6.3) San Bernardino
earthquake are limited to waveforms from one station and a few
first motion polarities, however these data indicate that the
event did not occur along a strike-slip fault with orientation
similar to the San Jacinto fault near San Bernardino. The
orientation that best fits the data is similar to the strike of
the Banning fault.

(2) Waveform modeling of earthquakes associated with the February

9-15, 1956 San Miguel sequence is in progress. Preliminary
results of the modeling suggest 1.2x10**19 N-m of moment was
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released during the sequence. The mainshock on February 9 appears
to be composed of 2 to 3 subevents. The February 15 aftershock
also appears to be a double event. A change in strike from 120°
for the mainshock to 100° and 130° for the February 14 and 15
aftershocks is consistent with changes in the trend of surface
faulting observed along the San Miguel fault. Results of the
modeling will be presented at the 1991 Spring meeting of the
American Geophysical Union at a special session on historic
earthquakes. A special volume of Pure and Applied Geophysics will
be published on the papers presented at the session.

(3) Waveform data for the remaining Baja earthquakes has been
collected and digitized. Waveform modeling will commence once the
study of the 1956 San Miguel sequence is completed.

(4) All mainshocks, aftershocks, and foreshocks in Baija,
California have been relocated. Collection of first motion data
for the events has been completed and is awaiting analysis.

(5) The PI has been sharing analysis software with Dr. Craig
Nicholson at the University of California, Santa Barbara. Dr.
Nicholson 1s completing a study of historic earthquakes along the
San Andreas fault zone in southern California sponsored by the
USGS. The PI and Dr. Nicholson hope to collaborate on a paper
that will summarize the results of their studies of historic
earthquakes in southern California.
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Objective; The primary objective of this research is to improve the calculated
locations of earthquake hypocenters in New England (particularly to better
constrain the 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 are used to reexamine the present seismotectonics of the
northeastern United States in an effort to identify seismically active structures in the
region.

Crustal Structure Analysis: A new computer code to perform a tomographic time-

term analysis for New England has been put together by Zhu (1991). The code is more
general and flexible than that used by Kafka and Ebel (1988) in their tomographic
analysis of Maine. The new code has been tested successfully on several synthetic
data sets. We have analyzed a data set consisting of P-wave first arrivals from the
MSRP and NY-NEX experiments to search for lateral crustal velocity variations
throughout New England. This work was performed in several steps. First, travel
times from the P arrivals from the data set were used to construct a plane layered
starting model for the tomographic analysis. While based on a completely different
set of stations, the starting model was very close to the crustal model for Maine found
by Luetgert et al. (1987). This starting model was then used to invert for lateral and
vertical seismic velocity variations across the region. Time terms for both the shot
points and the stations were calculated relative to this tomographic model. As a final
step, shot and station time terms were also calculated relative to the starting model,
which was held fixed. These time terms were calculated to be used in the HYPO78
program for event location. HYPO78 does not allow lateral velocity variations in the
crustal model, so the full time-term analysis results which include the lateral
velocity variations cannot be used directly in that program.

Crustal Structure Results: The tomographic time-term analysis found crustal seismic
velocity variations throughout northern New England. These velocity variations are
generally consistent with other crustal models for the region (Figure 1). In
particular, the upper crust was found to have strong lateral velocity variations
(Figure 2) which show some correlation with the surface geology. In particular, the
metasediments of the Kearsarge-Central Maine Synclinorium have somewhat lower
seismic velocities than the average, and the mafic plutonic belts through the regions
are somewhat faster than average. The lower crust is much more laterally uniform
in seismic velocity than the upper crust, although a reduced velocity region under
the White Mountains of New Hampshire is imaged at about 20 km depth (Figure 3).
The Moho deepens from SSE at a depth of 33 km to NNW at the U.S.-Canada border in
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Maine at a depth of 38 km. Time terms relative to the tomographic model, shown in
Figure 4, are generally quite small. In contrast, the time terms relative to the plane-
layered starting model with no lateral velocity variations are much larger (Figure 5).

Event Location Analysis: A major goal of this research was to try to improve event

locations and focal depths by the calculation of a more accurate crustal model and set
of station time terms for the region. We tested this by relocating the 1984 MSRP
blasts using the Chiburis and Ahner (1980) crustal model (C&AM) and the starting
model (SM) found from this analysis. C&AM, derived from data from southern New
England, has rather different layer velocities than the models which have been
derived using data from Maine (Figure 1). Surprisingly, it proved to be somewhat
more accurate at locating the shots than SM, even when we included the time terms
of Figure 5 in SM. The average epicentral error with C&AM is 3.59 km, while with SM
it is 3.93 km without the station time terms and 4.30 km with the station time terms.
The average depth error for these surface-focus shots is 3.44 km with C&AM, 7.14 km
with SM and no time terms, and 7.27 km with SM and the time terms.

Conclusions: Errors in the calculation of epicenters and depths of seismic events
(earthquakes and blasts) in New England are only a very weak function of the
crustal seismic velocity structure used in the location program. Even a somewhat
inappropriate crustal model gives epicenters and depths comparable to those from
better models of the region, and knowledge of the lateral variations of the crustal
seismic velocities cannot be easily used to improve hypocenter accuracy. We view
our results as indicating that seismic station density, station distribution, and
seismogram signal-to-noise are the controlling factors affecting the calculation of
accurate event epicenters and depths for events in New England. One implication of
this analysis is that in New England a sparse network of seismic stations, such as that
planned for the National Seismic Network, will constrain earthquake epicenters to no
better than +-5 to +-10 km and earthquake depths to no better than +-10 km.
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Figure 1. A comparison of the different velocity structures of the crust of New
England determined by different researchers. The crustal models are those of
Luetgert et al. (1987), H & L - Hughes and Luetgert (1991), T & T - Taylor and Toksoz
(1979), C & A - Chiburis and Ahner (1980). The abbreviations are: ME - Maine; NH
- New Hampshire; NY - New York; NE - New England. EMM, HKM, JKM, WNH and
IVT are seismic stations operating in New England (see Figure 4). The model Va-A
was determined from the MSRP and NY-NEX travel times at the seismic network
stations in New England. The model Res is the starting model used for the time-
term computation where the crustal model was fixed. The dashed line for the
Moho boundary at EMM indicates that the depth of this boundary was not
constrained by the analysis.
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Figur; 2 -Results of the time-term tomographic analysis for the seismic velocity
distribution in New England at a depth of 6 km.
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Figure 3. Results of the time-term tomographic analysis for the seismic velocity
distribution in New England at a depth of 20 km.
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Source and receiver time terms in seconds relative to the laterally-varying
tomographic seismic velocity model for the study region.
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Investizati

This program focuses on the highly active seismic zone between the Pamir and Tien Shan
mountain belts in Soviet Central Asia. The Garm region 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. The fundamental aims of this collaborative
research project with the USSR Academy of Sciences are: (1) to elucidate the structures and
processes involved in active deformation of a complex 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 seismological data base
for this study includes the combined resources of the global, regional, and local seismic networks.
Geological structures in the Garm region have been studied using compilation of published
geological information, analysis of satellite imagery, and geological field work in the Peter the
First, Gissar, and Darvaz mountain ranges near Garm.

Results

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 recorded
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 work with a
new teleseismic inversion routine based on the work of Al-Shukri and Mitchell (1987). The first
stage of data reduction involved calculation of travel time residuals from the raw arrival time data,
removal of clearly unreliable readings, and examination of azimuthal characteristics of the travel-
time residuals. We have now obtained preliminary results from the teleseismic inversion, and an
example of the resultant velocity model (for the upper mantle) is shown in Figure 1. Among the
preliminary conclusions are: (1) identification of anomalously low- and high-velocity zones,
respectively, in the crust beneath the Pamir and Hindu Kush, (2) an upper mantle velocity high
beneath the southeastern Pamir, and (3) anomalously high velocities in the sub-lithosphere mantle
associated with the Fergana Valley and the Hindu Kush deep seismic zone (Mellors et al., 1991).
The latter observation contrasts with local earthquake inversion beneath the Hindu Kush zone
(Roecker, 1982) that indicated anomalously low seismic velocities (produced by subducted
continental crust?) associated with the upper portion of the Hindu Kush zone.

Earthquake Focal Mechanisms. Our continuing work with earthquake focal mechanisms
(Ramos et al, 1991) involves examination of stress orientations associated with 14,000 shallow
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events in the Garm region. We found that the entire region is dominated by north- to northwest-
trending horizontal compressive stresses (Figure 2). The PFR shows more northwesterly trending
axes of principal stress that deviate from both the north-south stresses observed in the adjoining
crystalline mountains and from the predicted north-south plate motion vector of the India-Eurasian
plate motion. At depth and under an inferred decollement surface, the stress patterns of the
basement conform with the regional trend, indicating that the stress field within the sedimentary
rocks of the PFR may be rotated from the regional stress system.

Geologic Structure. In order to examine active tectonic structures within the seismically active
Garm region, we have completed two structural cross sections across the core of the Peter the First
Range (PFR). The PFR is an actively deforming fold-thrust belt marked by intense seismicity as
well as Quaternary deformation (Hamburger er al., 1991). The two sections were constructed
from Garm to the Darvaz Range and a from Khait to the Darvaz Range (Pavlis and Hamburger,
1990). In the previous reporting period, we presented one of these cross sections, showing
intense compressive deformation near the core of the range. Figure 3a illustrates a line-length
restoration of the original section, shown as Figure 3b. This cross section probably represents a
maximum-displacement end-member in a range of allowable sections. That is, in projecting struc-
ture into the subsurface, we assumed that all structures that cannot be accomodated by deformation
within the thrust sheet must be accomodated by sub-thrust duplexing where the duplex is devel-
oped entirely within a complete stratigraphic section that was overriden by a master thrust system
(Vakhsh thrust). This assumption leads to a large portion of the section (right half of section) that
is unconstrained by surface geology. Nonetheless, this restoration leads to a reasonable basinal
geometry for the system with a uniformly tapered section thickening toward the south. Moreover,
if the assumed sub-thrust geology is correct, even this section produces an underestimate of the
total shortening in the belt because the footwall cutoff for the Vakhsh thrust is not within the line of
section, thus resulting in an unknown gap in the middle of the restored section.

Despite the ambituities of cross-section reconstruction in areas where subsurface data are
lacking, two key points should be emphasized: First, the magnitude of the apparent shortening in
this section is very large given the evidence for Plio-Pleistocene ages (0-5 Ma) for the structures
(Hamburger er al., 1991). The total shortening, ignoring the potential gap in the middle of the
restored section, is 68 km, suggesting that shortening rates are probably in excess of 2 cm/yr.
Second, even conservative estimates of the total shortening suggest significant convergence. If we
use only the left side of the restored section (constrained only by unfolding folds) together with an
assumption of relatively minor offset (20 km of net slip) on the Vakhsh thrust, the total shortening
across the belt is approximately 50 km, indicating minimum convergence rates of approximately 1
cm/yr.
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Figure 1. Results of teleseismic inversion for crust and upper mantle velocities beneath the Central Asian region
(from Mellors et al., 1991). (A) Regional topography and configuration of the seismic network. 1000- and
3000-m topographic contours are shown by light and heavy shading, respectively. Recording stations are shown
by filled triangles. Heavy lines show the contours to the top of the Pamir-Hindu Kush intermediate-depth
seismic zone, from Billington et al. (1977). Grid lines indicate block boundaries defined for teleseismic
inversion. (B) Results from three-dimensional tomographic inversion; example of velocity anomalies in layer
three (depth 200-350 km). Shading indicates percentage velocity perturbation to nominal layer velocity of 8.6
km/s. Negative velocity perturbations, by convention, represent higher seismic velocities. Note the correlation
of the high velocity block beneath the Hindu Kush with the intermediate-depth seismic zone. [Note that very
high velocity beneath westernmost Hindu Kush is unconstrained by raypath coverage.]
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Figure 2. (A) Earthquake focal mechanism solutions for moderate-sized events (ML > 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 g M, £ 4.0; large symbols indi-
cate earthquakes with My, > 4.0. Light lines indicate the 9000 foot topographic contour, and heavy lines indicate rivers.
(B) Equal area projection showing distribution of principal stress axes for large events (ML, 2 4.0; top) and all events (M
2 2.0; bottom) located within the Peter the First Range. Kamb contours are shown at intervals of 2.0 0. Heavy arrow
shows the average orientation of P-axes, using Bingham statistics. Light arrows show orientation of India-Eurasia plate
convergence direction (P), from NUVEL-1 plate motion model {DeMets et al., 1990] and direction normal to trend of
Pamir/Peter the First Range structural boundary (N). (C) Principal stress orientations for the Peter the First Range.
Axes show projections of maximum and minimum principal stresses for best-fit double couple solution for all mecha-
nisms located within a 15 x 15 km square surrounding each gridpoint. P-axes are shown by double bars; T-axes are
shown by single bars. Light lines indicate drainage network,
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the leading edge of the thrust sheet. (B) Restored cross section, indicating a minimum of 68 km shortening within the plane of the section.

Symbols: Pls=Permian limestone, TRs=Triassic sedimentary and volcanic rocks; Us=Lower Jurassic sedimentary rocks; mJc=Middle Jurassic
conglomerate and sandstone; uJe=Upper Jurassic evaporites and shale; 1Ks=lower Cretaceous sandstone, siltstone, conglomerate and shale; uKls=Upper
Cretaceous limestone and marl; IT=lower Tertiary limestone, shale, and marl; uT=upper Tertiary (Neogene) sandstone and conglomerate.
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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: The 1988 and 1990 Upland Earthquakes: Left-Lateral
Faulting Adjacent to the Central Transverse Ranges. is in press in the Journal of
Geophysical Research

RESULTS
The 1988 and 1990 Upland Earthquakes: Left-Lateral Faulting

Adjacent to the Central Transverse Ranges

Two earthquakes (M],=4.6 and M =5.2) occurred at almost the same location in Upland,
southern California, in June 1988 and February 1990 and had similar strike-slip focal
mechanisms with left-lateral motion on a northeast striking plane (Figure 1). The focal
mechanisms and aftershock locations showed that the causative fault was the San Jose
fault, an 18-km-long concealed fault that splays west-southwest from the frontal fault of the
central Transverse Ranges. Left-lateral strike-slip faults adjacent to the frontal faults may
play an important role in the deformation of the Transverse Ranges and the Los Angeles
basin as suggested by these Upland earthquakes, the left-lateral strike-slip 1988 (M1,=4.9)
Pasadena earthquake on the Raymond fault, 30 km to the west of Upland, and scattered
background seismicity along other active left-lateral faults. These faults may transfer slip
away from part of the frontal fault toward the south. Alternatively, these faults could
represent secondary faulting related to the termination of the northwest striking right-lateral
strike-slip faults to the south of the range front (Figure 2). The 1988 and 1990 Upland
earthquakes ruptured abutting or possibly overlapping segments of the San Jose fault. The
edges of the overlapping aftershock zones, which are sharply defined, together with
background seismicity, outline a 14-km-long aseismic segment of the San Jose fault. The
1988 mainshock originated at 9.5 km depth and caused aftershocks between 5 and 12 km.
In contrast, the 1990 mainshock focus occurred at the top of its aftershock zone, at 5 km,
and caused aftershocks down to 13 km depth. These deep aftershocks tapered off within 2
weeks. The rate of occurrence of aftershocks in magnitude-time space was the same for
both sequences. The state of stress reflected in the focal mechanisms of the aftershocks is
identical to that determined from background activity and did not change with time during
the aftershock sequence. The constant stress state suggests that the 1988 and 1990 events
did not completely release all the stored slip on that segment of the fault. The presence of
14 km of unbroken fault, the abrupt temporal termination of deep aftershocks, and the
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constant stress state all suggest that a future moderate-sized earthquake (M7.=6.0-6.5) on
the San Jose fault is possible with a rupture length of at least 14 km and possibly 18 km.
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Figure. 1. Earthquakes recorded by the Southern California Seismic Network between
1981 and 1989 (shown by circles) and 1990 (shown by crosses). (a) A map showing
earthquake epicenters and active faults and end points A-A', C-C', and D-D'. (b) The
earthquake hypocenters within 4 km of the line A-A' projected onto the line. Dashed
lines are projected at 65° and 70° from the surface traces of the Cucamonga and San Jose
faults, respectively. (c) The earthquake hypocenters within 5 km of the line C-C'
projected onto the line. Dashed line is projected at 85° from the surface trace of the San
Jose fault. (d) The earthquake hypocenters within 6 km of the line D-D' projected onto
the line, along strike of the San Jose fault. Three zones are outlined: the aftershock
zone of 1988 (A), the aftershock zone of 1990 (A and B), and the aseismic zone (C).
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Figure. 2. Maps of the region of the Upland earthquakes showing active faults from

Ziony and Jones [1989]. Faults are dotted where inferred, dashed

where concealed, and

solid where well located. (a) The thrust faulting model where the shading illustrates

where the compressional tectonics of the Transverse Ranges may

extend to the south of

the Sierra Madre fault. In this model the San Jose fault transfers some of the thrust
motion to the Elysian Park thrust, located to the south of the Sierra Madre fault. Some
of the slip may be transferred back to the northwest along the Verdugo fault. (b) The
strike-slip faulting model where the northeast trending strike-slip faults are secondary
faults related to the abrupt termination of the northwest trending strike-slip faults.

105



1.2

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 De Bilt, starting
in 1917, and some of the older Caltech stations. Essentially we think better locations can be
obtained using a combination of waveform data and travel time constraints.

Results

In this summary period two studies will be emphasized; (a) on the rupture properties of the
Loma Prieta earthquake which will be used to compare with the 1906 event, and (b) a re-
examination of historic earthquakes along the San Jacinto fault zone.

We have used 24 broadband teleseismic and 48 components of local strong motion velocity
records of the 1989 Loma Prieta earthquake in a formal inversion to determine the temporal and
spatial distribution of slip. Separate inversions of the teleseismic data (periods 3-30 sec) or strong
motion data (periods 3-30 sec) or strong motion data (periods 1-5 sec) result in similar models.
The data require bilateral rupture with relatively little slip in the region directly updip from the
hypocenter. Slip is concentrated in two patches; one centered 6 km northwest of the hypocenter at
a depth of 12 km and with a maximum slip of 350 cm, and the other centered about 5 km southeast
of the hypocenter at a depth of 16 km and with a maximum slip of 460 cm. The bilateral nature of
the rupture results in large amplitude ground motions at sites located along the fault strike, both to
the northwest and the southeast. This bilateral rupture also produces relatively modest ground
motion amplitudes directly updip from the hypocenter, which is in agreement with the velocity
ground motions observed at Corralitos. There is clear evidence of a foreshock (magnitude between
3.5 and 5.0) about 2 seconds before the main part of the rupture; the origin time implied by strong
motion trigger times is systematically 2 seconds later than the time predicted from the high-gain
regional network data. The seismic moment obtained from either of the separate data sets or both
sets combined is about 3.0x1026 dyne-cm and the potency is 0.95 km3, see Wald et al. (1991) for
details.

