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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
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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.
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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.

Reports

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).
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Prediction using complete data
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the largest eigenvalues.
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FRICTIONAL CONSTRAINTS ON CRUSTAL FAULTING
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John Boatwright
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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
e-mail: bob, steve, tony, or ruth@geophys.washington.edu
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.

Reports and Articles

Braunmiller, J., J. Nabelek, B. Leitner, and A.I. Qamar, 1994 (in press), The 1993 Klamath
Falls, Oregon, earthquake sequence: Source mechanisms from regional data, submitted to
Geopys. Res. Lett.

Jonientz-Trisler, C. B. Myers, and J. Power, 1994, Seismic identification of gas-and-ash
explosions at Mount St. Helens: capabilities, limitations, and regional application, in
Proceeding Volume, First International Symposium on Volcanic Ash and Aviation Safety,
T.J. Casedevall, editor, USGS Bulletin 2047.

Ludwin, R.S., A.I. Qamar, S.D. Malone, C. Jonientz-Trisler, R.S. Crosson, R. Benson, and S.
Moran, 1994, Earthquake Hypocenters in Washington and Northern Oregon, 1987-1989
and the Washington Regional Seismograph Network; Operations and Data Processing,
Washington State Dept. of Natural Resources, Information Circular 89, 40 p.

Ludwin, R.S., A.I. Qamar, S.D. Malone, R.S. Crosson, S. Moran, G,C. Thomas, and W.P.
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Steele (in preparation), Earthquake Hypocenters in Washington and Oregon, 1990-1994,
Washington State Dept. of Natural Resources Information Circular

Qamar, A.IL. and K. L. Meagher, 1993, Precisely Locating the Klamath Falls, Oregon, Earth-
quakes, Earthquakes and Volcanos, V. 24, N. 3, pp. 129-139.

Thomas, G.T, and R.S. Crosson, (in preparation), The 25 March 1993 Scotts Mills, Oregon
earthquake and aftershock sequence; spatial distribution, focal mechanisms, and the
Mount Angel Fault Zone, to be submitted to BSSA.

Univ. of Wash. Geophysics Program, 1994, Quarterly Network Reports; 93-D, 94-A,94-B,
and 94-C; Seismicity of Washington and Western Oregon

Wiley, T.J,, D.R. Sherrod, D.K. Keefer, AI. Qamar, RL. Schuster, JW. Dewey, M.A.
Mabey, G. E. Black, and R.E, Wells, 1993, Klamath Falls earthquakes, September 20,
1993 - including the strongest quake ever measured in Oregon, Oregon Geology, Vol. 55,
No. 6, pp. 127-134.

Abstracts

Khazaradze, G. and S.D. Malone, 1994, Determination of local magnitude using Pacific
Northwest Seismic Network Broadband Data. EOS, Vol. 75, Supplement to No. 44, p.
460.

Ludwin, R.S., S.D. Malone, A.I. Qamar, and R.S. Crosson, 1993, Operation of the Washing-
ton Regional Seismograph Network, Seis. Res. Lett., V. 64, No. 3, p. 262.

Malone, S.D., 1994, A review of seismic data access techniques over the Internet, EOS, Vol.
75, Supplement to No. 44, p. 429.

Moran, S.C., and S.D. Malone, 1994, A Seismic refraction profile across the central Washing-
ton Cascades: Preliminary Results, EOS, Vol. 75, Supplement to No. 44, p. 621.

Qamar, AL, and KL. Meagher , 1993, The 1993 Klamath Falls, Oregon Earthquake
Sequence, Special Session, Fall 1993 AGU meeting at-meeting program, p. 219.
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Figure 1. Earthquakes larger than magnitude 2.0 between Oct. 1, 1993 and Sept. 30, 1994. Locations of a few cities
are shown as white-filled diamonds. Earthquakes are indicated by filled circles or squares; circles represent earth-
quakes at depths shallower than 30 km, and squares represent earthquakes at 30 km or deeper. Small "x" symbol
indicate locations of seismometers operated by the PNSN at the end of Sept. 1994. More information on stations
is included in the report on grant 1434-92-G-2195 in this volume.
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Deformation of Hawaiian Volcanic Systems
9980-10128

Paul Delaney

U.S. Geological Survey
2255 North Gemini Drive
Flagstaff, Arizona, 86001
602/556-7270, fax -7169
delaney@aa.wr.usgs.gov

Investigations Undertaken

1.

The era of modern terrestrial geodetic data collection is coming to an end, having begun
in Hawaii during the mid 1950s with the development by Jerry Eaton of water-tube tilt
instruments and the completion of a 3rd-order leveling across east Hawaii. Subsequent
leveling-, ranging-, and tilt-measurement procedures were specific to the staff and
equipment at HVO; they suffer accordingly from a number of peculiarities. Most of
these data have not been critically examined for accuracy and precision, and have not
been interpreted using modern techniques.

The stresses that dilate Kilauea’s rift system are greatly uncertain, as is the thermal
structure that permits its mobility. The state of stress responsible for motions accumu-
lated during the 15 years after the M7.2 earthquake of 1975 was investigated using a
two-dimensional boundary-element technique. The thermal structure was investigated
using a parameterization developed as part of a Geothermal Studies project. An abstract
was submitted to the fall meeting of the American Geophysical Union; a short paper is
in Branch Review and will be sent to the proceedings volume of the World Geothermal
Congress 1995.

The relation between dike injection and seaward motions of the south flank of Kilauea
remains controversial and critical to understanding of the related seismicity. With my
post-doctoral investigator, Michelle Wallace, I reexamined the events leading to and
accompanying the 1983 east-rift-zone dike injection, one of the best recorded such
events. We summarized the observational, seismic, and geodetic data and completed
dislocation analyses of both the June 1982 injection in the southwest rift zone and the
January 1983 injection in the east rift. A paper is in review at Journal of Geophysical
Research.

I examined the methods used to calculate volumes of accumulation in, or withdrawal
from, magma reservoirs. I applied results to geodetic data collected during 1960 col-
lapse of Kilauea volcano, the largest since 1924. A paper is in press at Bulletin of
Volcanology.
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Results

1. I delved into the water-tube and spirit-level tilt data collected by HVO since about
1958. Two results emerge. The first is that all stations tilt more-or-less perpendicular to
nearby structures, be they faults in the Hilina or Koae systems, the rift zones, or the
summit magma reservoir. This result shouldn’t be surprising, but has not, to my knowl-
edge, been documented. Second, tilts were everywhere directed away from the summit
and rift zones of Kilauea prior to the M7.2 earathquake of 1975 and have been directed
toward them ever since. This result is consistent with level data and emphasizes the
difference between the present pattern of motion and that taking place prior to that
earthquake.

2. The primary active structures of young Hawaiian volcanoes are rifts and low-angle
fault systems at the base of the volcanic pile at depths that increase from 8-9 km to
12-13 km toward the island center beneath Mauna Loa. Using the boundary-element
method, I modeled these structures as a near-vertical dilatant crack and a near-
horizontal slipping crack. Some have argued, myself included, that rift-zone dilation
pushes the south flank of Kilauea seaward. Others suggest that ongoing gravitational
instability of the edifice produces a relative tension across the rift system which is
relieved by magma accumulation there. In the crack model, ambient stresses are as-
sumed to be lithostatic; the low-angle fault is frictional and sensitive to pore pressure.
A load attributable to the increased density of magmatic cumulates along the rift system
is applied to the dilatant crack. This density contrast, 150 kg/m3, 1s consistent with
gravimetric and aeromagnetic interpretations. This loading alone, however, cannot ac-
count for the observed motions of Kilauea, no matter how slippery the fault and no
matter what the vertical extent of the rift system. I then added a fault traction estimated
from the critical-wedge approximations for basal and surface slopes of 2° and 7°, re-
spectively, of the volcanic edifice. Adjusting the pore pressure to 80% of lithostatic,
fault slip extends from the rift system seaward for about 30 km. The displacements are
consistent with the subsidence and extension of the summit (more than 1.5 m and 2.25
m, respectively) and the uplift of the south flank (more than 0.5 m). The displacements,
however, cannot be matched if the only loading is the critical-wedge traction.

Geothermal exploration along the lower east rift zone is providing important data re-
lated to the mobility of this distal subaerial section of Kilauea’s rift system. A simple
heat-transfer model shows that the hydrothermal reservoir can be maintained at tem-
peratures of ~300°C by magmatic replenishment at a rate consistent with the ongoing
extension and the rate of dike intrusion and eruption over the past 1500 years, less than
2 cm/yr.

2. The east-rift-zone dike injection of 1983 followed a year of heightened earthquake ac-
tivity, as measured by both the persistent seismicity beneath the south flank and the
frequency and duration of the rift-zone swarms that accompany magma migration. At
the same time, extension of Kilauea summit accelerated to 35 cm/yr; this rate is a good
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estimate of the seaward migration of the south flank. The June 1982 earthquake swarm
is well modeled with geodetic data to solve for a dislocation extending along 15 km of
the southwest rift zone from 2-3-km to 10—11-km depth and opening about 1 m. The
dislocation coincides with the earthquake locations. More complex models, with sourc-
es to account for summit subsidence and south-flank fault slip, were more successful in
the sense that estimated station motions were more consistently directed seaward. The
January 1983 dike injection in the east rift zone is modeled with an opening dislocation
that coincides with the seismicity and eruptive fissures. We find that the geodetic data
support the presence of a magma reservoir beneath Makaopuhi, where the seismic ac-
tivity initiated. Deflation at Makaopuhi, therefore, was caused by the magma with-
drawal that fed dike propagation. As more elements are added to models the amount of
estimated opening of the rift-zone dikes decreases. Geodetic data sets that allow de-
velopment of dislocation-source models for the June 1982 and January 1983 dike
intrusions suffer from extremely narrow network apertures. There is substantial cova-
riance, for instance, among opening displacement, depth, and dip of the dikes.
Moreover, we show that the data lack resolving power, and so sources of motion other
than or in addition to the rift-zone dikes are difficult to identify. Arguments to the
contrary notwithstanding, these data are incapable of uniquely determining the relation
between rift-zone dike intrusions and south flank migration.

3. There exists a widespread misconception in volcanology that the volume of ground-
surface uplift or subsidence equals the volume of magma accumulation or withdrawal
in the underlying reservoir. We show that for the most commonly used model, the Mogi
model, the uplift volume is 50% greater than the accumulation volume for the most
commonly used value of Poisson’s ratio. We also show that there is no general factor
relating these volumes; the uplift volume above a vertical dislocation, for instance, is
25% less than the accumulation volume. Finally, we demonstrate that unambiguous
identification of the appropriate magma-reservoir model is problematic and conclude
that volumes of magma transfer estimated from geodetic data are much more poorly
constrained than has been supposed. For the 1960 collapse of Kilauea, estimates that
account for the data equally well vary by a factor of three.

Reports Published

Delaney, P.T., and D.F. McTigue, in press, Volume of magma accumulation or withdrawal
estimated from surface uplift or subsidence, with application to the 1960 collapse of
Kilauea volcano: Bulletin of Volcanology, 19 ms pages, 2 tables, 4 figures.

Wallace, M.H., and P.T. Delaney, submitted, Deformation of Kilauea volcano during 1982

and 1983: a transition period: Journal of Geophysical Research, 35 ms pages, 8 tables,
15 figures.
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Wallace, M.H., and P.T. Delaney, 1994, Rift zone and south flank motions of Kilauea

volcano during 1982: Geological Society of America Abstracts with Programs, v. 26, p.
A-220.

Delaney, P.T., M.H. Wallace, and A.M. Rubin, 1994, Origin of coincident subsidence and
extension of Kilauea summit and uplift of its south flank since 1976: Transactions of
the American Geophysical Union, v. 75, p. 712.

Wallace, M.H., P.T. Delaney, and C.A. Williams, 1994, A critical wedge model of the
south flank of Kilauea volcano: Transactions of the American Geophysical Union, v.
75, p. 718.

Delaney, P.T., J.H. Sass, W.A. Duffield, and J.P. Kauahikaua, in review, Characteristic
temperatures and response times of geothermal systems, with an example from
Kilauea, Hawaii: Proceedings World Geothermal Conference 1995, 16 ms pages, 5
figures.
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Integrated Approach to Earthquake Hazard Assessment of a Subduction Segment:
A Case Study of the Shumagin Islands Region, Alaska (grant 1434-93-G-2325)

Renata Dmowska and James R. Rice (PI)
Division of Applied Sciences and Department of Earth and Planetary Sciences,
Harvard University, Cambridge, MA 02138
(617) 495-3452 dmowska@geophysics.harvard.edu, (617) 495-3445 rice@esag.harvard.edu
Program element:

Investigations:

An integrated approach is being used to understand the seismic potential of the Shumagin
Islands, Alaska, subduction. It consists of using: (1) seismicity data to understand the maturity of
the segment by analysis of outer-rise and intermediate-depth seismicity, as it depends on time in the
cycle, and to predict the areas of highest slip in future earthquakes; (2) seismicity in the thrust
contact zone to anticipate the coming earthquake if an accelerated seismic moment release is
observed; (3) local seismicity data to understand the local geometry of the descending slab and to
constrain the geometry for finite element modeling; (4) 2D finite element modeling to investigate
the strain and deformation changes during the earthquake cycle and compare them with geodetic
strain, tilt and vertical displacement observations if available; (5) 3D extensions of the modeling to
specifically address geodetic and seismicity implications of non-uniform locking along the thrust
interface, having the form of most severe inhibition of slip in regions that will manifest themselves
as “asperities” in the pattern of seismic moment release in a future ruptures.

Results:

The most recent results are directed to improving our 2D modeling to fit newly available
geodetic data for the Shumagins (Larson and Lisowski, Geophys. Res. Lert., 1994) consisting of
GPS 1987, 1989 and 1991 surveys, and their integration with the EDM data (Lisowski et al., J.
Geophys. Res., 1988) for 1981-1987. We also continue to analyze our 3D generic model of a
subduction segment with asperities, to better understand the influence of asperities on deformation
of the upper plate, stress channeling effects on nearby seismicity, etc.; ultimately we hope to
develop a family of 3D asperity(ies) models, tailored to the Shumagins segment, which are
consistent with along-strike variations of seismicity and geodetic measurements.

The Shumagin Islands subduction segment has been identified as a seismic gap between the
1938 earthquake to the east (M, = 8.2) and the 1946 earthquake (M = 7.3) to the west (Kelleher,
J. Geophys. Res., 1970; Davies et al., ibid, 1981). Previous large or great earthquakes which
ruptured that part include 22 July 1788, 16 April 1847 (see, e.g. Estabrook et al., ibid, 1994),
and the most recent one of 31 May 1917 (M =7.4, Estabrook and Boyd, Bull. Seism. Soc. Amer.,
1989). Based on these events the average repeat time is 65+10 years (Nishenko, Pure Appl.
Geophys., 1991). The accumulated seismic moment release rate of shallow (0-50 km depth)
earthquakes in this area increases markedly, and much faster than linearly with time, since
approximately 1980, as we show in figure 1 (Dmowska, Spring 93 AGU special session on the
M = 6.9 event of May 13, 1993). Also, we find (figure 2) a cessation since 1977 of the
previously abundant, generally tensional, outer-rise seismicity, which we interpret as a sign of
significant coupling, leading to a decrease of tensional stresses there as the seismic cycle matures.
Both these signs suggest maturity of this segment.
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However, the strain measurements available there seemed, as first reported based on EDM for
1980-87, to not show any significant strain accumulation, suggesting that aseismic slip is
occurring (Lisowski et al., J. Geophys. Res., 1988). Subsequent GPS for 1987-1991 data
(Larson and Lisowski, Geophys. Res. Lett., 1994) showed, when combined with EDM data, a
somewhat stronger indication of strain accumulation, with trench-perpendicular compression rate
of 0.02610.012 pstrain/yr averaged over the network. Our previous modeling had been directed
to trying to rationalize the (Lisowski et al., 1988) inference of a strain rate reported, from the EDM
data, as 0.00 £ 0.03 pstrain/yr, and now we seek models which are consistent with the new
interpretation of the strain measurements and also with the more detailed structure of the variation
in trench-perpendicular velocity component within the network, as reported by Larson and
Lisowski (1994). The uplift data and tilt data (Beavan, USGS Open-file Rept. 92-258, 1992) do
suggest observable variation which might be related to a seismically coupled subduction zone.
With these observations in mind we have been addressing the following question: Given the
seismic and geodetic constraints, can we judge if the Shumagin segment is seismically coupled or
not, and what magnitude earthquake might be expected in the future there, if at all?

