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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)
C) 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



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)

Taskl

Task 2

TaskS

Task 4

TaskS

Task 6

Sub-Total

Group 
A

158

43

173

55

3

35

467

B

14

215

11

80

320

C

134

108

223

22

487

D

28

24

447

7

506

E

28

45

54

14

132

273

F

138

10

57

446

651

G

32

83

36

151

Sub-Total

362

467

1,129

101

81

715

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 II 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 HI 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 IE report, and each 
subgroup has already started working.
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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, II.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.
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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 Mw 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 (Me s 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°-! 14.25°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 MC 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 Mw 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 ML 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, EERINewsletter, 10, no. 3, 7. 
Arabasz, W.J., J.C. Pechmann, S.J. Nava, and R.B. Smith (1994). The Magnitude (Mw) 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 ML 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, Fault
Line Forum (Utah Geological Survey) 10, no. 1, 8. 
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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,
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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.



12'-

tl'-

fO--

3V-

3B'-

37'-

I-N

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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Figure 2. Preliminary epicenter map of the February 3,1994 Mw 5.9 Draney Peak, Idaho, 
earthquake sequence (circles scaled by magnitude) for the five months following the main 
shock. The seismicity appears too shallow to have occurred on a downdip projection of the 
active Star Valley normal fault.
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Modeling Loma Prieta Strong Ground Motion Using 
Interpolated Empirical Green's Functions

Grant Number 1434-93-G-2312
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Department of Geophysics
Stanford University
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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 5-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 5-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:

which varies from 1.4 (anti-correlated) to 0 (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 5-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 cosQ and cos20 
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.

8



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, Hi) SVD reconstruction is an 
easy method to isolate common effects associated with the site response.

References
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Prediction using complete data
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Figure 2. Selected horizontal displacement aftershock seismograms. All eigenvalues 
are retained in the top panel. The bottom panel shows the reconstructed data using only 
the largest eigenvalues.
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Figure 3. Histograms showing cross-validation residuals obtained using complete waveforms 
(top) and partially reconstructed waveforms (bottom) obtained using the largest singular values.
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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 = 5 At. 

By t = l2At, the rupture begins to extend beyond the nucleation zone, and by t = 30A£, 

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 r0 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 Vp\. 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 ABAC. The Loma Prieta
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damage is best fit using a rupture velocity of 0.85/? 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 

Alien, of Alien 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 APT and SAL. 
ST38 and ST39 are near APT 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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The Role of Reaction Kinetics in Earthquake Generation
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Program Element 1

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 kineticalry-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 arc 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 H2O 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 H2O, 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) + H2<D (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 Bd. The gabbro contains principally olivine, cpx, and plagipclase. 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 garnet 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 garnet 
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 (~lm) 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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I, III

danger to important life lines (transportation, water, etc.) in the San Francisco Bay 
area.

Reports Published
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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.

25



I, III

Reports Published

Catchings, R. D., and W. M. Kohler, submitted, The hazard New Madrid earthquake 
pose for St. Louis, Memphis, and the central United States, Bull., Seism. Soc. Am.

Lee, W. H. K., R. D. Catchings, J. F. Gibbs, P. Spudich, and R. A. White, 1994, 
Observations of Northridge aftershocks and artificial sources in Tarzana, California, 
using a dense seismic array, EOS, Transactions, AGU, 75, p. 166

26



Thermal Modeling of the Cascadia Subduction Zone

1434-93-G2330

Y. John Chen
College of Oceanic and Atmospheric Sciences

Oregon State University
Corvallis, OR 97331

(503) 737-0500
(503) 737-2064 (fax)

cheny@ucs.orst.edu (e-mail)

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 Ib and Ic, 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 el al., 1994; Nabelek el 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, (top) 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.
I.I: 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 
Punchbowl 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 FY1994 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 Punchbowl 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 N09°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 Punchbowl 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.

a. normals to all faults 
N

b. normals to right-lateral faults
N

N= 407 

C. normals to left-lateral faults d. Baxes

N= 67

Kamb contour interval = 2.0 sigma 
lower hemisphere, equal area

Figure 1. Subsidiary fault fabric in the slice 
of brittle faulted basement between the 
northern and southern boundary faults of the 
Punchbowl 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- 
conjugate fault geometry having bisector at 
approximately 60° from the plane of the 
Punchbowl fault (shown).

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.

100

Figure 2. Measures of localization along the 
Punchbowl fault.

A) Orientation of the foliation of Pelona Schist 
as measured on the southern side of the 
Punchbowl fault, Blue Cut (Old Highway 66) 
exposure, Cajon Pass. The foliation is unaffected 
by the fault zone up to about 20 m from the 
southern edge of the fault.

B) Density of damage elements (fractures, veins, 
and faults) across the Punchbowl fault south of 
Big Pines. Logarithmic sampling was used to 
focus on the fault zone and adjacent regions, and 
shows that there is a small increase in damage 
elements within towards the boundaries of the 
fault, but that most of the damage is accumulated 
within the fault.
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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



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 (MW6.7) 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 
important 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 TERRAscope 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 micro VAX-IE 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 ESfTERNET/NSFNET improves the access to the data.

Seismicitv October 1993- 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 MW6.7 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<5 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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Southern California
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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
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e-mail: bob, sieve, 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 publseis_net sub 
directory. In addition, special sub-directories; publkfalls and pub/woodburn; 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 thai 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 earthquakes; 
Number per month, magnitude 2.0 or larger

Month
September, 1993
October, 1993
November, 1993
December, 1993
January, 1994
February, 1994
March, 1994
April, 1994
May, 1994
June, 1994
July, 1994
August, 1994
September, 1994
October, 1994

Number or events
105

16
12

112
110

11
15
12
10
6
3
4
1
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 DBO), 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.I. 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, O.K. Reefer, A.I. Qamar, R.L. Schuster, J.W. 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, A.I., and K.L. 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.

2. 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.

3. 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.

4. 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 , is 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. 112.

