U.S. DEPARTMENT OF THE INTERIOR
U.S. GEOLOGICAL SURVEY

NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM
ANNUAL PROJECT SUMMARIES: XXXVI

VOLUME I
Prepared by Participants in
NATIONAL EARTHQUAKE HAZARDS REDUCTION PROGRAM

Compiled by

Muriel L. Jacobson



The research results described in the following summaries were submitted by the investigators in
September 1994 and cover the period from October 1993 through October 1, 1994. These reports
include both work performed under contracts administered by the Geological Survey and work by
members of the Geological Survey. The report summaries are grouped into the four major goals of
the National Earthquake Hazards Reduction Program.

Open File Report No. 95-210

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

The data and interpretations in these progress reports may be reevaluated by the investigators upon
completion of the research. Readers who wish to cite findings described herein should confirm their
accuracy with the author.



EARTHQUAKE HAZARDS REDUCTION PROGRAM
CONTENTS - VOLUME I
Goal I - Understanding what happens at the earthquake source

Why and how does a segment of a geologic fault suddenly slip and produce an earthquake? What
physical conditions within the Earth control where and when an earthquake occurs?

AKL o 1
Andrews ... ... e 3
Arabasz . . .. 4
Beroza . ... 7
Boatwright ........... ... ... ... ... 13
Boatwright ....... ... ... ... ... .. ... 17
Bohlen . ... .. 21
Catchings ........ ... . .. .. . 23
Catchings ............... .. .. i 25
Chen ... ... 27
Chester ........ ... . 31
Clayton . ... ... . e 37
CrOSSON . .. .o 42
Delaney ............. 47
Dmowska ......... ... 51
Ebel ... . 58
Ellsworth .. ... ... .. ... . . 64
Forster .. .. ... . . 71
Gomberg . ... 85
Hall . ... . .87
Harris ... ... 89
Hartzell .. ... ... .. . .. 91
Herrmann . ... . ... .. .. . .. .. 95
Herrmann ........... ... .. i 99
Hickman ......... ... ... . ... . .. . . . . ... 101
Hyndman...... ... ... ... ... ... . ... ... .......... 108
Johnson . ... ... .. 122
King, C-Y ... 126
Logan ......... . ... . . 131
Marone .......... ... 134
McMechan ....... ... . 135
McMechan . ......... ... 140
Oppenheimer ........... ... ..., 144
Pollard .. . ... ... .. 149
Powell .. ... ... . 158
Rice ..o 162
Rudnicki ........ ..o 168
Satake ........ ... 172
Sleep ..o 176



Smalley ......... . ... . . i 181
Smith ... ... . 176
Snoke ... .. 189
Teng .. 195
TOKSOZ ... 201
Tullis . ... 208
Tworzydlo . ... ... .. e 216
Williams, C ... ... .. 223

Goal II - Evaluating the potential of future earthquakes

Where are future earthquakes likely? How large will they be? How often will they occur? When
will they occur? Where are future earthquakes unlikely?

Braile ......... ... .. 277
ABNeW . 234
Breckenridge .............. ... ... ... .286
Bucknam ............ ... ... 288
Butler .. ... 290
Campbell .. ... ... 291
Chiu . ... 307
Clark, MM . .. 310
CIONE .. i e e 312
CrOSSON . . ..o 317
Dreger ... .. 319
Endo ... 329
Engdahl . ...... ... . ... .. 331
Galehouse ............ i e 335
Genrich .. ... . e 347
Gephart ... ... .. . 352
Gephart . ....... ... 360
Gladwin . ... . .. 364
GUCCIONE . . ..ottt e e 373
Haeussler .......... ... . ... . 386
Hall ... 389
Harris, J ... 393
Harty ... 399
Hauksson ........... ... .. ... 0 i 401
Healy . ... .. 406
Heaton . ... ...... ... .. . 407
Helmberger ... ... ... . it 414
Hengesh ....... ... ... .. . . . 417
Hildenbrand .......... ... ... ... .. ... . ... . . .. ... 428
Hill .. 432
Hill . 435
Hoffman . ...... ... ... . . . . 437

il



Holt ... .. 440

Howard .......... ... . . . . 446
Hudnut ............ . ... . . . 449
Jachens .. ... ... .. 451
Jachens .. ... .o 454
Jacoby ... . 455
Jacoby .. ... 459
Jensen ... ... 462
Jbson . ... 463
Johnston, MLJ.S. ... . 465
Kanamori ............ ... .. . .. . . 476
Kanamor ............. i 479
Keaton .. ... 481
Kelson ... 483
Kelson ... 486
Klein . ... 489
Kulm ... 493
Lahr .. ... 503
Lajoie ......ccoiiiii 510
Langbein ...........c i 514
Langbein ............ . ... . 522
Lay ..o e 526
Lee o 534
L. oo 536
Lienkaemper . ............ ... ..o i 545
Lisowski .......... o 547
Machette .. ... 557
Madin ... ... 560
Malone ....... ... 561
Mann . ... 564
McCrory ... o 571

iii



Southern California Earthquake Center
Cooperative Agreement 14-08-0001-A0899

Keiiti AKki
Southern California Earthquake Center
University of Southern California
Los Angeles, CA 90089-0740
e-mail: aki@coda.usc.edu

Program Element: Southern California

The Southern California Earthquake Center research program and many of its
intellectual activities are structured around eight disciplinary working groups. These
groups and their leaders are:

A) Master Model Construction (Keiiti Aki, USC)

B) Ground Motion Prediction (Steve Day, San Diego State)

O Earthquake Geology (Kerry Sieh, Caltech)

D) Subsurface Imaging and Tectonics (Robert Clayton, Caltech)
E) Crustal Deformation (Duncan Agnew, UCSD)

F) Seismicity and Source Processes (Egill Hauksson, Caltech)
G) Physics of Earthquakes (Leon Knopoff, UCLA)

H) Engineering Applications (Geoff Martin, USC)

Group A guides development of the master model and integrates the results from
the other seven groups. Group H provides an interface between earth scientists and
geotechnical engineers. The addition of this group to the center following a major grant
from the California Department of Transportation and City and County of Los Angeles has
provided the first links between center scientists, earthquake engineers, and our user
community.

During the 1993 annual meeting, the center agreed on the following tasks for the
1994 research effort:

Task 1: First generation maps of probabilistic seismic hazard analysis for southern
California.

Task 2: Plausible future earthquake scenarios with emphasis on the Los Angeles
Basin.

Task 3: Fundamental studies on seismogenic structures, earthquake dynamics and

recurrence, to develop physical basis for the hazard master model
constructed in Task 1.

Task 4: Intermediate-term earthquake prediction.
Task 5: Real time earthquake information.
Task 6: Response to future earthquakes.

As a major accomplishment in Task 1, we have completed the Phase II report titled
"Seismic Hazards in Southern California: Probable Earthquakes, 1994-2024" and
submitted to the Bulletin of Seismological Society of America. We have responded to the
Northridge earthquake by coordinating post-earthquake research under Task 6. A major
accomplishment in Task 2 in this year was a consensus report on earthquake potentials in

1



the greater Los Angeles Metropolitan area by a group of geologists to be published shortly
in Science. We also recently successfully completed the Los Angeles Region Seismic
Experiment (LARSE) as a part of Task 3. How the multi-disciplinary approach of SCEC is
working this year can be seen in the task-discipline matrix of funding shown below.

*SCEC 1994 Discipline Task Matrix for Science and Northridge Response
(in _thousands)

Group
A B C D E F G Sub-Total
Task 1 158 14 134 28 28 362
Task 2 43 215 108 24 45 32 467
Task 3 173 11 223 447 54 138 83 1,129
Task 4 55 10 36 101
Task 5 3 7 14 57 81
Task 6 35 80 22 132 446 715
Sub-Total 467 320 487 506 273 651 151 2,855

Consistent with the six key tasks developed at SCEC, the education and knowledge
transfer functions of the Center link it with a wide spectrum of audiences and user groups.

The goal of SCEC is to integrate research findings from various disciplines in
earthquake-related science to develop a prototype probabilistic seismic hazard model
(master model) for southern California. During the first three years, we made considerable
progress in developing both methodology and prototype products. The 1992 Landers/Big
Bear earthquakes, early in our second year, helped provide a research focus and accelerate
work toward our goal.

The Phase Il report is, in effect, the center’s first generation master model. It
addresses earthquake source characterization in southern California. The report integrates
information from paleoseismic, GPS-derived geodetic and regional seismicity data to
develop a regional model of earthquake hazard potential. For this purpose, we divided
southern California into 65 source zones, and integrated the above three data sources in
terms of the seismic moment rate which can be evaluated from the three data sources
independently. In fact, the recent Northridge earthquake occurred in a source zone which
ranked at the top 13% of the whole of southern California in the seismic moment rate per
unit area. The zone, in which the Northridge earthquake occurred, had recent seismic
activity (San Fernando in 1971), a high rate of strain accumulation observed by GPS, and
the active faults geology group working for the Phase II report assigned a maximum
magnitude of earthquake in this zone to be 6.7.