The basic 2D finite element model has been described previously; figure 3 shows the coupled
part of the thrust zone (heavy line); either free-slip or flow with a short relaxation time are allowed
along the fault updip and in the two elements immediately down-dip from it. Slip is imposed along
the heavy line by the standard sawtooth history, using a superposition into steady and cyclic
response described by Dmowska et al.(J. Geophys. Res., 1988); we deal only with the cyclic
variations of deformation and stress here and, for that purpose, we assume that a fraction o of the
incoming plate motion is seismically coupled, so that the amplitude of the sawtooth variation in
imposed slip, for calculation of the cyclic response, is 0V pjaeTcycle: The interface has been
chosen based on seismicity locations (Beavan et al., J. Geophys. Res.1984; Hauksson, ibid,
1985), but modest variations in interface position near the bend can cause significant changes in
surface deformation predictions. The model shown evolved in an attempt to rationalize the pre-
GPS deformation data, and that work must be repeated in light of the newer data. The mantle and,
especially, mantle wedge are made viscoelastic. Previously, to keep strains low in the region of
the network, and also to fit a possibly too large estimate of relative uplift between stations (see
footnote 3 of the Table), we had considered mantle relaxation times as short as Tgycje/12. It now
appears that longer relaxation times, of order Ty j¢/3, may be acceptable.

IfM,=17x 107 dyne cm (Estabrook and Boyd, 1992) for the 1917 event is used, based

on shear modulus p = 3.0 * 10" dyne/cm2, average recurrence time Teycle = 70 years (which
would mean the region is overdue), relative convergent rate Vpy. = 64 mm/yr and a rupture area
85 to 90 km long, combined with the 97.6 km is the downdip width in our model, we get a seismic
coupling factor a = 0.15. Estabrook and Boyd (1992) suggested a rupture length 75 km and
down dip width of 100 km, which results in o = 0.17. The distribution of coupling factor with
depth could be variable; seismic observations suggest that the lower part of the coupled zone is the
dominant area. This kind of variation can be described by assigning various seismic coupling
factors. The ratio was fixed as 1: 1.5 : 2 for the upper part, bend and lower part of the locked
zone in the modeling results shown, but we will be reviewing such distribution in light of the more
recent data. :

Results for area-averaged seismic coupling factors a = 0.15 and 0.20 are shown in the Table;
the latter, o = 0.20, gives a very good account of the data. The assumption of zero seismic
coupling could not fit the data. Thus, we have a tentative interpretation of the seismic data which is
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consistent with our inferences from seismicity (figures 1 and 2) that this region is strongly coupled
and is likely to produce a future event comparable to the 1917 earthquake.

Figure 4 shows a comparison, for the case of relaxation time Tre = Teyclef3, of the horizontal
velocity distribution predicted by the model and the newly available (Larson and Lisowski, 1994)
trench-perpendicular velocity data. We will be trying alterations of the coupling factor distribution
and interface geometry near the bend to achieve a better description of that data.

Reports:

Dmowska R., "Interplate coupling and trench-outer-rise earthquakes" (abstract), SUBCON, An
Interdisciplinary Conference on the Subduction Process, Catalina Island, California, June 12-
17, 1994.

Dmowska, R., G. Zheng and J. R. Rice, "Rheological and Tectonic Controls on Stressing History
and Seismicity in the Outer-rise During the Earthquake Cycle: Oaxaca 1978, Mexico, Segment"
(abstract), EOS Trans. Amer. Geophys. Union, 75, no. 44, Fall Meeting Supplement, 1994, p.
449,

Dmowska, R., G. Zheng and J. R. Rice, "Earthquake cycles in a subduction segment with a row
of asperities” (abstract), EOS, Trans. Am. Geophys. Un., 74, N. 43, supplement, p. 91, 1993.

Zheng, G., R. Dmowska and J. R. Rice, "Deformation during the earthquake cycle in an oblique
subduction segment with asperities" (abstract), EOS, Trans. Am. Geophys. Un., 74, N. 43,
supplement, p. 91, 1993,

SM Spbp

Figure 3. Finite-element mesh, and network for deformation data. (Figures 1 and 2 appear later).
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Tre=Teycle/6

Deformation Parameter Model Predictions Observations
o=0.15 o =0.20 _
Strain (strain/yr)1981-1991 ~0.0184 ~0.0245 — 002620012
Averaged over network!
Tilt (urad/yr) 1981-1991
Inner Shumagins?2 0.0718 0.0957 0.10£0.05
Outer Shumagins2 -0.0677 —-0.0903 -0.1140.07
Uplift (mm/yr)
SIM relative to SDP 1976-19913 -2.69 -3.58 - 40%10
SIM relative to SDP 1985-19913 -2.69 -3.58 - 18%12
SDP absolute 1970-1990% - 185 —2.46 ~22%14
Tre=Tcycle/3
Deformation Parameter Model Predictions Observations
a=0.15 a=0.20
Strain (strain/yr)1981-1991 ~0.0192 200256 | —0.026£0012
Averaged over network!
Tilt (urad/yr) 1981-1991
Inner Shumagins?2 0.0646 0.0861 0.10+0.05
Outer Shumagins?2 -0.0677 —-0.0903 —0.11+0.07
Uplift (mm/yr)
SIM relative to SDP 1976-19913 ~221 -294 — 40%10
SIM relative to SDP 1985-19913 -2.21 -2.94 — 1.8+12
SDP absolute 1970-1990% ~1.67 -2.23 - 2214

Notes:

1. Larson & Lisowski (Geophys. Res. Lett., 1994), combining results of GPS survey for 1987-
1991 and earlier (Lisowski et al., J. Geophys. Res., 1988) EDM survey for 1980-1987.

2. Beavan (USGS Open-file Rept. 92-258, 1992), tilt measurement, for 1981-1991 .

3. Beavan (op cit, 1992), based on sea level data: if the 1976-91 differential sea level data are
interpreted as constant tilt rate, then SIM appears to be subsiding relative to SDP at 4+1 mm/yr;
if however the fit is made only to higher quality post-1985 data, then SIM is subsiding relative

to SDP at 1.8+1.2 mm/yr.

4. Savage and Plafker (J. Geophys. Res., 1991), based on sea level change (1970-1990), adjusted
to account for postglacial rebound rate and eustatic rate.

Table: Summary of models, assuming different relaxation times Tre = Tcycle/6
and Tcycle/3, and different seismic coupling factors o =0.15 and 0.20
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Figure 1. Accelerated moment release in the Shumagins area.
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30 Years of Seismicity in Shumagins Region, 1963 to 1992
( Depths < 50 km ; Small symbols: 5.0 < myp < 54 ; Large symbols: mp> 5.5 )
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The New England Seismic Network
Award Number 1434-92-A-0972

John E. Ebel
Weston Observatory
Department of Geology and Geophysics
Boston College
Weston, MA 02193
(617) 552-8300
Fax: (617) 552-8388
EBEL@BCVMS BCEDU

Program Element: Seismic Network Operations

Investigations

The operation of a regional seismic network to monitor earthquake
activity in New England and vicinity is supported under this project. The
purpose of this earthquake monitoring is to compile a complete database of
earthquake activity in New England to as low a magnitude as possible in
order to understand the causes of the earthquakes in the region, to assess
the potential for future damaging earthquakes, and to better constrain the
patterns of strong ground motions from earthquakes in the region. The
New England Seismic Network (NESN) is cooperatively operated by Weston
Observatory of Boston College and the Earth Resources Laboratory of the
Massachusetts Institute of Technology (MIT).

Network Status

On October 1, 1993 the U.S. Nuclear Regulatory Commission
terminated the analog telephone for the stations of the NESN, reducing the
Weston Observatory network to the station at Weston Observatory plus
remote stations with PC recording systems at Milo, Maine and Gaza, New
Hampshire. In August of 1993 Boston College received a $300,000 grant
from the Federal Emergency Management Agency to purchase and
fabricate equipment for 15 new seismic stations. Each of these new
stations, to be operated jointly by Weston Observatory and by MIT, is to be
comprised of a three-component set of broad-band sensors (peak
sensitivity in the 30 sec to .03 sec period range), a 16-bit A/D system, a PC
capable of recording both individually triggered events and 7-days
continuous data, and a modem for dial-up telephone telemetry to the
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central recording sites (Weston Observatory and the Earth Resources
Laboratory at MIT). Initial equipment orders were placed in September
and October, 1994. It was decided to purchase the station digitizing
systems from Nanometrics, Inc., the recording computers from IBM, and
the seismic sensors from Guralp, Ltd.

Installation of the new stations has been delayed due to hardware
delivery delays, software bugs in the data acquisition and transmission
software, and thorough testing of the new systems. Shortages in the
inventories of the first computers which were ordered left the initial
orders unfilled for several months. Some initial problems with the
communications software were fixed by the manufacturer, as were some
other minor bugs in earlier versions of the acquisition software. The first
seismometers were about two months late in being delivered. These were
then shipped to the data acquisition manufacturer to test compatibility
with their hardware and to perform initial calibrations. Due to the long-
period part of the instrument response, the instruments needed a long
time period (several weeks) to settle down before they could be calibrated.

The first data acquisition system was installed at Weston
Observatory for testing in the spring of 1994. Because the Guralp
seismometers were not yet available, the acquisition equipment was
connected to a vertical-component, 1-Hz HS-10 velocity transducer
geophone. After a few months of testing and debugging, this first station
was installed at Milo, Maine in July, 1994. It operated well for about 2
months, collecting the signals from several earthquakes. The station went
down briefly in September, 1994, necessitating a trip to the station for
repairs. Overall, the equipment has operated very well, providing reliable,
high-quality data. At the time of the writing of this report, equipment for
a second new station at Gaza, New Hampshire has been assembled and
prepared for installation, and preparations for the installation of a new
station at Hanover, New Hampshire have begun.

In addition to the Weston Observatory NESN stations, MIT continues
to operate 5 analog seismic stations in New Hampshire and Massachusetts.
These stations provide important data for locating earthquakes centered
within New England. Also, there are now 4 USNSN stations operating in
New England. A USNSN satellite receiver is installed atop Weston
Observatory, and in some preliminary tests USNSN data have been
successfully received via from the USGS at Golden, Colorado. The present
plans are to develop software to receive at Weston Observatory satellite
transmissions of the triggered waveform data from the 4 New England
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USNSN stations. However, the software for receiving and storing these
data will not be ready before 1995.

Weston Observatory has begun routinely requesting local earthquake
data from the USGS via the USNSN AUTODRM system. This has proven to
be a very speedy and satisfactory way to procure USNSN waveforms of
local and regional earthquakes. The USNSN stations are viewed as one
important component of regional seismic network monitoring in New
England and vicinity.

Weston Observatory and MIT continue to archive independently the
waveform data for the seismic stations which they are operating. Each
institution has the capability to convert these waveforms to SAC format for
external distribution, and ftp accounts are available at each institution for
easy external access to the waveforms as well as the event location data.
For the Weston Observatory data, both location files (with .XX extensions)
and station waveforms in SAC format (the file name prefixes are the date,
day of year and time of the record and the extension is the station name),
one connects via ftp to BCINFO.BC.EDU, username: ANONYMOUS, password:
GUEST. The files are in a subdirectory named [FTP.EBEL].

Seismicity

Figure 1 shows the local and regional earthquakes recorded by the
NESN seismic stations of Weston Observatory from October 1, 1993 to
September 30, 1994. A total of 26 local earthquakes from New England
and vicinity with magnitudes from 2.0 to 4.6 were detected and located by
the network, nine of which were felt. In addition to these events, a
number of microearthquakes and suspected events, too small to be located,
were detected by the network. Several significant earthquakes during this
time period, including several earthquakes above magnitude 4.0. The
largest earthquake detected was a mpLg=4.6 earthquake centered near
Reading, PA. This event, combined with a myg=4.2 aftershock, caused
some minor damage in the epicentral area. These earthquakes occurred at
the edge of a recently abandoned quarry, leading to some speculation that
water infilling the quarry pit could have induced these earthquakes. Other
earthquakes above magnitude 4.0 occurred in the Charlevoix seismic zone
on September 25, 1994 (mpLg=4.3), near Montreal on November 11, 1993
(mpLg=4.4), and in the aftershock zone of the 1982 Miramichi, New
Brunswick earthquakes on July 14, 1994 (mpLg=4.1). The former was felt
in the Charlevoix area, while the latter was felt in New Brunswick and at
Presque Isle, Maine. A swarm of at least 11 earthquakes, ranging in
magnitude up to mpLg=3.8, were centered near Springfield, Maine_between
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September 16 and September 22, 1994. Several of these earthquakes
were felt by persons in the towns near the epicenters. In addition to these
felt earthquakes, an intriguing event took place east of Cape Ann,
Massachusetts on June 14, 1994. While only mypg=2.5, this event is of
interest because of it may be an indicator of the source region of the strong
earthquake of 1755. The 1755 event, estimated to have been about
mprLg=6, is thought to have been centered somewhere east of Cape Ann.

Publications

Ebel, J.E., Bollinger, G.A., and Herrmann, R.B., Historic and Recent Seismicity,

Chapter 2 in Earthquake Hazard Assessment in the Central and Eastern
United States, in press, 1994.

Klotz, L.H. and J.E. Ebel, Earthquakes in the Eastern U.S.: How Vulnerable

are We?, Proceedings of the First Annual Congress on Natural Disaster Loss
Reduction, Boston, MA, June 17, 1994, in press, 1994.

Zhu, H. and J.E. Ebel, Tomographic inversion for the seismic velocity
structure beneath northern New England using seismic refraction data, J.
Geophys. Res., 99, 15,331-15,357, 1994.

Abstracts

Ebel, J., Analysis of Spectral Attenuation Functions in New England for
Seismic Hazard Analyses, EOS, Trans. Amer. Geophys. U., vol. 75, No. 44, p.
450, Supplement, 1994.

Ebel, J.LE., A Reexamination of the Seventeenth Century Earthquakes in
Northeastern North America, Seism. Res. Lett., vol. 65, in press, 1994.

Ebel, J.LE. and R. Hon, The Upper Mantle Boundary Between Grenville and
Avalon in New England: Seismic Evidence and Petrologic Implications,
Seism. Res. Lett., vol. 65, p. 16, 1994.

Ebel, J., Focal Depth Constraint of New England Earthquakes from Regional
Seismic Network Seismograms, EOS, Trans. Amer. Geophys. U., vol. 74, No.
43, p. 401, Supplement, 1993.

Feng, Q. and J.E. Ebel, Determination of Rupture Duration and Stress Drop
for Earthquakes in New England, Seism. Res. Lett., vol. 64, p. 259, 1993.
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Figure 1. Seismicity recorded by the New England Seismic Network
stations of Weston Observatory of Boston College from October 1, 1993 to
September 30, 1994.
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Investigations
1. Earthquake nucleation.
2. Characteristic earthquakes.

3. Real-time earthquake notification system (Earthworm) for the San Francisco Bay Area.

Results

1. When an earthquake occurs, a fault accelerates from a locked state to one where slip
occurs at speeds of up to several m/s and propagates along the fault at a rupture velocity
of several km/s. The onset of rupture, as revealed by seismic waves, has generally been
interpreted as consistent with self-similar solutions for crack growth, in which the rate of
moment release grows as the square of the elapsed time. We have compiled an exten-
sive set of broadband, on-scale, near-field observations of earthquakes from a wide range
of tectonic environments that span the magnitude range 1 to 8. We analyze these data
by deconvolving complete Green’s functions from the P-wave seismograms to determine

the moment-rate function.

In all events examined we find that rupture initiates with a distinct phase of slow growth

in the moment rate. We term this initial phase the seismic nucleation phase, and

the

phase of quadratic growth, the breakout phase. The properties of the seismic nucleation
phase vary somewhat, in some cases returning to zero before the breakout phase and in
other cases smoothly accelerating into the breakout phase. In some cases the seismic
nucleation phase has been interpreted as an "immediate foreshock" (e.g. the Loma Prieta,
Landers, and Northridge earthquakes). We also find that the distance between the hypo-
center, where the nucleation phase begins to be radiated, and the point on the fault where
the breakout phase initiates is small. This suggests that the seismic nucleation phase
may represent slip growing in place, i.e. without the slipping region propagating along
the fault. We find a systematic correlation of the duration of the nucleation phase and
the magnitude of the entire earthquake. The duration of the seismic nucleation phase fol-
lows a scaling similar to that of constant stress drop (slope of 1/3 on a log-log scale)
over 13 orders of magnitude of seismic moment ( ~3 msec for M=1 to ~5 s for M=8).
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The observed scaling suggests that the process responsible for the nucleation phase has a
strong influence on the size of the resulting earthquake. Figure 1 shows the seismic
nucleation phase for the 1994 Northridge, California, earthquake.

The routine observation of a distinct phase of slow moment growth at the start of earth-
quakes, M 1-8, suggests that this process is a fundamental part of the earthquake nuclea-
tion process. This seismic nucleation phase typically accounts for ~0.5% of the total
seismic moment. Its duration, when normalized by the main shock duration, is approxi-
mately log-normally distributed about a mean value of 0.16. If we assume that the stress
drop during the seismic nucleation phase equals the dynamic stress drop during the
breakout phase, then both the size of the nucleation zone and amount of slip can be
determined. We find that both of these nucleation zone quantities follow constant stress
drop scaling with the main shock moment. We also find that the slip in the nucleation
zone represents approximately 20% of the average slip in the main shock.