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. Lett., 1994) consisting of 
GPS 1987, 1989 and 1991 surveys, and their integration with the EDM data (Lisowski et al. f 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 (Mw = 8.2) and the 1946 earthquake (Ms = 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 (Ms =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 s = 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., /. 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 0.026±0.012 M-strain/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 M-Strain/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. 92-255, 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.(7. Geophys. Res., 1988); we deal only with the cyclic 
variations of deformation and stress here and, for that purpose, we assume that a fraction a 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 ctVpialeTcycie. The interface has been 
chosen based on seismicity locations (Beavan et al., J. Geophys. fles.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 TCyCiJ12. It now 
appears that longer relaxation times, of order TCyCiJ3t may be acceptable.

If M0 = 1.7 X 1027 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 Tcycie = 70 years (which 
would mean the region is overdue), relative convergent rate Vp^ = 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 a = 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, a = 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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** °" infere;ces from seismicity (figures 1 and 2) that this region is strongly coupled 
and is likely to produce a future event comparable to the 19 17 earthquake. « piea

ve1o K C°mpa?L°n' for *« case of rdaxati°n time Tre = 7^3, 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
i?e mo?phnary 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 Seisrnicuy 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.

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 
su lement Segment *** asperities" <abstract)> Eos> Trans. Am. Geophys. Un.,74, N. 43,

NETWORK,

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

Deformation Parameter

Strain (^strain/yr) 198 1-1991 
Averaged over network 1

Tilt Oirad/yr) 1981-1991 
Inner Shumagins2 
Outer Shumagins2

Uplift (mm/yr) 
SIM relative to SDP 1976-1991 3 
SIM relative to SDP 1985-1991 3 
SDP absolute 1970- 19904

Model Predictions
a = 0.15

-0.0184

0.0718 
-0.0677

-2.69 
-2.69 
-1.85

a = 0.20
-0.0245

0.0957 
-0.0903

-3.58 
-3.58 
-2.46

Observations

-0.026±0.012

0.1010.05 
-0.1110.07

- 4.011.0 
- 1.811.2 
- 2.211.4

 Tcvcle/3

Deformation Parameter

Strain (ustrain/yr) 198 1-1991 
Averaged over network 1

Tilt (Mrad/yr) 1981-1991 
Inner Shumagins2 
Outer Shumagins2

Uplift (mm/yr) 
SIM relative to SDP 1976-1991 3 
SIM relative to SDP 1985-1991 3 
SDP absolute 1970-19904

Model Predictions
a = 0.15

-0.0192

0.0646 
-0.0677

-2.21 
-2.21 
-1.67

a = 0.20

-0.0256

0.0861 
-0.0903

-2.94 
-2.94 
-2.23

Observations

-0.026+0.012

0.1010.05 
-0.1110.07

- 4.011.0 
- 1.811.2 
- 2.211.4

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 411 mm/yr; 
if however the fit is made only to higher quality post-1985 data, then SIM is subsiding relative 
to SDP at 1.811.2 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 = Tcycie/6 
and Tcycie/3, and different seismic coupling factors a = 0.15 and 0.20
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30 Years of Seismicity in Shumagins Region, 1963 to 1992 
( Depths < 50 km ; Small symbols: 5.0 < m& < 5.4 ; Large symbols: m^ > 5.5 )

first 15 years, 1963 to 1977

56N

55N

54N

53N

164W 163W 162W 161W 160W 159W 158W 157W 156W

last 15 years, 1978 to 1992

56N

55N

54N

53N

164W 163W 162W 161W 160W 159W 158W 157W 156W

Consistency with maturing of cycle in coupled subduction segment:
  Outer rise: Decreased activity in last versus first period; building of stress in 

compression shuts off the (presumably) extensional seismicity.
 Thrust region: Increased activity in last 15 year period; see moment release.

Figure 2. Reduction since 1977 of the previously abundant outer-rise seismicity along the 
Shumagins seement.
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Velocity(mm/yr)

Horizontal Velocity in Shumagins
1-5: 0.0, 21.1 34.4, 62.1.

300 200 100

-2

- Velocity(mm/yr)

Horizontal Velocity in Shumagir.
1-5: 0.0, 21.1 34.4, 52.1. 69.9 yr

I T I

240 220 200 180 160 140 120

Figure 4: Prediction, for Trc = Tcycic/3, of trench-perpendicular velocity components from the 
model, as compared to the recent data of Larson and Lisowski (Geophys. Res. Lett., 1994). The 
lines are for different times and the solid line corresponds to 70 years after the previous event, i.e., 
to 1987.
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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.BC£DU

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 mbLg=4.6 earthquake centered near 
Reading, PA. This event, combined with a mbLg=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 (mbLg=4.3), near Montreal on November 11, 1993 
(rribLg=4.4), and in the aftershock zone of the 1982 Miramichi, New 
Brunswick earthquakes on July 14, 1994 (mbLg=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 rribLg=3.8, were centered near Springfield, Maine,-between

60



I-N

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 mbLg=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 
nibLg=6, is thought to have been centered somewhere east of Cape Ann.

Publications

Ebel, I.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 I.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 I.E. Ebel, Tomographic inversion for the seismic velocity 
structure beneath northern New England using seismic refraction data, L. 
Geophvs. 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, I.E., A Reexamination of the Seventeenth Century Earthquakes in 
Northeastern North America, Seism. Res. Lett., vol. 65. in press, 1994.

Ebel, I.E. 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 I.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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10/1/93-9/30/94 
Magnitude

  1.00 to 1.90
x 2.00 to 2.90
# 3.00 to 3.90
^ 4.00 to 4.90

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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Seismic Studies of Fault Mechanics 

9930-12123

William L. Ellsworth 
Alex Cole and Lynn Dietz

Branch of Seismology
U.S. Geological Survey

345 Middlefield Road - MS 977
Menlo Park, California 94025

415-329-4784; 415-329-5163 (Fax)
ellswrth@ andreas.wr.usgs.gov

Program Elements I.I, 1.2, H.6, H.7, H.8, and IV. 1

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=l 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.

2. 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 
ofH.F. 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.