The next target in Task 1 is the Phase III report, in which we shall include the
propagation path and local site effects in the probabilistic seismic hazard analysis. We have
organized 5 subgroups responsible for each chapter of the Phase III report, and each
subgroup has already started working.




ELEMENTS 1, 11
Modeling Fault Slip

9960-10296, 9960-12296

D. J. Andrews
Branch of Earthquake Geology and Geophysics
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-5606

Program elements 1.2, I1.4

INVESTIGATIONS

Modeling geologic deformation rates in the San Francisco Bay region

RESULTS

I modified a finite element program in order to calculate models of long-term geologic
deformation in the San Francisco Bay region. Major strike-slip faults can be prescribed in
the finite element mesh as slip surfaces having a small coefficient of friction. The upper
crust is not elastic but is treated as a layer of sand; it has a Coulomb yield condition with
a larger coefficient of friction than do the major faults. Yielding simulates faulting on
unmodeled faults, in particular, dip slip in strike-slip stepovers.

To achieve this objective I modified Jay Melosh’s finite element code, Tecton. I pre-
served the same input and output, so that my modification is accessible to an existing
body of users. I solve for stress equilibrium by explicit iteration rather than by matrix
inversion. The reason for this fundamental change is to be able to introduce nonlinear
rheologies easily.

In the coming year the model will be fit to geologic fault slip rates in the San Francisco
Bay region, and it can provide an interpolation of those rates. Geometric complications
in the strike-slip fault system. such as bends and stepovers, will produce yielding, which
will be interpreted as faulting on subsidiary faults. In this way the geometry of the major
faults will be used to predict locations of blind thrust faulting.

REPORT

D. J. Andrews, 1994, Modeling tectonic deformation with yielding in the upper crust
(abstract): EOS Transactions AGU, vol. 75, p. 681.



Regional Seismic Monitoring Along The Wasatch Front Urban
Corridor And Adjacent Intermountain Seismic Belt

1434-92-A-0966

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 partially supports the operation of the University of Utah's
100-station telemetered regional seismic network. USGS support focuses on the seismically
hazardous Wasatch Front urban corridor of north-central Utah, but also encompasses neighboring
areas of the Intermountain Seismic Belt. Primary products for this USGS support are quarterly
bulletins, periodic earthquake catalogs, and the services of a regional earthquake recording and
information center.

Results (October 1, 1993 - September 30, 1994)

General accomplishments. During the report period, significant efforts related to:
(1) continued fine tuning of data acquisition and analysis software, including local
modifications to autopicking software ("cpick", developed by University of Washington and
U.S. Bureau of Reclamation); (2) continued upgrading of field equipment at stations that have
been operating since the mid-1970's, including the implementation of a new temperature-
compensated solar regulator; (3) implementation of public access to local earthquake
information via Internet, including: (a) the listing of recent earthquakes locations using the
command "finger quake@eqinfo.seis.utah.edu", (b) anonymous ftp access to earthquake
catalogs for the Utah region on the machine ftp.seis.utah.edu, and (c) a local Mosaic server on
the World Wide Web (http://www.seis.utah.edu) including information about the seismograph
network, seismicity maps, and general earthquake information; (4) replacement of local paper
recording of Wood-Anderson records at station DUG by use of USNSN data from DUG to
determine local magnitudes; and (5) extended operation of six temporary telemetered stations
and four portable digital seismographs in and around the source region of a My, 5.9 earthquake
which occurred near the Idaho-Wyoming border in SE Idaho on February 3, 1994, just north of
our region of monitoring responsibility.

Network Seismicity. Figure 1 shows the epicenters of 1,928 earthquakes (M < 4.7)
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 period October 1, 1993 to September 30,1994.
The seismicity sample includes 35 shocks of magnitude 3.0 or greater and 9 felt earthquakes.
The largest earthquake to occur within the Utah region proper during the report period was a
shock of M. 4.7 on September 6, 1994 (03:48 UTC), located 7 miles south of Circleville, in
central Utah. Approximately half of the seismicity detected during the report period was
associated with areas of ongoing coal-mining-related seismicity, located within 60 km radius of
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Price in east-central Utah (820 shocks, 0.9 < M < 3.3).

‘ On February 3, 1994, the My, 5.9 Draney Peak, Idaho, earthquake occurred near the

Idaho-Wyoming border in a "gap" between three regional seismograph networks operated
respectively by the Idaho National Engineering Laboratory, the U.S. Bureau of Reclamation,
and the University of Utah. The University of Utah responded to the earthquake, deploying a
10-station, temporary network to record aftershocks. Supplemental monitoring equipment was
borrowed from IRIS, the University of Memphis, and the U.S. Bureau of Reclamation. During
the five months following the mainshock, over 3200 aftershocks were recorded, including three
with magnitudes greater than 5.0 (Figure 2).

The mainshock had a normal-faulting mechanism and occurred in a region of complex
subsurface geology involving the superposition of basin-range extension upon Cretaceous-
early Tertiary thrustbelt structure. No surface rupture has been observed. Despite proximity to
the active west-dipping Star Valley normal fault, preliminary data appear to restrict the
earthquake sequence to some unknown structure on the hangingwall side of the Star Valley
fault (Figure 2). The mainshock was preceded by foreshocks as large as M; 4.7 and has been
followed by the most energetic aftershock sequence (relative to the size of the mainshock) ever
observed instrumentally in the Intermountain Seismic Belt.

Reports and Publications

Arabasz, W.J. (1994). Idaho-Wyoming Border Area Jolted, EERI Newsletter, 10, no. 3, 7.

Arabasz, W.J., J.C. Pechmann, S.J. Nava, and R.B. Smith (1994). The Magnitude (My,) 5.8-5.9
Earthquake in SE Idaho of February 3, 1994, and Associated Shocks, University of Utah
Seismograph Stations Preliminary Earthquake Report, 5 p.

Nava, S.J., W.J. Arabasz, and J.C. Pechmann (1994). The M 5.9 Draney Peak Idaho (Idaho-
Wyoming border) Earthquake of February 3, 1994—A preliminary report (abstract),
Seismological Society of America, Late Abstracts for the 1994 Meeting, Pasadena.

Pechmann, J.C., W.J. Arabasz, and S.J. Nava (1994). Refined analysis of the 1992 M, 5.8
St. George, Utah, earthquake and its aftershocks (abstract), Seismological Research
Letters 65, 32.

Nava, S.J. (1994). Earthquake Activity in the Utah Region, July 1 - September 30, 1993, Fauit
Line Forum (Utah Geological Survey) 10, no. 1, 8.

Nava, S.J. (1994). Earthquake Activity in the Utah Region, July 1 - September 30, 1993, Fault
Line Forum (Utah Geological Survey) 10, no. 2, 8.

Nava, S.J., W.J. Arabasz, and J.C. Pechmann (1994). The M 5.9 Draney Peak, Idaho
Earthquake of February 3, 1994—A preliminary report, Fault Line Forum (Utah
Geological Survey) 10,no. 1, p. 5-6.

Nava, S.J., (1994). Earthquake Activity in the Utah Region January 1, 1993 - June 30, 1993,
Survey Notes (Utah Geological Survey) 26, no. 2, 3.

Nava, S.J., (1993). Earthquake Activity in the Utah Region January 1, 1993 - June 30, 1993,
Wasatch Front Forum (Utah Geological Survey) 9, no. 3-4, p. 2-3.

Nava, S.J., (1993). Earthquake Activity in the Utah Region, July 1 - December 31, 1992,
Survey Notes (Utah Geological Survey) 26, no. 1, p. 26-27.
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Figure 1. Earthquakes in the Utah Region, October 1, 1993 through September 30, 1994.
Shocks of magnitude 3.0 and larger are plotted as stars, those less than magnitude 3.0 as

circles.
35* 30° 23 20° IS* 10° 3 111°SS" 30" 43
i) i 1 1

ila " pdiabina s ilag
OGrs MAGNITUDES
*IDAHO |WYOMING |

R . OVayan DFr.!\d.- 3 : 00+
s . * 1.0

35° 1 6“0»\--‘ Y : Dn‘"’“ :55.
)Star Valley Fault °
S0 4 * ° - 50° o 3.0

; ° R e s r.:'F [

. R 2 . L] “.0°

ws | - Main Shock NI . . -
OConda ) ~ERYUL, - - ."..n - t O 5. 0e

. r veeh . [ "

o' A * - - 4o

i ” -© Smoot
35° 1 OManson M p 35°
L 2 .
304 ¥ ‘ + 30°
OGeorgetowh ° —
25" 2
BenninqtonO
T T

T A8 B TrvY v T

K ' T
35* 30" 25° 20" 1S 10* S° 111°S53° S0 uS°

Figure 2. Preliminary epicenter map of the February 3, 1994 My, 5.9 Draney Peak, Idaho,
earthquake sequence (circles scaled by magnitude) for the five months following the main
shock. The seismicity appears too shallow to have occurred on a downdip projection of the
active Star Valley normal fault.