The characteristics of the seismic nucleation are consistent with two contrasting models
of the nucleation process. In one interpretation, which we call the cascade model, the
earthquake instability initiates at a point and there is no difference between the begin-
nings of large and small earthquakes. In this case, the seismic nucleation phase
represents a stochastic accumulation of earthquakes. Another interpretation, which we
call the pre-slip model,

proposes that the earthquake instability begins within a finite area and that the begin-
nings of small and large earthquakes differ. We find that the seismic nucleation phase
bears the signature of the very end of the nucleation process predicted by theoretical
models of earthquake nucleation. It suggests that what we call the beginning of an earth-
quake — the instant when high frequency waves first radiate into the far field —
represents the transition from stable sliding to dynamic rupture. According to theory,
failure begins with stable sliding in a confined region that continues until the stiffness
falls below a critical value. When dynamic rupture occurs, it is initially confined to this
nucleation zone. The rupture breaks out of the zone and propagates along the fault as an
earthquake only after a critical stress concentration is achieved. Because the slip in the
nucleation zone is a large fraction of the average slip in the main shock, the eventual
size of the earthquake may be determined by the amplitude of the stress concentration at
breakout. In simple terms, the size of the earthquake is set by how hard it is pushed at
the beginning.

Waveform analysis of seismicity in central California reveals the routine occurrence of
families of repeating earthquakes, events that rupture the same fault area in events of
similar seismic moment. These repeating earthquakes share many of the attributes pro-
posed under the characteristic earthquake hypothesis for recurrence of large earthquakes
including: a probability distribution for recurrence intervals with a central mean and a
long-tail; an inverse proportionality between the length of recurrence interval and the
mean rate of strain accumulation; and an absence of evidence for repetition before the
recovery of most of the released elastic strain energy.

We are focussing on three sequences of repeating earthquakes that illustrate the variabil-
ity of the earthquake cycle (Figure 2). One sequence on the San Andreas fault northwest
of Parkfield displays remarkably little variation in the length of the recurrence interval
(10% coefficient of variation), which is in excellent correlation with the surface record of
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steady fault creep at this location. In contrast, the intervals between repetitions for two
sources on the Calaveras fault near the southern end of the M 6.2 1984 Morgan Hill
earthquake rupture vary from 3 days to over 3 years. These recurrence intervals are not
random, however, but are inversely proportional to the geodetically-determined strain rate
across the Calaveras fault, which is precisely the prediction of the elastic rebound theory
of HF. Reid (1910).

These observations suggest a probabilistic approach to predicting the time of the next
earthquake in each series, in which the independent variable in the model is the stress
acting on the source. Because this cannot be measured directly, we must rely upon sur-
rogates, including geodetic measurements of strain and fault creep rate, and the stressing
effect of other earthquakes to estimate the time of the next earthquake.

Larva 2.0, a functional replacement for the aging Allen/Ellis Real-Time Processor (RTP),
is nearing completion. This system is an application of the modular Earthworm signal
processing system (Bittenbinder et al., 1994); it features an extremely flexible architec-
ture for both the hardware and software components that will permit us to add new
analysis capabilities and new data types (e.g. real-time data from the broad-band digital
stations) without interfering with established functionality. Larva software is written in
the C programming language and operates on DOS and Unix computers. The main
modules of Larva are two network digitizers, two P-wave pickers, and a phase associator.
Support modules include a player routine that reads historic trace files, simulating the
digitizer module, and a plotting module for visual display of trace data.

In its current implementation, Larva divides the Northern California Seismic Network
into two groups of 256 channels; analog signals for each group are digitized on a
486/50MHz computer at a rate of 100 samples/sec. A guide signal is tracked to ensure
time-series integrity. Multiplexed digital data are packaged into messages, time-stamped
by decoding an IRIGE time signal, and transmitted over a dedicated ethernet line once
per second. In our application we have one Ethernet line per digitizer. Any number of
modules attached to these Ethernet lines can receive and process the waveform data
independently.

One such "receiver” module is the seismic phase picker. Larva uses two P-wave pickers,
each processing data from one of the digitizers on its own 60 Mhz PC. For each phase
detected, the picker reports pick time, quality, polarity, station code, coda length, and
amplitude information. This information is packaged into messages and sent via serial
line to a Sun workstation. Here, a phase associator (Johnson, 1994) receives picks from
the entire network and groups them into arrivals from individual earthquakes. It then
spools picks from each individual event to a series of programs which locate the earth-
quake, calculate its magnitude, and send out notifications and alarms. An earthquake in
the network is reported about 2-5 minutes after its seismic waves are recorded at the sta-
tion closest to its epicenter.

Very-rapid reporting of significant earthquakes will be tested this summer with our
retrospective "player" system for archived events and the Pacific Gas and Electic Co.
(PG&E) prototype earthquake monitor and display computer.
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Digital Recordings of the Northridge Earthquake Nucleation
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Figure 1. Near-source recordings of the Northridge, California, earthquake (M 6.7). The first
arrival from the main shock occurs at r=0 (vertical dashed line). The left panel shows the
first 0.5 s of the earthquake, which corresponds to the seismic nucleation phase. The right
panel shows the first 1.5 s, which shows the nucleation phase in relation to the much larger
arrivals that follow (after the second dashed line). Note the similarity in waveforms during
the first 0.5 s, suggesting that the source of the nucleation phase is quite compact. The large
ramp in ground velocity beginning on all stations at +0.5 s corresponds to a dynamic stress
drop of 40 MPa and is interpreted as the rupture breaking away from the nucletion zone.

69




I,II,IV

"9enbyurea
STyl JO YOOYSIdYye Ue S Paloe JUIAD yoed ‘aenbyired (i ueSiolN 79 W v661 ‘pT 1HdY ay
01 asuodsar Iead e moys s1o[dnjnw seloAe[e) omi ayi ‘isenuod uf °'daard jnej Jo el Apears
B MOYS Blep Oo1apoad aroym I[ney ayy Jo wed B uo Pajedo| SI PuB ADUSLINOAL JO eI APRIS
Alqexyrewal e smoys 1opdninw proydded Yyl oyenbyures [rH ueSio oyl wiaijy I9yunj pue
1VD JO 1SBayIn0s Uy 4 I[NeJ SBISAE[ED) Y3 UO P2iedo] ‘ZvD 1L|dnny Y31y "duoz Yooysiaije
ayenbyures [ ueSIO $861 Y JO PUS WISYINOS Y I8 J[NBJ SBIJAB[ED) Yl UO PABIO[ ‘[VD
RIuMW W) ayenbyired plRYIEd 9961 Y JO 1SIMYLIOU Ayl 0} Paredo] ‘[)d Id[dBn
2] soamnos ayenbyires Supeador 10j owIl SNSIOA JUSWOW ONUSIAS dApe[nWN) -z Andrg

oo ) JBOA Jes
661 2661 0664 8861 9661 861 »661 2661 0661 8861 9861 #8614 <286l 661 661 0661 8861

70

oL

Si

(pezireuniou) uewion eneINLND
oL
(pezyeuniou) uewopy enreImuND

(pezireusou) wewopy eATBINUND

¢Vl VO INd



Field and Laboratory Study of the Spatial and Temporal Variability in
Hydromechanical Properties of an Active Normal Fault Zone, Dixie Valley,
Nevada

Award Number 1434-93-G-2280

Craig B. Forster (co-P.1.)
Ronald L. Bruhn (co-P.I.)
Jonathan Caine (Graduate Student)
Department of Geology and Geophysics
University of Utah
Salt Lake City, Utah 84112
(801) 581-3864
E-mail: cforster@ geofluid.esri.utah.edu

Joanne Fredrich (co-P.1.)
Sandia National Laboratory

INTRODUCTION

Spatial and temporal variations in mechanical and hydraulic properties of faulted rocks are
postulated to exert a profound influence on both the mechanics of faulting and post-seismic
deformation [Sibson, 1989; Byerlee, 1990; Rice, 1992]. Enhanced knowledge of the detailed
variations in mechanical and hydraulic properties of fault zones is thus critical for furthering our
understanding of earthquake source processes. This report describes a survey of fracturing in the
Dixie Valley fault zone, a large normal fault in the Central Nevada Seismic Belt. The spatial
distribution, geometry, and intensity of fracturing is described, and fracture permeability is
estimated for stress states that may be representative of pre-rupturing and post-rupturing regimes in
large normal faults. Finally, we present a preliminary analysis that treats fracture networks as
potential reservoirs of high pressure fluid, and consider the effects of injecting this fluid between
fault surfaces during the onset of rupturing. This report summarizes progress in our study of how
the permeability structure of a large normal fault might influence the fluid dynamical processes
operating during faulting.

PROJECT OUTLINE

The primary purpose of this project is to investigate the physical and mechanical properties of a
large, seismically active normal fault system. The first year of our 2-year project emphasized
obtaining the field-based data needed to characterize fault zone architecture, collect rock samples,
and drill cores from the samples. The second year of study emphasizes the systematic correlation
of field-structural observations with laboratory-based rock mechanics and hydraulic data.

Field work has focused on detailed mapping of fracture networks found at two locations on the
Dixie Valley and Stillwater fault zones. These data have helped to revise our conceptual model of
fault zone architecture (Figure 1) and yield constraints on efforts to simulate fluid flow within and
near the fault zone. Contacts between fault core (identified as a distinctive breccia zone), damage
zone, and protolith were mapped over a region extending over tens of square kilometers. Fracture
data are tied together over several scales by centimeter-scale petrographic fracture analyses, meter-
scale outcrop fracture analyses, and tens to hundreds of meters-scale fracture analyses using field
mapping and low-elevation aerial photographs. In spite of the complicated fracture network found
in this large fault zone, distinct kinematically-related fracture sets can be identified. From these and
the other fracture data, fracture permeability models are generated for each component of the fault.
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Laboratory testing of faulted rock samples are providing a quantitative basis for ongoing numerical
simulations of the impact of fault architecture on fluid flow properties of the fault zone.

Damage Zone
Fault Core

Figure 1: Conceptual model of a fault zone with protolith removed to reveal the anastamosing,
interleaved character of the core and damaged zone (after Smith et al., 1990).

GEOLOGIC SETTING

The Dixie Valley and Stillwater fault zones are part of a 300 km long belt of normal and
normal-oblique slip faulting in central Nevada [Wallace, 1984]. Historic earthquakes that
generated scarps within the belt include (from north to south): Pleasant Valley (1915), Fairview
Peak - Dixie Valley (1954), Wonder (1903), Cedar Mountains (1932), Excelsior Mountain (1934),
Mamoth Lakes (1980), and Owens Valley (1872) [Wallace & Whitney, 1984]. One of the largest
normal faulting earthquakes in history (My~0.7 x 1020 Nm) occurred along this belt in 1915
[Jackson & White, 1989].

The Dixie Valley and Stillwater faults are located along the eastern side of the Stillwater range.
Several features motivate us to study these faults:

. These are active normal faults capable of generating M>6 earthquakes. The 1954
M=6.8 earthquake rupture on the Dixie Valley fault was 30 to 40 km long; the
hypocenter was located at a depth in excess of 12 km.

. Granitic and gabbroic rock found in the footwall of the fault zones are
representative of a large percentage of the rock types found in the continental crust.
The rocks at the Dixie Valley fault exposures contain minerals which provide
excellent indicators of the pressure and temperature conditions present during fluid
circulation and fluid-assisted alteration within the fault zone. Thus, the results of
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our study are expected to be directly applicable to active normal faults found
elsewhere in the U.S.

. The Dixie Valley and Stillwater faults are some of the best exposed faults in the
continental U.S.

The Stillwater range comprises Mesozoic metasedimentary rocks intruded by the Jurassic
gabbroic Humboldt lopolith, Cretaceous granite, a multiphase Oligocene granodiorite-quartzze
monzonite-grantie intrusive complex intruded at 28 Ma, and volcanic rocks of Oligocene and
Miocene age [Page, 1965; Wilden and Speed, 1974; Speed and Armstrong, 1971; Speed, 1976].
Hydrothermal alteration in the Oligocene granitic complex along the base of theStillwater Range
reflects cataclasis and fluid circulation within the Dixie Valley fault zone; alteration minerals include
an early biotite-feldspar assemblage that is overprinted by Fe-chlorite and epidote. These latter
minerals are in turn partly replaced by hydrothermal sericite and the rock is cut by calcite-hematite
and quartz-calcite veins. Biotite is partly replaced by prehnite. The latest hydrothermal mineral
assemblage includes stilbite, laumontite, kaolinite, alunite, smectite, illite and fine-grained quartz,
chalcedoney, and opal [Parry et al., 1991].

Locality 1 - Little and Big Box Canyons: The Dixie Valley fault zone (DVF) lies at the eastern base
of the Stillwater Range. Total vertical displacement (or throw) across the fault zone is about 6 km.
Approximately 2.0 to 2.5 km of displacement occurred between 23 and 15 Ma, and an additional
3.5 km of displacement occurred between 10-13 Ma and the present. Extension during the first
phase of faulting was directed N68E-S68W; however, the latter phase is characterized by extension
oriented at N65W-S65E [Parry et al., 1991]. Stream canyons eroded through the Oligocene
granodiorite at Little and Big Box Canyons expose natural cross sections through the fault zone
(from foliated cataclasite, through a fractured and hydrothermally altered damage zone developed
immediately below the primary slip planes, into lesser deformed and little-altered footwall rock).
The damage zone of intense hydrothermal alteration developed through fracturing and fluid
circulation within the Dixie Valley fault zone and varies from several meters to several tens of
meters in width. The dominant hydrothermal alteration minerals are chlorite and epidote, but veins
and patches of younger, lower temperature alteration minerals also occur, including fine-grained
quartz which has partly silicified the rock (thus making it suitable for drilling). The multiple
phases of hydrothermal alteration found at the site were developed during uplift of the footwall by
normal faulting [Parry at al., 1991]. Fault rock exposed at this site has been uplifted from depths
of approximately 6 km within the Dixie Valley fault zone.

Locality 2 - "The Mirrors": The "Mirrors" locality is found in the footwall of the Stillwater fault
(SWF). The Stillwater fault is a proposed seismic gap located along the base of the Stillwater
Range immediately north of the 1954 Dixie Valley rupture. Holocene scarps within the fault zone
probably formed during a mojor earthquake within the last 12,000 years [Wallace & Whitney,
1984]. Total displacement on the Stillwater fault is estimated at 3 to 6 km [Power & Tullis, 1989].
Large, striated and polished fault surfaces up to 25 m? in area are exposed over a strike distance of
about 100 m in silicified, brecciated gabbroic rock of the Humboldt lopolith at the "Mirrors"
locality [Power & Tullis, 1989]. The fault surfaces are encased in hydrothermally cemented
breccia in a zone sseveral meters thick. This zone grades into metamorphosed gabbro in the
footwall of the fault zone. Silicification of the gabbro resulted from fluid circulation and mineral
precipitation within the Stillwater fault zone. The footwall rock probably was uplifted from depths
of 3 to 6 km, but formation of the striated fault surfaces occurred at depths less than 2 km and
temperatures less than 270°C (this estimate is based on the stability of kaolinite and quartz, which
occur in the fault rock). Power and Tullis [1989] found evidence for intervals of continuous
(slow) deformation and discontinuous (rapid) brittle cataclasis which alternated in time.
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FIELD WORK

Field work yields a hydrogeological conceptualization of the physical characteristics of the
SWF zone. These characteristics include a fault core composed of cataclastic and brecciated host
rocks, a damage zone composed of highly fractured host rock surrounding the core (filled in part
with precipitated minerals and cataclasite), and the surrounding protolith. The transition between
damaged zone and unaffected protolith is discerned by a visible decrease in fracture density and
intensity of the protolith. Pods of brecciated protolith generally occur as isolated units close to slip
surfaces suggesting that they are intimately related to dynamic slip processes (discussed in detail
below). The damage, core, and protolith zones are mappable units that form the conceptual basis
(Figure 1) for our subsequent sampling program. Block samples were collected for later
petrographic, mechanical, and permeability analyses.

Work at the two field sites reveals the absence of a fault core at the Box Canyon area and
excellent exposures of the fault core at the Mirrors locality. The Mirrors site also exhibits large
panels, several square meters in dimensions, of highly polished and striated slip surfaces. These
surfaces are in contact with highly disturbed fault gouge and breccia pods (a more detailed
description of these features follows). Both localities provide excellent exposures of both damage
zone and protolith rocks. Oriented samples of each of the three fault components and several
unoriented blocks (generally one cubic foot in size) of breccia zone float were collected for both
petrographic analysis and permeability studies. This sampling strategy is designed to provide clues
regarding the magnitude and variation of permeability as a function of orientation within
representative samples of each of the fault zone components. Coring of the rock blocks is
complete and permeability tests are underway. Cores will also provide samples for cutting
composite petrographic thin sections from transition zones where breccia grades into less deformed
rock.

The three main fault zone components are viewed not only as distinct structural entities that
reflect changes in formative deformation mechanisms, but also as distinct hydrogeological units.
The hydraulic effect of these units (i.e., whether they are barriers or conduits to fluid flow)
depends upon the stage in the evolution of the fault zone. Contacts between each unit were
determined by mapping macroscopic changes in the structural character of the outcrop (i.e. degree
of cataclasis for fault cores, and fracture density for the damaged zone and the protolith). Mapping
fault cores along the SWF zone was fairly easy because abrupt changes from breccia or cataclasite
to highly fractured rock is generally easy to discern. The contact between the damaged zone and
protolith, however, is less obvious.