3. Larva 2.0, a functional replacement for the aging Allen/Ellis Real-Time Processor (RTF), 
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 Northrldge 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 f=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.
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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 (M0~0.7 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 m2 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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Kij = A (Pkk 8y - Py) (1) 

Pij = (n/4-V) Sk=1 ,N (Lk2 [tk3] nik njk) (2)

Fractures are modeled as discs of diameter L. Lk is the diameter and tk is the aperture of the ktn 
fracture in the model network. njk are the three components of the direction cosine of the ktn 
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. X 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) = lxlO~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 (to) of each fracture as a function of diameter, corrects to 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 media1 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 
Type

Extension
Set#la
Set #lb

Pole Direction (°)

Trend Plunge

Mean Trace 
Length (m)

260-320
105-141

0-29
0-30

0.2
0.2

Fracture 
Density

(r = #/m3) *

255

Shear 
Fractures

Set #2 250-315 30-65 0.5

26

Cross 
Fractures

Set #3a
Set #3b

180-245
003-050

30-70
40-75

0.25
0.25

164

* 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 > = 4IS/ [n <\ n (3)

> is the mean squared fracture diameter, Is is scanline intensity (#/m), and <l 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. pi = 255/m3 , p2 = 26/m3 , p3 = 164/m3 , for a total
mesoscopic fracture density of 445 fractures/m^. 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 
1/3 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 (Pf) to lithostatic
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pressure (PL) is defined as Pf/?L = 0.9. The vertical principal stress (S v) = prgz(l-Pf/PL) = 27
MPa, for pr = 2700 Kg/m3 . The major fault surfaces have a coefficient of friction |i = 0.6, no 
cohesion, and dip 45°. The least principal stress Shmin = 6.8 MPa at failure. For simplicity, we 
assume that Shmax = Shmin, or

$s = [Shmax - ShminMSy - 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 (Kl 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 
m2, 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. Kl 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 m^.

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 
PL 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

Case

1 
Pre- 

Rupture

Principal Stresses (MPa)

Sv

27

^hmax

6.8@020°

Shmin

6.8

2 
Post- 

Rupture

170 - 170@020° 170

t Permeability x 10" 13 m2

Kl

1.2 
(023/38)

K2

1.1 
(178/49)

K3

0.3 
(283/130

t Permeability x 10' 17 m2

5.0 
(032/23)

4.7 
(142/38)

1.3
(278/43)

Fracture 
Volume 
(liters)

0.52

0.04

t Trend and plund of permeability tensor axes indicated by bracketed values.
Sv = vertical principal stress
Shmax = maximum horizontal stress
Shmin = minimum horizontal stress
* Maximum Horizontal Stress trends 020°, parallel to fault zone

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

Pf = VszPsz]/[ Vdz + Vsz] (5)

V and P are the fracture volumes and initial fluid pressures in the damage zone (dz) and fault (sz),
respectively. We assign Vdz = 0.52 x 10~3 m3 , and Pdz = 0.9 lithostatic pressure (Pdz = 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 Pf = 171.5 MPa, half the difference between Ptz and Psz. 
Rearranging equation 5 to solve for Vsz gives:

Ihe fault area that can be pressurized from Psz =100 MPa to Pf = 171.5 MPa is Vsz/tsz, where tsz 
is the average aperture between opposing walls of the fault. tsz = 1 to 5 microns for the specified 
stress conditions according to the joint aperture constitutive law of Oda [1986]. A fault surface 
area > 100 m2 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 model 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 0 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 m2 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 m2 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 m2 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 Jim) 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.

Foreshocklmainshockl after shock 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 
shallow 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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Central California Network Operations
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9930-15093 
9930-57093

WesHall
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345 Middlefield Road-Mail Stop 977
Menlo Park, California 94025

(415) 329-4730
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 inpul to discriminator output, 
(cusp, RTF, Motorola, PC, helicorder, etc).

13. Ordered parts for 100 ea. V02 rack mount VCO's

14. Equipment Shipped:

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

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. CVP1, CVPJ, CVPK (3 component 1 ;BA at Vollmer Peak)

16. Stations discontinued.

A. PG1, PCS (Gold Hill Dilatometers) 
B. GMO (Moffet 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
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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.

89



ELEMENT I

3D Dynamic Modeling of Earthquakes and Segmented Faults
P.I.: Ruth A. Harris

Reports Published:

Harris, R.A., and R.W. Simpson, In the shadow of 1857; an evaluation of the static stress changes 
generated by the M8 Ft. Tejon, California earthquake (abstract), EOS Trans. AGU, vol. 74, 
page 427, 1993.

Harris, R.A., A new method for defining fault segment boundaries in strike-slip faults (abstract), 
Seism. Res. Lett., 65, 54,1994.

Harris, R.A., and R.W. Simpson, Earthquake interactions among moderate and large earthquakes 
in the Landers region (abstract), Seism. Res. Lett., 65,54,1994.

Harris, R.A., R.W. Simpson, and P.A. Reasenberg, Static stress changes influence future 
earthquake locations in southern California, (abstract), EOS Trans. AGU, vol. 75, page 
169, 1994.

Harris, R.A., S.M. Day, Y-G Li, and I.E. Vidale, Numerical Simulations of an Earthquake 
Spontaneously Propagating in Fault Gouge (abstract), EOS Trans. AGU, vol. 75, page 
442, 1994.

Pollard, D.D., and R.A. Harris, Quasi-static and dynamic stress changes during faulting: 
Implications for paleoearthquake identification (abstract), Presented at the Geological 
Society of America Annual Meeting, Boston, Mass., October 1993.

Scientists of the US Geological Survey and the Southern California Earthquake Center,The 
Magnitude 6.7 Northridge, California, Earthquake of January 17, 1994, Science, vol. 266, 
pages 389-397, 1994.

Simpson, R.W., and R.A. Harris, A model of active faults in southern California for calculating 
static stress changes after earthquakes (abstract), EOS Trans. AGU, vol. 74, page 428, 
1993.