Modeling Loma Prieta Strong Ground Motion Using
Interpolated Empirical Green's Functions

Grant Number 1434-93-G-2312

Greg Beroza
Brian Cohee
Department of Geophysics
Stanford University
Stanford, CA 94305-2215
beroza or brian @pangea.stanford.edu

ELEMENT 1.2
Investigations

At high frequency (>1 Hz), theoretical Green's functions are too inaccurate to allow
either recovery of short-wavelength earthquake rupture characteristics or forward-
prediction of high frequency ground motion from a known source. In principle, theoretical
Green's functions can be computed to high frequency using complex 3D models, but in
practice the velocity structure is not known with enough detail to produce an accurate
result. Empirical Green's functions (corrected small earthquake seismograms) include the
high-frequency Earth response, but are difficult to use directly as Green's functions
because they sample the source volume unevenly, have variable mechanisms, and finite
source dimensions.

One method for addressing these difficulties is an interpolation technique that accounts
for known variations in location, mechanism, and magnitude (Spudich and Miller, BSSA,
1990). In this method the site transfer-function is represented as a time-varying response
- with simple dependencies on azimuth and incidence angle.

We find the site response for an incident S-wave and use cross-validation to quantify the
model's ability to predict missing data. If the cross-validation test shows the model can
reliably predict missing seismograms, we can calculate the response of point sources with
arbitrary mechanism and location within the aftershock volume and use the interpolated
Green's functions to study high frequency ground motion during the mainshock.

Results

Loma Prieta Aftershock Data
We apply the method to aftershocks of the 1989 Loma Prieta earthquake recorded at
five strong-motion sites that also recorded the mainshock:

KOI - Corralitos (107 aftershocks)

SAR - Saratoga (73 aftershocks)

GA2 - Gavilan College, Gilroy (27 aftershocks)
DMD - Anderson Dam, Downstream (35 aftershocks)
CAP - Capitola (24 aftershocks).

The station and aftershock locations are shown in Figure 1. The number of aftershocks
available at each station is limited by deployment duration, the low snr of small events,
and the subset occurring on or adjacent to the mainshock fault plane. At each site
seismometers were deployed adjacent to a strong-motion accelerometer. Three
components recorded both ground velocity (L-22D 2-Hz geophone) and acceleration
(FBA-13 accelerometer). We use the smaller (M<4) well-recorded aftershocks, and



bandpass filter the seismograms with corners at 0.2 and 3.0 Hz. The corner frequencies of
these aftershocks should be well above the 3.0 Hz corner, which should minimize source-
finiteness effects. The high-pass corner at 0.2 Hz is used to minimize integration noise.
The band-limited character of the recording instrument also attenuates signal at frequencies
below 1.0 Hz. The data are integrated to displacement, and aligned on the S-wave arrival.

Evaluating Models Using Cross-Validation

We define a good model as one capable of predicting missing data, and use delete-one
cross-validation to quantify this property. The ability to predict missing data is the best
measure of the usefulness of the interpolation method. Using cross-validation, each datum
is removed from the set, the system is solved and a prediction is made from the model for
the absent datum. In our case we delete one seismogram at a time from the data used in the
inversion and measure the misfit between the model prediction and the missing waveform.
When comparing the two vectors model prediction (s) with data (d), we define the misfit:

%

i(di =S )2

i=1

>d+ 35t
i=1 i=1
which varies from 1.4 (anti-correlated) to O (perfect fit).

Green's Function Interpolation
Repeated aftershocks occurring in the same location with the same focal mechanism

(e.g. doublets) produce seismograms that are identical, even at high-frequencies. This
reproducibility underscores the ability of empirical recordings to characterize the Earth's
response to an earthquake source. In practice, aftershocks unevenly sample the fault plane
and have varied mechanisms. Given the aftershock and station coordinates, the fault
mechanism and magnitude, and a layered velocity model, it is possible to correct the
recorded seismogram and theoretically remove these effects. Once this correction is made,
the common features of the seismograms should be evident.

We used an approach developed by Spudich and Miller (BSSA, 1990). Each horizontal
component at each seismic station is treated separately. The S-wave arrival and coda is
windowed and corrected for source mechanism, magnitude and travel-time. In the inverse
problem, a time-varying transfer-function (model) is found having cos6 and cos26
dependencies on azimuth and incidence angle. The description of the transfer-function can
vary; multi-scatterer models include the effect of neighboring heterogeneity, a single-
scatterer model solves for site-response only.

We find that multi-scatterer models have many degrees of freedom and fit the data very
well; however, these models fail to predict data not included in the inversion. In order to
increase the stability, we reduced the model complexity and defined only one scatterer
located at the site. The single-scatterer models are less complex and fit the data
appreciably worse. They also do poorly in the cross-validation test. Example data and
predicted seismograms are shown in Figure 2, and the cross-validation results are
summarized in Figure 3. Thus, the ability of the interpolated seismograms to accurately
predict Green's functions for point sources with arbitrary mechanism and location is
suspect.

We examined residuals to determine why some aftershocks are predicted by the model
and others are not. Errors in the focal mechanism or aftershock locations are examples of
effects that might cause problems in the modeling. We did not find any significant trends
that could be correlated with the aftershock source parameters or their location in the fault
zone. Thus we attempted to isolate the site effects using a different approach.
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Isolating Site Effects Using SVD Reconstruction

To isolate site response from source and path effects, we performed a singular value
decomposition (SVD) of the data seismograms. All recordings for one component at a
station are gathered in a matrix. The row dimension is the number of points in the
seismogram, and the column dimension is the number of aftershocks. After computing the
SVD of this waveform matrix, we use an F-test of significance, or a fixed percentage of the
largest singular value, to retain only the largest singular values in a partial reconstruction of
the original seismograms.

The common features of the data (presumably the site response) are contained in the
largest singular values. These are retained in the reconstruction. Dissimilar properties of
the seismograms are discarded. Using the simplified data, it is possible to predict missing
data and produce a satisfactory cross-validation result using the site-only transfer-function
(see Figures 2 and 3); however, because the data contain only a fraction of the original
aftershock complexity, their utility for modeling the mainshock data is greatly diminished.

Conclusions

The site model fits the data reasonably well, but does a poor job of predicting
missing seismograms in the cross-validation analysis. SVD reconstruction emphasizes the
site-response and suppresses source and path effects, allowing an improved cross-
validation result, but does this at the expense of useful interpolations. Two possible
explanations for these results are that the quantity of data is insufficient to characterize the
site, and uncertainties in the source parameters degrade model resolution. However, our
residual analysis suggests it is more likely that uncorrelated path effects are important, or
that the model is an inadequate representation of the site response. In summary we find i)
cross-validation is a useful tool for testing models, ii) a simple site response model is
inadequate for Green's function interpolation with this data, iii) SVD reconstruction is an
easy method to isolate common effects associated with the site response.

References

Spudich P. and D.P. Miller (1990). Seismic site effects and the spatial interpolation of
earthquake seismograms: results using aftershocks of the 1986 North Palm Springs,
California, earthquake, Bulletin Seismological Society of America, 80, 1504-1532.
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Cohee, B.P., G.C. Beroza and D.A. Dodge (1994). Modeling Loma Prieta strong motion
seismograms with interpolated empirical Green's functions, EOS Transactions AGU,
75.

Cohee, B.P. and G.C. Beroza (1994). A comparison of two methods for earthquake source
inversion using strong-motion seismograms, in Earthquake Source Mechanics,
Annali di Geofisica, Istituto Nazionale di Geofisica, Rome (in press).



© Afenshocks /7, Mainshock Fauit Grid W Colocated Selsmomsters

373

-1222 -121.5

Figure 1. Map (top) and cross-section (bottom) views of the seismometer and aftershock locations.

10



Prediction using complete data
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the largest eigenvalues.
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FRICTIONAL CONSTRAINTS ON CRUSTAL FAULTING
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Objectives

The goal of this project is to devise a 2D numerical method for modelling the
entire seismic cycle that encompasses both dynamic rupture processes and quasi-static
interseismic slip. An ancillary goal is to determine appropriate constitutive laws and
ranges for the constitutive parameters of the model by analyzing the phenomenology
(microseismicity, dynamic slip distributions, aftershocks, and interseismic slip) of crustal
faulting.

Results

Boatwright and Cocco (1995) proposed a comprehensive frictional model for crustal
faulting that uses the state and rate-variable constitutive law. Their faulting model
generally resembles the asperity model proposed by Kanamori (1981), but emphasizes
the coupling of the asperity to the surrounding weak-seismic and compliant fault areas
through the process of rapid afterslip. They test this model using the microseismicity
and geodetic data presented by Oppenheimer et al. (1992), concluding that weak-seismic
zones can inhibit or stop dynamic rupture, that compliant zones can have aftershocks but
not foreshocks or interseismic activity, and that aftershocks can occur on the main shock
rupture area through a reloading process associated with rapid aseismic slip outside the
dynamic rupture area. These “reloaded” aftershocks are evident in Figure 1, which
shows the response of a set of spring sliders to a load with an abrupt onset which
continues to grow for 30 days, tapering to a constant value.