In addition to mapping internal fault zone contacts, an attempt was made to characterize and
determine the structural origin of geometrically distinct fracture sets. This was done to distinguish
fault-related fractures from pre-existing and overprinted magmatic and regional fracture sets as well
as to gain a field-based understanding of the permeability structure of the SWF zone. Different
fracture types can be genetically grouped as shear fractures, extensional fractures, slip surfaces,
and fractures of unknown origin. Assuming that the mountain front is the erosional remnant of the
footwall of the SWF zone, and is sub-parallel to the average orientation of the fault core, the origin
of the different fracture sets identified above can be kinematically associated by their orientation
relative to this surface.

An understanding of the geometry and spatial variability of the different fault components is
gained by mapping the contacts of the fault core, damage zone, and protolith. Detailed fracture
mapping and characterization was done to facilitate field-based fracture permeability modeling.
Data collected in the fracture analysis included fracture orientation, trace length, scale of spacing,
density, and observation of aperture opening and macroscopic filling (if present). Photographs of
selected fractured faces were taken for later enlargement. The resulting photos assisted in the
detailed fracture mapping carried out in the summer of 1994. Field observations indicate that
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fracturing is similar at both the Mirrors and Box Canyon areas. Thus, the fracture density, trace
length, and fracture aperture data obtained in the Box Canyon area can also be used in
characterizing fault rocks at the Mirrors locality.

The results of our field mapping at the Box Canyon locality indicate that the contacts of the
structural/hydrogeologic domains occur as spatially variable and curviplanar surfaces with
anisotropic topography. The damage zone protolith contacts strike roughly north-northeast and dip
23 to 60 degrees to the south-southeast. By inspection of the outcrop patterns it is observed that
the contacts dip in symmetrical opposition to topographic stream valley contours. The contacts
were generally best observed in these stream cuts. These features indicate that the structural
anisotropy is elongated parallel to the slip direction of the SWF zone. Field observations indicate
that the damage zone ranged from several meters up to thirty meters in thickness. It was not
possible from this field work or data set to delineate a quantitatively rigorous anisotropy factor or
ratio of fault topography amplitude to wavelength.

The primary difference between the Mirrors and the Box Canyon areas is the excellent
exposure of fault core at the Mirrors locality. The fault zone at the Mirrors strikes northeast to east
northeast, dips from 32 to 70 degrees and comprises slip-parallel, elongated and anastomosing
pods of breccia separated by up to 1 meter thick curviplanar layers of fault gouge. These outcrop-
scale fabric relationships suggest that fault slip was distributed throughout a wide, heterogeneous
zone. The interleaved and lenticular nature of the breccia pods and gouge layers, each with
differing hydromechanical properties, likely cause significant hydrogeologic and mechanical
anisotropy within the fault.

Locally, the fault gouge likely acts as a low permeability unit based on the clay content and
tight structural texture typical of fault gouge. In contrast both breccia pods and the fracture
networks observed in the fault zone damage zone may have acted as significant conduits for fluid
flow during an earthquake. Thus, this system may be interpreted as a complex conduit-barrier
flow system that changes through time. In order to work out the timing relationships of fluid flow
it may be necessary to invoke the use of light stable isotopes and other elemental tracers and their
spatial distribution in different components of the fault zone.

PETROGRAPHIC OBSERVATIONS OF STILLWATER
FAULT ZONE ROCKS

Samples were collected from representative portions of fault zone core, damage zone, and
protolith for compositional and textural petrographic and XRD analyses during both field
excursions to Dixie Valley. Fourteen large format thin sections have been made from these
samples. These samples include representatives of the breccia pods, associated slip surfaces, and
the damage zone.

Pretrographic Features of Breccia Samples

A “transect” of thin sections were cut to encompass the region between the slip surface and the
outer edge of a breccia pod. Sections parallel and perpendicular to slip were made in an attempt to
document and evaluate the relationships between the microstructures and rock composition found
along the traverse from the slip surface to the breccia pod.

XRD and petrographic analyses of the breccia zone samples indicate that the bulk average
composition is 90% quartz, 10% clay minerals (predominantly kaolinite from XRD analysis), and
less than 1% sericite, iron oxide, calcite, and amphibole fragments. Compared with samples from
the damage zone and protolith breccia pod samples do not show similar alteration products such as
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abundant chlorite. This may be due to the destruction of mafic phases during fluid-assisted
alteration within the breccia pod zones.

The predominant texture of the breccia samples is that of angular clasts within a fine-grained
matrix. In the two dimensional view that thin sections afford the samples suggest a matrix
supported fabric. The porphyroclast to matrix grain size distribution ranges from bimodal to
multimodal. The distribution tends to be multimodal closer to slip surfaces and bimodal within the
breccia pods. Porphyroclasts range in size from less than 1 millimeter to several centimeters in
diameter. “Intact” porphyroclasts are generally strained angular quartz grains with a few calcite
grains. The quartz porphyroclasts are interpreted to be relicts from the protolith that have survived
the deformation processes responsible for pod emplacement. Calcite occurs as a precipitate that
fills void spaces and small stringer like veins. Euhedral boundaries on calcite grains suggest that
this is likely a post-tectonic mineral (i.e. the grains have not undergone cataclasis nor they have
been totally recrystallized).

The breccia clasts show a high degree of internal brecciation that indicates multiple episodes of
deformation and leads to the observed muiltimodal grain size distribution. Other evidence for
multiple episodes of deformation can be observed on polished and striated outcrop surfaces.
Distinct layered sheets of polished and striated quartz show different lineation directions from one
layer to another and several of the individual surfaces show abrupt changes in lineation direction
causing striation interference patterns.

Petrographic Features of Damage Zone and Protolith Samples

Several samples of damage zone and protolith rocks were analyzed. Compositionally these
rocks are granodiorites with approximately 60% calcic plagioclase, 20% quartz, 10% hornblende,
5% biotite, and 5% alteration products and accessory minerals which include chlorite, epidote, and
sericite.

Petrographic analysis indicates that both the degree of rock alteration and fracture intensity
decrease with increasing distance from the fault core and associated breccia zone. Alteration
primarily includes chloritzation and albitization as suggested previously by Parry [1991]. The
reader is refered to this paper for detailed descriptions of the mineralogy and subsequent alteration
of these rocks. Fracture orientations observed in the thin sections are similar to those observed at
the macroscopic scale. Mixed mode fracturing is strikingly evidenced by the abundant presence of
horsetail fractures bleeding from shear fractures. These microscopic structures may yield
significant zones of higher permeability because they add significant porosity. Scaling the impact
of this microscale porosity enhancement up to the macroscale forms an important step in defining
the equivalent porous media properties needed to model the hydraulic properties of the damage
zone.

Petrographic evidence for fluid flow increases with increased proximity to the fault core. The
consequences of fluid flow are evidenced by mineral infilling, iron stained quartz, dilated fractures,
and the presence of cataclastic porphyroclasts within the finer grained fracture filling. The
common presence of cataclastic porphyroclasts can be interpreted as evidence that the fracture infill
was associated with faulting processes and not earlier magmatic processes. Because microscopic
fracture infill is found within all fractures without being restricted to a particular fracture
orientation, fluid flow appears to have been pervasive throughout the fault zone.

ESTIMATES OF PERMEABILITY

Fluid transport properties of the fractured rock mass are estimated using the model and
algorithms of Oda et al. [1987]. Permeability tensor K is defined by
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Kjj= A (Pkk &;j - Pjj) (1)
Pjj = (11/4-V) k=1 N (L2 [t43] nik njk) ~ (2)

Fractures are modeled as discs of diameter L. Ly is the diameter and ty is the aperture of the kth
fracture in the model network. njk are the three components of the direction cosine of the kth

fracture. 8ij is the Kroenecker delta function, and V is the volume of the fractured rock mass. N is
the number of fractures in the network. A varies from 1/12 for flow between parallel plates of

infinite extent to zero for a non-percolating fracture network. A is defined as 1/16 (0.064) for
calculations in this study, based on the discussion and numerical simulations of Oda et al. [1987].

Fracture aperture (t) is difficult to assign with any degree of confidence. Aperture decreases
rapidly with increasing effective normal stress, and is also a function of the surface roughness and
fracture size [Oda et al., 1987]. However, none of these functional relationships are well
established for fractures at elevated temperature and pressure in natural fault zones. In this study,
the initial or 'zero effective stress' aperture (to) of each fracture is proportional to the fracture

diameter, using the ratio (to/L) = 1x10-3. The decrease in aperture caused by effective normal
stress is computed using the algorithm and coefficients proposed by Oda [1986].

Implementation of equations (1) and (2) requires simulation of a fracture network based on
field measurements of fracture intensity, orientation and trace length. The number of fractures in a
rock volume is estimated from the scan-line measurements and detailed fracture mapping discussed
previously. The density of fracture poles expressed as % per 1% area on a lower hemisphere
stereoplot provides the probability density distribution from which we generate a sample of
fractures with the appropriate angular dispersion. Trace length measurements are corrected for
sampling bias (Warburton, 1980) and used to assign mean diameters to fractures falling within the
orientation ranges of the three prominent fracture sets. Fracture diameters are generated with a
negative exponential distribution and the mean diameter specified for each fracture set.

The above procedure is automated in a computer program. The code generates an interpolation
table of fracture pole orientation density based on field measurements. The operator specifies the
total number of fractures to be modeled within a volume of rock, and the mean diameter of
fractures in various sets defined by restricted ranges in orientation. A list of fractures is created
with the appropriate distribution in orientation and diameter. The fracture list (fracture network) is
entered into another computer program which implements equations (1) and (2). This latter code
computes the initial aperture (t,) of each fracture as a function of diameter, corrects t, for closure
caused by the specified stress state, and determines the principal magnitudes and directions of the
permeability tensor. Oda et al. [1987] provide a thorough discussion and numerical tests of this
‘equivalent porous media' algorithm.

At the Box Canyon study locality the contacts of the fault core (breccia zone in this case),
damage zone, and protolith were mapped over a region extending over tens of square kilometers.
Fracture data are tied together over several scales by the centimeter-scale petrographic fracture
analyses, meter-scale outcrop fracture analyses, and tens to hundreds of meters-scale fracture
analyses described previously. In spite of the complicated fracture network found in this large
fault zone, distinct kinematically-related fracture sets emerge when the data are plotted on an equal
area net. From these and the other fracture data, a fracture network model is generated and the
equivalent permeability tensor is estimated. We expect to use the approach outlined above to
compute average bulk permeabilities for each component of the fault zone.
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Laboratory tests are underway to augment the fracture-based permeability estimates by
providing insight into the magnitude of matrix permeabilities and bulk permeability of faulted rocks
at the scale of 2 inch and 1 inch diameter cores. Testing is performed at two scales in order to
obtain a first order estimate of the possible impact of sample size on our attempt to estimate small-
scale permeabilities for each component of the fault zone. 4 sets of cores are being tested. Each
sample set comprises cores drilled in three orthogonal directions. This provides core samples with
three distinct alignments: 1) parallel to slip within the fault plane, 2) perpendicular to slip within the
fault plane, and 3) normal to the fault plane. Altered granite forms the dominant lithology
represented in the samples. Fracture mapping carried out in three orthogonal planes complement
the oriented core samples. As will be discussed in a subsequent section, the fracture maps and core
test results provide a basis for estimating permeability anisotropy within the fault zone.

Core samples submitted for testing include representative samples of damage zone, fault core
breccia, and protolith. Two breccia types are represented. One breccia is a cataclastic rock
dominated by altered granite clasts that exhibits a high degree of interclast pore space. The matrix
is similar for both breccia types and is dominated by bone white, finely-crystalline quartz. In
contrast, the second breccia type is matrix dominated. This sample may represent an implosion
breccia formed within a breccia pod that formed at a dialational jog in the fault zone. This breccia
type is typical of the central fault core material found at the Mirrors locality. Damage zone samples
illustrate an array of extensional, shear, and cross fracturing that are typical of damage zone
structures found in the SWF. The macroscopic fracturing found in these samples suggests that
permeabilities will be fracture-dominated, even at the small scale of the samples tested. The
protolith samples are fine-grained, altered granites. These samples differ from those obtained from
the damage zone and the fault core because they lack the veins, small faults, brecciation, and any
other macroscopic signs of deformation. Although some fracturing was observed in outcrop,
fracture densities in the protolith are much less than those found within the damage zone rocks.
These fractures are inferred to result from strain release fractures during exhumation.

IMPACT OF FAULT ZONE ARCHITECTURE ON
FLUID FLOW WITHIN A FAULT

We are incorporating the results of our field and laboratory work in a series of numerical
simulations designed to evaluate how fault architecture changes during faulting and how the
permeability structure of a fault might influence fluid flow both before and after an earthquake.
Although are analyses are still at a relatively early stage, the following paragraphs outline some
preliminary results.

Response of Fault Permeability to Changes in Stress State

We use the approach discussed above to estimate the impact of partial closure of fractures
between pre- and post-rupture stress states associated with an earthquake. In this case we use
observations of fracturing found within the damage (transition) zone obtained from a number of
different locations along the SWF as the basis for the analysis. First, a 'generic' fracture network
model is created using representative fracture intensity measurements, orientation, and trace length
data. The general characteristics of the model are summarized in Table 1, for a 1 m3 rock volume.
This model is used in subsequent calculations to estimate fracture network permeability and fluid
reservoir characteristics. Fracture network heterogeneity is not considered in this preliminary
study.
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TABLE 1. FRACTURE SET PARAMETERS

Fracture Pole Direction (°) Mean Trace Fracture
Type Length (m) Density
(r = #/m3) *
Trend [ Plunge
Extension 255
Set #1a 260-320 0-29 0.2
Set #1b 105-141 0-30 0.2
Shear 26
Fractures
Set #2 250-315 | 30-65 | 0.5
Cross 164
Fractures
Set #3a 180-245 30-70 0.25
Set #3b 003-050 40-75 0.25

* Computed from scan-line intensity for each fracture set. Total # of mesoscopic fractures in 1 m3
of rock is 445.

The number of fractures per unit volume (p) is estimated from scanline intensity values (eqn.
25, Oda et al., 1987).

p<L2>=4lg/ [n <in- qi>] (3)

<L2 > is the mean squared fracture diameter, Ig is scanline intensity (#m), and < n - ql> is

the mean value of the dot product between the poles to fractures in a specific set (defined by unit
vectors n) and the unit vector parallel to the scanline (q). Using data obtained in this study, we

assign Is = 8/m for both extension and cross fractures, and 5/m for shear fractures (set 2). These
are average intensities for each fracture set. Trace length measurements for each set yield in
sequence, <L> = 0.2 m (set 1), 0.5 m (set 2) and 0.25 m (set 3) (Table 1). Fracture density is

estimated from (3) with <l n- ql>=1.0. p] = 255/m3, p2 = 26/m3, p3 = 164/m3, for a total

mesoscopic fracture density of 445 fractures/m3. As discussed above, field and microscopic
studies indicate multiple episodes of fracture sealing and filling by hydrothermal minerals. We
account for the possible effects of hydrothermal alteration and cementation by assuming that only
173 of these fractures are open and transport fluid at any given time. This proportion of open
fractures is only a guess, and is not based on any quantitative information. The real value may be
significantly higher, or much lower.

The fluid flow and reservoir properties of fault zone fracture networks are important in theories
of rupture initiation and modeling of earthquake precursors [Sibson, 1989; Byerlee, 1993]. Most
large, normal faulting earthquakes initiate at depth = 10 km. For purposes of modeling we impose
stress conditions and fluid pressures that may exist in parts of a normal fault zone at a depth of 10
km, based on studies of fluid inclusions and mineral alteration assemblages [Parry and Bruhn,
1990; Bruhn et al., 1990]. In the pre-rupture state, the ratio of fluid pressure (Ps) to lithostatic
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pressure (Pr) is defined as P¢/Pr, = 0.9. The vertical principal stress (Sy) = prgz(1-P¢/Pr) = 27

MPa, for p; = 2700 Kg/m3. The major fault surfaces have a coefficient of friction i = 0.6, no
cohesion, and dip 45°. The least principal stress Spmin = 6.8 MPa at failure. For simplicity, we
assume that Shmax = Shmin, O

®s = [Shmax - Shmin)/[Sv - Shmin] = 0.0 4

Fluid pressure presumably drops within the damage zone either during or after rupturing
because permeability increases, and newly formed fractures provide connections to the surface
[Sibson, 1989; Parry and Bruhn, 1990; Bruhn et al., 1990]. Assume that the post-rupture fluid
pressure becomes hydrostatic, that the shear stress is completely relaxed, and the three principal
stresses become equal, with a magnitude of 170 MPa. These pre- and post-rupture stress states are
chosen to provide upper bounds on fracture volume changes and fluid production from the damage
zone at seismogenic depths.

Partial closure of fractures between pre- and post-rupture stress states has a marked effect on
fracture permeability (Table 2). The maximum and intermediate permeability axes (K1 and K2)
plunge more steeply than the plane of the fault zone, and the least principal axis (K3) plunges more
gently than the pole to the fault zone in the pre-rupture stress state. The average fracture aperture is
19 microns, and total fracture volume is 0.52 liter. Fracture permeability is large in the pre-rupture

state due to low effective normal stress across most fractures. Permeability magnitudes are = 10-13
mZ2, about 4 orders of magnitude greater than in the post-rupturing stress state (Table 2).