The high level of seismic activity and the potential for large earthquakes in the San Jacinto
fault zone, southern California make it desirable to have accurate locations and source parameters
for as many previous events as possible. Prior to the installment of a dense seismic network in this
region, earthquakes were located using only a few stations with generally poor azimuthal coverage
resulting in considerable uncertainty in the locations. We relocate and obtain moment estimates for
historic (pre- WWSSN) earthquakes in the western Imperial Valley by comparing the waveforms
and travel times with recent earthquakes in the region. All the events are in the My, 5.5-6.5 range.
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The historic earthquakes occurred in 1237, 1942 and 1954. We use the 1968 Borrego Mountain,
1969 Coyote mountain, and 1987 Elmore Ranch earthquakes as calibration events. We employ
regional and teleseismic data from continuously operating stations, with Pasadena, De Bilt,
Berkeley, Ottawa and St. Louis recording most of the events. The waveforms imply that all the
events are almost pure strike-slip events on vertical or near-vertical faults. Approximate values for
the strikes were obtained and are within the range of observed strikes for well studied earthquakes
in this region. 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 relocations require only a
small 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. 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 larger, see Bent and Helmberger (1991) for
details.
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The southern California deformation field, and associated uncertainties, are estimated by finite
element modeling of a faulted elastic plate. Most significantly, this provides slip rate estimates of the
major faults. The faulted plate is driven by (1) the NUVEL Pacific-North America velocity at the
model margins, (2) VLBI line-length rate of change data, (3) geologically-estimated fault slip rates,
and (4) the fault geometries. An important property of this modeling is that is provides a kinemati-
cally consistent solution. A perfect (i.e., strain-free) solution is not possible; rather, we find the
deformation field that minimizes the strain energy within the elastic blocks. As such, our use of
finite element modeling is solely for kinematic purposes; calculated stresses are simply indications of
kinematic misfit. (This is similar to cutting a southern California map into crustal blocks and sliding
the pieces so as to best account for the displacement data listed above while minimizing overlap and
underlap of the pieces.)

We address the uncertainties associated with our estimated velocity field by driving many simu-
lations, each with a perturbed data set, and then examining the resulting velocities. The perturbed
data are obtained by Monte Carlo sampling over the velocity distribution of each datum, using the
cited uncertainties in their values.

Geodetic models (with slip-rate data given very low weight) and geologic models (with no
VLBI data) are mutually consistent within 95% confidence at most locations. However, the geodetic
models have velocities east of the San Andreas fault that are 2-5 mm/yr greater than the geologic
models (velocities with respect to North America). Near VLBI sites at Jet Propulsion Lab and Pear-
blossom, both located in major fault zones, motion is better explained by present-day accumulation of
elastic strain related to the earthquake cycle than to steady-state fault slip.

The best-fit velocity field is shown in Figure 1. This solution has: the Sierra Nevada-Great Val-
ley block moving at 101 mm/yr N44°W16°; oblique convergence (N8°W+8°) across the central
Califomia coastal region at 7%*1% mm/yr; relatively rapid north-northwesterly motion of the
Mojave (941 mm/yr N22°W=+16° at Roger Lake); and significant rotation of crust south of the big
bend of the San Andreas fault, consistent with 10-15 mm/yr of right-lateral slip west of the Elsinore
fault. This figure also shows the variance in the velocity of each element; owing to uncertainties in
San Andreas fault slip rate in the Mojave and convergence rates across the western Transverse
Ranges, the Transverse Ranges velocities are the least well constrained. Figure 2 shows the resulting
fault slip rates. Figure 3 shows the uncertainty in velocity of a few selected points.

An aspect of southern California kinematics that has not been well investigated is the conse-
quence of a more westerly orientation of the Pacific plate than allowed by the uncertainties admitted
by NUVEL. However, a Pacific orientation 5° more westerly than NUVEL reduces the overall strain
energy of the model, and results in significantly different velocities of some regions (such as a more
westerly Sierra Nevada-Great Valley block and less crustal rotation south of the Transverse Ranges).
What the presented deformation maps show is that under the constraint of NUVEL relative Pacific-
North America motion, a kinematically reasonable solution is available. All such solutions are simi-
lar to that shown in the included figures.

Important aspects of this modeling capability are: new data are incorporated easily, and the
kinematic consequences of various assumptions (such as assumed fault activity in a region) can be
tested easily.
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velocitv of the shaded element, as indicated with the scale.
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Figure 2. Fault slip rates of joint geologic-geodetic model of southern California kinematics.
Values are in mm/yr. Open rectangles are “slippery nodes", which allow free slip in the
direction indicated by the rectangle orientation; the rate is model determined. Solid rectan-
gles are "split nodes”, which imposes a rate of the indicated amount in the indicated direc-
tion. Rectangles with circles represent a "cut”, which allows complete freedom in rate and
orientation; rectangle orientation is model-determined slip orientation. Stars represent triple
junctions, which allow freedom of motion.
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Figure 3. Contoured probability of velocity for selected locations. Rates in mm/yr, proba-
bility contours are, 30%, 60% and 90% certainty, and the dot is the probability centroid.
Vertical axis is velocity parallel to NUVEL Pacific, and horizontal axis is velocity normal to
NUVEL Pacific. Inset shows velocity of the centroid, where up is NUVEL parallel.
"VAND" represent the VLBI site at Vandenberg.
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FIELD AND MECHANICAL STUDIES OF EARTHQUAKE GROUND RUPTURES
Program Task No. I.2

Marie D. Jackson
Branch of Igneous and Geothermal Processes
U. S. Geological Survey
A 2255 North Gemini Drive
Flagstaff, Arizona, 86001
FTS 765-7186

Investigations

1. Field and mechanical study of ground cracks associated with the 1974
Mr=5.5%and 1983 My=6.6 Kaoiki, Hawaii, earthquakes.

2. Investigations of late Quaternary movement along the Hat Creek
Fault, northeastern California.

Results
1. Kaoiki Seismic Zone

The Kaoiki seismic zone, a young tectonic feature of Mauna Loa
volcano, Hawaii, is the site of recurrent moderate-magnitude
earthquakes that cause serious damage. Ground rupture zones from the
1983 M1=6.6 earthquake, the 1974 M1=5.5 earthquake, and an older,
undated earthquake, all trend N48°E a direction that is nearly
parallel to nodal planes of the 1983 and 1974 main shocks’ focal
mechanism. Individual ruptures consist of arrays of left-stepping,
en eclielon cracks with predominantly opening displacements, which
strike roughly EW, about 30°-50° clockwise from the overall trend of
the zones.

Geologic mapping of these rupture zones suggests that the ground
cracks are part of a “fracture-process zone” located ahead of the
parent fault that, during propagation, stressed the rocks above its
tip and induced tensile failure of the near-surface rocks (Pollard et
al., 1982). As the coseismic deformation progressed, the opening-
mode cracks created in the crack tip region of the parent strike-slip
fault coalesced, and crack segments linked to form progressively
longer, left-stepping crack arrays that range in length from several
tens of meters to several kilometers. Shear displacements were
apparently transmitted from the parent faults to the earth’s surface
through these breakdown zones. 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 tensile failure parallel to
the mapped cracks (Jackson et al., 1988).

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
mainshock initiated as a strike-slip event of moderate magnitude that
preceded the main moment release on a low-angle thrust fault. An
estimate of the seismic moment release from strike-slip motion during
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the 1983 mainshock, computed as a geodetic moment from field data, is
about one third of the NEIS teleseismically-determined moment for the
1983 earthquake. However, field data and the position of the
mainshock hypocenter suggest that a fault plane approximately 12 km
by 11 km slipped during the 1983 mainshock. This large fracture
apparently formed during a single seismic event. Small but
consistent right-lateral displacements across the ground cracks
support the first-motion data for strike-slip faulting. These data
confirm the importance of right-lateral strike-slip faulting in the
Kaoikli seismic zone.

In the past six months, I submitted a manuscript (33 ms. p., 18 figs)
to Journal of Geophysical Research, which describes the structure and
propagation paths of the 1974 and 1983 Kaciki ground ruptures, and
their relation to the long-term geologic history and recent
seismicity of Mauna Loa's SE flank. Summaries of the data presented
in this paper have appeared in previous EQHRP reports. I received
reviews from J. G. R. in mid-April and am currently making revisions
to the paper. I am also continuing a collaboration with P. Delaney
(U.S.G.8) and P. Segall and T. Arnadottir (both at Stanford) to
further investigate the trilateration data that spans that the 1983
rupture. Results from this analysis will be included in the J.G.R.
paper.

Hat Creek Fault

The Hat Creek fault, located about 30 km north of Lassen Peak, is the
westernmost, and perhaps youngest, expression of Basin and Range normal
faulting in northeastern California. The fault is composed of prominent
NNW-trending escarpments that offset Quaternary and Pliocene volcanic
rocks by more than 300 m. These escarpments, which are modified by
erosion to a repose angle of about 35° form the eastern side of an
asymetric graben, along which the Hat Creek Basalt flowed during the Late
Pleistocene or Early Holocene (Muffler et al., 1989). Recent slip along
the fault forms an 1l-km-long, left-stepping scarp as much as 30 m high
cutting the Hat Creek Basalt. Stream gravels, estimated to be no more
than 15,000 years old (Muffler et al., 1989), overlie the Hat Creek
Basalt and were offset as much as 20 m by this youngest faulting.
Monoclinal flexures, accomodated in part by slip along columnar joints
within the host basalt, join the left-stepping fault segments. These
monoclines have S-shaped axial planes and record interactions resulting
from components of vertical and small strike-slip motions along the
underlying fault.

The average Holocene vertical displacement along the fault has been about
2 mm per year, and the existence of this prominent young scarp in an area
of low modern seismicity suggests that movement has been episodic with a
periodicity of hundreds, or perhaps thousands of years (Muffler et al.,
1989).

The purpose of this study is to use field data and mechanical analysis to
investigate the structure of the Hat Creek fault and to evaluate its
earthquake potential. The Hat Creek project will investigate how a
normal fault propagates and develops a surface rupture, and how their en
echelon segments link to transfer predominantly dip-slip displacements.
Field work undertaken by this project will include 1:24,000 mapping of
the entire young Hat Creek scarp, detailed 1:5000 scale mapping of
critical kilometer-long exposures along the scarp, and 1:1000 scale
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mapping of the S-shaped monoclines at two left-steps. Analytical work
undertaken will include 1) mechanical analysis of the surface deformation
over a growing normal fault and 2) analysis of interactions at left-steps
using methods of elasticity and fracture mechanics.

In the past 6 months, I began preparations for mapping the young Hat
Creek Fault scarp. This includes 1) designing an aerial photo survey at
several scales of the Hat Creek scarp, 2) setting up and calibrating the
PG-2 stereographic plotter at the Flagstaff Center and arranging for both
reducing and enlargement capabilities, and 3) working with the
Photogrammetry Group at Flagstaff to prepare 1:1000 topographic base maps
of the S-shaped monoclines. I plan to spend several weeks in the field
in August and September, beginning detailed mapping of the scarp.

I am working with Dan Dzurisin (I.G.P./ C.V.0.) to develop a transect of
GPS stations across the Hat Creek Rim as part of the proposed Lassen GPS
network to be measured this summer.
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Research during October, 1990 through April, 1991 was directed to the following efforts:
(1) further development of the analysis of the effect of stress redistribution by moderate
earthquakes on the spatial distribution of smaller earthquakes in the neighborhood; and
(2) investigation of an alternative to the modified Omori relation for modeling aftershock
sequence decay.

Seismicity-based Stress Model

The seismicity based stress model is a model of the changes in stress expected in the
neighborhood of magnitude 4 and greater earthquakes in the central Aleutians. These
changes in stress are compared with changes in the spatial distributions of smaller earth-
quakes nearby. Significant similarities between the changes in stress and the changes in
seismicity have been found, especially when the surrounding earthquakes occur within 15
km of the hypocenters of the large earthquakes. The first attempt at a seismicity stress
model was reviewed and several improvements made.

The stress field is computed with reference to a coordinate system centered on the large
earthquake, with the 2 direction taken normal to the plane of slip, and z parallel to the
slip vector. Four components of the stress tensor have been compared with changes in
seismicity. 7., shows the strongest relationship with the seismicity, with decreases in the
compression across the fault plane corresponding to increases in seismicity. 7., also shows
a relationship to the seismicity, with increases in the shear stress in the same sense of the
fault slip being associated with increases in seismicity. 7,, and 7, show no relationship
to the seismicity. This result suggests that the smaller surrounding earthquakes have a
mechanism similar to that of the large earthquake. If conjugate planes were active, 7o
would be expected to correlate to changes in seismicity.
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The method of asses'sing the significance of a change in seismicity as related to a
change in stress has undergone considerable evolution since the early stages of the model
formulation. The stress change from the large earthquake calculated at the hypocenters of
small earthquakes comprises a set of numbers. When the small earthquakes are divided into
those that occurred before and after the large earthquake, there are two sets of numbers.
A comparison between these sets can be made with a ¢ test,

Ty — T2

02 0'2
V& +3)
where 7 and 7, represents the two sets of stresses, with 7 being an average, n the number
of points in the data set, and ¢ a standard deviation. Assessment of the significance of ¢
was made on the basis that o, and o, were not necessarily equal, but there is a problem
with doing this sort of statistics on earthquakes, because they may not be independent

of one another in space or time. The use of ¢ represented an improvement over earlier
formulations, but absolute assessment of its significance is still a subject of inquiry.

t=

Investigations of the temporal behaviour of the relationship between modeled stress and
seismicity were undertaken during this period. These produced some preliminary results
suggesting that the rheology of the crust is not purely elastic. When data before and after
all the larger earthquakes were pooled, there were enough smaller earthquakes to break
them up into a larger number of time slices. When the normal component of the traction
on the slip plane 7,, was averaged in each bin, the plot in Figure 1 resulted.

This figure shows that the similarity between stress and seismicity gradually increasing
from the time of the occurrence of the mainshock. The time axis is replaced by the event
number, counting all events in the catalog, to smooth out fluctuations in seismicity rate.
1000 events roughly correspond to 15 months. The error bars on the plot are the standard
deviations of the means of the stresses in each bin. The gradual increase in similarity
between the stress model and the seismicity could be due to a time-dependent friction
type of rheology.

An important area of work for the seismicity based stress model is improvement of
the source model. The current model is based on an assumed uniform source orientation.
To improve it, independent determination of focal mechanisms for about 100 magnitude
4 events in the central Aleutians is needed. Teleseismic data for these events have been
read off of CD-ROMs and are being processed. Focal depths from the CASN network are
used to determine take off angles, and the resulting angles and azimuths can be used to
find first motion focal mechanisms.
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Figure 1: Average modeled normal stress evaluated at the hypocenters of small nearby earthquakes

as a function of relative event number, where 1000 events roughly correspond to 15 months. The
error bars are standard deviations of the mean.
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A simple numerical model of scattering in the crust which may explain the different
relationships between earthquake coda durations and source distance observed in the cen-
tral Aleutians and California has been developed. Codas of local earthquakes in California
are nearly independent of distance to the source when measured from the origin time of
the earthquake. In the central Aleutians, coda durations are most independent of source
distance when measured from the shear wave arrival time. The California coda decay pat-
tern matches that for a crust which has inhomogeneities distributed evenly throughout it.
The Aleutian decay pattern can be modeled by a crust with scatterers concentrated near
the receiver.

The Stretched Exponential Function (Williams-Watt Relaxation) as
a Model of Aftershock Decay

Because relaxation processes occur in a wide variety of physical systems, a large liter-
ature discussing mechanisms by which relaxation occurs and alternate forms of the relax-
ation time function exists. Little of this work has been examined for applicability to the
aftershock problem. In this study, an alternative to the conventional relaxation function
is being investigated.

The conventional way of modeling aftershock decay is by the the modified Omori
(MOM) relation, n(t) = K/(t + ¢)~?, where n(t) is the rate of occurrence of aftershocks at
time, t. In recent work, the differences in p-values among sequences have been examined
in an attempt to relate the rate of decay of aftershocks to ambient physical or geological
conditions (Kisslinger and Jones, 1991, Kisslinger and Hasegawa, 1991).

Of the forms for the relaxation function that have been analyzed and tested against
data, the stretched exponential function, N(t) = N(0)ezp[(—t/t,)?],0 < ¢ < 1 emerges as
“a universal function that slow relaxation obeys” (quoted in Scher, et al. Physics Today,
Jan. 1991). Here, N(t) is the number of “events” (relaxation of a molecule polarized in
an electric field that is cut off or of an oriented magnetic domain, or occurrence of an
aftershock, etc.) that have not yet occurred, starting with N(0) initially. This form was
first proposed in 1847, and demonstrated as a good model of relaxation in dielectrics by
Williams and Watt in 1970. Because this form has been found to describe relaxation in a
wide variety of physical systems, it seems worthwhile to investigate it for applicability to
aftershocks.

For the stretched exponential,

N(t) = N(0)e (t/ta)?, 0<g<l1 (1)
Ns(t) = N(O)[1 —elt/)"] (2)
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n(t) = qN(0) 9 1t 9~ W/to), (3)

where N(t) is the number of events that have not yet occurred, starting with N(0) at t = 0,
Ns is the cumulative number that have occurred to time ¢, n(t) is the rate of occurrence
at t.

This may be put in a form similar to the MOM relation by letting K = ¢N(0)t;? and
p=1—gq:n(t) = KtPe~ /)™ Here p is always less than 1. For those sequences for
which the modified Omori p is greater than 1, the exponential factor, with a small value of
to, produces the rapid decay rate. For ¢ = 1, p = 0, this becomes the straight exponential
decay (Debye relaxation).

One more empirical model for aftershock decay would be of limited interest, but the
stretched exponential relaxation has been related to a well-defined physical model by others
and so the values of parameters resulting from the fit of this function to aftershock data
may give additional insight into the physics of the aftershock generating process. Also,
a problem with the MOM relation that apparently has not been noted previously is that
if p < 1, the cumulative number of aftershocks diverges. Values of p < 1 are frequently
found when the MOM relation is fit to real data, though values greater than 1 may be
more common. A divergent aftershock series contradicts the postulate that a finite number
of sites are loaded at the instant of the mainshock and that these fail at a decreasing rate
to produce a sequence with a finite number of aftershocks, toward which the sequence
converges more or less slowly. There is no problem for p > 1, as Ngs converges to N(0) at
very long times.