In August, 1994, both Paul Okubo and Massimo Cocco visited Menlo Park for an
extended collaboration. During their visits, we were able to program the dynamic part
of the 2D numerical method. We have incorporated a simple Runge-Kutta solution of
the non-linear constitutive law directly into the boundary integral code of Boatwright
and Quin (1986). The solution of the constitutive law at the vertex of the causality
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cone in the Hamano technique is equivalent to solving the spring slider without inertia:
consequently, the algorithm is unstable for either a state variable law with velocity-
independent friction for steady-state sliding (Dieterich, 1978) or velocity-strengthening
friction (Weeks, 1992) at high slip velocity. To stabilize the Runge-Kutta algorithm,
we simply limit the slip velocity: we intend to thoroughly test this modification for its
dynamic appropriateness.

At the present time, the rupture is initiated on 8 grid points by setting the initial
friction and velocity values for these points equal to those of a spring slider at the
initiation of dynamic failure. The friction drops on these “nucleation” points in ¢t = 5At.
By t = 12At, the rupture begins to extend beyond the nucleation zone, and by ¢t = 30At,
it has accelerated to the Rayleigh-wave speed in the in-plane direction. As the rupture
continues to grow, the interior of the fault continues to slip. In general, this slip
is smooth, but there are some secondary slip accelerations that may result from the
discretization of the rupture front in the numerical solution.
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Figure Captions

Figure 1. Spring slider responses for an abruptly applied and continued load,
reprinted from Boatwright and Cocco (1995). The load rate 7, grows for 30 days,
after which it tapers to a constant value. A = 5.0 bars, L = 1 mm, and k£ = 0.05
bars/mm. The slider velocities are offset by a decade: the thin horizontal lines indicate
the common plate velocity V,i. The curves labelled W refer to the weak-seismic sliders
(B > A) for which B = 5.5 and 5.2 bars. The secondary instabilities for these weak
sliders are the “reloaded” aftershocks. The “weakest” of the compliant sliders (that
is, the B = 4.8 bar slider) exhibits a secondary slip episode, but doesn’t accelerate to
dynamic instability. The B = 4.5 and 4.0 bar compliant sliders show broad pulses of
accelerated afterslip instead of the “reloaded” accelerated slip events of the weak sliders.
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Objectives

This project encompasses the seismological research necessary for calculating
scenario maps of ground motion and damage for large earthquakes that have been
anticipated for the Bay Area. The range of critical research topics includes source
scaling and directivity, near-fault amplification of ground motion, regional propagation
characteristics, site amplification, and the relation of structural damage to ground
shaking.

Results

1. Margheriti, Wennerberg, and Boatwright (1994) analyzed site response in the
South Bay, comparing S-wave and coda techniques. They correlated these results with
the surficial geology, and with the amplification factors determined by Borcherdt and
Glassmoyer (1993) for the set of four rock types (hard and soft rock, alluvium and bay
mud). They conclude that for sites in sedimentary basins, the relative amplifications
obtained from the direct S-waves underestimate the relative amplifications obtained
from the coda waves. In general, the coda samples provide a better estimate of the
relative amplification observed from 20 s recordings of the main shock than do short

windows of the direct S-waves.

2. Boatwright (1994) has developed a source model for mapping seismic hazard that
incorporates source scaling, source finiteness, and directivity. An initial description and
analysis of this model was presented at the ATC-35 talks. A version of this model has
now been used to fit the damage from the 1983 Morgan Hill and 1989 Loma Prieta
earthquakes, in a collaborative work with Jeanne Perkins of ABAG. The Loma Prieta
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damage is best fit using a rupture velocity of 0.853 to the northwest, combined with
an amplification at 75 to 95 km associated with the coherence arrival of waves reflected

from the Moho.

3. Seekins and Boatwright (1994) have transferred their results on the relation of
geology to site amplification in San Francisco into a poster of the City of San Francisco
showing areas of relative seismic risk, by superimposing a simplified (four color) geologic
map onto a high altitude photograph of the city. The poster is being prepared by Stuart
Allen, of Allen Cartography in Medford, Oregon. We are presently negotiating with
BWTR to have this poster published as a Department of Interior Special Publication.

4. Wennerberg (1995) has analyzed aftershock recordings to test Chin and Aki’s
(1991) assertion of "pervasive non-linear effects” in the recordings of the Loma Prieta
earthquake, and concluded that their assertions are unjustified for all but one of
the stations for which he was able to obtain aftershock recordings from co-located
instruments. Figure 1 shows the results of his analysis as corrections to Chin and
Aki’s (1991) inferences of non-linearity.
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Figure Caption

Figure 1. Ratios of estimated peak accelerations to observed peak accelerations.
Solid symbols are from Chin and Aki’s (1991) modeling. Open symbols are estimates
from random vibration theory using spectral ratios obtained from aftershock codas,
and assuming that the site amplification of MON estimated by Chin and Aki was
appropriate. Chin and Aki (1991) overestimate the peak accelerations at station KOI,
SAR, HAL, ASH, and SAL. Only station CAP remains consistent with the interpretation
of significant non-linearity. No aftershock data are available for the rock sites ST20,
ST35, ST38 and ST39: these stations presented for comparison with AP7 and SAL.
ST38 and ST39 are near AP7 and have similar discrepancies between observed peak
acceleration and modeling, indicating that Chin and Aki’s crustal propagation model
gives amplitudes which are too high for these stations. ST20, MON and ST35 are
at hypocentral distances that are roughly comparable to the distance to SAL, but
their back-azimuths differ. The discrepancy at SAL is arguably within the scatter
of discrepancies for these three rock sites.
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Investigations undetaken

The basalt (gabbro)-to-eclogite transition is likely to play a major role in altering the states
of stress near the subducted crust-mantle boundary as a result of the volume change (- 20%) of
the transition. The volume change and the accompanying deformation is likely to generate slab
earthquakes. Experiments are underway to understand the details of the various reactions that
occur during the conversion of gabbro to eclogite and to quantify the kinetics of these reactions
under both wet and dry conditions. The main objective of our work is to better understand the
tectonic and seismic implications of kinetically-controlled metamorphic processes that occur in
subduction zones as they relate to the physics of faulting. Specifically we seek to understand the
kinetics of the conversion of gabbro to eclogite by conducting a series of experiments to elucidate
the kinetics and reaction mechanisms of a few fundamental metamorphic reactions and on gabbros
with a bulk composition approaching MORB.

The relative seismic risk that accompanies slab deformation in subduction zones is well
known, but a heretofore unheralded and potentially very important mechanism for slab
deformation is the volume reduction (- 20%) resulting from the transformation of gabbro to
eclogite. We have proposed that the gabbro-eclogite transformation may play a major role in
altering the states of stress near the subducted crust-mantle boundary and may therefore generate
slab earthquakes.

The locus of the transformation depends on the kinetics of eclogite-forming reactions and
hence the thermal state of the descending slab. Our initial studies of one of the key eclogite-
forming reactions indicates that reaction rates are markedly higher in the presence of free water
than in its absence. This result suggests that eclogite formation may be delayed (kinetically
hindered) in subducting crust until large-scale dehydration occurs. Most igneous petrologists
think that this dehydration occurs at the roots of arc volcanoes where the liberated water causes
melting in the overlying asthenospheric wedge in the range of depths between 85 and 150 km,
most likely related to the dehydration of amphibole. This is the same the same range of depths
wherein a population of earthquakes worldwide have been identified that have focal mechanisms
consistent with stretching deformation from a reduction of volume within the slab.

Results

Work on the kinetics of the reaction of albite to jadeite + quartz has been completed for
both wet and dry conditions. A paper is now being written and should be completed sometime
in the summer. The experimental data document the enormous affect of H20 on the
transformation rate and the reaction mechanism. In terms of a subducting slab, the formation
of jadeitic pyroxene should be kinetically hindered in the absence of H20, but it will proceed
very rapidly should H2O migrate through the rock, a likely scenario given that amphibole
dehydrates even in the absence of vapor at roughly 75-100 km depth.

As a prerequisite for understanding the kinetics of the gabbro to eclogite transition under

H2O-saturated conditions, we have completed the phase diagram for gabbro (MORB) + H20 (See
figure 1). Even though there have been numerous attempts to outline the phase relationships in this
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system, our data are the first reversed data proving the stability of various phase assemblages, and
disproving the stability of phases such as those containing chloritoid and lawsonite that appeared in
the unreversed experimental products of Pawley and Holloway (Science, v. 260, p. 664-667,
1994). The results of our work will be prepared for publication this summer.