Simpson, R.W., D.A. Castillo, R.A. Harris, L.K. Hutton, and L.M. Jones, Faults in southern 
California with increased coulomb failure load after ML>5 earthquakes are more likely to 
have ML>5 events in the year following (abstract), Seism. Res. Lett., 65,63,1994.

Simpson, R.W., R.A. Harris, and P.A. Reasenberg, Stress changes caused by the 1994 
Northridge, California earthquake (abstract), Northridge Abstract Program for the 1994 
SSA Meeting, page 8,1994.

90



I,II,III

EARTHQUAKE SOURCE AND EFFECT STUDIES
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Box 25046, MS 966, Denver Federal Center
Denver, CO 80225

(303) 273-8572

Main Program Elements 1.2, II.2, III.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 km 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
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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.
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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. MD 4.2 
(SLM). mbLg 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 6.0 x 1021 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. MD 3.0 
(SLM). mbLg 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. MD 2.9 (SLM).

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

April 23, 1994 (1946 UTC). Arkansas. MD 3.0 (SLM). mbLg 2.8 (GS).

May 4, 1994 (0912 UTC). Alabama. mbLg 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. mbLg 3.5
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(GS). Felt (IV) at Jonesboro, Lynn, Portia, Tuckerman and Walnut Ridge; 
(III) at Ravenden Springs and Smithville; (II) at Minturn, Powhatan and 
Ravenden, Arkansas.

September 26, 1994 (1423 UTC). Tennessee. mbLg 3.6 (GS). MD 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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Fig. 3. Focal mechanisms of larger events in the New Madrid seismic zone, 1962 - 1995. The focal 
mechanisms of the March 3,1963 (030363) and the July 21,1967 (072167) are recent revisions.
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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.
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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:/1geophys.washington.edu:IHTMLIseisTnosurfing.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 (?H2O ^ 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

L 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 PHZO = 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 (Shmin) is equal to or slightly less than the calculated vertical stress (Sv) 
and that the direction of the maximum horizontal principal stress (Snmax) is N10°W ± 20°. This 

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 Shmin 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 Shmin 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 50 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 SHmax 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 seisrnically 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 
modelling of the pattern of current 
deformation from repeated 
geodetic surveys, and from the 
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) 
confirmed the validity of our 
analysis methods by a study of the 
SW Japan Nankai subduction zone, 
wherein we have compared the 
present downdip locked zone 
estimated from interseismic 
geodetic data and thermal models, 
with the actual rupture zone in the 
1944 and 1946 (M=8.2) great 
subduction earthquakes. We have 
also made an initial comparison of 
the predicted Cascadia great 
earthquake coseismic vertical 
motion from our elastic 
deformation models with that 
estimated from coastal marsh 
subsidence, and we are developing 
viscoelastic models in an attempt to
describe the earthquake Figure 1 Estimated width of the seismogenic zone along the 
deformation cycle more accurately Cascadia subduction zone as determined from current deformation and 
than with simple elastic models. from thermal constraints. The model great earthquake rupture

decreases across the transition zone.
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NARROW LOCKED ZONE

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 ^strain/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 
breaks at once, empirical fault area versus 
magnitude relations give earthquakes as large as 
Mw =9.

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 
events and extensive paleoseismicity data from 
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., Atwateretal., 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., 
1991). In this study we have analyzed the 
evidence that along the whole Cascadia margin 
the subduction thrust fault is locked at present

INTERSEISMIC
Narrow Uplift

WIDE LOCKED ZONE

Wide Uplift

Figure 2 Schematic diagram illustrating the 
interseismic deformation associated with a subduction 
thrust fault. The wider the locked seismogenic zone the 
wider the 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

124 122

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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margin with that from 
deformation models 
allows estimation of 
the width of the locked 
(and transition) and 
thus seismogenic zone. 
Great earthquakes may 
rupture all or some 
portion of the locked 
and transition zones. 
The geodetic data for 
vertical motion include 
tide gauges at 6 
locations and 10 
repeated levelling lines 
running inland from 
the coast (Figure 3). 
The horizontal 
shortening is 
constrained by 
repeated measurements 
of 7 horizontal strain 
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 ^strain/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.

Figure 4 Global Positioning System (GPS) data showing the landward motion of 
ALBH (Victoria) relative to DRAO (Penticton) at a rate in agreement with the model 
prediction for a 100 km locked and 100 km transition zone subduction thrust. The 
HOLE station at the north end of the subdution zone is moving paralled to the margin 
which indicates that there is not locked subduction in that area.
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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 5 
(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
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.

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.
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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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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 Mw =9.
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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), steep northeast-dipping zone that includes splays 
interpreted as thrusts and backthrusts, and fault-propagation folds. Along-strike variations 
in structural style and geometry, positive flower structure, local unconformities, out-of- 
plane displacements, and juxtaposition of correlative sedimentary units with different
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histories, indicate the southern Whidbey Island fault has a transpressional history with both 
strike-slip and thrust offset.

The southern Whidbey Island fault represents a segment of a boundary between 
two major crustal blocks. The Cascade block to the northeast is underlain by diverse 
assemblages of pre-Tertiary rock, and the Coast Range block to the southwest is underlain 
by lower Eocene marine basaltic rocks of the Crescent Formation. The fault originated as a 
dextral strike-slip fault along the eastern side of a continental-margin rift in which the basalt 
of the Crescent Formation was erupted. Eocene dextral offset resulted in juxtaposition of 
sedimentologically and petrologically disparate lower and middle Eocene sedimentary 
rocks. Bending of the fault and transpressional deformation began in the late middle 
Eocene and continues to the present. In the late middle and late Eocene, this deformation 
was manifested by uplift and erosion on the northeast side of the fault while subsidence 
apparently continued on its southwest side. Movement apparently slowed in the late 
Eocene and Oligocene when a regional fault reorganization led to initiation of the nearby 
Seattle and Devils Mountain faults. During the Neogene, the southern Whidbey Island 
fault formed the active boundary between thrust-related deformation to the south-southwest 
and relative tectonic quiescence to the north-northeast. The driving forces for progressive 
bending of the southern Whidbey Island fault and ongoing transpressional deformation are 
inferred to be clockwise rotation of western Washington and oblique convergence along the 
continental margin.