A program for calculating the maximum likelihood estimates of the parameters in the
stretched exponential function from aftershock time series has been written and tested for
a number of the southern California sequences previously studied. The fits of the modified
Omori relation and the stretched exponential function have been compared by use of the
Akaike Information Criterion. The quality of fit by this criterion is very similar, with the
MOM slightly better in many cases, the stretched exponential distinctly better in a few.
Because the stretched exponential function avoids the problem of divergence for slowly
decaying sequences modelled by a power law, and the parameter ¢, has a clear physical
meaning and obvious dependence on ambient physical conditions, especially temperature,
further investigation of this model is warranted.
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Overview

Following the October 17, 1989 Loma Prieta earthquake, an array of 22 IRIS/PASSCAL
(Incorporated Research Institutions for Seismology/Program for Array Studies of the Continen-
tal Lithosphere) instruments was deployed in the epicentral area in the Santa Cruz Mountains
(Figure 1; Simpson et al.,, 1989). Eleven of these instruments were installed by October 22;
the remainder were installed before October 29 of 1989. The instruments remained in place
through November.

We have undertaken an integrated approach for using aftershock recordings to examine
the structure of the Southern Santa Cruz Mountains segment of the San Andreas Fault (SAF).
Both IRIS/PASSCAL and CALNET phase data have been used to relocate events and to obtain
focal mechanisms for over 1000 Loma Prieta aftershocks. The IRIS/PASSCAL waveform
recordings have been used to study both the stress drop of a subset of aftershocks and the
regional attenuation structure. Studies of both seismicity and aftershock waveforms are used t0
elucidate the complex fault zone structure in the vicinity of the Loma Prieta rupture and to
understand the mainshock-aftershock rupture processes.

Data Processing

Aftershock waveform data were recorded on 3-component L-22 2-Hz velocity sensors
paired with IRIS/PASSCAL RefTek recorders. Sampling was at 200 sps, with high- and low-
gain recordings. Triggering was via STA/LTA comparisons with a threshhold of 4.5. Instru-
ment response is theoretically flat to velocity between =3 and 100 Hz; Menke et al. (1991)
bench-tested the sensors following the aftershock deployment and showed the L-22 to be free
of spurious resonances only for frequencies below 25 Hz.

The IRIS/PASSCAL data set consists of 763 m21.5 events that have been associated
with events in the CALNET catalog. Preliminary CALNET event hypocenters were relocated
using path-dependent station corrections generated using 20 years of CALNET phase data
(Seeber and Armbruster, 1990). Visual inspection of waveforms suggest that these relocations
can provide a significant improvement in (at least) relative event locations. The correlation
between hypocenter proximity and waveform similarity improved significantly from the prelim-
inary to the relocated hypocenters.

Results I: Structure of the Fault Zone from Focal Mechanism Observations

First-motion focal mechanisms were determined for more than 200 aftershocks in a
volume beneath the PASSCAL array deployment extending from the surface to 20 km depth.
First motions were obtained from both the PASSCAL and CALNET arrays but the densely-
spaced PASSCAL array provided improved coverage of the focal sphere for the shallowest aft-
ershocks. Focal mechanisms were determined using a grid-search algorithm and were assessed
using a statistical model based on the binomual distribution (Guo et al., 1990).
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The directions of the compressional (P) axes of 151 well-determined focal mechanisms
were averaged in 2 km-thick depth intervals and the variability was determined by computing
the standard deviation of the P-axis azimuth. About 70% of the P-axes of events below 4 km
lie within a 90-degree quandrant with a mean consistent with the main shock focal mechanism.
The shallower aftershocks are also consistent with the P-axes azimuth of the main shock, but
the scatter in azimuth is reduced by about 50%. Moreover, the hypocenters of the shallow aft-
ershocks do not appear to lie on the extension of a plane defined by the deeper aftershocks and
are scattered in a broader zone.

The lateral distribution of both aftershock and pre-Loma Prieta focal mechanisms provide
further insight into the nature of fault complexity (e.g. Seeber and Armbruster, 1990). When
viewed down-dip (Figure 1b), pre-Loma Prieta hypocenters of the Lake Elsman source and
1989 aftershocks are spatially distinct. In fact, they seem to be mutually exclusive, suggesting
that structures that were active during the precursory period were inactive during the aftershock
sequence (with the prominant exception of the northern creeping section of the SAF).

Pre-Loma Prieta hypocenters are clustered within the foot wall of the Loma Prieta rup-
ture, on a set of secondary faults that branch off the main fault (Figure 1). Like the main fault,
these secondary faults move right-laterally with a large component of reverse motion, but,
unlike the main rupture, they dip northeast and the motion is consistently up on the northeast
side. The seismicity provides a precursory signal with a strong burst close in space and time
to the nucleation point of the main shock (i.e. the Lake Elsman events). This seismicity origni-
ates from secondary faults antithetic to the main rupture. Perhaps the most significant aspect
of the seismicity during 20 years prior to Loma Prieta is the absence of earthquakes on the
upcoming rupture (Figure 1b).

While not detracting from the hypothesis of total stress drop, an investigation into the 3-
dimensional variability of aftershock focal mechanisms does yield systematic pattemns that sug-
gest interactions with neighboring elements of the fault zone. Focal mechanisms tend to be
similar to each other and to the main shock mechanism--a mixture of reverse and right-lateral
slip--along the southestern side and, to a lesser extent, along the upper northwestern rim of the
rupture. These are the portions of the rupture rim that intersect the main shock slip vector at
large angles.

The persistent intense aftershock zone along the lower southeast rim suggest post-seismic
creep down-dip of that zone. Many of the mechanisms share with the main shock similar slip
vector projections on the rupture plane, but have distinct nodal planes. These events probably
rupture secondary faults within the fault zone which accommodate an overall kinematics simi-
lar to the main shock.

Strike-slip dominates on the southeast side, at the juncture with the creeping segment,
reverse slip dominates on the northwest side, toward the juncture with a locked segment. This
pattern of slip resembles the slip distribution in the main shock rupture resolved from near-field
seismograms. This asymmetric distribution of slip is consistent with the 1989 rupture being
confined on the northwest by a locked and highly stressed portion of the fault and on the
southeast by a weak and creeping portion of the fault.

Results II: Structure of the Fault zone from Waveform Analysis

Previous studies have shown that it is difficult to independently resolve source properties
of small earthquakes and attenuation. We have analyzed a subset of the IRIS/PASSCAL data
set using an empirical Green’s function method, where-by the recording of a small event is
used to deconvolve path and site effects from the recording of a nearby larger event (Hough et
al.,, 1991). In a pilot project using data from a prelimanary data set containing 55 events, we
find 4 pairs of events suitable for empirical Green’s function analysis. We also analyze
waveforms from an additional 8 events that occur close to these pairs.

We show that the largest aftershocks are well-modelled by an omega-square source spec-
trum and we obtain estimates of the P -wave comer frequency for a total of 15 events. Brune
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stress drops are observed to have no systematic variation over the range of moments spanned
by the data set, down to 10" dyne*cm. There is a suggestion that aftershocks that occured
outside the mainshock rupture have higher stress drops than those that occured within the main
shock rupture.

A my=3.4 foreshock in the subsequence associated with the 4/18/90 m;=5.4 Watsonville
earthquake yields a stress drop estimate of 820 bars. This value is well outside the stress
drops obtained for all other events (6 to 266 bars).

Site-specific attenuation parameters suggest large lateral and vertical heterogeneity in P -
wave attenuation structure (Figure 2). Station HOLY, in a valley near the surface trace of the
SAF, is characterized by low Q values, while stations to the north of the aftershock zone are
characterized by the highest O values. Paths that travel to the surface along strike of the main
shock rupture plane to station HOLY yield Q values of 75-90, while paths that travel though
the hanging wall yield Q values closer to 150. These low-Q values can not be plausibly
explained by attenuation within very shallow near-surface sediments. Low whole-path O
values are obtained from both shallow and deep events whose paths traverse along strike of the
fault zone, suggesting that attenuation above 4-6 km is comparable to that in the fault zone at
depth. This further suggests that a significant fault zone continues from the top of the main
shock rupture to the surface.

Whole-path Q values for paths 50-70 km long are significantly higher than estimates for
paths 20-40 km long (e.g. 275-850 vs 70-290, respectively), suggesting a significant increase of
O with depth.

We also conducted a study of spectral ratios from pairs of stations in the PASSCAL
array using one station near the fault trace and one west of it (Menke, 1990). Anomalously
low spectral ratios, indicating anomalously high attenuation, are observed for a substantial
number of events, especially events in the deeper half of the main shock rupture. These results
also suggest high attenuation along the fault zone.

Velocity Structure from Loma Preita Recordings

We have conducted synthetic experiments using the actual distribution of sources and
receivers at Loma Prieta (Caress et al., 1990). These studies show that the dense sampling of
the aftershock zone is sufficient to resolve heterogeneities on the scale of a 1-km thick low-
velocity zone. We trace rays through a 3-dimensional model that contains low velocities in the
volume defined by the aftershock seismicity. Raypaths, travel times, and their partial deriva-
tives are calculated analytically. We orthogonalize the inverse problem with respect to the
source location and solve for the velocity perturbation that minimizes the sum of the 2-norm of
the travel-time misfit. We invert the resulting travel times (assigned Gaussian-distributed errors
with a standard deviation of 0.05 s) and retrieve a well-resolved image of the original structure.

Summary and Conclusions

We suggest that the high scatter in P-axis orientations within the main shock rupture and
the difference between on-rupture and off-rupture stress drop are consistent with a model in
which the Loma Prieta event removed most of the stress load within the mainshock rupture as
delineated by the early aftershocks. From the reduced variability in the orientation of shallow
P-axes, the high stress drop of off-rupture events, and the inferred 3-dimensional attenuation
structure, we conclude that increased or significant residual stress may exist on a complex sys-
tem of shallow faults. Our results may be diagnostic of a situation in which the Santa Cruz
segment of the San Andreas is segmented down-dip and can produce several distinct charac-
teristic earthquakes. Further, the shallow stress may be relieved by post-main shock seismic or
aseismic movement on a complex system of shallow thrust and strike slip faults.
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Figure 1. Face (C) and dip (B) view of rupture. Dip view shows hypocenters (+’s are aft-
ershocks; o’s are before the main shock). Face view shows slip vecotrs. The narrow
band selected for the face view (6 km wide; indicated in dip view) includes some seismi-
city clearly off the main fault; most seismicity above dashed line is not on the main
fault. Dip view includes only seismicity deeper than about 6 km. The two M =5 Lake
Ellsman events are part of the western-most cluster north of the rupture. Compare with
total slip distribution for the main shock (A; from Steidl et al., 1991; sections are prop-
erly aligned and at the same scale). Segmentation of rupture surface suggested by
seismicity (e.g. dip view) shows correlation with zones of distinct slip.
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Figure 2. Cross section across Loma Prieta rupture including faults (from Seeber and Arm-
bruster, 1990), hypocenters and focal mechanisms of the events analyzed, and stations
(triangles). Whole-path P-wave Q values are shown for several of the source-receiver
paths analyzed. Projected raypaths sketched approximately for illustration. For com-
parison, raypaths from the southern-most events to the northern most stations yield O
values of 550-850.
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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 times on San Andreas and Hayward faults.
Compare rates of geologically determined surface slip to rates of historic creep and
geodetically determined deep slip. Analyze effects of structural complexity and fault
segmentation upon inferring recurrence from slip rate.

Results

1. Earlier Work. Along most of the Hayward fault, offset features yield creep rates of 3.5-
6.5 mm/yr over decades, but a 4-km-long segment in south Fremont has crept at 8.5-9.5
mm/yr [Lienkaemper and Borchardt, 1990; Lienkaemper et al., in review]

USGS/CDMG trenching in central Fremont 1986-1987 [Borchardt et al., in review]
showed a Holocene slip rate of 5 mm/yr which may be too low because it excludes much of
the 200-m-wide fault zone. Thus the ~9 mm/yr creep rate in south Fremont may better
represent the full long-term slip rate on the fault. To test this possibility, in 1989 and 1990
we trenched at the Masonic site in Union City where the fault seems narrower.

2. Quaternary Slip Rates, Masonic Site. We identified 6 buried fan units offset by the fault
by: C) 0-20m,E)40+ 6 m,G) 66+ 5m, I) 88 + 5m, K) 131 + 6 m, and M) 167 £ 6 m.
Radiocarbon dates constrain slip rate for 3 units: 1) >7.2 and <8.6 mm/yr on E (~ 5 ka),
8.0 £ 0.6 mm/yr (8.3 ka) on G, and <9.2 mm/yr (14.2 ka BP) on K. The rate of unit G, 8
mm/yr, is distinctly more reliable than the other two because the age of onset for the unit is
especially well-constrained. More trenching and radiocarbon dating may improve the
measurements. We cannot yet distinguish changes in slip rate during latest Quaternary and
Holocene at this site.

The Masonic slip rate is only 8 mm/yr, but such geologic rates are often minima because
faults are wide compared to lengths of slip markers. Our goal at Masonic site was to
inquire if the 9 mm/yr creep in south Fremont might reasonably approximate long-term slip
rate for the entire Hayward fault. The Masonic rate supports this proposal, but we may still
underestimate the full slip rate of the Hayward fault, because the 9-mm/yr creep segment in
Fremont had surface rupture in 1868.

Reports
Borchardt, G., J. J. Lienkaemper, and K. Budding, Holocene slip rate of the Hayward
fault at Fremont, California: in review.

Lienkaemper, J. J., and G. Borchardt, Holocene slip rate of the Hayward fault at Union
City, California (abstr.): Seism. Res. Letts. 62, 14, 1991.

Lienkaemper, J. J., G. Borchardt, and M. Lisowski, Historic creep rate and potential for seismic
slip along the Hayward fault, California: submitted to JGR.
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Shear-wave birefringence and P- & S-wave delay times
in the New Madrid seismic zone

Agreement No. 14-08-0001-G1995

Robert P. Meyer and Xiao R. Shih
Department of Geology and Geophysics
University of Wisconsin-Madison
1215 West Dayton Street, Madison, Wisconsin 53706
(608) 262-1698

Scientific objectives of the project.

The University of Wisconsin (UW) deployed an array of 3-component digital
instruments in the New Madrid seismic zone to investigate past and present rifting
and faulting in the crust and upper mantle. We plan to use P and S time delays
from both local and teleseismic events to look for velocity anomalies in a greater
depth interval than previous seismic studies in the area, with the time delays from
crustal path constrained by the results of the USGS refraction study (Mooney et al.,
1983). At individual stations, seismic anisotropy inferred from shear-wave
birefringence should reveal tectonic stress vectors that induce microfracture
alignment in the upper crust and the preferred crystal-lattice orientation of rock
fabrics in the crust and upper mantle.

The project consists of two phases. Phase I, which is a reconnaissance phase,
is funded under the above agreement starting 15 February 1991.

Deployment in the New Madrid seismic zone

An array of 12 UW three-component digital seismographs and five PASSCAL
Reftek instruments was deployed in the seismic zone from 9 February to 5 April
(Figure 1). Station spacing varied from 10 to 30 km due in part to considerable
difficulty in finding quiet, unflooded sites in the embayment. The cross-shaped array
extended approximately 130 km parallel to the embayment and 150 km
perpendicular to the embayment, following USGS refraction lines.

During the deployment, the UW instruments were set to trigger on either
local or teleseismic events, and to record at 50 samples/sec, after each trigger, for 60
seconds or 15 minutes, respectively. The Reftek seismographs were set to record
continuously at 20 samples/sec. The seismometers used have 1 Hz natural
frequency, i.e., Hall-Sears HS10-1 for all UW and two Reftek seismographs, and
Geotech S13 for three Reftek seismographs. To evaluate response and performance
of these instruments, we collocated the UW instrument with Reftek seismograph at
four sites, and collocated a UW or Reftek seismograph with the PANDA (Portable
Array of Numerical Data Acquisition) instruments of Memphis State University at
three sites, including one site installed with UW, Reftek, and PANDA instruments
(Figure 1).
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The field observation was approximately 60 days limited by (1) PASSCAL
Reftek instruments needing to be returned by early April, and (2) increasing noise
level due to farming activities in spring.

Data reduction and analysis

Up to date (three months after the beginning of the project), we have
completed transcribing data. Locations of numerous local and regional events have
been provided by the PANDA array (Figures 1), and will also be provided by the
local permanent networks in the area. Table 1 lists the 35 teleseismic events and
number of stations that recorded each event during the deployment, based on
comparison between the bi-weekly QDE report and the cluster of UW instrument
triggers (minimum three triggers). Most of them have clear P phases (Figure 2a and
b), but fewer have good S phases (Figure 2c).

We have gained experience on setting different instrument trigger ratio and
gain depending on the noise level and ground condition in the embayment and
adjacent highlands. Still at a stage of data reduction, our current analysis includes
(1) searching for procedures to separate a teleseismic event from local events or
noise, and (2) comparing data collected by different instruments, and different
seismometers at collocating sites on aspects of frequency content and signal-to-noise
ratio (Figure 2).

On necessity of Phase II deployment

Phase I of the New Madrid seismic zone deployment has shown that good P
and S phases from both teleseismic and local earthquakes can be recorded by the
portable digital instruments at the same site. It was also an opportunity to test the
seismographs in a wet, windy, and cold environment. The current data set consists
of teleseismic S phases at all sites, and S phases from some local events under the
embayment sites for shear-wave birefringence analysis. However, more P and S
phases with a better azimuthal coverage must be obtained in order to derive
meaningful anomalies through P and S time delays.

In the proposed phase II of the deployment, we plan to use the four winter
months when the noise level is at minimum. The key to the winter deployment is
the retirement of tape recorders in UW seismographs, the only cold-limiting
component in the instrument. They will be replaced by disks, which are now proved
to work at -20°C. Modifications to accommodate this is in progress.

Reference cited

Mooney, W.D., M.C. Andrews, A. Ginzburg, D.A. Peters, and R.M. Hamilton,
1983. Crustal structure of the northern Mississippi Embayment and a comparison
with other continental rift zones, Tectonophysics, 94: 327-334.
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Fault Interaction, Segmentation, and Geometry along the
San Andreas Fault System, Southern California

14-08-0001-G1984

Craig Nicholson
Institute for Crustal Studies, University of California
Santa Barbara, California 93106
805-893-8384
craig@quake.crustal.ucsb.edu

PROIECT PLAN

1) Convert the analog FM-tapes from the S-day portable recorders deployed in the epicentral
region of the 1986 North Palm Springs (NPS) earthquake into digital data and incorporate the
digital data into the event database. This requires the use of the USGS playback system in Menlo
Park. The digital data will then be examined to determine accurate arrival times and polarities of P-
and S-waves, and better spatial resolution of aftershock source characteristics. This task can only
be performed if the playback system is operational, and the converted digital data are made
available to this project. Digital data from the portable GEOS instruments have already begun to be
examined and analyzed [e.g., Mori and Frankel, 1990].