Reconnaissance experiments have been performed on a fine-grained gabbro from the lava
lake at Kilauea Iki. The gabbro contains principally olivine, cpx, and plagioclase. The initial
experiments performed at 1000 °C and 20, 25, and 30 Kbar show the incipient formation of
pyroxene within plagioclase grains and the formation of gamet as thin rims around oxide minerals
and at the interface of pyroxene and plagioclase. Such textures mimic those observed in our
products from experiments investigating equilibria 1 and 2. Furthermore, the formation of gamet
and pyroxene is significant because stable phase relationships for the chemically complex system
represented by the gabbro would require the formation of spinel-bearing assemblages from which
the garnet-bearing assemblages would grow at higher pressures. By overstepping the garnet-
forming reactions by 10-15 Kbars, it appears from our very initial results that gabbro converts
directly to eclogite without the formation of assemblages of intermediate density containing spinel.
These experiments imply that in a downgoing slab, the conversion of gabbro or basalt to eclogite
will be kinetically hindered, and the overstepping of the garnet-forming reaction allows the direct
transformation to eclogite with the attendant -20 % reduction in volume. In turn, these findings
have fundamental significance for the sudden increase in the state of stress in the slab that leads to
earthquakes.
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Fig.1 PRELIMINARY PHASE DIAGRAM IN BASALTIC SYSTEM
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Elements I and III
Investigations Undertaken

Our investigations of seismic hazards in the San Francisco Bay region included both
analysis of existing seismic data and acquisition of new seismic data. Explosive-
source seismic data acquired in 1993 were analyzed to determine the velocity
structure and to calculate weak ground motion measurements along the San
Francisco Peninsula and along the Hayward Fault in the East Bay. Analysis of
aftershocks of the 1989 Loma Prieta earthquake was also completed to compare those
ground motion measurements with those from the explosive sources. New seismic
data were acquired in the Los Angeles region following the 1994 Northridge
earthquake in order to make comparisons of ground motion and damage between
the San Francisco region and the Los Angeles region. In the San Francisco Bay area,
new high-resolution (~1m) seismic reflection data that were acquired near the shore
of the San Francisco Bay, along the San Mateo Bridge in search of faulting hazards
associated with the transportation system.

Results

Our results indicate that the velocity structure (geometry of crustal layers and the
Moho) of the San Francisco Peninsula largely controls the distribution of severe
shaking for future earthquakes along the San Francisco Peninsula and for the 1989
Loma Prieta earthquake. Our explosive sources, aftershocks, and the mainshock of
the 1989 Loma Prieta earthquake produce the same pattern of increased shaking in
discrete locations along the San Francisco Peninsula. Synthetic seismograms were
generated with sources located in high-probability zones along the Peninsula, and
these data suggest that the city of San Francisco will be very severely shaken
regardless of the location of the earthquake along the Peninsula and that discrete
locations along the Peninsula will be severely shaken, depending on the location of
the earthquake. The new high-resolution seismic reflection data indicate that
shallow depth faults are present along the western end of the San Mateo bridge, in
the city of Foster City, CA. Earthquakes along these faults may present a particular
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danger to important life lines (transportation, water, etc.) in the San Francisco Bay
area.
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Elements I and III
Investigations Undertaken

Investigations for the New Madrid region in FY 94 consisted of (1) analysis of
existing seismic data to determine the likely extent of strong shaking from future
large-magnitude earthquakes in that region and (2) acquisition of additional seismic
data from other regions for comparison with the New Madrid region. Because
large-magnitude earthquakes have not occurred in the New Madrid region since the
region has been instrumented with modern seismographs, characteristics of wave
propagation, attenuation, and strong shaking from large-magnitude earthquakes are
not well known. These characteristics are, however, largely known for the San
Francisco and Los Angeles regions in California, which have experienced recent
large-magnitude earthquakes. By comparing wave propagation, attenuation, and
strong shaking from the regions that have experienced recent large-magnitude
earthquakes with those characteristics of the New Madrid region, we estimate the
impact of future large-magnitude earthquakes on that region. We determined the
seismic characteristics for each region by measuring seismic waves from explosive
sources for all three regions. The relation between the explosive sources and large-
magnitude earthquakes were determined for the San Francisco and Los Angeles
regions. Seismic data for the Los Angeles region were acquired during 1994

- following the Northridge earthquake.

Results

Our measurements indicate that for an earthquake or explosion of the same size,
seismic waves propagate more than four times greater distances in the Central U. S.
than in the San Francisco region. Preliminary inspection of data from the Los
Angeles region indicates that seismic energy also attenuates much more rapidly
there than in the New Madrid region. These data indicate that the effects of a
damaging earthquake will cover an area at least 16 times greater in size in the New
Madrid region than would a similar earthquake in the San Francisco region. We
expect that shaking can be as severe at 150 km from a New Madrid earthquake
epicenter as within 15 km of the epicenter.
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Program Element 1.2

Investigations Undertaken

This project is designed to develop thermal models to examine the
thermal structure of the Cascadia subduction zone and is aimed at
emphasizing the effect the thermal state may have on coupling of the
subducting Juan de Fuca plate with the overlying North American plate.
The overall objective of this numerical study is to estimate the thermal
regime beneath this convergent margin, thus to contribute a better
understanding of its unusual behavior, particularly the lack of large
shallow thrust earthquakes in this important Pacific Northwest region. We
have developed two-dimensional finite element thermal models for the
Cascadia subduction zone across the central Oregon. The model includes
realistic subducting slab geometry (with varying dip angle) and a thin
layer of elements to examine various properties associated with the
contact between the subducting slab and the overriding plate.

Results

The mesh of the finite element model is shown at the top of Figure 1
which includes the trench at the origin and the Juan de Fuca plate
subducting at an angle of 15° beneath the continental slope and the coast,
and at a steeper angle of 40° beyond 200 km distance east of the
deformation front. The right hand side of the model domain is chosen to be
520 km from the trench and the boundary condition there is a prescribed
thickness of the North American plate corresponding to the depth of the
1325°C.

The predicted flow field and thermal structure from one numerical
experiment is shown in Figures 1b and lc, respectively. It shows a strong
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asthenospheric flow in the wedge of the overriding plate. This secondary
flow was found to be quite important in maintaining the hotter thermal
structure of the overriding plate. One another interesting result is that the
thickness of the subducting slab (in terms of its thermal contours) does not
change much at least down to the 400 km depth. This finding lends
support to the assumption of a uniform temperature at the base of the
subducting slab used in a previous thermal study of the Cascadia forearc
across the Vancouver Island [Hyndman and Wang, 1993].

The temperature at the plate contact is shown in Figure 2 as a function
of the horizontal distance from the trench. The top panel compares the
results for two continental plate thickness of 50 km and 100 km at the
right side of the model domain; the results are not sensitive to this
boundary condition as long as there is a significant asthenospheric flow in
the plate wedge. Our results suggest that frictional heating plays an
important role in elevating the plate interface temperature as shown in
Figure 2b. If stick slip occurs below 350°C then the seismogenic zone has a
width of about 150 km if no significant frictional heating takes place; it is
limited within a narrow zone of less than 60 km from the deformation
front if significant heat is generated by fraction at the plate interface.

We are still in the stage of digesting these preliminary modeling results
and refining our finite element models to calibrate with the seismic studies
across the central Oregon margin [Trehu et al., 1994; Nabelek et al., 1993].
The preliminary modeling results will be reported in the 1994 Fall AGU
Meeting in San Francisco [Ding and Chen, 1994] and the details of our
results and interpretations will be reported later in a JGR paper.
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Fig. 1. Two-dimensional finite element models. (trop) The finite element
mesh of a model domain of 520 by 400 km. (middle) The calculated flow
field shows mantle upwelling at the Juan de Fuca ridge and downwelling at
the subduction zone. Note a strong asthenospheric flow in the wedge of the
overriding plate. (bottom) Model thermal structure is shown in contours

with an interval of 200°C. The plate interface is shown as a dashed line.
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Fig. 2. Predicted plate interface temperatures versus distance from the
trench are shown at the top panel for two different plate thicknesses (50
and 100 km) of the North America plate and at the bottom panel for the
comparison between the case with significant frictional heating and the
case without it.
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Program Element:

I. Understanding the earthquake source.
L.1: Physical properties and mechanical behavior of active crustal fault zones and surroundings.

INVESTIGATIONS

Previous examinations of exhumed faults of the San Andreas system have helped to: 1] define
fault zone properties, relative fault strength, weakening mechanisms, and processes of rupture
initiation, propagation, and localization within the fault; 2] determine the amount of fluids in and
near faults, and the role of fluids in fault zone processes; and 3] provide insight into fault
morphology at depth [e.g., Chester et al., 1993; Evans and Chester, 1994]. However, faults
exhumed to only several kilometers depth have been studied to date. To further our understanding
of the physical and chemical processes of fault weakening and earthquake rupture nucleation and
propagation along the San Andreas fault system, it is critical that fault zones and deformed rocks
from deeper crustal levels well within the seismogenic regime are examined. In this project we
continue our geologic investigations of faults that may represent the most deeply exhumed portions
of the San Andreas system: the Sawpit Canyon fault and the deformed basement rocks of the
Punchbowl fault. This work will allow us to evaluate whether the findings from studies of the San
Andreas fault system at shallower levels and findings from studies of deeper fault exposures from
different tectonic settings are generally applicable to the deeper portions of the San Andreas fault.