Evidence for Quaternary movement on the southern Whidbey Island fault includes 
(1) offset and disrupted upper Quaternary strata imaged on seismic-reflection profiles; (2) 
about 420 m of offset of the Tertiary-Quaternary boundary in boreholes in the fault zone; 
(3) several meters of displacement along exposed faults in upper Quaternary sediments; (4) 
late Quaternary folds with dips of ~7-8°; (5) large-scale liquefaction features in upper 
Quaternary sediments within the fault zone; and (6) minor historical seismicity. The 
southern Whidbey Island fault should be considered capable of generating large 
earthquakes (Ms > 7) and represents a potential seismic hazard to residents of the Puget 
Lowland.

Mount Rainier seismic zone. I have collaborated with W.D. Stanley on a 
manuscript (now in review) that describes and interprets the sources of seismicity in the 
southern Washington Cascades region with a focus on the western Rainier seismic zone. 
We propose that the region is a distributed right lateral shear zone that includes two 
significant transfer zones. Ongoing transpressional deformation within this zone is 
resulting in earthquakes with focal mechanisms that indicate both thrust and strike-slip 
displacement.
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Figure 1. Schematic geologic map of western Washington. Abbreviations for cities and 
locations: O = Olympia; S = Seattle; T = Tacoma; V = Victoria. Abbreviations for faults 
(heavy lines): SF = Seattle fault; SHZ = Saint Helens zone; SWF = southern Whidbey 
Island fault; WRZ = West Rainier zone. Abbreviations for sedimentary basins (enclosed 
hachured areas) in Puget Lowland: BB = Bellingham basin; CB = Chehalis basin; EB = 
Everett basin; SB = Seattle basin; TB = Tacoma basin. Abbreviations for modern Cascade 
volcanoes (triangles): GP = Glacier Peak; MA = Mount Adams; MB = Mount Baker, MR 
= Mount Rainier; MSH = Mount Saint Helens.
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Investigations

(1) Continued soil-gas geochemical survey across active faults in California.

(2) Continued continuous radon monitoring at four wells in Oakland, San Juan Bautista, 
and Parkfield.

(3) Analyzed temporal variation of soil-gas radon data recorded at 60 stations in central 
California during 1975-1983.

(4) Initiated a study of satellite thermal-infrared images in search of possible ground- 
surface temperature increases before some California earthquakes.

Results

Spatial Soil-Gas Geochemical Anomalies on Active Faults

Radon emanation has been observed to vary greatly along transects across active 
faults in many parts of the world. We tested this relationship by conducting and repeating 
soil-air radon surveys with a portable radon meter across several faults in California. The 
results confirm the existence of fault-associated radon anomalies, which show characteristic 
features that may be related to fault structures but vary in time due to other environmental 
changes, such as rainfall. Across two creeping faults in San Juan Bautista and Hollister, the 
radon anomalies showed prominent double peaks straddling the fault-gouge zone during 
dry summers, but the peak-to-background ratios diminished after significant rainfall during 
winter. Across a locked segment of the San Andreas fault near Olema, the anomaly has 
a single peak located several meters southwest of the slip zone associated with the 1906 
San Francisco earthquake. Across two fault segments that ruptured during the magnitude 
7.5 Landers earthquake in 1992, anomalously high radon concentration was found in the 
fractures three weeks after the earthquake. We attribute the fault-related anomalies to a 
slow vertical gas flow in or near the fault zones. Radon generated locally in subsurfaces 
soil has a concentration profile that increases three orders of magnitude from the surface 
to a depth of several meters; thus an upward flow that brings up deeper and radon-richer 
soil air to the detection level can cause a significantly higher concentration reading. This

126



explanation is consistent with concentrations of carbon dioxide and oxygen, measured in 
soil-air samples collected during several surveys.

Anomalous Radon Emanation Associated with the 1983 Coalinga Earthquake?

Radon emanations monitored by a Track-Etch method during 1975-83 at 60 sites 
(Figure 1) along the San Andreas fault system between Santa Rosa and Cholame in central 
California have been found to show several different patterns of seasonal variations largely 
attributable to water-saturations and moisture-retention characteristics of the shallow part 
of the soil. When such effects are removed by a statistic method, the emanations at 45 of 
the 60 sites show significant increases starting as early as late 1980. Figures 2 and 3 show 
two examples of the original data (recorded at sites #1 and 11, respectively), their rainfall 
responses, the corrected and smoothed data (trend), and the residual irregular variations. 
The possibility that these anomalous radon increases are related to the magnitude 6.5 
Coalinga earthquake of May 2, 1983 is investigated.
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Investigations

Our goal is to examine the role of chemical weakening caused by the interaction 
of pore fluids with fault-zone materials. We are focusing on clay-rich fault zones . 
This is because the presence of clays apparently enhance chemical effects and they have 
been argued to significantly change the physical properties of faults. An integrated 
field and experimental program is being pursued. The results of this research should 
help to fill a major gap in developing constitutive characterizations of fault zones thus 
enhancing efforts to better predict earthquakes.

During this contract period we have: (1) petrologically and chemically analyzed 
samples collected from the Hunter Valley Thrust, Southern Appalachians; (2) sampled 
critical portions of the Lewis Thrust, Montana and McConnell Thrust, Canada for 
comparison to the Hunter Valley; (3) Completed analysis of field studies of faults from 
the Somerset coast of the UK; and (4) Completed experiments on intact specimens of 
shale in preparation for frictional tests on that material.

Results

Hunter Valley Thrust The Hunter Valley Trust has been postulated to have 
displacements from 15 to 25 km, been deformed at depths from 3,000 to 4,500 m, at 
temperatures between 80 and 110°C, and at confining pressures from 70 to 100 MPa. It 
is characterized by limestone in the hangingwall, cataclasites developed within the fault 
zone and shales in the footwall. Two distinct cataclasites separate Cambrian carbonates 
from Devonian shales: an upper carbonate cataclasite and a lower shale cataclasite. 
Near the cataclasite the hangingwall is heavily faulted, fractured, veined and 
moderately folded. The carbonate cataclasite is banded, contains numerous styolites, 
many generations of folded, boudined veins and primarily hangingwall-derived clasts. 
The underlying shale cataclasite is also banded, but contains less clasts (primarily from 
the FWS) and veins than the carbonate cataclasite. The footwall shales (FWS), near the 
cataclasite are well-cleaved and extremely hard.