2) Invert the phase data from all the portable and permanent regional stations for improved station
corrections, revised earthquake hypocenters, and the local 3-dimensional velocity structure in the
northern Coachella Valley. Analyze the resulting improved earthquake hypocenters and single-
event focal mechanisms to identify patterns of interacting subsurface faults involved in the 1986
NPS sequence.

3) Examine available historical records of the 1948 Desert Hot Springs (DHS) earthquake to
improve our understanding of the location, magnitude, moment and possible fault geometry
involved during this earlier seismic rupture of the southern San Andreas fault.

PROGRESS
This project began on 1 March 1991; this report documents progress through 24 April 1991.

1) The Branch of Seismology in Menlo Park has been contacted regarding the digitization of the
NPS 5-day analog tapes. The tapes have been found, but the playback system is apparently not
fully operational at present. We are currently awaiting further developments to determine exactly if
and when the data can be digitized, and if a specific time period can be scheduled for use of the
Menlo Park playback system.

2) A preliminary high-resolution tomographic inversion of P-arrival times in the vicinity of the
NPS earthquakes has already been performed [Lees and Nicholson, 1990} to produce preliminary
images of 3-D velocity perturbations. The inversion was based largely on data from the regional
network of telemetered stations and the portable GEOS recorders. We are awaiting the digital data
from the eight 5-day analog recorders to expand the data set, increase resolution, and perform a
similar inversion using S-wave arrivals. The preliminary tomographic images of velocity
perturbation within the northern Coachella Valley reveal high-velocity anomalies in the region
along the fault responsible for most of seismic slip during the NPS mainshock [Hartzell, 1989] and
most of the aftershock hypocenters [Nicholson et al., 1986], suggesting that the distribution of
high-velocity anomalies outline the asperity responsible for the earthquake.
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3) Requests for copies of historical seismograms of the 1948 DHS earthquake have been sent to
nearly all the observatories that recorded the event. Nearfield records at Berkeley and Caltech—
particularly from the portable stations deployed by Caltech in the epicentral region immediately
following the 1948 event—have already been examined [Nicholson et al., 1987]. Copies of
regional and teleseismic records at stations SEA, VIC, OTT, HAL, FLO, SLM, CLE, WES, NOL,
LPZ, and DBN have already been received. Useful records are expected from additional European
and Pacific area stations, and from regional stations archived with the USGS in Denver. These
later stations include: TUO, SIT, COL, SLC, BUF, BER, and SJP, as well as possible records
from PFA, BDA, BCN, BUT, BZM, RCD, CHK, PHI, and CSC. However, I have yet to get a
response from the USGS historical archives regarding availability of various seismograms.

Preliminary results indicate that the 1948 DHS event likely ruptured the adjacent segment along the
Banning fault to the southeast of the 1986 NPS earthquake. The preliminary focal mechanism
based on the P-wave first-motions is oblique strike-slip with a small reverse component; the fault
likely dips NE at 60°-70°; the moment magnitude is more likely My, 6.2 than 6.5; and the focal
depth of the mainshock is approximately 12 km [Nicholson, 1987; Nicholson et al., 1987].

I have also been working closely with Tom Boyd, Diane Doser, Steve Hartzell, Hiroo Kanamori,
John N4bélek, Lisa Wald, and Terry Wallace about availability of various station records, forward
and inverse modelling of regional and teleseismic records for seismic source parameters,
appropriate Green's functions, instrument responses, and digitizing old records.

REFERENCES

Hartzell, S. (1989). Comparison of seismic waveform inversion results for the rupture history of a
finite fault: Application to the 1986 North Palm Springs, California, earthquake, J. Geophys.
Res., 94, 7515-7534.

Lees, J.M., and C. Nicholson, High resolution travel-time tomography in the northern Coachella
Valley from inversion of aftershock arrival times of the 1986 M], 5.9 North Palm Springs
Earthquake, Seismol. Res. Lett., 61, 48, 1990.
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Earthquake Research in the Eastern Sierra Nevada
Western Great Basin Region

Contract 14-08-0001-C1524, 1 Nov 1990 - 30 Mar 1991

W.A. Peppin and D.M. dePolo
Seismological Laboratory, MS 168
University of Nevada
Reno, NV 89557
(702) 784-4218

Investigations

This contract supports continued research focused on the
eastern Sierra Nevada and western Great Basin region. We have
investigated: (1) the 24 October 1990 Lee Vining earthquake
and its aftershocks, (2) pulse-width studies for estimates of
stress drops, (3) mantle anisotropy wunder the western U.S.
Some of these results are described below.

Results
(1) The Lee Vining Earthquake

An earthquake sequence occurred beginning at 06:15:20.51 GCT
along the eastern Sierra Nevada north of Lee Vining,
California, 38.052 N, 119.121 W, with an event of magnitude
5.0 at a focal depth of 11.6 km (Horton, dePolo and Walter,
1991). Portable event recorders were deployed to record the
aftershocks, and these were used to perform a master event
location of the aftershock dataset. As with essentially all
of the larger earthquakes which have occurred along the
eastern Sierra from Susanville, California to Bishop, this
event was dominantly strikeslip, Fiqure 1. Because the larger
event and several of its aftershocgs were recorded on the
University of Nevada digital array, and because the mechanisms
of the aftershocks were similar to that of the mainshock, it
was possible to deconvolve the smaller events from the larger
ones to obtain direct estimates of the source following
Mueller (1985) and subsequent authors. For the largest event,
deconvolution yielded a seismic moment of 3.0e23 dyn-cm and a
source duration of 0.54 second, which gives 31 bars for the
Brune stress drop.

An effort was made to determine which of the two focal planes
for the mainshock was the plane of faulting. Note in Figure 1
that the aftershocks define an ENE trend perpendicular to the
mountain front. Pulse widths of these earthquakes were read
on the University of Nevada network, and the variation of
pulse width with azimuth was analyzed, 18 pulse-width
observations. These showed a pattern more consistent with
rupture on the NNW-trending fault plane. This work is
described in a manuscript in preparation.

(2). Pulse-Width Studies
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Smith and Priestley (1991) have finished the of stress drops
as obtained by the pulse-width method of Frankel and Kanamori
(1983), sSmith and Priestley (1991). Their results are
significant for wuse in arrays such as ours where most of the
signals are uncalibrated vertical waveforms. Their results
show 1low 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. This result is
similar to the results found by Mori and Frankel (1990) for
aftershocks of the Palm Springs earthquake: higher stress
drops occur around the edges of the presumed rupture.

At this writing, Smith and Priestley have completed reading
pulse widths for the larger Chalfant valley data set. This
work will be presented in Ken Smith’s Ph.D. dissertation.

Peppin, dePolo, Priestley and Brune have completed pulse width
studies of the 1980 Mammoth Lakes aftershock sequence recorded
by portable digital instrumentation operated by the U.S.
Geological Survey. Records analyzed include the larger events
of the sequence as presented by Archuleta and others (1982).
Estimated stress drops obtained using the method of Frankel
and Kanamori (1983) are substantially higher than reported by
Archuleta and others (1982), comparable with the results
obtained by Lindley and Archuleta (1990) in their reanalysis
of this sequence. The data (Figure 2) show no sign of
departure from similarity at moments less than 10E21 dyn-cm,
but the observations are scattered owing to the short pulse
widths of many of these observations and the attendent
uncertainty this attaches to the estimates of stress drop.

(3). Anisotropy Studies.

Martha Savage and coworkers continue their study of
upper-mantle anisotropy under the western United States using
data from the UNR, Berkeley, and Caltech networks. The
results of a quite voluminous data analysis are shown in
Figure 3. In this fiqure, the shear—-wave splitting
measurements are shown of the dominant directions of
anisotropy for the phases SKS and SKKS at all depth, and for S
phases from sources deeper than 400 km. The bars by each
station name designate average direction of fast directions of
anisotropy for that site, with the circle size proportional to
the time lag between extremal S-wave arrivals. The station
ORV alone shows no detectable component of velocity splitting.
The numbered sites represent data obtained from portable
rego;ders. The observations at SCzZ are from Ansel and Nataf
(1989).
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digital data acquisition through CUSP, internal review,
UIS.G.S.
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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-G1948

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

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

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

1. We have upgraded the software to use more efficient searching algoritms, and a more accu-
rate distance conversion technique. We have also included new versions of inverse covariance
matrix smoothing subroutines and are testing novel ways to use these smoothing techniques
with problems of large numbers of variables.

2. A graduate student who started this term (Chandana Gupta) will be assisting in this project
has been taught the theory behind the techniques and also how to use the software by the PI
and by the student (Alan Lin) who did much of the work on the predecessor of this project.

3. Gupta and Lin have gone through the USGS aftershock data from Loma Prieta and

prepared a dataset for the analysis. Gupta has done preliminary rclocation work on this data
set and is setting up the gridding system to be used in the inversion.
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SALTON TROUGH TECTONICS AND QUATERNARY FAULTING

9910-01292

Robert V. Sharp
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
415/329-5652 or FTS/329-5652

Investigations

1y
2)

Geologic mapping of the Superstition Mountain fault.

Post-1987 afterslip on the Superstition Hills fault and a northwest-trending cross
fault.

Results

1))

2)

Mapping of the Superstition Mountain fault and the adjacent geology is now com-
pleted in the Brawley NW, Superstition Mountain, and Plaster City NW 7.5 quad-
rangles. A seismic reflection profile across the concealed northern part of the fault
has been made to help clarify its geometric relation to the southern Coyote Creek
fault. The active trace of the latter fault was revealed by the 1968 surface rupture
associated with the Borrego Mountain earthquake. Data from the reflection profile
have not been processed yet.

Post-seismic slip is monitored at 66 stations along the various breaks of the Supersti-
tion Hills zone. Slip continues to grow both by episodic creep events and by more-
or-less steady "background" creep. The largest cumulative right-lateral displace-
ment, measured on the northern strand near the northern extensional stepover, is
now about 85 cm. Plotted with a logarithmic time axis, displacement values at most
stations have deviated noticeably downward from linear extrapolations of earlier data
points—i.e., the displacement growth is now in its asymptotic phase and is within prob-
ably a few centimeters of its "final" amount.

In stark contrast to the behavior of the Superstition Hills fault zone, the apparent
absence of afterslip on northeast-trending faults in the Superstition Hills has been
puzzling. In March, 1990, however, left-lateral slip along a short, well-preserved
segment of surface rupture on the central of the three major cross faults showed
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noticeably greater than slip observed shortly after the 1987 earthquakes. Monuments
erected there showed about 7 mm of left-lateral growth of slip by March 1991. Not
only is this section of the fault actively moving, preliminary analysis shows the slip
to be following the same power law of growth as the Superstition Hills fault. Monu-
ments erected on the other two major cross faults have not shown similar increases
in left-lateral slip.

Reports
Saxena, S.K., Sharp, R.V,, and Acacio, A., 1991, Geoscience and geotechnical aspects, in

Schiff, A.J., ed., Philippine earthquake reconnaissance report, to be published by
Earthquake Engineering Research Institute (EERI).
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Seismotectonic Framework and Earthquake Source Characterization (FY91)
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, 1990 - March 31, 1991

1. Review and synthesis of seismotectonics, seismicity, and models of earthquake
occurrence in the Intermountain seismic belt.

2. Moment-magnitude relation for the 1983 Borah Peak, Idaho, earthquake sequence.

Analysis of attenuation and site effects using three-component digital recordings of aft-
ershocks of the 1983 Borah Peak, Idaho, earthquake.

Results

1. We’ve completed a major review and synthesis of the seismotectonic framework, historical
and instrumental seismicity (including induced seismicity), and models of earthquake
occurrence in the Intermountain seismic belt (ISB; Smith and Arabasz, 1991). The study area
(see Fig. 1A) covers a sizable part of the western United States within which 49 moderate to
large earthquakes (5.5 <M, <7.5) have occurred since 1900, including three surface-faulting
earthquakes. Contemporary deformation in the region is well known to be dominated by intra-
plate extension, although strike-slip deformation is locally important.

A 56-yr sample of earthquakes (1930-1985, M 23.0) in Figure 1A shows the ISB extend-
ing in a curvilinear, branching pattern at least 1500 km from southem Nevada and northern
Arizona to NW Montana. Normalized rates of seismicity in the ISB, on average, are lower by
about a factor of 4 than those along the plate boundary in California. Converging evidence
suggests that earthquake activity in the central ISB, which defines an arcuate, parabolic epicen-
tral pattern symmetric about the eastern Snake River Plain (ESRP) and with an apex at Yel-
lowstone Park, is distinctive from the ISB to the north and south in being fundamentally
influenced by the Yellowstone hotspot. Figure 1 illustrates some noteworthy features of
space-time seismicity along the ISB: (1) Intense seismicity in the Hebgen Lake-Yellowstone
Park region (northern part of Box 2) marks the most seismically active region within the ISB.
This region is characterized by a seismically-deduced N-S extensional strain rate of

*J. Bott, J.E. Shemeta, S.J. Nava, and D.B. Mason also contributed significantly to the
work reported here.
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Figure 1. Space-time seismicity of the Intermountain seismic belt (adapted from Smith
and Arabasz, 1991) (A) Map of earthquakes of M>3.0, 1930-1985, and (B) corresponding
space-time projection, as a function of latitude, of earthquakes within the numbered sam-
ple boxes. Thresholds of detection change with improvements in regional seismographic
coverage in the early 1960s and with the addition of local telemetered networks after the
mid-1970s. Northern, central, and southern parts of the ISB are delimited for reference.
To preclude confusion in the space-time projection, the western half of the central ISB
was excluded from Box 2. Abbreviations: LF = Lemhi fault; BF = Beaverhead fault;
ESRP = eastern Snake River Plain; YP = Yellowstone Park; TF = Teton fault; WF =
Wasatch fault. Epicenter of the 1983 M, 7.3 Borah Peak, Idaho, earthquake shown for
reference.
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1 x 10755 /sec and a corresponding deformation rate of 4.7 mm/yr. (2) There is a prominent
seismic gap in the vicinity of the Teton fault (TF), south of Yellowstone Park, and another
prominent seismic gap surrounding the Lemhi fault (LF) and the Beaverhead fault (BF), NW
of the eastern Snake River Plain (see Fig. 1A). Active central segments on all three faults
have ruptured in Holocene time and have slip rates ranging from as high as 2 mm/yr on the
Teton fault to about 0.3 mm/yr on the Lemhi and Beaverhead faults. The latter faults are simi-
lar in character to the neighboring Lost River fault, which produced the M, 7.3 Borah Peak
earthquake in 1983. (3) Since the mid-1960s—despite effective seismic coverage—only sparse
earthquakes of M2 3.0 have been recorded along a zone more than 200 km long between about
39.5°N and 41.5°N, encompassing the most geologically active parts of the Wasatch fault.

(4) Background seismicity (M >3.0) appears to have decreased since the mid-1970s in the
northern and southemn ISB (Boxes 1 and 4), despite marked improvements in seismographic
coverage during that period.

2. We have improved our previously-determined empirical relation between seismic moment
(My) and local magnitude (M;) for aftershocks of the 1983 M, 7.3 Borah Peak, Idaho, earth-
quake by adding data from more earthquakes and by calculating new station corrections for
log My and M;. The data set now consists of My and M; measurements for 57 aftershocks of
2.3<M; <6.0, plus the main shock (Figure 2). Seismic moments for 55 of these aftershocks
were computed from pulse areas of SH waves recorded at 12 USGS 3-component digital sta-
tions, located at epicentral distances of less than 50 km. Local magnitudes for these 55 aft-
ershocks were computed from peak amplitudes of synthetic Wood-Anderson seismograms
made from the digital data. For the other two aftershocks and the main shock, we determined
M, using amplitude measurements from analog Wood-Anderson seismographs located in Utah
at epicentral distances of 390 to 480 km. Seismic moments for these three events have been
determined by others using long-period data recorded at regional and teleseismic distances.

The relation between log M, and M is clearly nonlinear, but can be approximated by the

following pair of linear regression lines:

log My = (1.2+0.1) M + 16.8+0.3 (23<M; <3.5)

log My = (1.5£0.1) M + 15.8+0.2 (35<M.<6.0)
These linear log M, relations are nearly identical to those that we previously found for Borah
Peak aftershocks, but are better constrained by the available data. The data point for the main
shock is not included in the linear regressions because its M; value of 6.7 is based on ampli-
tude measurements from only one station, and because it appears to lie above the approximate
linear trend of the data for 3.5<M; <6.0. The concave-upward log My—M;  relation for the
Borah Peak earthquake and its aftershocks (Figure 2) is very similar to that observed for Cali-
fornia earthquakes. This result contradicts previous findings that the log My—M| relation for
ISB earthquakes differs substantially from that found for California earthquakes.

3. We are studying attenuation and site effects in central Idaho using USGS 3-component
digital recordings of aftershocks of the 1983 Borah Peak, Idaho, earthquake. The goals of this
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Figure 2. Left, log seismic moment versus local magnitude for the Borah Peak main shock
ML =6.7, My =25 X 10% dyne-cm) and 57 aftershocks of 2.3<M <6.0. Right, the same
data plotted with one-standard-deviation error bars. Also shown in both plots are two linear
relations derived from least-squares regression of these data. The circles indicate earthquakes
for which M, and M; were determined from local digital recordings. The triangles (three larg-
est data points) indicate earthquakes for which M, was determined from long-period regional
and teleseismic data and M was determined using Wood-Anderson instruments in Utah. All
M, and M estimates are averages of observations from at least two stations, except for the My,
of the main shock.
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research are to (1) determine a 1-D attenuation model for the upper crust in this region, and
(2) determine if attenuation can account for the nearly constant SH-wave pulse widths of

0.23 £ 0.1 sec for aftershocks of M,< 10*! dyne-cm that we examined in previous studies.
Inspection of displacement seismograms from a set of 61 aftershocks of 10" <M, < 10%! dyne-
cm shows that P- and SH-wave pulses are often similar for the same source to receiver paths.
There is also some indication of site effects at particular stations. For example, P-wave pulses
from 14 earthquakes recorded at station DTS are strikingly similar, with pulse width and pulse
complexity being a function of earthquake size.