The Sawpit Canyon and Punchbowl faults are located in the San Gabriel basement complex of the
San Gabriel Mountains, southern California. In general, the basement complex consists of
Proterozoic, Jurassic, and Cretaceous crystalline rocks and Cretaceous schists cut by numerous
faults of the San Andreas system [e.g., Ehlig, 1981; Powell, 1993; Morton and Matti, 1993]. The
San Gabriel basement complex was a site of high relief throughout the Miocene and significant
uplift has occurred on the northward-dipping Sierra Madre-Cucamonga thrust system since the
Pliocene. Erosion and the desert climate produces excellent exposure of the ancient faults exhumed
to seismogenic depths. The present geologic studies have two primary goals: to define the
petrologic/geochemical characteristics of the fault rocks and to examine the structural/
morphological properties of the fault zone. We also will use subsidiary fault fabric, cross cutting
relations, and kinematic indicators to define movement history for the faults, and conduct a pilot
geochronology study of hydrothermal minerals which formed during faulting to constrain the
history of slip on the faults.
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RESULTS

Total right-lateral separation across the Punchbowl-Nadeau fault system is approximately 44 km
and occurred largely during the latest Miocene and Pliocene. In many places the fault system
consists of a broad zone of brittle deformed rock containing one or more principal fault surfaces.

In the vicinity of the Devil's Punchbowl Los Angeles County Park, the Punchbowl fault (senso
stricto) is defined by a narrow brown gouge layer between the deformed basement and the Pliocene
Punchbowl Formation. Previous work focused on the brown gouge layer and deformation in the

- Punchbow! Formation [Chester and Logan, 1986, 1987].

The Sawpit Canyon fault trends east-northeast joining the Sierra Madre thrust to the southwest and
the North Branch of the San Gabriel fault to the northeast. At the western end two faults exist, the
Clamshell and Sawpit Canyon faults. These have subparallel trends and appear to merge with the
Sierra Madre thrust. There is no consensus regarding the geometry, history of slip, or kinematics
of the Sawpit/Clamshell faults [Ehlig, 1981, pers. comm., 1992; Dillon and Ehlig, 1993; Powell,
1993; Ziony and Jones, 1989].

The FY 1994 project involved three tasks: 1) study of the deformed rock and other principal faults
south of the brown gouge layer in the vicinity of the Devil's Punchbowl County Park by the Saint
Louis University group under the direction of F. Chester, 2) a characterization of the along-strike
variation in structure and style of deformation along the Punchbow! fault system to the southeast of
the Devil's Punchbowl County Park by the Utah State University group under the direction of J.
Evans, and 3) preliminary analysis of structural data and samples collected from the Sawpit
Canyon-Clamshell faults.

Task 1. Two months of field mapping and sample collection in the vicinity of the Devil's
Punchbowl County Park was completed June and July of 1994 by the Saint Louis University
group. Extent of intense brittle deformation, location of principal faults, and igneous and
metamorphic rock contacts were mapped at 1:12000 along the fault system between Pallet Creek
and Holcomb Creek. In this area the deformed zone of basement is generally between 0.5 and 1
km thick. The southern boundary is marked by principal faults oriented subparallel to the brown
gouge layer of the Punchbowl fault. However, the southern boundary faults are neither as well
developed or as continuous as the fault surface marked by the brown gouge. In addition, the
overall structure of the bounding principal faults varies with host rock type. Where contrasting
rock types are juxtaposed, the principal faults are typically a single continuous layer of cataclasite
that marks localized fault slip. Within more homogeneous granitic igneous rock bodies the
principal faults are characterized by many smaller faults distributed over a broad zone. The slice of
basement rock between the southern boundary faults and the brown gouge layer of the Punchbowl
fault to the north displays penetrative but heterogeneous brittle deformation. Some domains are
deformed by dense networks of subsidiary faults and fractures, and in many cases the faults and
fractures are mineralized.

Preliminary structural and petrologic data suggests the principal faults and brittle deformation in the
basement rocks represent earlier and deeper episodes of deformation than that recorded in the
Punchbowl Formation and brown gouge layer of the Punchbowl fault. Chester and Logan [1986]
found only very low-grade alteration products of smectite and clinoptillolite in the brown gouge.

In contrast, rock from within the zone of deformed basement and from the principal faults along
the southern boundary of the deformed basement show higher-grade synfaulting mineral
assemblages of chlorite, biotite, calcite and albite. During the field mapping we collected upwards
of 100 oriented samples along traverses across the deformed zone of basement and across selected
principal faults within the basement for petrographic and geochemical study.
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Subsidiary fault geometries within the basement are consistent with right-lateral strike-slip
movement on the principal faults of the Punchbowl fault system (Figure 1). In total, the subsidiary
faults define a quasi-conjugate geometry of steeply dipping faults. Preferred orientation of B-axes
indicate the faults are primarily strike-slip faults. The preferred orientation of right-lateral faults is
a strike of N27°W and of left-lateral faults is a strike of NO9°E. The bisector of the conjugate set
forms an angle of approximately 60° with the overall N70°W strike of the Punchbowl fault system.
The geometry of faults implies that during deformation and slip along the Punchbow] fault system,
the maximum principal compressive stress was at high angles to the Punchbowl fault. This
angular relation implies the Punchbowl fault was weak similar to the inferred stress state and
strength of the active traces of the San Andreas fault [e.g., Hickman, 1991]. The subsidiary fault
geometry in the deformed basement rock is similar to the quasi-conjugate geometry found for
subsidiary faults in the deformed Punchbowl Formation along the brown gouge layer of the
Punchbowl] fault [Chester & Logan, 1987]. However, the bisector of the conjugate faults in the
Punchbowl Formation is at a larger angle to the Punchbowl fault than observed for the subsidiary
faults in the basement. Because the deformation of the Punchbowl Formation is thought to reflect
the latest stages of deformation associated with the Punchbowl system, the larger angle between
the conjugate bisector and the Punchbowl fault for the Punchbowl Formation relative to the
basement could imply the Punchbowl fault progressively weakened with slip.

Figure 1. Subsidiary fault fabric in the slice
a. normals to all faults b. normals to right-lateral faults of brittle faulted basement between the
northern and southern boundary faults of the
Punchbow] fault system in the Devil's
Punchbowl area. Lower hemisphere, equal
area projection with north at top. Number of
measurements, N, is indicated at the bottom
of each plot. All plots are contoured using
the Kamb method for a contour interval of 2
sigma; concentrations greater than 4 sigma are
considered statistically significant for point
maxima. a) Normals to all subsidiary faults
show that the subsidiary faults strike in all
directions and are generally steeply dipping. b)
Normals to all faults with a right-lateral sense
of separation viewed in the horizontal plane;
preferred orientation (shown) is a vertical
plane striking northwest. c) Normals to all
faults with a left-lateral sense of separation
viewed in the horizontal plane; preferred
orientation (shown) is a vertical plane striking
north northeast. d) B-axes, defined as the
imaginary lines that lie in the fault planes and
is normal to the slip direction, are
preferentially steeply plunging to the
northwest. This preferred orientation indicates
the faults are dominantly strike-slip. The
right- and left-lateral faults define a quasi-
Kamb contour interval = 2.0 sigma  copjygate fault geometry having bisector at

approximately 60° from the plane of the
Punchbowl fault (shown).

N= 407

C. normals to left-lateral faults

lower hemisphere, equal area

Task 2. Two months of field mapping and sample collection along the Punchbowl fault system
between Vincent Gap and Cajon Pass (to the southeast of the Devil's Punchbowl County Park)
was completed July and August of 1994 by the Utah State University group. This work focused
on the Punchbowl fault where it cuts the Pelona Schist, and expands our investigations into
different rock types. We have carried out detailed study along traverses spanning the fault zone
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and typically several hundred meters in length. Measurements were made of small fault density
and orientation, fracture density and orientation, and schistosity and other foliation orientations
near the fault. In addition, over 200 samples for petrographic and geochemical analyses were
collected.