A marked reduction in permeability in the post-rupture stress state is accompanied by a rotation
in permeability axes. Thus, the permeability anisotropy that influences flow within the damage
zone likely changes in both magnitude and orientation during the transition from pre- to post-
rupture states. K1 and K2 are located essentially within the plane of the fault zone, and K3 is
almost parallel to the fault zone pole (Table 2). Average aperture is 1.5 microns, and fracture

volume is 0.04 liter. Permeability magnitude is = 10-17 m2.

The increase in effective stress between pre- and post-rupture stress states could produce about
0.5 liter of fluid from a cubic meter of fractured, transition-zone rock because of partial closure of
fracture apertures. If fluid expulsion occurs during the initial phase of rupturing, this fluid may be
injected between fault surfaces and act to trigger an earthquake [Byerlee, 1993]. The fluid also acts
as a mineralizing agent, carrying ionic species in solution into fractures and voids between fault
surfaces, where chemical reactions produce cement and mineral filling that ultimately reduces
permeability, and partially heals fault surfaces.

Byerlee [1993] proposes a 'fluid compartment’ model for fault zones and the triggering of
earthquakes. Fluid sealed under high pressure in one compartment is partially drained into an
adjacent compartment of initially lower fluid pressure. We use this model to investigate the
potential effect of draining fluid from the transition-zone fracture network into the space between
opposing walls of faults or 'slip-surfaces'. Assume the following initial conditions at a depth of
10 km: 1) fluid is initially trapped at hydrostatic pressure in the fault, and 2) fluid is trapped at 0.9
Py in the adjacent fracture network. The fault and fracture network are hydraulically isolated until
the onset of rupturing, when the seal between the two compartments is broken. Fault permeability
is much less than that of the fracture network, and we neglect changes in fluid compressibility
during pressure changes.
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TABLE 2. ESTIMATED FRACTURE-INDUCED PERMEABILITY

Fracture
Case Principal Stresses (MPa) tPermeability x 10-13 m2 Volume
(liters)
1 27 6.8@020° 6.8 1.2 1.1 0.3 0.52
Pre- (023/38) | (178/49) | (283/130
Rupture
TPermeability x 10-17 m2
2 170 . | 170@020° 170 5.0 4.7 1.3 0.04
Post- (032/23) | (142/38) | (278/43)
Rupture

T Trend and plund of permeability tensor axes indicated by bracketed values.
Sy = vertical principal stress

Shmax = maximum horizontal stress

Shmin = minimum horizontal stress

* Maximum Horizontal Stress trends 0209, parallel to fault zone

The final fluid pressure, after equalization of pressure between the two compartments is
[Byerlee, 1993]:

Pr=[VdzPdz + VsPsz1/[Vdz + Vszl ()

V and P are the fracture volumes and initial fluid pressures in the damage zone (dz) and fault (sz),

respectively. We assign Vgz = 0.52 x 10-3 m3, and P4z = 0.9 lithostatic pressure (Pg; = 243 MPa)
based on the stress and transition-zone structural parameters summarized in Tables 1 and 2.

How large a section of fault surface is affected by injection of fluid from 1 m3 of damage zone
rock? Consider the situation where Pr = 171.5 MPa, half the difference between P, and Pg;,

Rearranging equation 5 to solve for Vg, gives:

Vsz = Vdz[Pdz + Pfl/[Ps - Psz] (6)

Fhe fault area that can be pressurized from Ps; = 100 MPa to Pr= 171.5 MPa is Vg /ts;, where tg;
i$ the average aperture between opposing walls of the fault. tg; = 1 to 5 microns for the specified
stress conditions according to the joint aperture constitutive law of Oda [1986]. A fault surface

area > 100 m? is affected by the fluid injected from 1 m3 of transition-zone rock. This preliminary
result is intriguing because fluid from only a small volume of over-pressured rock may apparently
reduce the effective normal stress over a large fault surface area. Only small, heterogeneously
distributed patches of over-pressured fracture network are required to make the fluid pressure
compartment mode! viable. This conclusion is consistent with observations that the structural and
fluid pressure properties of fractured rock are spatially and temporally heterogeneous [Bruhn et al.,
1990; Parry and Bruhn, 1990].
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Fluid Pressure Dissipation

Preliminary estimates of the time required to dissipate a fluid pressure pulse generated by
localized rupture are made using a simple groundwater flow model (MODFLOW). In this case, the
fault zone is assumed to be layer of variable thickness filled with porous granular material (Figure
2). The thickness pattern is created by computing the distance between two computer-generated,
synthetic, rough fault surfaces. Thicknesses range from O to 0.1 m with a median value of about
0.05 m. The intervening zone, assumed to comprise a mix of both gouge and damage zone, is
assigned a bulk permeability of 10-16 m? and a storage coefficient of 0.001. The surrounding rock
mass is assumed to be both impermeable and incompressible.

Figure 2: Schematic view of the numerical modeling domain used to compute the dissipation of
fluid pressure within a fault zone. The stippled and shaded structure is the region modeled as an
equivalent porous media sandwiched between rocks that are assumed to be both impermeable and
incompressible.

A localized pressure pulse associated with fault rupture is simulated by instantaneously
injecting 0.1 m3 of water into a 0.1 m? area of the fault zone. A 10 m by 10 m patch within the
fault plane is represented in the model. Given the relatively small thickness of the fault zone (on
average about 0.05 m) and the incompressible-impermeable protolith, the resulting pressure pulse
rises to 100 MPa above the ambient pre-rupture fluid pressure. This fluid pressure exceeds
lithostatic pressure for depths shallower than about 30 km. For the purposes of this illustration,
however, we assume that the pressure pulse site is located deeper than 30 km.

Simulation results indicate that the fluid pressure will be reduced to 10% of the original value
after a period of about 5 years as the injected fluid moves away from the pulse site within the fault
zone. Thus, for the geometry simulated we find that fluid pressure compartments might maintain
pressures elevated well above ambient (perhaps close to lithostatic) for time periods on the order of
10 years. Assigning a much higher fault zone permeability of 10-13 m? produces a much shorter
time of about 1.5 days to dissipate the same pressure pulse. Additional simulations that mimic &

very thin region of the fault (1 pum) suggest that about 50 years would be required to dissipate the
same fluid pressure pulse to 10% of the initial value. Using the semi-quantitative data that we are
collecting from rock samples and cores of the SWF we will explore how different patterns of fault
thickness, various fault permeabilities, and different pressure pulse locations influence the
dissipation of fluid pressure pulses within faults and the transfer of fluid pressure between
different fault compartments. ‘
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CONCLUSIONS

Field studies of faulted rocks exposed at the surface in Dixie Valley, Nevada are complete.
Field mapping has produced a detailed image of the internal structure of the Stillwater Fault Zone at
two localities. Our conceptual model for fault architecture seems to apply at these locations as we
see distinct fault components represented by the damage zone, fault core, and protolith. The
different zones are distinguished by distinctive variations in fracture intensity, rock alteration, and
rock fabric.

Detailed mapping of fracture networks in thin-section and outcrop provide a geometrical basis
for estimating effective bulk permeabilities for the fault zone. An automated computer code is used
to construct synthetic fracture networks which are then used as input for a second code that
computes the effective permeability of the specified fractured rock mass. Laboratory testing is
underway to obtain quantitative insight into the hydraulic and mechanical properties of each fault
component.

Field observations and measurements of fracture networks surrounding large fault surfaces
provide important constraints on structural and mechanical properties of large normal fault zones.
Large fault surfaces that rupture during earthquakes are encased within intensely fractured rock.
The fracture networks provide pathways for fluid flow within the fault zone, and also form fluid
reservoirs. High pressure fluid trapped in isolated, fractured-rock reservoirs may bleed into voids
between fault surfaces, possibly triggering instability by the reduction of effective normal stress, as

envisaged by Byerlee (1993). Estimates of fracture permeability vary from as high as 10-13 m2 in
the modeled pre-rupture stress state, to as low as 10-17 m2 in the post-rupture state. If an
impermeable host rock is assumed, fluid pressure pulses generated within a low-permeability (10
16 m2) fault zone with average thickness of 0.5 m might persist for periods on the order of 1 to 10
years.
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Element I: Components 1.1,1.2

PROJECT SUMMARY:

This study consisted of several parts, all pertaining to earthquakes triggering on varying spatial and
temporal scales. The first part deals primarily with the role of dynamic strains (those associated
with seismic waves) and triggering by distant earthquakes. To fully understand the triggering
process we also look at triggering in the near field as manifest in earthquake
foreshock/mainshock/aftershock sequences. The last part pertains to the actual measurement of
dynamic strains.

PROJECT RESULTS:

Dynamic strains and triggering. Seismicity triggered at The Geysers geothermal field and by the
Ms7.4 Landers earthquake in California provide strong constraints on the physical process of
earthquake triggering. Results of analysis of seismicity catalogs and broad-band seismograms
suggest a physical model of triggering in which strain-rate dependent processes elevate pore
pressures to failure levels due to compaction of fault gouge. The dynamic strains themselves do not
significantly elevate stresses in the fault zone but rather they initiate secondary processes that lead
to increased pore pressures. Although the physics may be the same, the absolute threshold level
differs from site to site, apparently reflecting differences in fault rheology. In addition to being
relevant to triggering at remote distances, dynamic strains may also be important at near distances
(aftershock zone) where previously seismicity has been attributed primarily to static strain changes.

Foreshockimainshockl/aftershock triggering. The relationship between mainshocks and
foreshock/aftershock activity requires accurate characterization of mainshock slip patterns. We
examine slip distributions for the 3 Oct., 1974 (Mw=8.0) Peru earthquake and its largest
aftershock on 9 Nov. (Ms=7.1) using teleseismic, long-period waveforms. We demonstrate that
erroneous results are obtained if the parameterization used does not allow for a sufficiently
complex source. Slip during the main shock is shallow (<15 km) and extends up-dip from the
hypocenter. Prior to the 9 Nov. event, aftershocks are shown to cluster near the event's
hypocenter. These aftershocks locate generally down-dip from the major zones of main shock slip,
with two obvious clusters apparent. One cluster extends 20 km down-dip from the 9 Nov.
aftershock hypocenter suggesting that the region was near failure with local strain relaxation
culminating in the 9 Nov. event. The second cluster is located at a much greater depth (45-65 km)
and is far removed from any major slip or subsequent large aftershock. It's location indicates that it
may be the result of down-dip compressional strain accumulation due to the large amount of
shal8low plate displacement. This explanation is consistent with the plate stress model of Astiz et al.
(1989).

Dynamic strain measurement. Investigations undertaken include testing of the capability of a novel
rotational sensor to record strong-ground motions, continued development of low-cost PC-based
computer systems for processing seismic-waveform data, and interpretation of the significance of
the Northridge strong-ground-motion dataset with respect to dynamic strains. The waveforms of a
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regional magnitude 5 earthquake recorded in San Bernardino, California, suggest that a significant
component of rotational ground motion was produced by the conversion of P-waves to S-waves at
the dipping alluvium/rock interface beneath the site. PC-based computer systems have now attained
a level of processing capability that is comparable to that of the computer systems traditionally
used for seismological research, e.g., SUNs and VAXs, and the former are significantly less
expensive than the latter. Although the strong-ground-motion dataset of the Northridge Earthquake
mainshock/aftershock sequence is unprecedentedly large, it is nonetheless severely spatially aliased
by approximately two orders of magnitude relative to the observed variation of building damage
and ground motion waveforms over distances of a city block.
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Cranswick, E., 1994, Damage done by the 1994 Northridge, California, Earthquake and the
spatial density of sampling strong ground motions: Program for Northridge Abstracts, 89th
Annual Meeting of the Seismological Society of America, 5-7 April 1994, Pasadena, California.

Cranswick, E., Meremonte, M., Frankel, A., 1994, Correlation of waveform incoherence with
site amplification of Northridge aftershocks recorded by small-aperture arrays: Eos, v. 75, p.
168.

Cranswick, E., Overturf, D., Bice, T., Hough, S., Abramovich, 1., 1994, Recordings of ground
motion rotation in San Bemardino, California, produced by a magnitude 5 earthquake:
Seismological Research Letters, v. 65, p. 39.

Gomberg, J., Stress/strain changes and seismicity following the Ms7.4 Landers, California
earthquake, in preparation.

Gomberg, J. and D.C. Agnew, The accuracy of seismic estimates of dynamic strains from Pifion
Flat Observatory, California, strainmeter and seismograph data, in preparation.

Gomberg, J. and S. Davis, Stress/Strain changes and seismicity at The Geysers, California, in
preparation.

Frankel, A., Meremonte, M., Cranswick, E., Carver, D., Worley, D., Odum, J., Williams, R.,
and Bodin, P., 1994, Observations from Northridge aftershocks recorded by seismometers
deployed in the San Fernanado Valley and at the Interstate-10 collapse: Program for Northridge
Abstracts, 89th Annual Meeting of the Seismological Society of America, 5-7 April 1994,
Pasadena, California.

Hartzell, S., and Langer, C. (1993). Importance of model parameterization in finite fault inversion:
application to the 1974 Mw 8.0 Peru earthquake, J. Geophys. Res., 98, 22123-22134.

Meremonte, M., Cranswick, E., Carver, D., Worley, D., Odum, J., Williams, R., Frankel, A.,
Overturf, D., Bice, T., Van Dreser, T., Shedlock, K., and Banfill, R., 1994, Processing digital
seismograms of aftershocks of the Northridge Earthquake in a motel at Pasadena, California:
Program for Northridge Abstracts, 89th Annual Meeting of the Seismological Society of
America, 5-7 April 1994, Pasadena, California.

Meremonte, M., Frankel, A., and Cranswick, E., 1994, Observations of basin surface waves
from Northridge aftershocks recorded by small-aperture arrays: Eos, 75, p. 168.

86



Central California Network Operations

9930-10093
9930-15093
9930-57093

Wes Hall
Branch of Seismology
U.S Geological Survey
345 Middlefield Road-Mail Stop 977
Menlo Park, California 94025
(415) 3294730
FAX (415) 329-5143
hall@andreas.wr.usgs.gov

Investigations

Maintenance and recording of 356 seismograph stations (453 components) located in Northern California,
Central California and Oregon. Also recording 71 components from other agencies. The area covered is
from Southern Oregon, south to Santa Maria.

Results

1. Site maintenance visits 331

2. Bench Maintenance Repair

A. seismic VCO units 307
B. summing amplifiers 36
C. seismic test units 05
D. VO2H/VO2L VCO units 137
E. dc-dc converters 22
3. Production/Fabrication
A. J512A VCO units 27
B. J512B VCO units 03
C. summing amplifier units 12
D. lithium battery packs 126
E. seismometer housing/cable 36

4. Rehabilitation:

VCO enclosures 28
5. Computer site map plots

A. new 06

B. update 109
6. GPS recordings recorded 150
7. Seismometers replaced 54
8. Discriminator repair and tuning (J120) 78

9. Installed and documented hardwire interface for eartworm project (512 channels)
10. Installed and documented 256 channels to PC System.

11. Installed 5 new sites in Southern California after Nortridge Eartquake
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12. Revised and updated documentation on all wiring from telco input to discriminator output.
(cusp, RTP, Motorola, PC, helicorder, ¢tc).

13. Ordered parts for 100 ea. V02 rack mount VCO's
14. Equipment Shipped:

A. Cal Tech, Pasadena
a. 5 ea J120 discrimnators

B. University Washington
a. 5 ea. J120 discriminators

E. Lawrence Livermore National Laboratory
a. lea J110 discriminator

I. University of Utah
a. 21 ea. J120 discriminators

15. New installations

A. NBO (Bolinas)
B. CVPIL, CVPJ, CVPK (3 component IFBA at Vollmer Peak)

16. Stations discontinued.

A. PG1, PGS (Gold Hill Dilatometers)
B. GMO (Mottet Ranch)

17. Discontinued recording on Bell and Howell 1 inch tape recorders.

18. Supplied support for Refraction Experiments.
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3D Dynamic Modeling of Earthquakes and Segmented Faults
9960-10446

Principal Investigator
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United States Geological Survey
Mail Stop 977, 345 Middlefield Road, Menlo Park, CA 94025
(415) 329-4842
email: harris@jog.wr.usgs.gov
Program Element I

Investigations Undertaken:

During FY94 I continued my investigation into the roles of dynamic and static stresses in
determining the sizes and locations of future large earthquakes. For the dynamic stress analyses I
used 2D and 3D finite-difference simulations of spontaneously propagating earthquakes. The
simulations incorporate a slip-weakening fracture criterion and allow the physics of the stress
waves to determine the rupture behavior. The static stress analyses are a collaborative effort with
Robert Simpson and Paul Reasenberg (USGS). We evaluated the effects of 25 years of large
southern California earthquakes, including the 1994 M6.7 Northridge, California earthquake, on
future large earthquakes in California.