The bulk mineralogy reflects the influence of the fault: the undeformed 
hangingwall is composed of calcite and minor dolomite; the hangingwall cataclasite (in 
order of decreasing abundance): calcite, muscovite, quartz, pyrite; the footwall 
cataclasite: calcite, quartz illite, pyrite; and the footwall shale: quartz, illite/muscovite 
and pyrite. That there is little change in mineralogy between the footwall cataclasites 
and footwall shales is notable.

Hangingwall limestones show macroscopic evidence for the presence of fluids, 
e.g. styolites and veins. Footwall shales are practically devoid of these features. The 
hangingwall veins are composed of calcite; at the fault contact they are mixtures of 
calcite and siderite. Where present in the footwall the veins contain siderite and iron 
hydroxides (?).
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Bulk rock chemistry was undertaken on the cataclasites and footwall shales to 
determine changes in chemistry accompanying deformation. XRF data suggests an 
enrichment of CaO and Sr and depletion in SiO2, Ba, Zr, Rb and Fe2O3 in the shale 
cataclasite relative to the footwall shales. These chemical changes are only slight, 
however, compared to the changes between the cataclasites. The shale cataclasite is 
markedly enriched in SiO2, and depleted in CaO compared to the carbonate cataclasite. 
The estimated volume loss from the footwall shales/shale cataclasite system during 
deformation is zero, which is an unexpected result.

Along a traverse across strike, the footwall shales are remarkably constant in 
their major oxide chemistry. This depletion of SiO2 in the shale cataclasites with 
respect to the FWS, in conjunction with the zero volume loss between the two, and the 
constant chemistry of the FWS suggests that after initial mechanical deformation to 
form the shale cataclasite, the footwall shales were essentially chemically isolated from 
the overlying rocks. The base of the footwall cataclasite apparently operated as a 
barrier towards fluids migrating toward the footwall shales. This barrier appears to 
have been mechanical in origin, formed during localization of displacement along a Y- 
shear within the fault zone.

These analyses suggest migration of fluids through the hangingwall and fault 
zone, but absent from the footwall due to a mechanical barrier within the fault zone. 
The fluid presence resulted in significant mineralogical differences across the fault. 
Their influence on mechanical properties remains for our laboratory experiments.

Lewis Thrust, Montana and McConnell Thrust, Canada These two faults were 
sampled across and along the fault contacts. Data were also collected at the 
macroscopic scale on fracture and vein orientations, geometries, density and other 
relevant information. The samples will be examined for structural and geochemical 
differences and the two faults compared with the Hunter Valley Thrust. The field work 
involved two person months during the summer.

Faulting Along the Somerset Coast, U. K. The excellent fault exposures and 
mineralization confined to the fault zones indicating significant fluid migration lead us 
to examine these faults in detail. They cut limestones, shales and siltstones. Several 
distinct vein characteristics have been identified. (1) Carbonate veins in limestones and 
shales have geometries that are distinct from geometries of gypsum/anhydrite veins in 
siltstones. (2) Fault-zones with veins of different geometries appear to be spatially 
distributed across the region. (3) Faults with little or no mineralization are oriented 
generally N-S, while faults with at least a five-centimeter wide zone of mineralization 
are oriented generally E-W. (4) The width of mineralized fault zones cannot be 
correlated with fault displacement.

Two fault-zone vein geometries, laminated vein (LV) and duplexes vein (DV), 
have been characterized in detail; most calcite-mineralized faults with an E-W 
orientation have one or the other of these geometries. Fault-zone vein geometry (LV or 
D V) may be correlated with the spacing and orientation of fractures, and the width of 
an intensely fractured and folded deformation halo adjacent to the fault zone. In DV 
fault zones, it appears that the geometry of fault-zone veins changes with increasing 
displacement; the DV geometry is inferred to be an early-stage, low-displacement 
fabric, which may be overprinted by brecciation with increasing displacement.

Episodic fluid flow is suggested by both DV and LV fault-zone textures, and 
several generations of fluids have been identified along a DV fault. There is evidence 
that DV and LV faults act as seals during late-stage fluid flow and basin inversion. 
Based on mineralogical and elemental compositional analysis, fault-zone shales are 
altered by fluid/rock interaction. In country rock adjacent to the DV fault, alteration 
may also occur immediately adjacent to veins. Organic and/or water content of the 
shale also appears to vary between the fault zone and country rock. Shale composition
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varies in different ways in LV or DV fault-zones. Different types of fluid-rock 
interactions accompanied deformation along the two different kinds of faults.

Laboratory Tests on Intact Shale Specimens In preparation for laboratory experiments 
on simulated fault gouge and frictional sliding of shales, tests have been completed on 
intact specimens. Samples of shale having a composition of illite-kaolinite-chlorite in 
ratios of 13:13:28% with about 40-45% quartz and feldspar were deformed in the 
laboratory. Triaxial compression tests were done at effective pressures to 100 MPa, 
temperatures to 250°, and strain rates from 10'4 to 10'7 sec' 1 were used. These 
preliminary experiments show: (1) The material does not follow effective stress law 
over strain rates of 10~4 to 10~7/sec. (2) The strength is inversely proportion to 
absolute value of pore pressure. (3) At the same temperature, the strength of saturated 
specimens is only 6 to 25% that of "dry" ones This behavior differs from data on other 
rock types for reasons that are not clear at this time. (4) Brittle shear fractures, the 
failure mode at fast strain rates, are replaced by shear bands at lower rates. (5) With 
increasing temperatures to 225° C, failure changes from shear fracture to shear bands. 
(6) When "dry", strength decreases with temperature as expected, but when saturated 
no change with temperature is observed, which again differs from other rock types. (7) 
The morphology of failure surface in specimens is significantly different with transition 
in behavior so that in either tensile failure or in shear bands (which involve very little 
displacement)-little change in material on either side of the failure zone is found. (8) 
With shear fractures, however, SEM studies show highly indurated material occurs 
along the surfaces which is expected to impede fluid flow normal to them. (9) This, 
combined with the very low strengths when saturated makes localized shear more 
likely and may be a cause of decreased permeability commonly associated with shales. 
Observations of common "disturbances" in texture of shales which now appear to 
frequently be the result of localized shearing, supports hypothesis.