Measurements of SH-wave pulse widths and pulse areas have been used to compute
seismic moments and fault radii for the 61 earthquakes, assuming a circular source model.
Plots of log SH-wave pulse width versus log M, for each station indicate that measured pulse
widths are are systematically larger at some stations (e.g., CEM, MGW) than at others (e.g.,
DTS). After applying empirical station corrections for log M, measurements of log M, and
pulse width from different stations were averaged for each earthquake with two or more obser-
vations. The average pulse widths range from 0.1 to 0.33 sec, and calculated stress drops
range from one to ten bars. Work currently in progress involves examination of P- and SH-
wave spectra to search for characteristic spectral shapes, comner frequencies, or resonances that
might be associated with particular stations, and measurements of attenuation from the rate of
spectral falloff below the comer frequency.

Reports and Publications

Arabasz, W.J. (Editor) (1991). A guide to reducing losses from future earthquakes in Utah:
"Consensus document,” Utah Geological and Mineral Survey, Misc. Publ. 91-1, 30 pp.

Arabasz, W.J., J.C. Pechmann, S.J. Nava, and E.D. Brown (1991). Information from observa-
tional seismology relevant to earthquake engineering in the Wasatch Front area, Utah
(abstract), Earthquake Engineering Research Institute Annual Meeting, February 14-16,
1991, Salt Lake City, Utah.

Byrd, J.O.D. and R.B. Smith (1990). Paleoseismicity and earthquake capability of the Teton
fault, Wyoming (abstract), EOS, Trans. Am. Geophys. Union 71, 1452.

Mason, D.B. and R.B. Smith (1990). Paleoseismicity of the Intermountain seismic belt from
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Identification of Active Faults and Source
Characteristics in the New Madrid Seismic Zone

14-08-0001-G1870

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

Investigations

The purpose of this research is to investigate the spatial distribution of
earthquake foci in (1) the middle or off-set portion of the New Madrid Seismic
Zone (NMSZ) between New Madrid, Missouri and Gratio, Tennessee, and (2)
along the southern portion of the zone, especially in the neighborhood of the
Blytheville Arch. The hypothesis is that the spatial distribution, together with
focal mechanisms, will identify the orientation of fault surfaces and the motion
on the faults in these ambiguous portions of the zone.

Advantage is taken of the presence of elements of the 40-station, three-
component PANDA array deployed in the central part of the NMSZ during the
last quarter of 1989 through 1990. Digital trace and phase data, which were
picked by the Center for Earthquake Research and Information (CERI) have
been received for the first twelve array tapes covering the period 18
November 1989 through 22 Jan 1991. 431 events have been located by
PANDA. Of these, 141 have well-constrained hypocentral parameters (Al A,
AI1B, or BIA quality). Seventy-one of these well-constrained events (see Fig-
ure 1) were also recorded by the permanent SLU network. Using the PANDA
locations as master events, station corrections will be calculated for the per-
manent SLU network. With these station corrections, more than 1100 hypo-
centers determined using data from seven or more station within the NMSZ
(1979 - 1990), will be relocated.
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QUATERNARY BLIND THRUSTING IN THE SOUTHWESTERN
SACRAMENTO VALLEY, CALIFORNIA

Contract # 14-08-0001-G2059

Jeffrey R. Unruh (Dept. of Geology)
Lewis P. Munk (Dept. of Land, Air and Water Resources)
Eldridge M. Moores (Dept. of Geology)
Randal J. Southard (Dept. of Land, Air and Water Resources)

all at: University of California, Davis 95616

OBJECTIVES

The goal of this study is to conduct a detailed Quaternary geological evalutation of the
southwestern Sacramento Valley. Previous workers (Wong and Ely, 1983; Eaton, 1986;
Wentworth and Zoback, 1989) have noted that the seismotectonic setting of this region is similar to
the Coalinga area, western San Joaquin Valley, California, where a magnitude 6.7 earthquake
occurred on a blind thrust fault in 1983. A sequence of earthquakes that included two M6.0+
mainshocks and at least one MS5.0+ aftershock occurred in the southwestern Sacramento Valley in
1892 (Dale, 1977; Toppozada et al., 1981). The source of this sequence is presently enigmatic,
but recent work suggests that much of the western Great Valley of California, including the study
area, may be characterized as a seismically-active fold and thrust belt (Namson and Davis, 1988;
Wentworth and Zoback, 1989). We are pursuing a multi-disciplinary study to test the hypothesis
that Quaternary deformation in this region, and possibly the 1892 earthquake sequence, occurred
by movement on blind thrusts. Specifically, we intend to:

1) Determine the location and geometry of blind thrusts beneath the southwestern Sacramento
Valley through analysis of seismic reflection profiles;

2) Map Quaternary tectonic-geomorphic features in the study area;

3) Relate patterns of surface deformation to the geometry of the underlying thrust system;

4) Place constraints on the rate and timing of uplift due to thrusting using tephrachronology and
soil-stratigraphic studies.

PRELIMINARY RESULTS

To date, we have obtained over 75 km of industry seismic reflection data from the Rumsey
Hills and Dunnigan Hills areas of the southwestern Sacramento Valley. Figure 1 is a schematic
east-west cross-section illustrating the major structural features visible in the reflection profiles.
The seismic data clearly image an east-vergent blind thrust at a depth of 4.0 seconds two-way time
(approximately 7 km depth, based on proprietary depth-velocity curves) beneath the eastern
Rumsey Hills. The thrust can be traced eastward beneath the Dunnigan Hills, where it ramps up to
a depth of 3.1-3.1 seconds (approximately 4.5 km). Time-migrated reflection profiles reveal that
at least one west-vergent thrust roots in the blind east-vergent thrust beneath the Dunnigan Hills
(Figure 1). We interpret this thrust as a backthrust. Projection of the thrust westward suggests
that it may surface in the western Rumsey Hills, where numerous west-vergent thrusts have been
mapped (Kirby, 1943; Ramirez, 1990). The intersection of the blind, east-vergent thrust and west-
vergent backthrust beneath the Dunnigan Hills forms an eastward-tapering underthrust wedge.

Uplift of the Rumsey Hills and Dunnigan Hills during the Quaternary is consistent with east-
vergent underthrusting and wedging. West-vergent backthrusts in the Rumsey Hills are mapped as
placing Cretaceous strata over Plio-Pleistocene conglomerates (Kirby, 1943; Taylor, 1955).
Asymmetric fault-bend folding above the backthrusts, visible in the seismic reflection data, has
uplifted and folded the Dunnigan Hills during Quaternary time. The apparent lack of surface
deformation east of the Dunnigan Hills suggests that displacement on the blind east-vergent thrust
is transferred to the backthrusts so that the strata east of the wedge tip remained "pinned” and
essentially undeformed.
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We are currently negotiating with a major oil company to obtain additional seismic data from
this region and other areas of the southwestern Sacramento Valley. Using this data, we expect to
clarify certain elements of our preliminary structural interpretation, and determine how far along
strike individual thrusts extend.

We have also begun a study of tectonic-geomorphic development in the Rumsey Hills/Dunnigan
Hills region. Our goal is to directly relate patterns of surface deformation to the geometry of the
underlying blind thrusts. Based on reconnaissance studies, we have identified flights of alluvial
terraces developed adjacent to several streams which cross the Rumsey Hills and Dunnigan Hills
structures. Each terrace may be considered an originally horizontal or gently-dipping datum.
Relative uplift and tilting of the terraces may be inferred by comparison with the profile of the
modern stream channel. We anticipate that the terraces record a history of progressive deformation
during evolution of the Rumsey Hills and Dunnigan Hills. Beginning in spring of 1991, we will
map and survey these terraces. Drawing on Suppe's (1985) kinematic models for fault-bend and
fault-propagation folding, we wish to test the hypothesis that the geometry of the underlying
thrusts will give rise to distinctive patterns of surface uplift and tilting. The kinematic models
predict that: 1) incremental uplift occurs above ramps in thrusts; 2) incremental tilting of
horizontal material surfaces in the hanging wall occurs when the surfaces pass through kink bands
tied to changes in fault dip; and 3) progressive deformation is different for fault-bend and fault-
propagation folds. We will modify these models as appropriate for the underthrust wedge
geometry observed in the study area. We will compare the observed patterns of surface
deformation with predictions from models based on analysis of seismic reflection data. We seek to
determine if general, geomorphic criteria can be developed to infer the gross geometry of active
blind thrusts from patterns of surface deformation.

As a complimentary study, we will attempt to determine the rate of deformation by estimating
the ages of stable geomorphic surfaces in the Dunnigan Hills. Relative ages will be determined by
mapping morpho-stratigraphic units. Estimates of absolute age will be constrained by soil-
stratigraphic relationships, magnetostratigraphy, tephrachronology, and possibly by radiocarbon
dating. We have mapped several exposures of two previously undescribed Plio-Pleistocene tuffs
in the study area. The tuffs have been sampled by Andre Sarna-Wojcicki (USGS) for correlation
with other known Quaternary tephra in the western United States, or radiometric dating. The soil
stratigraphic study is on-going and several representative sites have been selected for detailed
description, sampling and laboratory characterization.

We have completed a detailed study of the longitudinal profiles of three streams crossing the
Dunnigan Hills and related Quaternary structures to the south (Munk and others, 1991). The
stream profiles are distinctly convex across the Quaternary structures, a departure from the smooth,
concave-up profile of an idealized graded stream. For comparison, three streams in the
southwestern Sacramento Valley were also chosen for study that do not cross any areas of obvious
Quaternary uplift. We developed best-fit curves to describe the longitudinal profiles using non-
linear regressive methods (exponential decay model, y=a (exp)b). Regression coefficients
(r"2=0.95 to 0.99) indicate that this model is appropriate for describing these stream reaches.
Hypothesis testing revealed that the model-derived decay parameters (b) for the streams crossing
the Quaternary structures were statistically different from the control streams at the 95% confidence
interval. Testing also indicated that the decay parameter (b) was not different within the two
groups at a 95% confidence interval. We interpret the localized deviations from convexity for
streams crossing the Quaternary structures as evidence for relatively recent uplift.

Based on our preliminary work in the Rumsey Hills and Dunnigan Hills regions, we believe
that the 1892 Winters/Vacaville earthquake sequence probably occurred by movement on one or
more blind thrusts beneath the southwestern Sacramento Valley. If so, the faults should
conservatively be considered active and capable of generating moderate to large magnitude
earthquakes.
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151



West

East

SACRAMENTO VALLEY

COAST RANGES

an
Hil1§

i

Dunn

ay Rumsey Madison
Hills Syncline

Ca
Vall

Y 2\s,

{JGroup and
ndifferentiated

Great Valle
Tertiary Strata,

Lower Great Valley Group

Coast Range Ophiolite?

'
S

N

3L
ey
PO

G2 N

2
W
N7l
Y
23
2
[
1
=
.
M
N
N

v
A

\

v
o

<

\
o

>a
2
T

e
& '~
4
A\
\
B
N
N
Sl
Ry

Vi

N

3

~1

AP A
J NIEY IO
’~ v, ~
NoTA IS

IDOPELE S R

Lo
VoL

(Deep Seismicity)

7N

Ry
‘I

Underthrust Franciscan Wedge?

5
10+

i files

tion pro

flection fabric and are not intended

flec

Ustry seismic re:

Schematic east-west cross-section illustrating the major structures beneath the
eismic re

southwestern Sacramento Valley inferred from analysis of ind

and other data. Dashed lines indicate the dip of s

to represent a specific stratigraphic horizon. No vertical exaggeration.

FIGURE 1



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, WA 98195

Objectives: Our investigation has two main objectives: to
constrain more tightly current estimates of recurrence intervals
and fault slip rates for the Lone Pine fault, a subsidiary strand
of the Owens Valley Fault Zone and to evaluate rigorously the
accuracy, precision, and utility of rock varnish dating methods.

Results: Since the preparation of the last report we have done
the following:

Continued processing thermoluminesence samples with Dr. G.
Berger, Western Washington University. We are dating 12
samples from the two trenches opened across the colluvial
wedge shed from the Lone Pine fault. We anticipate that
most age data will be available during the summer of 1991.

Collected 44 varnished cores from a granodiorite boulder
sequentially exposed on the fault scarp at Lone Pine. We
have analyzed varnish on the cores using an SEM and
techniques presented in Bierman and Kuehner (in press).
These data suggest that the concentration of K and Ca are
higher in the younger varnish and that the concentration of
Ti and Fe are higher in the older varnish. The cation ratio
of the younger varnish is higher than that of the older
varnish. We are testing these observations by analyzing
varnish from several other sites where the varnish should be
of two distinct ages.

Prepared and analyzed three synthetic rock varnish
standards. We have conducted a blind interlaboratory
comparison which suggests that many if not all previously
published cation ratios may be inaccurate (Bierman and
Gillespie, 1991). We are using these standards to control
the quality of our SEM analyses. These standards are
available from Bierman.

Collected rock varnish samples from geomorphic features of
known age for the purpose of testing sample preparation
methods for '“C analyses of rock varnish. We have run
several line and method blanks to verify that our line and
chemical preparation methods are not contaminating the small
amounts of or?anic material present in varnish. We hope to
complete our '“C analyses by the end of 1991.
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Dissemination of Results: We have presented and will continue to
present our data and findings at meeting of professional
societies and in refereed publications. We presented three
poster sessions at the Geological Society of America, Penrose
conference on Methods of Exposure Age Determination, October
1990.

Publications Resulting from NEHRP funding:

Bierman, P. and Gillespie, A., in press, Range Fires: A
significant factor in exposure-age determination and
geomorphic surface evolution: Geology.

Bierman, P. and Kuehner, S., in press, Accurate and precise
measurement of rock varnish chemistry using SEM/EDS:
Chemical Geology.

Bierman, P. and Gillespie, A., 1991, Accuracy of rock varnish
chemical analyses: implications for cation ratio dating:
Geology, v. 19, p. 196-199.

Bierman, P., Kuehner, S., and Gillespie, A., 1991, Precision of
rock varnish chemical analyses and cation-ratio ages:
Geology, Vv. 19, p. 135-138.

Bierman, P. and Gillespie, A., 1990, Range Fire: A dramatic and
significant factor in the dating and evolution of Geomorphic
Surfaces: Geological Society of America Abstracts with
Programs, v. 22, n. 7, p. All0.

Bierman, P. and Gillespie, A., 1990, An independent evaluation of
the potential precision and accuracy of rock-varnish cation
ratio dates: Geological Society of America Abstracts with
Programs, v. 22, n. 7, p. A270.

Bierman, P. and Gillespie, A., 1990, Varnish cation-ratio ages -
How precise can they be? Geological Society of America
Abstracts with Programs, v. 22, n. 3, p. AS8.

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, v.
21, n. 6, p. A343.
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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

The geology of the Marina District is under study to better understand the pattern of
earthquake damage there. Maps dating back to 1851, archival materials including photographs,
published reports, and logs of borings made from 1912 to 1990 are being used to decipher the
geology, including the artificial fills.

Results

A map showing contours on the buried surface of the bedrock was prepared based on
borings, offshore geophysical data, and geologic interpretations. The general form of the bedrock
surface is of a northwest-trending valley whose elevation ranges from sea level to about 90 m
below sea level. The section above the bedrock consists of stiff fine-grained Pleistocene estuarine
deposits; a dense Pleistocene sand layer; Holocene bay deposits, beach sand, and dune sand; and
various artificial fills.

Earthquake effects reported by others have a relation to geologic setting that ranges from
obscure to clear. Ground motion amplification and severe building damage (i.e., building use
restricted by City authorities) occurred on both natural ground and artificial fill. Damage to
pipelines, pavements, sidewalks, and curbs is nearly all on artifical fills of various ages.
Liquefaction-related sand boils are restricted to the hydraulic fill emplaced in 1912 for the Panama-
Pacific International Exposition. Apparently, amplified ground motion and severe building
damage are related to the buried valley and its overlying sedimentary section, but certain types of
damage and liquefaction were related to artificial fills. A report was prepared giving results to
date.

Reports

Bennett, M.J., Bonilla, M.G., and Holzer, T.L., 1990, Liquefaction in the Marina District, San
Francisco, California, during the Loma Prieta earthquake [abs.]: Geological Society of
America Abstracts with Programs, v. 22, no.7, p. A188.

Bonilla, M. G., 1990, Historical faulting, in Moore, G.W., Bonilla, M. G., Rapp, R. H,,
Rinehart, W. A., Liebert, Lee, Simkin, Tom, Soller, D. R., and Zoback, M. L.,
Geodynamic Map of the Circum-Pacific Region, Arctic Sheet: U.S. Geological Survey
Circum-Pacific Map Series, Map CP-38, scale 1:10,000,000.

Bonilla, M. G., and Lienkaemper, J. J., 1991, Factors affecting the recognition of faults exposed
in exploratory trenches: U. S. Geological Survey Bulletin 1947, 54 p.

Bonilla, M. G, in press, Geology and historical development of the Marina District, San
Francisco, California: Seismological Society of America special issue on Loma Prieta
earthquake.
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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 or FTS/459-5620

Investigations

1.

Synthesis studies of the geology, seismology, and tectonics of the San Andreas fault
system, especially in northern California.

Advisory activities for Bay Area Regional Earthquake Preparedness Project (BAREPP)
and San Francisco Bay Conservation and Development Commission (BCDC), both of
which are state agencies.

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

Results

1.

Completed report reviewing geology, seismology, and tectonics near Diablo Canyon;
report submitted to NRC in February, 1991.

Completed chapter, co-authored with D. Hill and R. Wallace, on the San Andreas fault
system. Chapter is planned for publication in a book, The Geological Character of
Active Fault Zones, edited by R. Bucknam and P. Hancock, and sponsored by the
International Geological Correlation Program.
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Reports

1. U.S. Geological Survey Staff, 1991, Review of geological and geophysical interpreta-
tions contained in pacific Gas and Electric Co. final report of the Diablo Canyon
Long Term Seismic Program for the Diablo Canyon power plant—A report to the
staff of the U.S. Nuclear Regulatory Commission: U.S. Geological Survey admin-
istrative report, 27 p.

2. Brown, Robert D., 1990, Quaternary deformation in Wallace, R.E., ed., The San
Andreas fault system, California: U.S. Geological Survey professional paper 1515,
p. 83-113.