Results:

In FY94 I showed how the 1992 M7.3 Landers earthquake cascaded from fault to fault as it
evolved from a ‘predicted’ [Wesnousky, 1986] M6 event on the Johnson Valley fault into a much
larger multi-fault earthquake. This earthquake demonstrated that parallel faults spaced closer than
2-3 km may fail in single events. The lesson from Landers is that we may need to reassign the
magnitude estimates for future large strike-slip earthquakes in California.

I also initiated a study on the effects of a fault-parallel low-velocity zone (fault gouge) on the
rupture velocity of an earthquake. Evidence of these zones is provided by studies of shear waves
recorded after the Landers earthquake, and on the San Andreas fault near Parkfield [e.g. Li et al.,
1994]. Preliminary 2D numerical simulations show that a large propagating earthquake rupture
may not 'sense a narrow, 200 meter wide gouge zone, but as the gouge zone widens, the rupture
velocity will be affected by the low-velocity material.

In FY94 we showed that the Northridge earthquake is following a pattern observed for the
previous 25 years of magnitude>5 southern California earthquakes; most large (M>5) aftershocks
occur on faults that were loaded towards Coulomb failure by the mainshock. This relationship
appears to last for less than 2 years, after which it is equally likely to have a subsequent large
earthquake on a loaded or relaxed fault.
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3D Dynamic Modeling of Earthquakes and Segmented Faults
P.I.: Ruth A. Harris
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EARTHQUAKE SOURCE AND EFFECT STUDIES
9950-11255
S. H. Hartzell, D. Carver, E. Cranswick

Branch of Earthquake and Landslide Hazards
U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center
Denver, CO 80225
(303) 273-8572

Main Program Elements 1.2, I1.2, IT1.2
Investigations

1) Aftershocks of the 1989 Loma Prieta, Calif., earthquake are used to estimate site
response in an area of 12 square kilometers centered on downtown Santa Cruz. We also use
waveforms from a three station array located in the flood plain to calculate the apparent
velocity and azimuth of propogation of coherent arrivals within moving windows of the
S-wave codas.

2) A previously-developed hybrid, global search algorithm is extended for use in calcu-
lation of finite-fault rupture histories, where both the rupture time and the slip amplitude
are free parameters. The new method is applied to the 1992 Landers, California, earth-
quake.

3) Site response is calculated for the Los Angeles urban area using aftershocks of the
1994 Northridge earthquake.

4) Tested capability of a novel rotational sensor to record strong-ground motions.

5) Development of new techniques for obtaining detailed site response information
from surface sources.

6) Continued development of low-cost, PC-based computer systems for processing
seismic-waveform data.

7) Interpretation of the significance of the Northridge strong-ground-motion dataset
with respect to building damage.

8) Exploration of strategies for mass-distribution of low-cost strong motion instru-
mentation in urban environments in cooperation with members of the general public.

Results

1) A total of 259 shear-wave records from 36 aftershocks are used in a linear inversion
for site response spectra. The shear-wave site responses correlate well with the surficial
geology and observed damage pattern of the main shock. In the frequency band from
1 to 4 Hz, sites on or near crystalline basement have site response amplification factors
from 1.0 to 1.6, sites on marine terrace deposits have factors from 2.1 to 3.4, and sites
on the alluvium-filled flood plain have factors from 5.0 to 12.1. Amplification factors
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are progressively lower for frequency bands of 4-7 Hz and 7-10 Hz. For example, the
factors range from 1.8 to 6.5 at flood-plain sites in the 7-10 Hz frequency band. Results
of the apparent velocity and azimuth calculations show that the direct S-waves come from
azimuths consistent with the source locations and have higer velocities than later arrivals.
. Waves arriving later than 2 sec after the direct S-waves have apparent velocities less than
2 km/sec, arrive from divergent azimuths, and have nearly horizontal angles of incidence.
These results indicate that the large amplitude waves that arrive after the direct S-wave
arrival are surface waves generated and trapped in the flood-plain basin alluvial sediments.

2) Many interesting inverse problems in geophysics are nonlinear and multimodal
(having many local minima). By combining simulated annealing with the downhill simplex
method, a hybrid global search algorithm is obtained for solving these problems. One such
interesting problem is the retrieval of finite-fault rupture histories. The hybrid global
search method is used to determine the rupture history of the 1992 Landers earthquake by
the inversion of teleseimic waveform data. Traditional approaches to this problem using
iterative least squares are dependent on the starting model and converge to local minima.
The hybrid global method converges to the gobal minimum- of the prescribed objective
function.

Application of the global search method to the Landers earthquake yields a very
heterogeneous distribution of slip. Each of the three main segments of the rupture (Johnson
Valley, Homestead Valley, Emerson/Camp Rock) has one or two large slip patches. Major
slip lies above 14 ki depth for all three fault segments. Slip on the Emerson/Camp Rock
Fault shallows northward to include just near-surface faulting (top 2 to 4 km). Large offsets
at the surface generally occur north of (in the direction of rupture propagation) large slip
zones at depth. Moment release is the greatest on the Homestead Valley Fault, followed
by the Emerson/Camp Rock Fault, and least on the Johnson Valley Fault where the
earthquake initiated. Rupture times from the global search inversion indicate an average
rupture velocity of about 3.0 km/sec. Local variations in rupture velocity vary from about
2.5 to 3.5 km/sec. The total rupture duration is 22 sec. Jumping of the rupture from one
segment to another as faulting progressed from south to north occurs before the rupture
has reached the end of a given segment, but is variable in its timing.

3) A linear-inversion technique is used in which the recorded aftershock spectra are
decomposed into source and site spectra after correction for propagation-path attenuation
and geometric spreading. No assumptions are made about the shape of the source spectra.
The inversion is constrained by requiring the site response at a hard-rock site in the Santa
Monica Mountains to have an approximate value of 1.0 with a kappa of 0.02. Sparse-matrix
techniques are used to rapidly calculate a solution. Site response is estimated using both
the direct S-wave and the S-wave coda. Over 60 sources are used, many recorded at 20
or more sites, to determine the site response at 90 locations throughout the Los Angeles
urban area. Most of the strong-motion sites within 30 km of the epicenter of the Northridge
earthquake were co-located with aftershock recorders. Determination of the site response
at these locations adds insight into the distribution of mainshock ground motion. Site
response values are also compared between the damaged and non-damaged areas in an
attempt to explain the observed damage pattern. The distribution of sites allows us to

92



I,II,III

compare site-response values over different length scales, including on a block-by-block
basis up to the dimensions of an entire sediment-filled basin like the San Fernando Valley.
Comparisons are also made between the calculated site response and surficial geology and
topography and the depth to basement. This information is used to suggest ways that site
response can be estimated at locations where no aftershock recordings exist.

4) The waveforms of a regional magnitude 5 earthquake recorded in San Bernardino,
California, suggest that a significant component of rotational ground motion was produced
by the conversion of P-waves to S-waves at the dipping alluvium/rock interface beneath
the site.

5) The ground motions recorded 5 m from the impact points of vertical impulses
(i-e., weight drops) correlate well with the site response independently estimated from
the examination of the local geology, shallow reflection/refraction surveys, and analysis
of aftershock waveforms recorded at those sites; however, because of problems of source
coupling, the ground motions produced by horizontal impulses (i.e., shear impacts) do not
show such good correlation.

6) PC-based computer systems have now attained a level of processing capability that
is comparable to that of the computer systems traditionally used for seismological research,
e.g., SUNs and VAXs, and the former are significantly less expensive than the latter.

7) Although the strong-ground-motion dataset of the Northridge Earthquake main-
shock/aftershock sequence is unprecedentedly large, it is nonetheless severely spatially
aliased by approximately two orders of magnitude relative to the observed variation of
building damage and ground motion waveforms over distances of a city block.

8) The technology presently exists for the low-cost and reliable acquisition, telemetry,
and database management of strong-ground-motion data from sites with a spatial density
comparable to population density, but since public interest in participating in such a
program depends upon the recent experience of a locally destructive earthquake, e.g.,
Northridge (since the the 1989 Loma Prieta Earthquake, public interest in earthquakes in
the San Francisco Bay Area has already largely waned), a government initiative related
to earthquake insurance and hazard mitigation is necessary to sustain the development of
dense urban seismic arrays.

Reports
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Cranswick, E., 1994, Damage done by the 1994 Northridge, California, Earthquake and
the spatial density of sampling strong ground motions: Program for Northridge
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Investigations

The purpose of the network is to monitor seismic activity in the Central Mis-
sissippi Valley Seismic zone, in which the large 1811-1812 New Madrid earthquakes
occurred. The following section gives a summary of network observations from
October 1993 through September 1994.

Results

During this time, 55 earthquakes were located by the regional telemetered
microearthquake network operated by Saint Louis University for the U.S. Geologi-
cal Survey. Figure 1 shows 52 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 sym-
bols. Figure 2 shows the locations and magnitudes of 38 earthquakes located within
a 1.5° x 1.5° region centered at 36.25°N and 89.75°W.

From October 1, 1993 through September 30, 1994, 91 teleseisms were
recorded by the PC clone running the VENIX operating system. Epicentral coordi-
nates were determined by assuming a plane wave front propagating across the net-
work 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 during this time include the following:

February 5, 1994 (1455 UTC). Cape Girardeau, Missouri region. Mp 4.2
(SLM). myp, 4.2 (GS). Felt (V) at Scott City and Ste. Genevieve, Missouri.
Also felt (V) at Dongola and Johnson City, Illinois. Felt (IV) at Carbondale,
Cobden, De Soto, Goreville, Jonesboro, Makanda, Metropolis, Tamms and
Royalton, Illinois. Also felt (IV) at Benton, Cape Girardeau, Fredericktown
and Perryville, Missouri. Felt in southern Illinois, southeastern Missouri and
western Kentucky. Broadband waveform modeling (Herrmann and Ammon,
1995) of the BB waveforms at the IRIS station at Cathedral Cave, Missouri,
yielded a focal depth of 15 km, a strike of 25°, a rake of 170° and a dip of 70°
for the focal mechanism, and a seismic moment of 6.0x 10?! dyne-cm. This
focal mechanism is shown in relation to others in Figure 3, which include the
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revised focal mechanisms for the March 3, 1963 and July 21, 1967 events
(Herrmann, 1995).

February 28, 1994 (1829 UTC). Cape Girardeau, Missouri region. Mp 3.0
(SLM). my, 2.6 (GS). Felt (V) at Carbondale and (IV) at Cambria, Illinois.
Also felt at Murphysboro, Illinois.

March 21, 1994 (1734 UTC). New Madrid, Missouri region. Mp 2.9 (SLM).

April 6, 1994 (1738 UTC). Southern Illinois. my;, 3.1 (GS). Mp 3.1 (SLM).
Felt (IV) at Carbondale and Oakdale. Felt (II) at Benton.

April 23, 1994 (1946 UTC). Arkansas. Mp 3.0 (SLM). my;, 2.8 (GS).

May 4, 1994 (0912 UTC). Alabama. my, 3.0 (GS). Felt (IV) at Addison; (III)
at Decatur, Houston and Madison; (II) at Arley. Also felt at Double Springs
and Jones Chapel.

August 20, 1994 (1045 UTC). Missouri-Arkansas border region. my, 3.5
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(GS). Felt (IV) at Jonesboro, Lynn, Portia, Tuckerman and Walnut Ridge;
(IIT) at Ravenden Springs and Smithville; (II) at Minturn, Powhatan and

Ravenden, Arkansas.

September 26, 1994 (1423 UTC). Tennessee. my, 3.6 (GS). Mp 3.5 (SLM).
Felt (V) at Bardwell, Paducah and Wickliffe; (III) at Clinton and La Center,
Kentucky. Also felt (III) at Brookport, Illinois.

Publications

Herrmann, R. B. (1995). Broadband seismology and small regional seismic net-
works in, K. M. Shedlock and A. C. Johnston, eds., Investigations of the New
Madrid Seismic Zone, U. S. Geological Survey Prof. Paper 1538 (in review).

Herrmann, R. B,, and C. J. Ammon (1995). Waveform modeling as a tool for focal
mechanism determination and validation, Bull. Seism. Soc. Am. (in revision).
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Introduction

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

Status
Network Design

This cooperative network has two aspects: detailed monitoring of seismicity in
the region of New Madrid, Missouri, and an emphasis on regional monitoring. In
the division of responsibilities, the University of Memphis will install a dense array
of short period instruments in the New Madrid region proper, while Saint Louis
University will install a backbone broadband network. Figure 1 shows the proposed
locations of the broadband stations.

RFP

An RFP was released to manufacturers for equipment bids in late autumn,
1993. The RFP reflected the evolution of the seismic network design. The require-
ment is that the stations indicated in Figure 1, be modern broadband digital sta-
tions with dialup capability - e.g., open stations. These stations will be interrogated
daily and also following an earthquake.

The RFP’s were evaluated, and the decision was to purchase 15 systems con-
sisting of Quanterra 380LX data acquisition and Guralp CMG-40T sensors. One sta-
tion, on the campus of Saint Louis University, will be connected to Internet. All sta-
tions have sufficient disk capacity to store 7 days data online.

Data Center

Using internal university funds and a grant from the Union Pacific Founda-
tion, a major effort was directed to improve the appearance and functionality of the
Saint Louis University Earthquake Center. The central hallway has been remodeled,
seismograph drum recorders are placed on top of exhibit cases which present a col-
lection of seismic instruments from the turn of the century. An adjoining side room,
formerly used for photographic recording of the French Village, Missouri, WWSSN
station, has been made the network operations room, and has the VSAT control, a
SparcStation 5, and PC data acquisition of the remaining analog telemetry data.
Finally, an additional UPS has been constructed to keep the data center functioning
in case of power failure.

99



[ USNSN

SFTN o iris sTs-1
A CMG-40T/Quantarra (Harrmann)
© STS-2/Quantarra (Mitchall)

OXF
0O

Fig. 1. Proposed distribution of 24 bit broadband stations in the New Madrid region: USNSN
(squares), IRIS (circle), SLU STS-2/Quanterra by Mitchell (diamond) and under this grant SLU
Guralp/Quanterra (diamond).

Public Interaction

The network currently participates in the finger quake@slueas.slu.edu, initi-
ated by the University of Washington. in addition, a Mosaic server has been estab-
lished to provide earthquake history in the region, basic concepts, and also software
and databases for use on UNIX workstations and PC’s. The pointer to these prod-
ucts will be found on ftp:/ / geophys.washington.edu:/ HTML / seismosurfing.html

Continuing Efforts

Efforts are now directed toward assembling the broad band field stations and
establishing a data base procedure for storing digital data.
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Program Element I
INVESTIGATIONS UNDERTAKEN
1. Laboratory Studies of Solution-Transport Deformation

Solution-transport processes such as pressure solution, crack healing, and neck growth are
quite important in determining the rheology of fault zones and the evolution of rock physical
properties. In this laboratory investigation we are studying deformation at individual mineral-to-
mineral contacts to provide fundamental constraints on the mechanisms and kinetics of these
processes in quartzose rocks. These single-contact experiments are important because they allow
unambiguous identification of the deformation mechanisms, the sources and sinks of material, and
the effect of both contact geometry and second phases on neck growth, crack healing, and pressure
solution (e.g., Hickman and Evans, 1992, 1994). These experiments are being performed in a
unique apparatus that allows us to continually observe the contact region or crack while under load
at hydrothermal conditions (PH20 < 200 MPa, T < 600°C). By employing reflected-light in-
terferometry, we are also able to monitor both the rate at which the lenses approach one another
(i.e., converge) and the evolution of contact topology or crack aperture with time. In this manner
we can independently determine the rates of pressure solution, neck growth, and crack healing as a
function of temperature, effective normal stress, contact geometry, grain-boundary orientation and
second-phase mineralogy.

2. Improvement of Wireline Packer System

To formulate a more viable and cost-effective in-situ stress program, we have used NEHRP
funds to build a wireline packer system that can be used to make stress, permeability, and pore-
pressure measurements without requiring a drilling rig on site. This system incorporates real-time
digital telemetry of down-hole test-interval pressure, packer pressure, and flow rate. Motivated by
the need to make permeability measurements in wells in which the water level is deeper than
several tens of meters below ground level (as in the Ben Lomond well, discussed below), in FY
1994 we modified this packer system to provide downhole electronic control of fluid flow into the
packers and test interval.

3. In-situ Study of Physical Mechanisms for Permeability changes Associated with the 1989 Loma
Prieta Earthquake

The 1989 Loma Prieta, California, earthquake (M~7.0) caused significant changes in the
shallow hydrology of the nearby Santa Cruz Mountains. These changes, which consisted of
streamflow increases that persisted for several months after the earthquake and long-lived post-
seismic lowering of the water table, are most readily explained by an increase in the permeability of
the near-surface aquifers and aquitards during the Loma Prieta earthquake (Rojstaczer and Wolf,
1992). Historic water-level data from the Santa Cruz Mountains suggests that the permeability
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created during earthquakes then gradually decreases during the interseismic period, perhaps by the
infilling of fractures or faults with low-temperature hydrothermal deposits or weathering products.
To determine the physical mechanisms responsible for this coseismic permeability enhancement,
we are currently conducting measurements of stress, natural fracture orientation, and permeability
in an approximately 170-m-deep borehole drilled in granodiorite at the crest of the Ben Lomond
Ridge in the Santa Cruz Mountains, California. This project is being performed in collaboration
with Stuart Rojstaczer of Duke University.