Reports

Kennedy, L. A. and Logan, J. M., 1994, Cataclasites and the development of seals to 
fluid migration: Geol. Soc. Am. Abstracts with Programs, v. 26, no. 7, p. A-210.
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This is an experimental study of fault strengthening at elevated temperature 
and pressure. The effect of healing on frictional strength is assessed by measuring 
changes in peak strength and constitutive parameters as a function of hold time. 
Experiments involve shearing Imm-thick layers of quartz powder within sawcut 
quartzite samples at 200-700°C, effective normal stress of 200-300MPa, and fluid 
pressure of lOOMPa. Healing times range from lO^lO^s. Higher temperatures are 
used to access longer healing times. The effects of healing and elevated 
temperature are assessed independently by shearing at a standard temperature 
after healing in some cases. A major goal has been to relate laboratory 
observations of fault strengthening to seismic observations of fault properties and 
variations in earthquake source parameters with recurrence time.
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Objectives

Ground penetrating radar (GPR) provides, in many geologic en 
vironments, very detailed images of near-surface earth stucture 
beneath the GPR survey line. GPR is non-destructive and very 
economical (compared to trenching) and therefore a potentially 
useful adjunct to trenching for neotectonic studies. The purpose 
of this project was to evaluate the potential of GPR by recor 
ding profiles near existing trenches, for correlation with the 
trench records. Sixty-two profiles were collected at twelve 
sites around the San Francisco Bay region.

Preliminary results indicate that features in GPR images do 
corellate with existing trench observations, can be used to 
locate faults where they are buried or where their positions 
are not well known, and can identify previously unknown faults. 
GPR data potentially provide a valuable adjunct to trenching, 
by extending trench data laterally, and to depths greater than 
those to which trenching can be done.

Data Acquisition

In July of 1993, personnel from The University of Texas at 
Dallas conducted ground penetrating radar (GPR) surveys at a 
number of sites around San Francisco Bay. The sites were 
chosen in consultation with people at the USGS office in Menlo 
Park (Drs. M. Fisher, M.G. Bonilla, and E. Brabb) to allow 
investigation of a variety of geologic situations and to give 
control by collecting data at previously trenched sites.

GPR data were collected at five main locations:

1) the San Andreas fault near Olema,
2) the San Andreas near Millbrae in the San Francisco watershed,
3) the Greenville fault, near Altamont Pass, Livermore,
4) the San Gregorio fault, near Pescadero, on the coast, and
5) the Hayward fault at the Freemont City Hall.
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In the field, the trenches were located as accurately as pos 
sible from maps made at the time they were dug. GPR data were 
then collected along a line parallel to the trench, about 2 m 
away, to avoid the disturbed region associated with the trench. 
At each site, common-midpoint surveys were done first, to help 
to select the best offset to perform the constant-offset surveys, 
and for velocity analysis. This step was repeated at 50, 100, 
and 200 Mhz. The GPR equipment used was a pulseEKKO IV system. 
We also collected topography information along the survey lines.

Data Processing and Analysis

Because of the large number of profiles collected, data proces 
sing is still in progress; one PhD graduate student (Jun Cai) is 
spending 100% of his time on this project. Processing includes 
filtering, editing, adding topographic data, velocity analysis, 
normal moveout (NMO) corrections, migration, coherency enhance 
ment, and plotting with various trace and gray-scale formats.

Representative Results

For the purpose of illustration, we here present two examples 
of GPR and trench data.

Fig. 1 contains raw and processed 200 Mhz data at 2 m offset, 
acquired along a trench across the San Andreas fault in the 
San Francisco Watershed. The trench profile (trench A in Bonilla 
et al., 1978) is in Fig. la; the corresponding GPR data, after 
NMO and topographic corrections, are in Fig. Ib. Faults are 
visible in the GPR data as truncations of geologic features and 
zones of increased scattering, but are not directly visible as 
GPR reflectors as they are too steep. Also, the resolution of 
the GPR is necessarily lower than that of the information in the 
trench profile; only the larger scale features are visible. Per 
fect correlation is not expected as the GPR lines are beside, not 
right at the trenches, and trench maps do not contain information 
on the electrical properties that GPR is sensitive to; thus only 
the main structural features are seen in both. These characteris 
tics are typical of all the GPR-trench correlations.

Fig. 2 contains a profile at a site near Olema; the data were 
recorded at 50 MHz, with 3 m antenna separation. This location 
is near the maximum displacement occurred in the 1906 San 
Andreas event. There is no trench here, but a whole series of 
faults are visible in the GPR data. The most obvious break in 
the GPR data occurs on the trace of the 1906 event. The current 
position of the active fault as mapped by Hall et al. (labeled 
A) is a broader zone of diffuse scattering that extends off the 
bottom of the profile.

The data shown above are 2 of the 62 profiles that were collected; 
Analysis is continuing.
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EXPLANATION

   Contact  Dashed where Qradational or indefinite

   --- Fault  Dashed where inferred

Probable mam 1906 trace 
of San Andreas fault

24.5 27.5 30.5 33.5 36.5 39.5

O-
in

o 
o

Probable main 1906 trace 
of San Andreas Fault

q d

q o_
"* Q

q 
CD

26.0 30.0 34.0 
.MIDPOINT POSITION :(M)

38.0

Fig. 1. The trench profile (a), and the corresponding 200 MHz 
GPR data (b) collected every 10 cm, with 2 m antenna sepa 
ration; acquired in the San Francisco Watershed, (a) is 
trench A from Bonilla et al. (1978). (b) has both NMO and 
elevation corrections, and has the same spatial scales as 
(a). Heavy lines superimposed on (b) are interpreted fault 
positions; these generally correspond well with those in 
(a). Perfect correspondence is not expected as the GPR 
line is about 2 m away from the trench (to avoid the distur 
bance associated with the trench itself).
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Fig. 2. NMO-corrected data collected at a site near Olema with 
50 Mhz antennas, 20 cm between traces, and 3 m antenna 
separation. 'A' is the currently active portion of the fault 
zone.