3. Brown, Robert D., 1991, Seismicity and geologic structure, San Francisco Bay region,
California [abs.]: Geological Society of America Abstracts with Programs, v. 23,
no. 2, p. 9.
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Characterization of Quaternary Deformation Associated with
Concealed Thrust Faulting

14-08-0001-G1875

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

William R. Lettis
William Lettis & Associates
936 Dewing Avenue, Suite G
Lafayette, California 94549
(415) 284-5789

STUDY APPROACH AND METHODS

The goal of this study is to determine the rates of Quaternary surface deformation in the
vicinity of the 1987 M 5.9 Whittier Narrows Earthquake. We are conducting a paleoseismic
investigation of the Monterey Park Hills and Montebello Hills area to quantify uplift of these
active Quaternary anticlines. Characterization of surface deformation through detailed
Quaternary geologic and geomorphic mapping and analysis will provide constraints on the
timing and style of folding associated with blind thrust faults under the study area.

Coseismic uplift and surface deformation occurred during and/or immediately following the
1987 Whittier Narrows earthquake. We believe the data will provide the basis for assessing
the kinematic and geometric relationship of the fold to the underlying fault and the
Quaternary rate of activity on these blind faults.

This project has been divided into two phases: 1) initial investigations were designed to
develop a Quaternary stratigraphic column and map the distribution of Quaternary surfaces in
the Whittier Narrows region, and 2) the collection of soil and age data for determination of
rates of deformation. The goal of the current phase of study is to gather soil data, date
surficial deposits, and integrate the Quaternary deformational data into kinematic models of
surface deformation derived from carefully constructed and controlled, balanced structural
cross sections in the study area.
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RESULTS AND STATUS OF THE INVESTIGATION

Results of the initial investigations were published as a Geological Society of America
Abstract. Details of the results are contained in the final technical report for award # 14-08-
0001-G1680. A manuscript discussing the results of the initial investigation has been
submitted to the Geological Society of America Bulletin for publication. Results from the
first phase of the study were used in the Alquist-Priolo zoning of a fault in the northeast part
of the study area.

We have completed field investigations during which time we worked to refine our soil
stratigraphy and relative ages of geomorphic surfaces. Soil data was collected in order to
develop a local chronosequence in order to correlate the tectonically deformed geomorphic
surfaces in the study area. The urban nature of the study area presents challenges in the
attempt to conduct traditional soil-geomorphic studies. Landscape modification precludes
utilizing standard approaches common to most soil studies and required development of a new
method for evaluating relative soil-profile-development indices in the study area. Despite
removal of significant portions of soil profiles in some cases, we are confident in our
correlation of geomorphic surfaces in order to evaluate surface deformation. Bone samples
from separate Quaternary geologic units have been submitted for numeric age determinations.

We are collecting additional structural field data to more tightly constrain the kinematic
model. Geologic and geophysical data in our field area have been obtained from petroleum
exploration drill holes and reflection seismology provided by Chevron U.S.A. Shallow
subsurface geologic information has been obtained from Caltrans borings along the major
freeways that cross the field area.
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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, MS 977
Menlo Park, California 94025
415/329-5624 or FTS/459-5624

Investigations

1.

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

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

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]).

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).

Late Quaternary evolution of the San Timoteo Badlands region, southern California
(Kendrick, in conjunction with D.M. Morton and L.D. McFadden).

Results

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.

A minimum of three surfaces have been recognized through the mapping of the
Quaternary units in San Timoteo and Reche Canyons, San Bernardino and Riverside
Counties. In San Timoteo Canyon nine soils have been described on three surfaces and
two associated paleosurfaces. An additional soil has been described in reche Canyon.
Preliminary analysis indicates that development of these soils is similar to that of soils
in Cajon Canyon, 40 km to the northwest, although eolian input is less than in the San
Timoteo area.
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Reports

Beanland, Sarah, and Clark, M.M., , The Owens Valley fault zone, eastern California,
and surface rupture associated with the 1872 earthquake: U.S. Geological Survey Bulletin
1982, in press.

Clark, D.H., Clark, M.M,, Gillespie, AR., 1991, A Late Pleistocene ice field in the

- Mokelumne drainage, north-central Sierra Nevada [abs.]: Geological Society of America
Abstracts with Programs, v. 23, no. 2, p. 13.
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INVESTIGATION OF PEAT STRATIGRAPHY IN ESTUARINE FLATS NEAR
ANCHORAGE, ALASKA, AS A MEANS OF DETERMINING RECURRENCE
INTERVALS OF MAJOR EARTHQUAKES

14-08-0001-G1949

Rodney A. Combellick and Richard D. Reger
Alaska Division of Geological & Geophysical Surveys
794 University Ave., Suite 200
Fairbanks, Alaska 99709
(907) 474-7147

Investigations

Borehole drilling and continuous core sampling are being conducted in three estuaries
along the eastern shore of Cook Inlet south of Anchorage, Alaska, to determine cycles of
late-Holocene estuarine deposition and coseismic subsidence in the Cook Inlet region. Our
goal is to obtain subsurface data from as many estuaries as possible in the Kenai Peninsula
portion of the region that subsided during the great earthquake of 1964. The resulting
datilbase should provide a regional chronology of coseismic subsidence during the late
Holocene.

Previous NEHRP-supported drilling along Turnagain and Knik Arms in upper Cook
Inlet revealed multiple submerged peat layers possibly associated with six to eight coseis-
mic subsidence events during the past 4,700 calendar years, which corresponds to a recur-
rence interval of 590 to 780 years. The current program involves drilling and examination
of tidal-channel exposures in estuaries of Fox River (Kachemak Bay), Kasilof River, and
Kenai River.

Results

Drilling was conducted at Fox River Flats at the head of Kachemak Bay near Homer in
February 1991. Nine boreholes were drilled to a maximum depth of 39.5 ft (12 m). In
eight of these boreholes, 0-9 ft (0-2.7 m) of silt and clayey silt overlie clean, saturated
sand and gravel to an undetermined depth. The ninth, most seaward borehole revealed silt
and clayey silt to at least 20-ft (6-m) depth. No apparent submerged peat layers were en-
countered at any of the borehole locations. However, the core samples will be examined
carefully for thin peat layers that may not be visible through the liners and for other datable
organic material that may establish age and rate of sedimentation.

Initial results at Fox River Flats, which includes estuaries of Fox River, Sheep Creek,
and Bradley River, indicate that the depositional system has been dominated by fluvial pro-
cesses for an undetermined length of time. Fluvial reworking and deposition may have re-
moved or prevented development and preservation of peats that could have been submerged
and buried during coseismic subsidence. However, because there may be isolated areas in
the system that have escaped fluvial reworking, we will examine tidal-channel exposures
and perform additional shallow drilling in May 1991, to attempt to locate possible rem-
nants of submerged peats or rooted tree stumps.

Preliminary hand drilling in the Kenai River estuary has revealed shallow buried peat
layers at two locations. Radiocarbon dates obtained from these peats suggest burial events
at 1,265+ 130 and 2,815+230 radiocarbon yr BP (1,060-1,300 and 2749-3322 calendar yr
BP, respectively; GX-16471 and GX-16470). Deeper drilling at additional sites at Kenai
River and Kasilof River estuaries will be conducted in May 1991.
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Reports

Combellick, R.A., 1986, Chronology of late-Holocene earthquakes in southcentral Alaska:
Evidence from buried organic soils in upper Turnagain Arm: Geological Society of
America Abstract with Programs, V. 18, no. 6, p. 569.

Combellick, R.A., 1990, Evidence for episodic late-holocene subsidence in estuarine de-
posits near Anchorage, Alaska: Basis for determining recurrence intervals of major
earthquakes: Alaska Division of Geological & Geophysical Surveys Public-Data File
90-29, 67 p.

Combellick, R.A., 1991, Paleoseismicity of the upper Cook Inlet region, Alaska, as
recorded by peat stratigraphy in nine tidal-flat boreholes: Geological Society of
America Abstracts with Programs, v. 23, no. 2, p. 15.
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Investigation of coastal neotectonics and paleoseismicity of the southern
Cascadia margin as recorded in coastal marsh systems

Agreement No. 14-08-0001-G1799

Mark Darienzo and Curt Peterson
Department of Geology
Portland State University
Portland, Oregon 97207

(503)-725-3022

Wetlands in four northern Oregon estuaries (Neawanna Creek (46°),
Nestucca Bay (45.2°), Siletz Bay (44.9°) and Yaquina Bay (44.6°)) were
investigated for evidence of coseismically buried peats, both in cores and
cutbanks and the results were combined with and compared to completed
studies in Netarts Bay (45.4°) and Alsea Bay (44.4°) (Darienzo and
Peterson, 1990; Peterson and Darienzo, 1990).

The focus of this report will be on the record of buried peats in the
upper 2.5 m in four out of the six bays (Neawanna, Netarts, Siletz and
Alsea Bay), because similarities were noted in the upper 2.5 m of marsh
stratigraphy between those bays. Evidence for rapid coseismic burial for
the last five events based on criteria from Atwater (1987), Darienzo and
Peterson (1990), and Peterson and Darienzo (1991), includes but is not
limited to the following:

1) Buried peats are widespread and correlatable within each bay.

2) Buried peats have abrupt contacts with overlying lower organic
layers in all cases and gradual contacts with underlying lower organic
layers in most cases.

3) There is usually an anomalous and distinct sandy layer
immediately above the buried peat. This layer also has a greater % sand
content than the underlying peat as well as the overlying deposit.
Mechanisms of placement (river flood, storm, or tsunami) of the
anomalous sand layers from Neawanna and Siletz and additional layers
from Netarts and Alsea are pending.

4) Triglochin rhizomes (usually a low marsh species and tidal flat
colonizer) overly a few well-developed peats (indicative of high marsh
settings).

Similarities between the bays are:
1) The number of buried peats in the top 2.5 m are the same (five).
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2) The depth to the top of each buried peat is consistent between
bays. 1st peat depth ranges from 0.40-0.56 m, 2nd peat 0.70-0.96 m, 3rd
peat 1.00-1.23 m, 4th peat 1.58-1.76 m, and 5th peat 1.90-2.19 m.

2) Distinct sandy capping layers are present over four out of five of
the peats and absent over the third buried peat from the surface in all
bays except Neawanna.

3) The third buried peat is not usually well developed and/or easily
recognized in all the bays.

4) The radiocarbon ages of the five peats are all within the last
1850 RCYBP.

If burial is indeed coseismic for the five events in all four bays
then the similarities between bays suggests synchroneity of events.
Given a rupture width of approximately 100 km as has been suggested for
the Juan de Fuca (Savage and Lisowski, 1991; Rogers, 1988 ) and the
distance between Alsea and Neawanna of 175 km, then the rupture area is
17,500 sq km. Using Wyss' (1979) equation for earthquake magnitude,
Mmax=I0gA + 4.15, where A is the rupture width, the paleomagnitude for an
earthquake along the northern Oregon coast would have been at least 8.4.

References

Atwater, B.F., 1987. Evidence for great Holocene earthquakes along the
outer coast of Washington state. Science, 236, 942-944.

Darienzo, M.E. and C.D. Peterson, 1990. Episodic tectonic subsidence of
late Holocene salt marshes, northern Oregon, central Cascadia
margin. Tectonics, 9: 1-22.

Peterson, C.D. and M.E. Darienzo, 1990. Discrimination of climatic, oceanic
and tectonic forcing of marsh burial events from Alsea Bay, Oregon,
U.S.A. (U.S. Geological Survey Professional Paper, submitted).

Rogers, G.C., 1988. An assessment of the megathrust earthquake
potential of the Cascadia subduction zone. Canadian Journal of
Earth Science, 25, 844-852.

Savage, J. C. and M. Lisowski, 1991. Strain measurements and the
potential for a great subduction earthquake off the coast of
Washington. Science, 252, 101-103.

Wyss, M., 1979. Estimating maximum expectable magnitude of
earthquakes from fault dimensions. Geology, 7, 336-340.
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ANALYSIS OF CONVERGENT DEFORMATION KINEMATICS AND RATES OF THE
SANTA CRUZ MOUNTAINS AND RELATIONSHIP TO THE SAN ANDREAS FAULT

II.

III.

AND THE LOMA PRIETA EARTHQUAKE
14-08-0001-GI830
Thomas L. Davis and Jay Namson

DAVIS AND NAMSON
CONSULTING GEOLOGISTS
1545 NORTH VERDUGO ROAD, SUITE 105
GLENDALE, CA 91208

(818) 507-6650

Objectives

A. Detection of seismically active blind thrusts in the Santa Cruz
Mountains.

B. Determine the geometry, kinematics and slip rates of blind
thrusts in the Santa Cruz Mountains.

C. Determine regional convergence rates and thrust fault slip rates
in the Santa Cruz Mountains.

D. Determine the relationship between active convergence and

strike-slip deformation of the Santa Cruz Mountains and the
San Andreas Fault.

Approach: Compilation of surface geologic maps and subsurface
data from oil and gas exploration wells into one retrodeformable
cross section. Regional structural analysis of area using surface and
subsurface maps to identify major structural trends, structural style
and timing.

Results: Available surface and subsurface data have been collected.
One retrodeformable cross section has been constructed (Figure 1)
and different structural solutions have been evaluated. Specific
conclusions include:

A.

The region is dominated by two anticlinoria: the Santa Cruz
Mountains anticlinorium (SCMA) and the Ben Lomond
Mountain anticlinorium (BLMA).

The SCMA is best explained as a southwest vergent fault-

propagation fold caused by a blind thrust stepping up from a
regional detachment between 15-18 km depth.
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IV.

The SCMA either folds the San Andreas fault into a northeast
dip or the San Andreas fault has a vertical dip.

Results so far cannot determine whether the BLMA is southwest
or northeast vergent. Other work by Davis and Namson in the
central Coast Ranges indicate the general vergence direction is
southwest.

Southwest vergence of the BLMA would suggest that it is a fault-
bend fold resulting from a blind thrust stepping up from the
regional detachment.

Northeast vergence of the BLMA would suggest that it is a fault-
propagation fold resulting from a northeast vergent blind thrust
stepping up from a regional detachment. It is problematic
whether a northeast vergent BLMA reaches the San Andreas
fault at depth. If it does, it could fold the San Andreas fault
steeply to the southwest to provide a geometry consistent with the
focal mechanism and main event/aftershock depth distribution
of the Loma Prieta earthquake.

The Vergeles-Zayante fault is an Oligocene and Miocene age
normal fault that has had some minor reactivation during late
Cenozoic convergence.

The area has been subjected to two phases of convergence during
the late Cenozoic: a late Miocene event which began just prior

to Purisima Formation deposition and a late Pliocene to
Quaternary event. The two phases seem to have similar
geometry and activated similar structures.

Conclusions: If the SCMA and BLMA are both caused by southwest
verging thrust faults, then their structural geometry and that of the
San Andreas fault is incongsistent with the focal mechanism and
main event/aftershock depth distribution of the Loma Prieta
earthquake. Instead it is suggested that Loma Prieta earthquake is
the result of subduction of the lower crust below the regional
detachment. If the BLMA is caused by a northeast verging thrust
fault, then it is possible that the San Andreas fault has been folded to
the southwest and the Loma Prieta earthquake occurred along a
portion of the San Andreas fault deformed by late Cenozoic
convergence.
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Investigation of the Late Quaternary Slip Rate of the
Northern San Andreas Fault at the Vedanta Wind Gap,
Marin County, California

NEHRP Contract 14-08-0001-G1777

N. Timothy Halll
Tina M. Niemi2

Earth Sciences Associates
701 Welch Road
Palo Alto, California 94304

Progress Summary 4/91

The summer and fall of 1990 were devoted to trenching at the Vedanta Retreat wind
gap site on the northern San Andreas fault in Marin County. Our investigation focused on
mapping the subsurface sediments in the marsh northwest of the gap and matching them
with deposits identified east of the fault within the wind gap. Samples were collected for
radiocarbon and sedimentary analyses. The trench log data have yielded information on the
slip rate, paleoseismic events, and style of faulting. Research also continues on cores of
live Douglas fir trees along the 1906 trace of the San Andreas fault and slabs of trees buried
in the marsh.

The trench log data are presently being studied and prepared as the doctoral
dissertation of T.M. Niemi. The preliminary conclusions to date include:

Slip rate _
The offset equivalent of the truncated, buried channel uncovered east of the San Andreas

fault at the north end of the wind gap has been identified 40.5 £ 3.5 m to the northwest in
the marsh. The channel segments east and west of the San Andreas fault have similar
channel geometries, channel fill, and a weighted average, two sigma, fractionation-
corrected and dendrochronologically calibrated radiocarbon age of 1,790 £ 85 years B.P.
These data yield a minimum slip rate of 23 + 3 mm/yr for the northern San Andreas fault
north of the confluence with the San Gregorio fault.

Paleoseismic events

A sequence of 5-6 pre-1906 paleoseismic events have been identified in fault-perpendicular
trenches on the basis of upward terminating faults, crack fills, and geometric relationships
of rotated and truncated blocks. Two to three of these events deform a burn horizon
radiocarbon dated as A.D. 600-1200. Only an approximate chronology of these events is
possible given the conventional radiocarbon age determination of detrital organic debris.
Additional AMS dating is needed to bracket the age of the events more precisely.

1 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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Style of faulting

In our 1988 field season, we recognized the left-stepping compressional step-over or bend
of the 1906 trace of the San Andreas fault at the south end of the wind gap. Slip is
transferred through the 8 m step-over by northeast-verging thrust and oblique faults. The
trench investigations provide data for a three-dimensional analysis of the fault geometry at a
compressional step-over of the strike-slip fault. A manuscript of this structural analysis is
currently under preparation.

Figure 1: Sketch map of the
wind gap showing locations of
trenches, faults, and buried offset
channel.
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Publications:

Niemi, T.M., and Hall, N.T., (submitted 1991), Late Holocene slip rate of the northern
San Andreas fault, Marin county, California.

Niemi, T.M., and Hall, N.T., 1991, Preliminary estimate of slip rate for the northern San
Andreas fault at the Vedanta wind gap, Marin County, California (abst.): Cordilleran
Section Meeting, San Francisco, California, March 25-27, 1991, Geological Society of
America Abstracts with Programs, v. 23, no. 2, p. 83.

Prentice, C.S., Niemi, T.M., and Hall, N.T., 1991, Quaternary tectonics of the northern
San Andreas fault, San Francisco Peninsula, Point Reyes, and Point Arena, California,
in Geologic Excursions in Northern California: San Francisco to the Sierra Nevada, D.
Sloan and D. L. Wagner, eds.: California Division of Mines and Geology Special
Publication 109, p. 25-34.

Niemi, T.M., and Hall, N.T., 1990, San Andreas fault at the Vedanta Retreat, in, B.J.
Bilodeau and S.O. Davis, eds., Geologic Guidebook to Point Reyes: American
Association of Petroleum Geologists Pacific Section Guidebook #66, AAPG Annual
meeting San Francisco, CA, June 3-6, 1990, p. 19-24.