4. Coupled Tectonic and Hydrologic Processes in Fractured Rock, Yosemite National Park

This study, which involved hydrologists, geophysicists and geochemists from the USGS
(Geologic and Water Resources Divisions) and the U.S. Department of Energy, was conducted to
understand the nature, timing and extent of ground water flow in the fractured granitic aquifer
beneath Yosemite National Park. Our role in this study was to make hydraulic fracturing stress
measurements in two shallow wells drilled by the National Park Service near the town of Wawona
to understand the nature and origin of the shallow stress field in this area. In coordination with in-
situ permeability and geochemical studies by other investigations, our investigations will help
determine if and in what manner these stresses might control the orientations of permeable fractures
and faults in this aquifer.

5. Planning and Coordination of San Andreas Fault Zone Drilling Project

For the past three years we have been working with an international team of scientists and
engineers in proposing a long-term, integrated program of surface-based geological and
geophysical investigations and deep scientific drilling along the San Andreas fault system. This
project would provide data essential to understanding the structure, composition, mechanical
behavior, and physical state of an active, major plate-boundary fault. Our ultimate goal is to core
inclined holes through the San Andreas fault zone at one location at depths of about 1, 3, 6, and 9
km and conduct extensive investigations in the holes and on the recovered materials. Upon
completion of drilling, seismometers and other instruments will be placed in the holes for long-
term monitoring of earthquake locations and source parameters, seismic wave propagation,
electromagnetic radiation, fluid pressure, fluid chemistry, temperature, and deformation. The
scientific objectives, experimental strategy, and site-selection process for the San Andreas Fault
Zone Drilling Project (FZDP) are described in Hickman et al. (1994e and f). A key aspect of the
funding strategy for this project, which would most likely occur as part of the International
Continental Drilling Program currently under development (see Zoback and Emmermann, 1994), is
to obtain new money for a broad range of geological and geophysical investigations of the San
Andreas fault zone as well as for drilling and technology development.

The first stage of the FZDP is now well underway, with about 20 reconnaissance field
investigations — incorporating geologic mapping, active and passive seismology, potential field
methods (aeromagnetics, gravity, and magnetotellurics), hydrology, and borehole geophysics —
being conducted along four segments of the San Andreas fault potentially suitable for drilling of the
10-km-deep hole. Our goal in site selection is to build a suite of comparative models of the
geologic, hydrologic, and geodynamic settings of the San Andreas fault along these candidate
segments, located in the Mojave Desert, Carrizo Plain, San Francisco Peninsula, and Northern
Gabilan Range. These studies are being conducted by individual investigators, each of whom will
contribute their results to a common data base, and will provide information necessary both to
select the best site for the deep hole and to extend results from this hole to other segments of the
San Andreas fault and to faults in other tectonic environments.

6. USGS Red-Book Conference on the Mechanical Involvement of Fluids in Faulting

With Rick Sibson (University of Otago, New Zealand) and Ron Bruhn (University of Utah)
we convened a NEHRP-sponsored "Red-Book" conference on the Mechanical Involvement of
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Fluids in Faulting at Fish Camp, California, from June 6-10, 1993 (see Hickman et al., 1994a).
This conference drew together a diverse group of 45 scientists, whose expertise included electrical
and magnetic methods, geochemistry, hydrology, ore deposits, rock mechanics, seismology, and
structural geology. Some of the topics addressed included the pressures, compositions, and
origins of fluids at different depths within active fault zones; the physical involvement of crustal
fluids in the overall process of stress accumulation, release, and transfer during the earthquake
cycle; and the roles of faults in distributing fluids in the crust and in altering fluid pressure
domains. Also discussed were the chemical roles of fluids in facilitating fault creep; the chemical
effects of aqueous fluids on constitutive response, frictional stability, and long-term fault strength;
and the processes by which porosity and permeability are either created or destroyed in the mid to
lower crust.

RESULTS
1. Laboratory Studies of Solution-Transport Deformation

In FY 1993, we performed an initial series of experiments using a convex quartz lens and a flat
quartz lens pressed together under a load of 5.2 Newtons in distilled water at 150 MPa fluid
pressure and a temperature of 520°C. In-situ monitoring of contact geometry and interference
fringes showed no discernible convergence (pressure solution) but did show the development of a
contact spot, or neck, between the two lenses. Interestingly, however, the rate at which the neck
grew with time in our experiments was about 10-20 times slower than expected based upon simple
extrapolations of intragranular crack healing rates for quartz determined by Brantley et al. (1990).
We believe that the slow neck growth rates we observed are due either to: 1) a systematic
overestimation of crack apertures used in the Brantley et al. reconnaissance study, or 2) the
retarding effects of grain boundary energy on neck-growth rates. The latter effect has been
theoretically predicted as a consequence of the balance of interfacial tensions at the intersection
between a grain boundary and two solid-liquid interfaces and has been experimentally confirmed in
the halite/brine system (Hickman and Evans, 1992).

To systematically examine this effect, in FY 1994 we initiated a series of crack healing exper-
iments in quartz single crystals at T = 400-600° C and Py;0 = 100-200 MPa. These experiments
will provide data on the rate of crack healing as a function of crack aperture, temperature, and fluid
pressure in the absence of any retarding effects due to grain boundary energy. In spite of USGS
hiring restrictions which prevented us from hiring a new laboratory technician, we have been able
to make some progress on these experiments during FY 1994. We moved into a new laboratory;
installed a vibration isolation system; established procedures for preparing oriented cracks in quartz
single crystals; and modified the seals on the fluid input to the hydrothermal vessel to improve
high-temperature creep resistance and prevent leaks (a recurring problem, now solved). We have
just finished construction of a gold liner to be used inside the pressure vessel and are beginning our
first crack healing experiments. We also submitted a journal article on pressure solution
experiments conducted earlier using halite single crystals (Hickman and Evans, 1994).

2. In-situ Study of Physical Mechanisms for Permeability Changes Associated with the 1989 Loma
Prieta Earthquake

Our borehole televiewer and television logging in the Ben Lomond well has revealed numerous
fractures and faults with thicknesses of up to several cm. The great majority of these fractures and
faults strike N-NW and dip 40-70° to the east. We conducted four hydraulic fracturing stress
measurements in this well at depths of 30-100 m using our new wireline packer system. Packer
tests at greater depths were not possible because of a blockage in the hole associated with a
pronounced fault zone at 103 m depth. Analysis of these data show that the magnitude of the least
horizontal principal stress (Spmin) is equal to or slightly less than the calculated vertical stress (Sy)
and that the direction of the maximum horizontal principal stress (SHmax) is N10°W + 20°. This
SHmax direction is parallel to the ridge axis (suggesting topographic control of the stress field) and
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the strike of most of the natural fractures and faults in this well. Thus, these fractures/faults are
favorably oriented for normal faulting. Analysis of the potential for frictional failure on these
planes using simple frictional faulting theory indicates that normal faulting could be induced at this
site by a reduction in Spmjp of about 0.5-1.0 MPa. Calculations of the magnitude and approximate
orientations of dynamic (i.e. strong-ground-motion induced) stress perturbations expected during
the 1989 Loma Prieta earthquake indicate that cyclic reductions in Sy of this order are indeed
possible at this location. In contrast, calculations by Robert Simpson (USGS, Menlo Park) of the
static (i.e., long-term) stress perturbations expected at this site from the 1989 Loma Prieta
earthquake indicate that static stress changes would have little effect on the propensity for frictional
failure on the faults/fractures observed. Thus, we propose that these features are shallow normal
faults reactivated by earthquake-induced dynamic stress perturbations and that these faults, in turn,
are responsible for the permeability enhancement associated with the Loma Prieta earthquake.

To further test this hypothesis, we are currently measuring the permeabilities of individual
fractures and fault zones in the Ben Lomond well and conducting detailed resistivity, full-
waveform sonic, and temperature logging to determine the extent of permeability anisotropy and
the manner in which this anisotropy, if it exists, is aligned with the in-situ stresses. Since
modifying our wireline packer system (see above) we have made 12 permeability measurements on
faults intersected by this well at depths above 103 m. Preliminary analysis of these data — when
compared to similar measurements conducted over intact (i.e., unfractured) intervals of the Ben
Lomond well - indicate that the permeability of these shallow faults is probably not high enough to
explain the 10-fold increase in average permeability inferred to have occurred in the shallow
bedrock of the Santa Cruz Mountains during the Loma Prieta earthquake. To see if more
permeable faults exist at depth, we are currently conducting a suite of cased-hole geophysical logs
across and below the fault zone at 103 m and will be drilling and testing an approximately 350-m-
deep well at a nearby location in the Santa Cruz Mountains next year.

3. Coupled Tectonic and Hydrologic Processes in Fractured Rock, Yosemite National Park

In FY 1994 we completed analysis of the hydraulic fracturing data obtained earlier using our
wireline packer system in two 300-m-deep wells drilled near Wawona, California. In both wells
the relative magnitudes of the principal stresses indicate a reverse-faulting stress regime at depths
less than about 200 m that is transitional to a strike-slip faulting at greater depths. The magnitudes
of the horizontal principal stresses in the upper 100 m of these wells are extremely high, with
SHmax attaining a maximum magnitude of about 13 MPa at a depth of SO m. The corresponding
differential stresses (SHmax - Sv) are roughly twice as great as predicted using laboratory
coefficients of friction of 0.6 to 1.0 and simple frictional faulting theory (i.e. Byerlee's law).
Based on borehole televiewer logs conducted in these wells, we hypothesize that these high
differential stresses can be maintained because of the paucity of natural fractures or faults that are
favorably oriented for reverse faulting. Orientations of the hydraulic fractures created during our
tests indicate that Sgymax at Wawona is directed N55°W * 10°. This orientation departs
significantly from the roughly north-south to northeast SHmax directions observed on either side of
the Sierra Nevada (Zoback and Zoback, 1989), but is subparallel to the overall trend of the valley
of the South Fork Merced River at Wawona.

In FY 1994 we used the three-dimensional topographic stress model of Liu and Zoback (1992)
to see if the gravitational loading by the Sierran Nevada Mountains might explain both the
anomalous stress orientations seen at Wawona and the extremely high near-surface stress
magnitudes. This model was applied to a 21 x 21 km square digital topographic grid centered on
the town of Wawona, with a 100 m grid spacing. A variety of stress boundary conditions were
assumed in this modeling, making geologically reasonable assumptions about the orientations and
relative magnitudes of the far-field (i.e., tectonic) stresses acting on the Sierra Nevada. Although
several of these models were able to fit our measured stress orientations very closely, none of them
were able to reproduce the high near-surface horizontal stress magnitudes observed in these wells.
Near-surface residual or thermal stresses due to the extremely rapid erosion of the Merced River
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valley might thus be responsible, at least in part, for the high horizontal stress magnitudes
observed (see McGarr, 1988).

Analysis of pumping tests conducted in these wells by Morin and Borchers (1993) indicates
that the most permeable fractures are roughly perpendicular to the least principal stress, suggesting
that the permeability tensor is controlled by the present-day in-situ stress field. Our hydraulic
fracturing tests in the deepest of these two wells were conducted while borehole seismometer and
tiltmeter arrays were deployed in nearby shallow boreholes by House and Phillips (1993) and
Snaman et al. (1993). The microseismic event locations and shallow tilts determined from these
arrays agreed with our interpretation of the orientations and relative magnitudes of the in-situ
stresses in this area. These and other results of the Wawona experiment were presented at the
1993 Fall AGU meeting as part of the special session on Coupled Hydrologic and Tectonic
Processes in Fractured Rock co-convened by Jim Borchers (USGS Water Resources Division,
Sacramento) and Stephen Hickman.

4. Planning and Coordination of San Andreas Fault Zone Drilling Project

Over the past year it has become clear that the current level of site characterization activity will
be inadequate to characterize all four segments of the San Andreas fault in sufficient detail to make
an intelligent selection of the deep drilling site before 1997, as originally proposed. Moreover, we
feel that an accelerated site characterization program does not provide us with the kind of detailed,
three-dimensional information needed to extend the information gained in the deep hole into the
adjacent crust. Thus, we are now operating under a new strategy and time table that divides site
characterization into two successive stages. The first stage, currently being funded by existing
programs within the USGS, National Science Foundation (NSF), and Department of Energy
(DOE), consists of reconnaissance-scale geophysical and geological studies along the four
segments. The second stage of site characterization, which would be funded using new money
raised in support of the FZDP, would consist of much more detailed studies of the crust and upper
mantle along two of these segments. These investigations will incorporate seismology,
geophysical imaging, geodesy, geologic mapping, hydrology, geochemistry, shallow drilling,
geodynamic modeling, and other disciplines. The subsequent deep drilling phase of the project
would make it possible to conduct the in-situ investigations that are crucial to the success of this
project and, when integrated with site characterization studies, would provide three-dimensional
information on the fault zone and the surrounding lithosphere on an unparalleled scale.

From March 28-30, 1994, we held a workshop at the Marconi Conference Center in northern
California to discuss site characterization activities associated with the FZDP. The primary
purposes of this workshop were to: (1) discuss the present state of knowledge regarding the
structure, behavior, and physical properties of the San Andreas fault zone along the four segments
being considered for the 10-km hole; (2) present preliminary results and research plans from the
first round of site characterization studies currently funded by the USGS, NSF, and DOE; (3)
identify and discuss gaps in the current site characterization effort to help in preparation of new
proposals; and (4) begin preparation of a science plan for detailed site characterization studies in the
two finalist segments. The workshop was attended by 68 people and was quite successful in
illustrating the diversity and quality of work going on along the four segments of the San Andreas
and in stimulating discussions which led to the evolution of the revised long-term plan mentioned
above. Moreover, it provided extremely useful overviews of outstanding scientific questions about
each area's suitability for deep drilling and the variety of techniques that could be used to answer
these questions.

During this past year, the NSF Continental Dynamics Panel strongly suggested that we
consider drilling a 3 km borehole into the fault zone as soon as possible. In part, their logic was
that we should do this to avoid appreciable expenditures for site selection studies if deep drilling
into the fault zone proves to be impractical. Although a 3 km hole is not deep enough to address
many of the key scientific questions about the physics of faulting that are driving this project, we
have decided to follow the Panel's recommendation for several reasons. First, it enables us to
obtain direct information on the structure, physical properties, and mechanical behavior of the fault
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at intermediate depth. This information will improve current knowledge tremendously and help
with all aspects of further planning. Second, it enables us to identify and begin dealing with the
technical problems of drilling, coring, casing, downhole measurements, and long-term monitoring
in and near the active fault zone. The drilling, sampling, and down-hole measurements programs
we are proposing for the 3-km experiment (see Hickman et al., 1994f) are similar to those for the
10-km hole, with the exception that the fault will be crossed at a depth of only 3 km. As with the
10-km hole, an important aspect of the 3-km experiment is instrumentation of the borehole for
long-term monitoring of seismicity, deformation, fluid pressure, and temperature directly within
and adjacent to the fault zone.

We convened a workshop on the scientific goals, experimental design, and site selection for the
3-km borehole from July 11-12, 1994, at the USGS in Menlo Park. At this workshop about 45
people discussed the current state of knowledge on the subsurface geology and geophysics at
several candidate segments. As there are strong arguments in favor of siting the 10-km-deep hole
along a section of the San Andreas that is "locked" and likely to produce great earthquakes, we
propose drilling the shallow hole where the fault is currently slipping through a combination of
small-to-moderate sized earthquakes and fault creep. A key consideration in selecting the site for
the 3-km hole is our ability to accurately target a seismically active patch of the fault at 3 km depth.
By choosing an "active" segment of the fault for the 3-km hole we will also be able to broaden the
overall scope of the FZDP by eventually comparing conditions in and around the fault zone in two
areas where fault behavior is markedly different. As a result of the July workshop, the primary
localities being considered for the 3-km hole are the Parkfield and Northern Gabilans segments of
the San Andreas fault. The selection of the final site for the 3 km hole will be based on information
— including limited new geological, seismological, and potential-field data — that we as a group are
able to gather over the next six months to fill the gaps identified during this workshop.