Consistent with findings from other study areas, preliminary results show that the Punchbowl fault
in the Pelona Schist is a relatively narrow zone as defined by changes in foliation orientation and in
fracture and fault density (Figure 2). Data suggests that the majority of fault displacement was
localized to a 10 to 50 m thick zone of shear. Within this zone the slip was further localized to one
or more narrow layers of cataclasite and ultracataclasite. Thus, unlike our previous work on the
North Branch San Gabriel fault, where the principal fault is typically defined by a single layer of
ultracataclasite, the Punchbowl fault within the Pelona Schist contains several distinct layers
recording multiple sites of localized slip. Preliminary analysis suggests subsidiary faulting within
the fault zone is different than that outside the zone (Figure 3). Small faults outside the zone record
right-lateral slip with a component of reverse motion on a set of ordered faults. Subsidiary fault
kinematics is less organized within the fault zone. This could reflect an internal rotation of faults
during progressive shear.
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To extend our studies of the influence of protolith on fault structure, we also investigated the
variation in morphology of the San Andreas fault in granites and granitic gniesses between the
region southeast of Cajon Pass to Big Pines (near Wrightwood). The development of fine-grained
foliated cataclasites appears strongly dependent on the presence of mica-rich gneisses. In regions
where the fault cuts the gneisses, narrow layers of foliated cataclasite dominate the fault zone. In
equigranular granites the fault consists of gouge zones with less obvious layers of cataclasite
recording localized slip. These preliminary results indicate that protolith composition may play a
critical role in the nature of slip localization within the seismogenic regime.

Task 3. Previous mapping of the eastern Sawpit fault (Ehlig, unpublished mapping) and our
investigations suggest that this portion of the fault zone consists of a relatively thick zone of
greenschist facies chlorite-epidote-albite mineral assemblage of mylonitic fault-rocks. In some
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localities there is extensive greenschist facies neomineralization in veins that are spatially associated
with the Sawpit Canyon fault. Later-stage deformation is brittle and involves mineralogic alteration
to clays and laumontite similar to that observed in our studies of the North Branch San Gabriel
fault and adjacent to the San Andreas fault [e.g., Chester et al., 1993]. We find the distinct clay-
lined fault surfaces of both the Sawpit and Clamshell faults and the associated brittle deformation
are well exposed in deeply cut canyons on the southern margin of the San Gabriel Mountains.

Figure 3. Preliminary kinematic analyses of
small faults near the Punchbowl fault, Blue
Cut.

A) Small faults with well defined slip vectors
are rare in the Pelona Schist. Kinematic
analysis of 13 small faults show a set of
right-lateral faults. A quasi-focal mechanism
solution yields a preferred fault plane of
striking east-west with a component of
reverse slip.

B) Small faults within the fault zone show a
more complex pattern. Analysis of 13 small
faults show a wide array of fault orientations
and slip directions. This may reflect internal
rotation in the fault zone, or a complex slip
system within the fault zone to accommodate
shear.

The fault rocks are extremely fine grained and foliated, and cut diabase dikes inferred to be of
Miocene age (Hazelton and Nourse, 1994; Ehlig, pers. comm., 1992). Very limited outcrop-scale
sense of shear indicators suggest left-lateral slip during the earliest stages of mylonitization.
Preliminary field work on the western Sawpit/Clamshell faults revealed numerous small faults
displaying good to excellent slip indicators. In general, the small faults suggest that an early,
epidote-coated set of faults with right-lateral strike-slip motion were cut by later, polished hematitic
surfaces which display a large component of reverse dip-slip movement. Numerous diabase dikes
are exposed in the area, and appear to be cut and locally reoriented by the faults. Based on the fault
rock fabrics and mineralogic assemblage, we believe that the Sawpit Canyon fault may be exhumed
to significantly greater depths than the North Branch San Gabriel fault and well within the
seismogenic regime. However, the faults record several distinct episodes of deformation and
additional work is necessary to define fault history. Some of the preliminary field work and
mapping also suggests that parts of the Sawpit/Clamshell faults have been active in the Quaternary,
perhaps as a result of slip on the frontal thrust. We are carrying out exploratory petrographic
study of samples from the Sawpit Canyon fault in preparation for the field mapping planned for the
summer of 1995.
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INVESTIGATIONS

This Cooperative Agreement provides partial support for the joint USGS-Caltech
Southern California Seismographic Network. The purpose is to record and analyze data
from more than 29,300 local earthquakes from October 1993 to September 1994 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. We also provide rapid response to media and public inquiries about
earthquakes.

For more detailed information about data access, please contact:
Dr. Kate Hutton at (818)-395-6959;
or with E-mail: kate @bombay.gps.caltech.edu.

RESULTS

Network Operation

Southern California Seismographic Network. The SCSN has 250 remote sites (with
330 components) and gathers data from local, regional and teleseismic earthquakes. These
data are used for earthquake hazards reduction as well as for basic scientific research. The
earthquake hazards reduction effort has become more important as moderate-sized
earthquakes continue to occur within densely populated areas in southern California. The
largest damaging earthquake to occur was the (My6.7) Northridge earthquake of 17
January 1994, located 30 km west-northwest of downtown Los Angeles.

The average rate of 15 publications per year over the last 10 years using the network
data illustrates the strength of the ongoing research activities that use the network data.
Continued efforts to improve data quality and accessibility have created the arguably best
regional earthquake data base in the world. The ongoing upgrading of the quality of the
waveforms recorded by the short-period network and the addition of low-gain
seismometers and accelerometers provide numerous new avenues of research. Most
il;_}portant of these is analysis of on-scale waveforms to determine source, path and site
effects.

The USGS operates most of the remote stations in the SCSN. Caltech operates: 1) 24
short period telemetered stations; 2) 17 very broadband TERR Ascope stations; in 1995 we
plan to install 3 more TERRAscope stations. Caltech also maintains drum recorders and
other equipment at the central site located in the Seismological Laboratory at Caltech.
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The SCSN data are recorded by two microVAX-III computers and the data processing
is done on six VAX workstations using a VAX-4000 as a central server. The operation of
this equipment is shared by Caltech and USGS personnel. To avoid duplication, software
development is done in cooperation with the USGS in Menlo Park.

More than 29,300 earthquakes will be entered into the southern California earthquake
catalog for this reporting period. Approximately 5.0-10.0 Mbytes of phase data and 50-75
Gbytes of seismograms will be archived. In addition to the data analysis we carry out
software maintenance, hardware maintenance, and other tasks necessary to complete the
catalog. Caltech and USGS maintain a data base that includes: 1) earthquake catalog
(1932-present); 2) phase data (1932-present); 3) photographic paper seismograms (1930-
1992); and 4) digital seismograms (1977-present). The earthquake catalog (1932-present)
and phase data (1932-present) are available via dial-up and over INTERNET. Other data
are available upon request. This data base has been made available to the DC/SCEC and is
the most voluminous part of the data stored in the DC/SCEC.

Near real-time reporting to USGS in Reston and the Governor's Office of Emergency
Services and other response to any felt or damaging earthquake activity is provided by
network personnel.

The Data Center of the Southern California Earthquake Center. This center has
significantly increased the use of the data from SCSN for scientific research. The mass-
store system, which became operational on 1 October 1991, provides on-line storage for
more than 600 Gbytes of data. The availability of 60 years of catalog, 60 years of phase
data, and 15 years of digital seismograms on both UNIX and VMS computers and on-line
over INTERNET/NSFNET improves the access to the data.

ismi ) - September 1994

The Southern California Seismographic Network (SCSN) recorded approximately
29,300 earthquakes during the 12 months from October 1993 through September 1994, an
average of 2440 per month, making it the second most active reporting period ever (Figure
1). The largest earthquake to occur was the M6.7 Northridge earthquake. In addition to
the Northridge sequence, three earthquakes of 5.0<M<6.0 occurred during the last 12
months. One of these was a Landers aftershock, while one occurred near Eureka Valley
(Figure 1).

The My,6.7 Northridge earthquake occurred on January 17, 1994 beneath the San
Fernando Valley (Figure 2). Two seismicity clusters, located 25 km to the south and 32
km to the north-northwest, preceded the mainshock by 7 days and 16 hours, respectively.
The mainshock hypocenter was relatively deep, at 19 km depth in the lower crust. It had a
thrust faulting focal mechanism with the actual fault plane dipping 35° to the south,
striking N75°W with a rake of 100°. Because the mainshock did not rupture the surface,
its association with surficial geological features remains difficult to resolve. Nonetheless,
its occurrence reemphasized the seismic hazard of concealed faults associated with the
contractional deformation of the Transverse Ranges. The Northridge earthquake is part of
the temporal increase in earthquake activity in the Los Angeles area since 1970.

The mainshock was followed by an energetic aftershock sequence. Eight aftershocks
of M>5.0 and 48 aftershocks of 4<M<S5 occurred between January 17 and September 30,
1994. The aftershocks extend over most of the western San Fernando Valley and Santa
Susana Mountains. They form a diffuse spatial distribution around the mainshock rupture
plane, illuminating a previously unmapped thrust ramp, extending from 7-10 km depth into
the lower crust to a depth of 23 km.