4/24/91
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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, MS 977
Menlo Park, California 94025
415/329-5639 or FTS/329-5639

Investigations

Preparing and revising manuscripts pertaining to the geology and tectonics of
northern California and southwestern Oregon.

Results

Much of the report period was spent preparing a description of the geology and
tectonic development of the Klamath Mountains province for publication in the
USGS Bulletin series. The report is designed to be supplemental to a geologic
map of the Klamath Mountains, scale 1:500,000, which is now in press. In
addition, an extensive revision of a preliminary geologic map of the Red Bluff
100,000 quadrangle was completed and the map resubmitted for further technical
review. The map, which originally was released as Open-File Map 84-105, covers
the tectonically complex junction of the northern Coast Ranges, Great Valley,
Klamath Mountains, and Cascade Ranges provinces. It is co-authored with M.C.
Blake, Jr., D.S. Harwood, E.J. Helley, A.S. Jayko, and D.L. Jones, and is being
prepared for publication in the USGS Miscellaneous Map series.

Reports

No reports this period.
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Coastal Tectonics Western United States
9910-01623

Kenneth R. Lajoie
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road MS 977
Menlo Park, California 94025
(415) 329-5747, 329-5641

Investigations

1

2.

Coastal tectonics central Chile

October 23, 1990 Mono Basin earthquake

Results

Kenneth Lajoie visited the coast of central Chile with Stephen Ward
(University of California, Santa Cruz) and Sergio Barientos (University
of Chile) primarily to investigate co-seismic uplift recorded by emergent
Holocene marine strandlines. Financial support was provided by an NSF
grant to Stephen Ward.

Emergent Holocene strandlines record co-seismic uplift over the past 5 to
7 ka on Santa Maria and Mocha Islands (37° 00' and 38° 20' south
latitude, respectively), which lie near the outer edge of the continental
shelf, about 90 km east of the axis of the Chile trench and about 30 km
west of the mainland. Most of the strandlines on these islands are beach
ridges, but a few are depositional and erosional terraces.

On the western peninsula of Santa Maria Island at least forty beach ridges
that group into eleven distinct ridge complexes underlie a low coastal
plain about 2-km wide and 12-m high along its landward margin. The
age and original elevation of the highest strandline are 5.1 ka and -6.2 m,
respectively, based on correlation with a recently published Holocene
sea-level curve from Barbados. These figures yield an average uplift rate
of about 3.0 m/ka. Presently, it is not known whether each beach ridge or
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each ridge complex reflects a co-seismic uplift event. If the former, the
uplift for each event averaged 0.4 m and the the interval between events
averaged 130 yr. If the latter, the uplift for each event ranged from 0.5 to
3.0 m (average 1.5 m), and the interval between events ranged from 250
to 1100 yr (average 555 yr). Uplift during a large earthquake in 1835 was
2.4 to 3.0 m, but the uplift during a larger earthquake in 1960 was 0.0 m.
Obviously, the strandline record does not reflect every large seismic
event.

On Mocha Island up to 34 beach ridges and terraces underlie a low coastal
plain that ranges from 0- to 2-km wide and virtually encircles the island.
The highest strandline is covered by landslide deposits in most places
and none of the lower strandlines can be traced around the entire island.
Consequently, it is not known if the Holocene strandline sequence is
tilted. However, a Pleistocene terrace that caps the mountainous interior
of the island dips southward. Where exposed at the northern end of the
island the highest Holocene strandline lies at an elevation of about 35 m.
The age and original elevation of this strandline are 7.3 ka and -14 m,
respectively, based on correlation with the Holocene sea-level curve
from Barbados. These figures yield an average uplift rate of 6.6 m/ka,
which is consistent with uplift rates of 6.0 to 7.2 m/ka based on
radiocarbon dates obtained from lower strandlines by a group of Japanese
geologists in 1973. On the northeastern shore of the island, the 34
strandlines group into at least eight poorly distinguished complexes. As
on Santa Maria, it is not clear whether each beach ridge or each ridge
complex reflects a co-seismic uplift event. If the former, the uplift for
each event ranged from 4 to 15 m and the interval between events
ranged from 500 to 2,300 yr. If the latter, the uplift for each event ranged
from 1.0 to 3.0 m and the interval between events ranged from 100 to 500
yr. In this case, each ridge would probably represent a large storm event.
Uplift during the 1835 earthquake was 0.6 m, and uplift during the 1960
earthquake was 0.9 to 1.8 m.

Santa Maria and Mocha are far enough apart (about 150 km) that major
earthquakes affect each island differently. More importantly, however,
the uplift rates on the two islands, and possibly on the tip of the Arauco
Peninsula between them, are much higher than along the mainland
coast. The islands and the tip of the peninsula probably lie above an
eastward dipping secondary thrust fault in the upper plate of the South
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American megathrust. The rapid uplift of the offshore islands most
likely reflects slip on the secondary fault, not on the shallower dipping
magathrust. Slip on the secondary fault could occur independently of
slip on the the megathrust, or vice versa. It may be, however, that slip
occurred on both faults during the 1960 earthquake. Ward and Barientos

I.3

inverted the surface displacements and obtained differential slip on the -

megathrust by assuming that all the slip occurred on that fault. If some
slip occurred on a secondary fault, which seems likely, the slip on the
megathrust was probably uniform.

This preliminary study of the emergent Holocene strandlines on Santa
Maria and Mocha Islands provides important insights for ongoing work
on similar strandlines near Cape Mendocino and at Ventura in northern
and southern California. A discouraging conclusion from all work on
Holocene strandlines.is that a complete history of seismic events may
never be recorded, even under ideal conditions.

A moderate earthquake of duration magnitude about 5.0 struck Mono
Basin in eastern central California on October 23, 1990. The epicenter lies
in the northern part of the basin, about 8-km northeast of the surface
trace of the Sierra Nevada range-front fault. The axis of the syncline that
forms Mono Basin parallels a regional zone of northeast-trending left-
lateral faults within and east of the basin. The junction of this zone with
a zone of northwest-trending right-lateral faults within and south of the
basin creates a structural bend characterized by east-west crustal
extension and resultant Pliocene to Holocene volcanic eruptions. First-
motion data from the October 23 earthquake and some of its aftershocks
indicate that the fault rupture occurred on either a plane striking 332°
and dipping 75° west, or on a plane striking 55° and dipping 75°
southeast. Unfortunately, neither after-shock nor geologic data constrain
the rupture to either plane. However, the trends of both possible rupture
planes parallel the two trends of regional faults (Figure 1). Furthermore,
the direction of extension for normal oblique slip on either plane
parallels the estimated direction of regional extension based on geologic
data. The strike of the possible northwest-trending rupture plane paralles
the strike of the range-front fault, but the dips are opposite. This
relationship suggests that the rupture might have occurred on a normal
fault above and anithetic to the range-front fault.

The earthquake was felt over a broad region of central Califonia, but
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produced no surface ruptue and caused little damage, even in Mono
Basin. Seismic data from stations west of the basin overestimated the
magnitude of the earthquake, possibly due to low attenuation in the
crystalline rocks beneath the Sierra Nevada.

Reports
Stein, M., Wasserburg, G. J., Lajoie, K. R,, and Chen, J. H,, in press, U-

series ages of solitary corals from the California coast, Geochim.
Cosmochim. Acta.
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Paleoseismic Investigations Along the Northern Reach of the Calaveras Fault Zone,
Alameda County, California

Agreement No. 14-08-0001-G1987

William R. Lettis and Keith I. Kelson, Principal Investigators
Gary D. Simpson
William Lettis & Associates
936 Dewing Ave. Suite G
Lafayette, CA 94549

(415) 284-5789

Objectives of Study
* Obtain detailed paleoseismic information at the Leyden Creek research site along the
northern Calaveras fault zone, including Holocene slip rate(s), amounts of
displacement per event, and timing of paleoseismic surface rupture events.

* Assess the nature and location of late Quaternary deformation along the fault zone
within Sunol Valley through the identification and delineation of fault-related features
and late Quaternary deposits and geomorphic surfaces.

Progress to Date
* Obtained excavation permit from East Bay Regional Park District and initiated
permitting process for other land owners.

* Prepared detailed topographic map (scale 1:465, contour interval = 0.5 m) of the
Leyden Creek site using a Topcon total station. Established several bench marks so
that future trenches and boreholes can be accurately located on the base map.

* Delineated geomorphic surfaces and surficial deposits on 1:465-scale topographic
map, providing stratigraphic and geomorphic framework for selection of exploratory
trench localities.

* Selected locations for hand-auger borings in key surficial deposits, which will help
refine assessment of stratigraphy and assist in selection of exact trench localities.

Results to Date
* Delineated five fluvial terrace surfaces at the Leyden Creek site, several colluvial
wedges derived from the Calaveras fault scarp and deposited onto the terrace surfaces,
and a linear boulder levee deposit. This boulder levee, which trends perpendicular to
the fault, may be displaced and thus may provide an excellent piercing point. Alluvial
fan, debris flow, and landslide deposits have also been mapped at the site.
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* Based on mapping of these deposits, we have developed several preliminary
depositional models. Upon further investigation, these models will assist in locating
trenches to maximize paleoseismic data, will provide information on the influence of
fault activity on deposition at the site, and will provide a framework from which to
assess the Holocene slip rate.

* Analysis of possible tectonic offset of a paved road on the north side of the Leyden
Creek site indicates that landsliding may have influenced the road offset. This
suggests that the creep rate given by Kelson and others (1991) may be partially a
result of non-tectonic processes.

Papers
Kelson, K.I., Lettis, W.R., and Simpson, G.D., 1991, Paleoseismic Investigations
Along the Northern Calaveras Fault, Alameda County, California: Geological
Society of America Abstracts with Programs, v. 23, no. 2, p. 41.
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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/329-5677

Investigations

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. FY91 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. Rock samples collected in FY89 have been reprocessed to concentrate micro-
fossils 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.

04/91
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Quaternary Chronostratigraphy and Deformation History,
Los Angeles Basin, California

9910-04555

Daniel J. Ponti
Branch of Engineering Seismology and Geology
U.S. Geological Survey
345 Middlefield Road MS 936
Menlo Park, CA 94025
(415) 329-5679

Investigations

1.

Results
1.

Amino-acid geochronology, faunal correlations, and uplift history of upper Pleistocene marine
terraces in San Pedro, Los Angeles basin, California (with C. Powell, and K. Lajoie).

Origins and characteristics of off-fault surface ruptures produced by the 1989 Loma Prieta
earthquake (with R. Wells).

Three marine terraces of late Pleistocene age are now recognized in the city of San Pedro,
California. Ratios of D-alloisoleucine to L-isoleucine (alle/Ile) from 20 molluscan genera calibrated
against ratios from sites of known age indicate thatall three terraces formed during marine oxygen-
isotope stage 5 (124-81 ka). All three terraces are faunally and morphologically distinct, butonly the
lower two can be distinguished solely on the basis of amino-acid data.

The lowest and youngest Mesa terrace (see Fig. 1) is the most extensive and comprises most of
thesouthern portion of the first terrace as previously mapped by Woodring and others (1946). Marine
sediments deposited on the terrace platform comprise the Palos Verdes Sand, which on this terrace
exhibits a molluscan faunal assemblage that at some localities (eg. Crawfish George’s) contain
extralimital northern taxa. The intermediate Pacific terrace is restricted to northeastern San Pedro
and was originally mapped by Woodring and others as part of the first terrace. Althoughits platform
is only several meters higher than that of the Mesa terrace, alle/Ile ratios from 11 genera clearly
distinguish the Pacific terrace from the Mesa. Furthermore, the Palos Verdes Sand on the Pacific
terrace contains some extralimital southern molluscan taxa, indicative of somewhat warmer water
temperatures. The highest and oldest Gaffey terrace (Terrace 2 of Woodring and others) occurs in
northern and central San Pedro; its platform is more than 15 m higher than that of the Pacific terrace,
and the terrace is morphologically distinct. Fossil molluscan assemblages from this terrace contain
a greater percentage of extralimital southern taxa than from those of the Pacific terrace, but alle/Ile
ratios from the Gaffey and Pacific terraces are essentially equivalent.

Based on the morphology of the terraces and the faunal data, the Gaffey, Pacific, and Mesa
terraces must represent marine terrace formation during three different sea-level high-stands.
During each successive high-stand, water temperatures were progressively cooler. These data, plus
amino-acid ratios that restrict the ages of the terraces to less than ~124,000 years, lead to the
conclusion that the Gaffey, Pacific, and Mesa terraces formed during oxygen isotope substages 5e
(~124-118 ka), 5¢ (~102 ka) and 5a (~81 ka), respectively. Assuming constant uplift, we derive a late-
Pleistocene-to-Recent uplift rate of ~0.35 m/ka for this portion of the Palos Verdes Hills (likely due
to movement of the Palos Verdes Hills fault and /or associated blind thrusts) and paleo-sea levels for
isotope substages 5c and 5a of approximately -2 to -4 m and -4 to -5 m ,respectively; this is in good
agreement with data from other parts of the California coast. The inability of the amino-acid data to
distinguish between the Pacific and Gaffey terraces can be attributed to non-linear epimerization
kinetics and the different diagenetic temperature histories of the three terraces. Modelling thekinetic

179



I.3

pathways for the three terraces (assuming the assigned ages) predicts that amino-acid ratios for the
Mesa terrace should be significantly lower than those of the Pacific terrace, and that there should be
little statistical difference among ratios from the Pacific and Gaffey terraces (Fig. 2). This model also
predicts a full-glacial to interglacial temperature shift of ~3° C, which is consistent with CLIMAP

data.
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Flgure 1. Map of the San Pedro area showing the distribution and elevations of the upper Pleistocene

marine terraces. Labelled points refer to significant fossil localities.
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Figure 2. Modeled epimerizationkineticsin the taxa Protothaca staminea, for upper Pleistocene marine terraces
in San Pedro. Bars represent mean alle/Ile + 1 . The models account for non-linear epimerization kinetics
and the different diagenetic temperature histories experienced by deposits on each terrace. They predict that
alle/Ile values for the Pacific and Gaffey terraces should not be statistically different, and that glacial to
interglacial temperature variations should have been on the order of 3° C.
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2. The pattern of ground rupture produced by the 1989 Loma Prieta earthquake is qualitatively
consistent with tectonic extension across the crest of the uplifted hanging-wall block; however, we
note that in many cases there is a complex interaction of the fractures with large landslides, and that
displacement vectors are parallel to regional slope directions. In addition, the total amount of
observed extension in the Summit Road-Skyland Ridge area is two orders of magnitude greater than
would be predicted by tectonic extension alone. These observations suggest that any tectonic signal
is strongly overprinted by much larger gravity-driven displacements. The tendency for left-lateral
extension is easy to explain by topographic collapse on bedrock structures trending more northerly
than the ridge crest; it is more difficult to explain with tectonic models.

During this period, we have examined the geometry and displacement of the coseismic surface
ruptures withrespect to varying topography, bedrocklithology, and geologic structure. Along much
of the Summit Road ridge, displacements and fracture geometry are consistent with our conclusion
that shaking-induced ridge-top spreading, graben formation, and hillside collapse produced most
of the extensional ground ruptures. These features are primarily controlled by bedding planes, faults,
joints and other weak zones in the underlying Tertiary sedimentary strata of the hanging-wall block.
In other parts of the Summit Road-Skyland Ridge area, much of the fracturing appears to be a result
of shaking-induced slope failure, commonly on bedding-controlled slip surfaces. Although a few
fractures exhibit displacements that are consistent with right-lateral reverse faulting inferred for the
mainshock, and others may reflect growth of folds due to N-S compression, they are usually small
and discontinuous.

The formation of similar ground ruptures in the Santa Cruz Mountains and elsewhere near the
San Andreasfaultin 1906 suggest that this type of ground failure is not dependent on fault kinematics
and is not unique to the Summit Road-Skyland Ridge area or to the Loma Prieta earthquake. Similar
deformation associated with earthquakes in Chile, Alaska, and southern California suggest that
ground ruptures associated with collapse of topography may be common in regions of severe
shaking and may represent a more widespread seismic hazard than previously realized.

Reports

Ponti, D.J., 1990, Off-fault surface fractures produced by the 1989 Loma Prieta, California, earthquake: a
significant hazard for the Santa Cruz Mountains: Geological Society of America Abstracts with Programs,
v.22,n.7,p. A187.

Ponti, D.J., Lajoie, K.R.,and Powell, C.L.1II, 1990, Upper Pleistocene marine terraces in San Pedro, southwest-
ern Los Angeles basin, California: implications for aminostratigraphy and coastal uplift: Geological
Society of America Abstracts with Programs, v. 23, n. 2, p. 89.

Ponti, D.J., and Wells, R.E., 1991, Off-fault ground ruptures in the Santa Cruz Mountains, California: ridge-
top spreading vs. tectonic extension during the 1989 Loma Prieta earthquake: Bulletin of the
Seismological Society of America, submitted.
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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
Robert West
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 region's most prominent and seismically
active faults and help resolve how slip is distributed in the
southern San Andreas fault system.

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 Tamaulipas (Cucapa) and at the International Border.

At Tamaulipas, we surveyed the telephone pole alignment along the
old railroad grade, emplaced near the turn of the century, and
measured about 2.9 m of right-lateral deflection, assuming a N40W
azimuth for the fault. Trenching in Tamaulipas exposed the fault
zone 1in Arroyo Beltran, where dextral shear during the 1940
earthquake was accomodated almost entirely by drag or bending at
the surface. Paleomagnetic samples where taken (with Ken Verusub)
to help measure the amount of deflection of the sediments.