5. USGS Red Book Conference on the Mechanical Involvement of Fluids in Faulting

During FY 1994, we co-edited the proceedings volume from this conference (Hickman et al.,
1994c). The 43 contributors to this "Red Book" included researchers on electrical and magnetic
methods, geochemistry, hydrology, ore deposits, rock mechanics, seismology, and structural
geology. The Red Book is divided into four chapters: 1) Evidence for Fluid Involvement in
Faulting and Deep Crustal Fluid Reservoirs, 2) Fault-Zone Transport Properties and Composition
of Fault-Zone Fluids, 3) Coupled Mechanical and Hydrological Processes in Faulting and 4)
Chemical Effects of Fluids on Fault-Zone Rheology. We are also co-editing a J. Geophys. Res.
special issue on this same topic, to appear early in 1995.
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Abstract

An important but poorly known part of the earthquake hazard at near-coastal cities of
western North America from northern California to southern British Columbia is from great thrust
earthquakes on the Cascadia subduction zone. Although there have been no historical such events,
there is good evidence that they have occurred in the past. In this NHERP supported study, we
have, (1) analyzed the evidence that along the whole Cascadia margin the subduction thrust fault
is locked at present and accumulating elastic strain toward future great earthquakes, (2) estimated
the downdip landward limit of the

seismic source zone on the Potential Seismogenic Zone
subduction thrust fault through T T
modelling of the pattern of current o 126 122
deformation from repeated B %: NORTH AMERICA B
geodetic surveys, and from the %%
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thermal regime, taking the down-
dip limit of seismic behaviour on
the fault to be controlled by
temperature. An important hazard
factor is the down-dip landward
limit of the seismogenic zone. (3)
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Figure 1 Estimated width of the seismogenic zone along the
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current deformation and

from thermal constraints. The model great earthquake rupture

decreases across the transition zone,
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The first phase of our study was a detailed analysis of geodetic data and deformation and
thermal modelling of the northern Cascadia region of S. British Columbia and N. Washington.
We have now extended the analysis to the whole Cascadia margin from southern British Columbia
to northern California. The geodetic data include long term tide gauges at 6 locations, 10 repeated
levelling lines, 7 horizontal strain arrays and several continuously recording GPS stations. For
most of the coast there is present uplift at a rate of a few mm/a, decreasing inland, and shortening
across the coastal region at about 0.1 pstrain/a (mm/a per km). The present interseismic uplift is
consistent with the abrupt subsidence at the time of great earthquakes inferred from buried coastal
salt marshes. The modeled width of the locked zone that is accumulating elastic strain averages
60 km fully locked plus 60 km transition; it is wider, about 90 + 90 km off the Olympic
Peninsula of northern Washington where a bend in the coastline causes the plate dip to be
anomalously shallow; it is narrower, about 35 + 35 km, off central Oregon. The unusually
narrow downdip extent for the Cascadia margin is a consequence of high temperatures associated
with the young oceanic plate and thick blanket of insulating sediments on the incoming crust. The
variations in the modelled locked zone width in general correspond to variations along the margin
of downdip temperatures on the fault as estimated from numerical thermal models. The landward
limit to the seismogenic zone, extending little if at all beneath the coast, limits the ground motion
from great subduction earthquakes at the major Cascadia cities of Vancouver, Seattle and Portland
that lie 100-200 km inland. The narrow width also limits the maximum earthquake size somewhat
(the actual maximum depends on the along-margin length) but events of well over magnitude 8
are expected. If the whole estimated
seismogenic zone along the Cascadia margin NARROW LOCKED ZONE
breaks at once, empirical fault area versus
magnitude relations give earthquakes as large as  |NTERSEISMIC
M, =9.

Narrow Uplift

INTRODUCTION

The Cascadia subduction zone margin of
western North America is unusual in having
experienced no historical great thrust
earthquakes. = However, most comparable
margins globally have had such very damaging WIDE LOCKED ZONE
eyents and extensive paleoseismicity data from Wide Uplift
sites along the coast from southern Vancouver
Island to northern California indicate that they
have occurred here at irregular intervals
averaging about 600 years, the last 300 years
ago (e.g., Atwater et al., 1995; Adams, 1990).
Geodetic data has also shown that the coast
region is shortening in the direction of plate
convergence as expected for a locked .
subduction thrust fault (e.g., Savage et al., Figure 2 Schematic diagram illustrating the
1991). In this study we have analyzed the interseismic deformation associated with a subduction
evidence that along the whole Cascadia margin thrust fault. The wider the locked seismogenic zone the
the subduction thrust fault is locked at present ':d: t!'e zone of interseismic uplift and of horizontal

shortening.
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and accumulating elastic strain toward future great earthquakes, and estimated the downdip
landward limit of the seismic source zone on the subduction thrust fault (Figure 1). The

width has been estimated from:

(1) the present locked zone determined through modelling of the pattern of current deformation
from repeated levelling surveys, long term trends in tide gauge records, repeated precision gravity
surveys and repeated positional surveys (e.g., Dragert et al., 1994).

(2) the thermal regime, taking the down-dip limit of seismic behaviour on the fault to be
thermally controlled (e.g., Hyndman and Wang, 1993).

"LOCKED ZONE" FROM
CURRENT DEFORMATION

If a portion of the
subduction thrust fault is locked,
ongoing convergence results in the
toe of the continent being dragged
down and of flexural uplift further
inland, along with elastic
shortening in the direction of plate
motion (Figure 2). The abrupt
collapse of the flexural uplift
(which is located near the coast for
most of the Cascadia margin) at the
time of great earthquakes gives the
coastal subsidence inferred from
buried coastal salt marshes and
other paleoseismic data (e.g.,
Atwater et al., 1995 and references
therein). The wider the locked
zone, the further landward are
the flexural uplift and the hinge
line marking the transition between
interseismic subsidence and uplift.
Matching the spatial pattern of
current deformation across the
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Figure 3 Locations of Cascadia levelling lines (thick lines), tide
gauges (square dots) and horizontal positioning networks (boxes). The
contours of present uplift rate are based on the best fitting elastic
dislocation models to the corrected data. The coseismic subsidence is
approximately this rate times the interseismic period (600 yrs).
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The horizontal

shortening is Figure 4 Global Positioning System (GPS) data showing the landward motion of
constrained by ALBH (Victoria) relative to DRAO (Penticton) at a rate in agreement with the model

repeated measurements prediction for a 100 km locked and 100 km transition zone subduction thrust. The
HOLB station at the north end of the subdution zone is moving paralled to the margin

of 7 horizontal strain which indicates that there is not locked subduction in that area.

arrays and continuous
Global Positioning
(GPS) monitoring of one coastal site (Dragert and Hyndman, 1994).

The repeated levelling and gravity data provide only relative levels and they have been
referenced to the tide gauge data and to margin parallel levelling lines. The vertical data have also
been corrected for postglacial rebound and the tide gauge data for global eustatic sealevel rise.
The corrected data show present uplift for most of the coast at a rate of a few mm/yr decreasing
inland (Figure 3), and shortening across the coastal region at about 0.1 ustrain/yr (mm/yr
shortening per km perpendicular to the margin) (e.g., Savage et al., 1991; Dragert et al., 1994;
Mitchell et al., 1994; Dragert and Hyndman, 1994). Through comparison with the predictions of
elastic dislocation models, we find that the thrust is locked everywhere along the margin and that
the width of the present locked zone that is accumulating elastic strain averages about 60 km fully
locked plus a 60 km transition zone to completely free downdip (90 km fully locked with no
transition gives similar deformation); it is wider, 90 + 90 km off the Olympic Peninsula of
northern Washington and narrower, 35 + 35 km off central and southern Oregon (Figure 1).
Examples of the repeat levelling and strain results are given in Figures 9 & 10 (Appendix Figures
at the end) (also Figures 4 and 5). The landward motion of ALBH (Victoria) in the coastal zone
with respect to DRAO (Penticton) on stable North America (in S. British Columbia just to the
right off Figure 1) from Global Positioning (GPS) is shown in Figures 8 (Appendix Figures at
the end) The GPS measured motion fits a model with a 80+80 km to 100+ 100 km locked plus
transition zone.
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THERMAL CONSTRAINTS TO SEISMOGENIC ZONE

Temperature appears to be the primary constraint on the downdip width of the locked
seismogenic zone (e.g., Tichelaar and Ruff, 1991; Savage et al., 1991; Hyndman and Wang,
1993). Certainly at some depth a temperature is reached where rocks exhibit ductile or plastic
behaviour and no earthquakes can occur. Both laboratory data for seismic (velocity weakening)
behaviour in crustal rocks and the observed maximum depth for crustal earthquakes indicate that
the critical temperature for earthquake initiation is about 350°C (see discussion by Hyndman and
Wang, 1993). In our models we have included a transition zone between completely locked and
completely free that extends to where the temperature reaches 450°C. Great earthquake rupture
may extend with decreasing displacement downdip to where the latter temperature is reached. The
seaward limit of the seismogenic zone may be controlled by temperature through the dehydration
of stable-sliding clays in the fault zone that occurs at about 150°C. However, other factors such
as sediment consolidation and pore pressure may be important.

We have generated finite element numerical thermal models for a series of profiles across
the Cascadia margin constrained by heat flow and other thermal data. Both the model and the
observed heat flow decrease landward because of the heat sink provided by the underthrusting
oceanic lithosphere beneath the margin. The observed heat flow can be matched by the numerical
models only if the frictional heating on the fault is very small. Hence the subduction thrust must
be very weak as is also inferred from seismicity data (Wang et al., 1994).
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Figure 5 Top: Heat flow data across the N. Cascadia margin at southern Vancouver Island and the best fitting
thermal model heat flow. Bottom: Model temperatures on a seismic section across the N. Cascadia margin showing
the positions on the subduction thrust fault of the 350 and 450C downdip limits that define the locked and transition
zones.
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Figure 5 (top) shows the heat
flow data compared to the model results
for the southern Vancouver Island profile.
The model temperatures are superimposed
on the cross-section struture in Figure §
(bottom), illustrating the positions of the
350 and 450C points on the subduction
thrust fault. Figure 6 shows the
thermally predicted locked and transtion
zones compared to those from dislocation
modelling of the current deformation
data. The thermally predicted widths of
the locked seismogenic zone average
about 60 km with a 60 km transition zone
(e.g., ). The thermally estimated widths
have a lower resolution that those from
the deformation data, about +20 km
compared to +10 km. The thermally
estimated widths agree in general with
those from the current deformation data;
the widest zones from the deformation
data and also to the 350° and 450°C
temperature limits are beneath the
northern Washington margin where the
bend in the coastline causes an upbowing
of the underthrusting oceanic plate and
shallowing of the thrust dip. The
narrower locked and transition zones off
central Oregon are a consequence of the
steeper plate dip and the increase in
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Figure 6 The positions of the locked and transition zones
defined by the 350 and 450C limits from numerical thermal
models on four sections, compared to the estimates from
current deformation data.

temperature on the subduction thrust fault caused by the low thermal conductivity Siletz/Crescent
basalts that extend across the continental shelf.

The unusually narrow downdip extent for the Cascadia margin is a consequence of high
temperatures associated with the young oceanic plate and thick blanket of thermally insulating
sediments on the incoming crust; the temperature at the top of the oceanic crust is greater than
200°C at the deformation front (trench axis). The high temperatures also mean that stable-sliding
clays should not be present and the seismogenic zone may extend to the deformation front. The
main parameters that control temperatures and thus the downdip extent of the locked seismogenic
zone on the subduction thrust fault are: (1) the dip angle profile of the fault, (2) the age of the
subducting plate, (3) the plate convergence rate and, (4) the thickness of sediments on the

incoming crust.
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A COMPARISON WITH S.W. JAPAN

Since the Cascadia margin has had no historical great subduction earthquakes, the
seismogenic zone must be estimated from present interseismic data. To provide a calibration of
our procedure for estimating the Cascadia megathrust seismogenic zone, we have applied the same
methods in a study of the Nankai margin of southwest Japan. The Nankai subduction zone has
a history of great earthquakes to the 7th century, and has extensive geodetic and thermal data.
At both margins young oceanic crust is being subducted at a rate of about 4 cm/yr and there is a
thick blanket of insulating sediments on the incoming oceanic crust. The deformation and thermal
analyses for the SW Japan margin give widths for the fully locked plus transition seismogenic
zones that are in agreement, and both estimates agree well with the rupture area for two great
earthquakes, Nankaido of 1946 and Tonankai of 1944 (Hyndman et al., 1995). This agreement
gives support to the use of the locked (and transition) seismogenic zone from dislocation modelling
of current deformation and thermal constraints to estimate the maximum rupture zone for future
Cascadia great subduction thrust earthquakes. The seismogenic zone for the Nankai margin is
about twice as wide as that for Cascadia as a consequence of the shallower plate dip, the slightly
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Figure 7 Top: The measured current vertical motion from levelling surveys across the margins of
northern Cascadia and southwest Japan compared to the predictions for elastic dislocation models (60
km wide locked plus 60 km transition for Cascadia, 150 plus 45 km for SW Japan).

Bottom: The locked and transition zones that give the model vertical profiles above, shown on the dip

profiles for the two subducting plates, and the estimated temperature limits.
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older incoming crust, and the thinner layer of insulating sediments on the incoming crust. The
difference in widths is seen clearly in both the thermal and deformation data (Figure 7).

DISCUSSION

Modelling of geodetic data across the Cascadia margin has provided estimates of the locked
and transition zones that range from 35 km + 35 km to 90 km + 90 km. The thermal constraints
are in general agreement although the uncertainties are larger. Our analysis shows that each
subduction zone must be modelled in detail to accurately estimate the width of the seismogenic
zone from the thermal regime. However, thermal modelling allows the widths of the locked
seismogenic zone to be estimated where there are no seismic or geodetic data. In general, margins
with steep thrust dip, young subducting lithosphere, slow convergence, and thick insulating
sediments on the incoming oceanic crust should have the narrowest locked seismogenic zones.
The comparison with SW Japan provides support that these interseismic analyses do constrain the
maximum downdip extent of the seismic rupture zone (Figure 7). The seaward limit to the
Cascadia great earthquake rupture zone is poorly known but the high fault temperatures (>200°C
at the deformation front) may mean that stable sliding clays are not present and that the
seismogenic zone extends to the deformation front (trench).

The landward limit to the Cascadia seismogenic zone, extending little if at all beneath the
coast, limits the ground motion from great subduction earthquakes for the major Cascadia cities
that lie 100-200 km inland. The narrow width also limits the maximum earthquake size (the actual
maximum depends on the along-margin length) but events of well over magnitude 8 are expected.
If the whole estimated seismogenic zone breaks at once, empirical fault area versus magnitude
relations (e.g., Wyss, 1979) give earthquakes as large as M,,=9.
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model locked and transition zones of width 100 + 100 km. The two GPS stations lie along a line through the Juan
de Fuca strain network and the northern Washington levelling data which indicate similar widths.
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Figure 9 Grouped levelling data across the Cascadia margin. Group 1 (top) compares the results of two repeat
levelling lines across southern Vancouver Island to three dislocation model vertical motion profiles. The data best
fit locked and transition zone of intermediate width, 60 + 60 km. Group 2 (middle) is for two lines across northern
Washington (Olympic Peninsula); the best fit is for wide zones, a little narrower than 100 + 100 km. Group 3
(bottom) is for two lines across central Oregon; the best fit is for narrow zones, a little narrower than 40 + 40 km.
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Figure 10. Horizontal strain network data across the Cascadia margin. Group 1 (top) compares the results of
one netork on southern Vancouver Island to three dislocation model horizontal strain profiles. The data fit locked
and transition zones of width, 60 + 60 km or 100 + 100 km. Group 2 (middle) is for three networks on the
northern Washington margin (Olympic Peninsula); the best fit is for wide zones, about 100 + 100 km. Group 3
(bottom) is for two networks on the northern Oregon (Columbia River) margin; the best fit is for narrow zones,
40 + 40 km or 60 + 60 km.
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NEHRP Element 1 Understanding the earthquake source

Investigations undertaken

This research addresses Element 1, Component 1.1, of the FY1994 NEHRP
Prospectus. The regional focus task involves identification and characterization of active
seismotectonic structures in the Seattle area. Research concentrates on reconstructing the
Tertiary and Quaternary geologic history of the Puget Lowland seismic zone. This history
is poorly understood because most important geologic features are either submerged in
Puget Sound or are mantled by a thick cover of glacial deposits and vegetation. In
particular, the histories and geometries of active and potentially active fault zones have not
been adequately described. Integration and synthesis of data collected from petroleum
industry seismic-reflection data, surface exposures, and boreholes provides the basis for a
greatly improved understanding of these fault zones. This understanding contributes to
reliable assessment of the local and regional earthquake hazards in the Puget Sound region.
During FY 1994, research concentrated on examination of the Seattle fault, the southern
Whidbey Island fault, and the western Rainier seismic zone (fig. 1).

Results

Seattle fault. A report on the origin and evolution of the Seattle fault and Seattle
basin was published in Geology (see below). This report used petroleum-industry seismic
reflection data to show that the Seattle basin is markedly asymmetric and consists of ~8-9
km of Eocene and younger deposits. The basin began as a discrete geologic element in the
late Eocene (~40 Ma), the result of a reorganization in regional fault geometry and
kinematics. In this reorganization, dextral offset on the Puget fault southeast of Seattle
stepped eastward, and the Seattle fault began as a restraining transfer zone. North-vergent
thrusting on the Seattle fault forced flexural subsidence in the Seattle basin to the north.
Offset on the Seattle fault and subsidence of the Seattle basin have continued to the present.
I have also been working with Tom Pratt and others (see abstracts below, manuscript in
review) in formulating a model which interprets the Seattle fault as one component of a
regional thrust system that underlies the Puget Lowland from the southern Whidbey Island
fault on the north to at least the Black Hills on the south.

Southern Whidbey Island fault. Information from seismic reflection profiles,
outcrops, boreholes, and potential field surveys has been used in an abstract (published)
and manuscript (in review) to interpret the structure and history of the southern Whidbey
Island fault in the Puget Lowland of western Washington. This northwest-trending fault
comprises a broad (as wide as 6 to 7 km<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>