Other regions of high activity are the San Jacinto fault, the most active fault in southern
California, Coso geothermal area, Eureka Valley, and Long Valley. The activity along the
San Jacinto fault extended more than 100 km south of the US Mexico border. The Coso
seismicity has remained at a high level since the 28 June 1992 Landers earthquake. This
high rate of seismicity is anomalous for southern California when compared with the
previous decade (Figure 1).
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Figure 1. Map of epicenters of earthquakes in the southern California region, 1 October
1993 to 30 September 1994.
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Pacific Northwest Seismograph Network Operations
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Geophysics Program
University of Washington
Seattle, WA 98195
(206) 543-8020
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Oct. 1, 1993 - Sept. 30, 1994

Investigations

Operation of the Pacific Northwest Seismograph Network (PNSN) (formerly known as the
Washington Regional Seismograph Network or WRSN) and preliminary analysis of earthquakes in
Washington and Oregon continues under this agreement. Quarterly bulletins which provide opera-
tional details and descriptions of seismic activity in Washington and Oregon are available from
1984 through the third quarter of 1994. Final published catalogs are available from 1970, when
the network began operation, though 1989.

The University of Washington operates 96 stations west of 120 degrees west longitude under
this agreement. This report includes a brief summary of significant seismic activity. Additional
details are included in our Quarterly bulletins.

Information - Emergency Notification and Public Education and Outreach

In addition to monitoring earthquake activity in Washington and much of Oregon, the staff of
the PNSN participates in outreach projects to inform and educate the public about seismicity and
natural hazards. Our outreach includes lab tours, lectures, educational classes and workshops, TV
and radio interviews, field trips, and participation in regional earthquake planning efforts. We
answer from 5-40 questions per day on Pacific Northwest seismicity and seismic hazards, and give
about a half-dozen lab tours or presentations each month for a wide variety of groups, including
elementary through post-graduate students, retirees, science teachers, emergency educators, and
many others. We provide a taped telephone message describing the seismic hazards in Washington
and Oregon and a separate taped message on current seismic activity ((206) 543-7010). Both these
services are heavily used. We provide a one-page information and resource sheet on seismic
hazards in Washington and Oregon that we encourage others to reproduce and further distribute.

For significant local events, our automatic processing includes an alarm that initiates elec-
tronic mail (e-mail) or faxes to local emergency response agencies, operators of adjacent seismo-
graph networks, and the National Earthquake Information Center in Colorado. When the event has
been fully processed, updated final information on it is also faxed or e-mailed.

Locations of recent earthquakes of magnitude 2 or larger can be obtained via modem by dial-
ing (206)685-0889 and logging in as quake with password quake, by sending e-mail to
quake@geophys.washington.edu or via ethernet using the UNIX utility finger
quake@geophys.washington.edu. Summary lists for all earthquakes located by the PNSN since
1969 are available via anonymous ftp on ftp.geophys.washington.edu in the pub/seis_net sub-
directory. In addition, special sub-directories; publ/kfalls and publwoodburn, include locations,
focal mechanisms, and local station lists for the Klamath Falls and Scotts Mills, Oregon earthquake
sequences. This information is also available via the World-Wide-Web (WWW) which provides
text and graphics for anyone connected to the Internet running a version of "Mosaic" (available for
workstations, PC-Windows, and Macintoshes with anonymous ftp at ftp.ncsa.uiuc.edu). Our
WWW server contains text about earthquakes in the Pacific Northwest, maps of stations, catalogs
and maps of recent earthquake activity, and maps and text about recent interesting sequences. It
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also contains links into other sources of earthquake information around the country and world. To
access it use mosaic http://www.geophys.washington.edu.

Seismic trace data are being reformatted to the IRIS-SEED format, and submitted to the IRIS
Data Management Center, where they will be made available over Internet through the IRIS data-
base system. We have also recently acquired a very large (18 gigbyte) on-line storage disk, which
will allow us to store all PNSN digital seismic trace data (since 1980).

Network Operations

A station map and a discussion of recently installed three-component broad-band instrumenta-
tion is included in the summary for agreement 1434-92-G-2195.

This year, we modified both our seismic trace data and pickfile (phase arrival times) formats
(and associated data-processing software). The old formats, in use since 1980, did not allow
broad-band data to be merged into our network data stream. The modifications were developed
and tested in the context of SNAPS (Seismic Network Automated Processing System), a software
package for processing network data that allows automated processing steps to be integrated with
steps controlled by an analyst.

Our new working seismic trace data format (UW-2) allows us to accommodate data of vary-
ing durations, sample rates, start times, and formats; is extensible without affecting existing pro-
cessing programs; and is backward-compatible with our original (UW-1) format. Conversion pro-
grams allow easy conversion between UW-2 and other commonly used trace-data formats such as
AH and SEED. The new UW-2 pickfile format provides full support for three-component stations,
flexibility to represent arbitrary phase types (our old UW-1 format could only represent P and S
phases) such as Pn and PmP, and a number of other advantages, and is also backward compatible.
Interactive viewing of both trace and pickfile data is provided through Xped (X pick editor), an X
window application that allows the user to display trace and pick information, modify picks, run
location programs, and perform other data analysis functions.

In addition to the extensive modifications of data-processing software required by the change
to UW-2 data formats, we are also updating our data acquisition hardware and software. Since
1988, we have used a Concurrent 5600 computer running HAWK software, a derivative of the
CEDAR system developed at Cal Tech by Carl Johnson. Now, in 1994, rapid advances in computer
speed enable us to enhance and streamline data acquisition while lowering our computer costs.
The new data acquisition software is called SUNWORM. It is being developed in cooperation with
the EARTHWORM project at the USGS in Menlo Park, and is currently running in test mode on a
SUN-SparcStation-5 workstation. SUNWORM will replace the HAWK system by the end of 1994.

Seismicity
Figure 1 shows earthquakes of magnitude 2.0 or larger located in Washington and Oregon
during this reporting period. The PNSN processed 8,457 events between Oct. 1, 1993 and Sept.
30, 1994. Of these, 7,588 were earthquakes or blasts within the network (1,701 of which were too
small to locate). The remaining events were regional earthquakes (274) or teleseisms (595).
Within our network area, 5,305 earthquakes were located west of 120.5 degrees west longitude,

(including 383 near Mount St. Helens, which has not erupted since 1986), and 187 east of 120.5
degrees west longitude.

During this reporting period there were 21 earthquakes reported felt west of the Cascades,
and 4 reported felt east of the Cascades. The largest earthquake was magnitude 5.1, and occurred
on December 4, 1993 (22:15 UCT) near Klamath Falls, Oregon. This was the largest aftershock
following a main-shock pair (magnitudes 5.9 and 6.0) on September 21, 1993 (UCT). The
sequence, which had diminished rapidly after the September, 1993 mainshocks, resurged following
the December 4 aftershock. Table 1 gives the number of Klamath Falls earthquakes of magnitude
2.0 or greater in each month since the mainshock. Following the December 4 aftershock, five
additional shocks of magnitude 4 or larger in the Klamath Falls area followed during December
1993 and January 1994, and smaller earthquakes continued throughout this reporting period.
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Articles on the Klamath Falls, Oregon sequence have been published in the USGS publication
Earthquakes and Volcanos (Vol. 24, No. 3, 1993) which can be ordered from: USGS Map Dis-
tribution, Box 25286, Bldg. 810, Denver Federal Center, Denver, CO 80 225.

Table 1: Klamath Falls earth%uakes;
Number per month, magnitude 2.0 or larger
Month Number of events
September, 1993 105
October, 1993 16
November, 1993 12
December, 1993 112
January, 1994 110
February, 1994 11
March, 1994 15
April, 1994 12
ay, 1994 10
June, 1994 6
July, 1994 3
August, 1994 4
September, 1994 1
October, 1994 1

Two other notable felt earthquakes, magnitudes 4.0 and 4.3, occurred within a few days of
one another in June and are apparent in Fig. 1. The earlier event, on June 15 at 8:22 UCT, was a
deep earthquake (about 45 km) west south-west of Bremerton, Washington. It was widely felt
around the south Puget Sound region. Earthquakes of this type (deeper than 30 km and within the
subducting Juan de Fuca plate) are well known, and include the damaging earthquakes of 1949 and
1965 (magnitudes 7.1 and 6.5 respectively). Magnitude 4 or larger earthquakes within the subduct-
ing plate have occurred about every two years, on average, since 1970 (preceeding this event, the
last such earthquakes were in 1989, when two deep events larger than magnitude 4 occurred). The
other earthquake, magnitude 4.3 on June 18th at 07:01 UCT, was located near Skykomish, Wash-
ington with an estimated depth of 6 km, and was followed by 8 aftershocks within the next few
days. This event was unusual because, historically, Skykomish is not known to be the source of
any significant earthquakes, and no other felt earthquakes, nor any larger than magnitude 2.5, have
been located within 10 km of the mainshock since we began locating earthquakes with our regional
network in 1970.

PNSN Quarterly Reports for 1994 have included moment-tensor focal mechanisms for earth-
quakes larger than magnitude 3.5. These have been provided to us by Dr. John Nabelek of Oregon
State University (OSU) under support from USGS NEHRP Grant 1434-93-G-2326. OSU also pro-
vides broad-band data from station COR, which we archive with our trace-data files. The Univer-
sity of Oregon (UO) also provides broad-band data (from stations PIN and DBQO), which is like-
wise archived.
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