The border site, located immediately south of the International
Border, exposed the fault as a 2-4 m wide 2zone of rupture
(consistent with historical accounts of the 1940 rupture) in
stratified fluvial and possibly lacustrine deposits. Detailed
analysis of the faulted stratigraphy indicates up to three
paleoseismic events prior to the 1940 event. One of the events is
weakly expressed by folding or tilting and liquefaction within the
fault =zone. A second 1is suggested primarily by a major
liquefaction event. The first does not appear to have been
associated with a large amount of slip and the second event may not
even be on the Imperial fault. The character of the sediments, the
absence of weak soils or other indicators of a hiatus in
deposition, along with several C-14 dates, suggests that the upper
2.5 m of section was deposited rapidly and is probably associated
with the filling of the last lake at about 300 yrs B.P.
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At this site, a post-1905 treeline is right-laterally displaced 5.0
+ 0.25 m. A buried channel, preserved at a depth of about 70 cnm,
stratigraphically overlies the evidence for the previous seismnic
events. The channel flowed at a high angle to the fault zone and
is offset 5.0 + 0.2 m, in close agreement to the offset treeline.
The age of the channel is most likely pre-1905, based on the
historical record of no flooding in this area. These data indicate
that no other earthquakes have broken the surface along this
section of the fault this century, and that the rate of pre-1940
creep must have been low.
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The Bootheel Fault, Southeastern Missouri, and Its Relationship to the
New Madrid Seismic Zone

14-08-0001-G1772
14-08-0001-G1930

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

Objectives:

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. We are investigating a discon-
tinuous linear feature, the Bootheel lineament, in southeastern Missouri and
northeastern Arkansas, that is a candidate for at least one of the coseismic faults of
the New Madrid earthquakes of 1811 and 1812 (Figure 1). The objectives of this
study are to demonstrate whether the lineament is indeed a fault, and, if so, to char-
acterize its length, geometry, and displacement, and to determine whether or not it
has ruptured prior to 1811.

Results:

During the latest reporting period we have continued mapping the northern
part of the Bootheel lineament in more detail (Figure 1). We have also reexamined
satellite images and now extend the lineament south of our previous southern ex-
tent for a total length of about 135 km.

A very wet season has hampered our trenching efforts, but we have excavated
two new sites perpendicular to the trace of the Bootheel lineament. These sites were
chosen because they are near the edge of an abandoned stream meander that crosses
the lineament. By identifying the exact trace of the lineament in these trenches, we
hope to be able to excavate trenches parallel to the lineament, but across the aban-
doned channel, in order to identify any horizontal displacements that may exist.

Trench site 3, a portion of which is shown in Figure 2A, is located north of the
abandoned channel and 1 km south of trench site 1. We logged two shallowly dip-
ping dikes at the location of the trace of the lineament in addition to other minor
liquefaction features elsewhere in the trench. Because the dikes intruded massive
clay, we were not able to observe any vertical displacements that may have existed,
although the block between the two dikes has almost certainly dropped because of
removal of the liquefied sand from below.
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Figure 2: Logs of portions of trenches across the Bootheel lineament (see Figure 1 for locations). A:
Trench site 3. The dikes of sand underlie the trace of the lineament as identified from aerial
photographs. B: Trench site 4. The easternmost shear zone underlies the projected trace of
the lineament. Horizontal scale is meters from east end of trench.
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Trench site 4 (Figure 2B) is located within the abandoned channel, about 200 m
south of site 3. There is no obvious trace of the lineament at this site, but the loca-
tion was interpolated from the north and south. There is no sand dike at the pro-
jected location of the trace, but rather a shallowly dipping shear zone. The shear is
marked by an alignment of mineral grains and lignite. The shear zone was seen to
be dipping about 30° to the west on both walls of the trench. The morphology of the
surface beneath the plow zone is suggestive of thrust faulting. A similar geometry
was seen in trench site 1 where the lineament was marked by a westward dipping
sand dike. A short trench was excavated about 5 m south of site 4 and the shear
zone again was present. The presence of this shear zone is an exciting development
because it was not directly associated with liquefaction and therefore cannot be easily
dismissed as collapse and offset due to removal of material from below.

Reports:

Schweig, E.S., III, and Marple, R.T., 1990, The Bootheel lineament, northeastern
Arkansas, and the New Madrid seismic zone, in Guccione, M.]., 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.

Schweig, E.S., III, and Marple, R.T., in press, The Bootheel lineament: A possible co-
seismic fault of the great New Madrid earthquakes: Geology.

Marple, R.T., and Schweig, E.S,, I1I, in press, Remote sensing of alluvial terrain in a
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quake risk in the New Madrid seismic zone: Association of Engineering Geol-
ogists Abstracts.
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During the six month period ending April 1991, I and my
graduate students have made progress in several areas:

1) San Andreas fault zone in San Gorgonio Pass

During the past six months we have continued to map at a scale
of 1:12,000 the San Gorgonio Pass and Banning fault zones. Progress
has been hindered somewhat by winter storms and difficulty
obtaining access to private land. Nevertheless, we have nearly
completed mapping the faults which break Quaternary deposits
between Millard and Lion canyons. We have also examined the
deformation and uplift of the Cabezon Fanglomerate of Allen (1954).
Fault-bend folds and fault-propagation folds, with complex 3-D
geometries are clearly active in the map area. At this time we
believe we have an incomplete knowledge of the kinematics of these
structures; but we are optimistic that our work will result in a
characterization of the deformation to be expected during the next
large earthquakes in the region.

We are slowly making progress in getting permission to do
paleoseismic excavations in the area. These will be critical to
understanding the frequency of large earthquakes in the Pass area.

3) San Andreas fault in the Carrizo Plain

The Carrizo Plain segment of the San Andreas fault last
ruptured in 1857, during which several meters of slip occurred(Sieh,
1978). Due to the destructive potential of this segment of the fault, it
is important to estimate the likelihood of rupture by determining
recurrence intervals for large earthquakes and the dates of past
events. Previous work based on measurements of geomorphic
offsets and a well-constrained slip rate suggests that the Carrizo
Plain segment ruptures in large magnitude events with 9.5 to 12m of
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slip every 250 to 450 years (Sieh and Jahns, 1984). Direct dating of
the past several large earthquakes would vastly improve our
understanding of this portion of the fault, and would minimize the
dependence of our understanding on simplistic models of fault
behavior.

Our work at the Bidart site in 1989 and early 1990 allowed
Carol Prentice and I to recognize seven faulting events in the past
3000 years. Unfortunately, two depositional hiatuses, each on the
order of a thousand years, prevented us from being certain that all
the events of the past 3000 years are discernable in the sediments.
Nevertheless, we determined a maximum average recurrence
interval of about 500 years.

Within the past few months, graduate student Lisa Grant has
examined the alluvial fan upon which the Bidart trench is situated
for information about its depositional history. Evidence suggests that
the locus of active deposition has been migrating along the fan from
the northwest to the Bidart site, at its southeastern active margin.
By carefully placing several excavations along the fault's traverse of
this fan, she hopes to obtain a sedimentary section without major
hiatuses and, thus, to recognize and date all faulting events of the
past few thousand years. Preliminary assessment of her current
excavation on the Bidart fan is that she will be able to precisely date
one or two earthquakes prior to the 1857 event. Additional
excavation is planned for the summer.

We would also like to understand the relationship between slip
per event ,and the timing of major earthquakes in the Carrizo Plain.
Lisa Grant has processed data from the 3-D excavation that we
finished at the Phelan site in late September of 1990. We measured
6.6-6.9m of offset from a buried alluvial fanhead channel which is
displaced by a single slip event. A radiocarbon date from the
uppermost faulted layer is consistent with faulting during the 1857
earthquake. However, the amount of offset is significantly less than
the 9.5m measured by Sieh and Jahns (1984) 2.6 km to the
northwest at Wallace Creek. The discrepancy raises the question of
whether the amount of slip in 1857 varied substantially over a short
distance, or whether the 9.5-m offsets at Wallace Creek represent
more than one event. Lisa has found two additional high-quality
offsets of approximately 7m each between the Phelan and Bidart
sites. She has documented each offset by making a topographic map.
She has also made topographic maps of a high-quality 21m offset
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with the same source channel as one of the 7m offsets, and a 14-18m
offset on the Bidart fan.

In March 1991 we received a radiocarbon date of 1016+/-19
years BP from a charcoal sample which we collected from sediments
within the offset alluvial channel at the Phelan site. The sample
appears to be from a layer which was burned in place by a wildfire.
If this date is correct it constrains the date of the pre-1857
earthquake to be much older than previously suspected. We have
sent an additional sample from the same layer to date for
corroboration.

4) Garlock fault

In November 1990 we received from the NSF-University of
Arizona accelerator lab the radiocarbon date for a sample from a
trench across the Garlock fault in Searles Valley. The sample, a
charred twig, has a dendrochronologically corrected age range of
1488 A.D. to 1808 A.D. This sample underlies a gravel bed offset
during the most recent earthquake along this part of the Garlock
fault, and thus provides a 500-yr maximum age for that event.

Since late January 1991, Sally McGill has been working at a site
at the western end of Pilot Knob Valley where the latest Pleistocene
shoreline of Lake Searles crosses the Garlock fault. We expect to
obtain a fairly precise estimate of the slip rate of the Garlock fault at
this site. Sally has had 16 trenches excavated across the shoreline
and across the two main fault strands. The trenches across the
shoreline reveal well-sorted beach sands and gravels that pinch-out
against a wave-cut cliff.

So far the shoreline has been located within a few meters of
either side of each of the two fault zones. Projecting the shoreline
from these trenches to the fault zones suggests that the shoreline is
offset about 35 m across the southern fault zone and about 46 m
across the northern fault zone. Three-dimensional excavations to
follow the shoreline to its precise intersection with each fault are in
progress. (Care should be used in interpreting the projected offsets
reported above because we have found several shorelines north of
the northern fault zone, and at this time, it is not clear whether or
not the shoreline offset about 46 m across the northern fault zone
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correlates with the shoreline offset about 35 m across the southern
fault zone.

We hope to find shells or other dateable material within the
beach sediments, but so far we have been unsuccessful in this
respect. However, previous mapping by George I. Smith and C-14
dating of his samples indicate that the most recent highstands of
Lake Searles occurred about 11,500 C-14-yr B.P., at about 12,200 C-
14-yr B.P., and between about 15,700 and 16,300 C-14-yr B.P. (G.L
Smith, personal communication, 1989; dates are uncertain by 1000-
2000 yr). U-Th and C-14 dating of corals by Bard and others (1990)
suggests that C-14 dates within this range underestimate the true
age by 2000-3500 yr.

A nearby channel that presumably incised during or shortly
after desiccation of the most recent highstand of Lake Searles is
offset about 35-38 m across the southern fault zone and about 32-33
m across the northern fault zone. This suggest a slip rate of about 5
mm/yr (69 m / (11,500 + 2000 yr)).
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Investigations:

The object of this study is to characterize active crustal faults in the greater Los
Angeles region that do not reach the surface, utilizing growth fault-propagation and growth
fault-bend fold theory. Emphasis will be placed on determining slip rates on blind thrust
faults in the transpressive environment of the Santa Barbara Channel.

Results:
Axial Surface or Dip Domain Mapping

We present a straightforward technique of analyzing three-dimensional structural
geometry by mapping axial surfaces (Tearpock and Bischke, 1991) through a grid of 100
high resolution seismic reflection profiles located in the eastern Santa Barbara Channel,
along the Blue Bottle and offshore Oak Ridge trends. Fundamental to the theories of fault-
related folding (Suppe, 1983; Suppe and Medwedeff, 1990; Suppe et al., 1991) is the
formation of folds in the upper crust by migration of material through active axial surfaces in
response to slip on non-planar faults. The locations of these axial surfaces can often be
readily interpreted from seismic reflection profiles (Figure 1). Axial surface maps are
generated by projecting these surfaces to the horizontal datum of the reflection profiles, and
plotting their locations on a map (Figure 3).

When plotting the axial surfaces on a map, distinctions can be made between active,
inactive, and growth axial surfaces. Active axial surfaces, which are located at bends in fault
surfaces, actively deform and bisect growth (syntectonic) and pre-growth strata. Inactive
and growth axial surfaces are passively translated above faults, and either terminate at fault
surfaces or are refracted into the syntectonic section. Furthermore, growth axial surfaces
have the additional property in that growth sediments deposited early in the slip history of
the underlying fault record a wider kink band width than do growth sediments deposited
later (Figure 1). These narrowing upward kink bands, or growth triangles, have been
recognized in the Santa Barbara Basin and in other areas of southern California and
throughout the world (Suppe et al., 1991). Inactive growth axial surfaces do not bisect the
angle between the beds due to thickness changes across the axial surface. These thickness
changes record different sedimentation and/or fault slip rates. All of these axial surfaces
record the amount of slip that has occurred during the formation of the structure, and thus if
ages of syntectonic sediments are known, one can determine slip rates along the causative
faults.

The pattern of the trends of the axial surfaces on the map provides direct information
on the subsurface structure and slip history of the underlying fault(s). The spacing between
inactive and active axial surfaces reflects the magnitude of slip on the underlying fault, and
limb length and fault slip can be calculated in cases where limb dip and fault geometry can
be constrained. In cases where fault geometry cannot be inferred, limb length provides a
reasonable estimate of the fault slip (Suppe et al., 1991). Changes in horizontal spacing,
(i.e. convergence or divergence), of axial surface pairs suggests a change in slip on the
underlying fault along strike. Changes in axial surface trends may also reflect gradual
changes in subsurface fault geometry, such as changes in fault step up angle. Dramatic
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differences in the limb length between different sets of axial surface pairs suggests that the
structures grew by movement on different faults and/or at different times. In addition,
terminations and offsets of axial surfaces help to identify subsurface fault tears ( Tearpock
and Bischke, 1991) (Figure 2).

Offshore Oak Ridge and Blue Bottle Trends

An axial surface map of the offshore Oak Ridge and Blue Bottle trends generated by
this method is presented in Figure 3. The active axial surface which bounds the northern
flank of the Oak Ridge trend (axial surface A, Figure 2 and 3), extends for over 38 km in
the eastern Santa Barbara Channel, from due south of the city of Santa Barbara east to the
onshore Ventura Basin. The inactive axial surface (A’), which bounds the southern flank of
the fold parallels the active axial surface (A), along the northern front of the offshore Oxnard
Plains. The limb length of the fold (L), which can be measured directly from the map,
remains roughly constant at 11.5 km. This value represents a minimum estimate of the dip
slip component of movement on a deep seated fault beneath the channel.

Deformed near surface sediments along the offshore Oak Ridge trend (Figure 1),
indicate that this deep seated fault remains active. The great depth and the dip of this fault,
represented in a balanced model in Figure 2A, suggests that it surfaces to the south of Santa
Cruz Island. Since the beginning of the deposition of the Repetto mudstone (estimated at
3.3 m.y.), we calculate that this deep channel fault has slipped at a minimum average rate of
1.7 mm/year. Traces of selected axial surfaces of the shallower Blue Bottle fold, modeled
in Figure 2B, are also reported on the map in Figure 3B. In general, the limb length of the
fold and fault slip on the Blue Bottle thrust remains constant across the eastern channel. This
structure is also presently active and a 1.6 mm/year can average slip rate for the Blue Bottle
fold is calculated using an estimated early Pleistocene age of fold growth initiation and the
maximum limb width on the north flank of the trend of 1.2 km (Figure 3B).

The combined 3.3 mm/year early Pleistocene to Recent fault slip rates calculated for
the channel faults can account for only about one third of the predicted 10 mm/year of
shortening along the plate margin directed normal to the San Andreas Fault (DeMets et al.,
1987; and others). This 10 mm/year value represents the normal component of the vector
which describes the discrepancy between the calculated Pacific-North American relative
plate motion and estimates of slip rates on the San Andreas Fault. The remaining 6 or 7
mm/year of predicted crustal shortening normal to the San Andreas since the early
Pleistocene represents the amount of shortening which must be accommodated by other
structures in the western Transverse Ranges northeast of this transect. Present day
convergence rates across the channel must be accounted for by movement on these and other
faults beneath the Santa Barbara Channel and along the Santa Barbara coast.
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Figure 1: A migrated seismic reflection proﬂle which Images a narrowing upward kink band, or growth
triangle, in the Santa Barbara Channel along the offshore Oak Ridge trend. (A) is an active axIaI surface
mapped in Figure 3.
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Figure 2A: A balanced model of the offshore Oak Ridge Trend. During the Initial stages of slip on the
thrust, sedimentation Is confined to a rift basin opened during Miocene normal fauiting. Only after the
basin is filled and the normai fault passes through the active axial surface (A) does a narrowing
upward kink band, or growth triangle, develop. The dashed box outlines the location of Figure 2B,
which Is a generalized model of a stage in the development of the Blue Bottle structure. Squares and
circles mark axial surfaces mapped in Figure 3.
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o B = Active axial surface
oo = Inactive axial surface
e
Anacapa Islands

Figure 3A: A map of the active (A) and Inactive (A’) axlal surfaces assoclated with the offshore

Oak Ridge trend. In the west, the axial surfaces terminate into a series of left-stepping tear faults,
and to the east offsets in axlal surface (A’) suggest other subsurface tears. The simllar shapes of
(A) and (A") and the orientations of the tear faults suggests obilque ieft-lateral reverse slip (S) on
the underlying thrust directed NE to SW. (L) represents the limb iength of the fold and the minimum
amount of dip slip on the underlying thrust fauit.

¢ m - Active axial surface
=00= Inactive axial surface

Anacapa Islands

Figure 3B: A map of selected axial surfaces of the Blue Bottie trend. Constant spacing of the axial
surfaces across most of the channel suggests that slip on the underlying thrust(s) remains roughly
constant. in the west, the widening of the Biue Bottle trend is caused by foiding of the structure by
the underlying thrust associted with the offshore Oak Ridge Trend. in the east, the back or north limb
of the Bilue Bottle fold terminates into a tear fauit which aiso offsets the Oak Ridge axial surface (A).
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Investigations and Gbjectives

In September of 1990 we launched a pilot study in the Western Lowlands to
better determine if clastic dikes and zones of soft-sediment deformation are
of paleoseismic origin, and to search for other possible evidence of
paleoearthquakes. Of necessity, the project also entails differentiation of
sand dikes, sandblows and other features produced by the great 1811-12 New
Madrid earthquakes. The ultimate aim, however, is to improve knowledge about
earthquake hazards in the Central Mississippi Valley by determining the
approximate timings, locations, magnitudes, and effects of major prehistoric
events.

Results

Two- and three-dimensional excavations at seven main ditch-bank locations
within a 30-km-long area of the Western Lowlands revealed numerous features
interpreted to have been produced by four major earthquakes: three major
prehistoric events and the great 1811-12 New Madrid earthquakes. Subsequent
paragraphs describe initial results at some of the more significant sites
investigated.

1. site Ml

This site extends about 800 m along Dudley Main Ditch and is by far the
most significant site we studied. Here, we identified a complex suite of
inferred paleoearthquake features (fig. 1) including the following: several
tens of mostly west- to north-trending clastic dikes; buried coalesced
sandblows and possible mud-sand and mud volcanoes at three stratigraphic
levels; gentle sinusoidal folds; possible monoclinal drag folds; and abundant
soft-sediment deformation. Relations among these and other features are
presently interpreted to represent three major prehistoric earthquakes large
enough to generate liquefaction (body-wave magnitude at least 5.5-6.0 and
probably 6.0 or greater). Two rad<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>