Conclusions

The GPR technique is a useful approach for mapping faults; cor 
relation with trench data is demonstrated; the main 1906 trace 
of the San Andreas fault is clearly shown in the profiles. The 
resolution of GPR is sufficient for fault location, but not 
enough for detailed neotectonic analysis, as the fault them 
selves are only indirectly evident through layer truncation and 
scattering. GPR will be useful for initial reconaissance and to 
determine optimal placement of trenches, but will not replace 
trenching.

Larger scale studies of fault geometries are possible with GPR. 
It's depth of penetration is much larger that that to which 
trenching can be done. Also, it is a low cost and convenient 
tool for doing long lines (kilometers or more) and even 3-D 
surveys of complex faulted regions. These will be the subjects 
of future projects.

Data format and availability

Field data are in the format designed by the equipment manu 
facturer (Sensors & Software, Inc.). This consists of a file 
header containing survey parameter information, followed by 
each trace; each trace has its own header followed by the data 
samples in 16 bit integers. Field data are available from the 
P.I. at

Center for Lithospheric Studies
The University of Texas at Dallas
P.O. Box 830688 (FA31)
Richardson, TX 75083-0688

Edited data and plotted sections will be delivered to the USGS 
as part of the final project report.
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Objectives

The corellation of the New Madrid axial seismic zone with the 
Blytheville and Pascola Arches brings us closer to a fundamental 
understanding of the physical causes of seismicity in the New 
Madrid Seismic Zone (NMSZ). It appears that the geologic 
structures are weak due to effects that may include high pore 
pressure, repeated deformation, igneous intrusion, diapirism, 
and/or thermal and hydrothermal alteration (Johnson and 
Shedlock, 1992). The tectonic setting as a rift complex (Braile 
et al., 1992) underlies the contemporary seismicity (Kane et 
al., 1981; Chiu et al., 1992; Hildenbrand et al., 1992). The 
details of the structure/seismicity relationship are not yet 
clear, but seismic waves that pass through the NMSZ are strongly 
attenuated (Hamilton and Mooney, 1990).

The goal of this project is to determine, with high resolution, 
the seismic attenuation (Q) distribution for both P and S waves 
along with their velocities, in the Blytheville Arch, through 
direct measurement and through detailed viscoelastic modeling 
of the 1991 USGS refraction profiles across the New Madrid 
Seismic Zone. This will provide constraints on the physical 
properties of the NMSZ, and thereby to shed light on the cause 
of the seismicity. The practical objective is to define 
criteria for delimiting high-risk zones in the NMSZ, and 
throughout the eastern U.S.

Data Acquisition

In October/November 1991, a pair of refraction profiles were 
recorded by the USGS across the notrthern end of the Blytheville 
Arch in the NMSZ. Eight shots were fired into a N-S line and ten 
shots were fired into an E-W line. The recording aperture for 
both lines was about 60 km; receivers were spaced at an average 
of 100 m. The preprocessed data were provided by the USGS in 
SEG-Y format.
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Data Processing and Analysis

Data processing and interpretation involves two parts. The 
first, direct measurement of Q in the near-surface, is now 
complete. The second, detailed modeling, is now in progress; one 
PhD graduate student (Qingbo Liao) is spending 100% of his time 
on this project.

Direct Q estimates were made from in-situ measurements of energy 
loss per cycle from transmitted P and S waves, as a function of 
frequency. Assuming that intrinsic Q is frequency-independent 
and scattering Q is frequency-dependent, the relative contribu 
tions of each are estimated. Figure 1 shows a representative 
portion of the data, and figure 2 shows the fit to the Q model. 
The resulting parameters and their uncertainties are:

Intrinsic Q for P-waves 220 (+116, -2) 
Intrinsic Q for S-waves 68 (+6, -9) 
Dominant scatterer size 100 m (+20, -6) 
Velocity deviation for

P-wave scattering 20.0% (+6, -3) 
Velocity deviation for

S-wave scattering 11.4%

These are consistent, both internally, and with the geologic 
environment. An independent estimate of Q for P-waves of 
231 by R. Catchings of the USGS from other data in the area 
is consistent with our estimate of 220.

With these parameters as a starting point, we are proceeding 
with the modeling. Recent developments in viscoelastic theory 
based on superposition of relaxtion mechanisms (Liu et al., 
1976; Day and Minster, 1984) allow time domain computations of 
synthetic seismograoms for viscoelastic media. The algorithm 
to be used here is based on Carcione et al. (1988) and Tal- 
Ezer et al. (1990). Scattered waves may included by locally 
perturbing the parameters of the input model to provide a 
distribution of scatterers of known statistical properties. 
The model we are using is described by the Von Karman correl 
ation function (Frankel and Clayton, 1986; Crossley and 
Jensen, 1989).
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Figure 1: Refraction seismic data from shot point 14 on the E-W
line in the 1991 USGS experiment across the Blytheville Arch 
(Mooney et al. , 1993). The direct (labeled) P- and S- wave 
branches are input to produce the Q estimates in figure 2. 
From Kang and McMechan (1995) .
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Figure 2: Composite intrinsic/scattering model fitting for the 
New Madrid data in figure 1. Symbols (+) are (slightly 
smoothed) estimates of total Q as a function of dimension- 
less wavenumber (KA). The rms uncertainty in the data 
points is fairly constant at about 0.08. In each plot, 
the heavy horizontal line is the best fit (constant) intrin 
sic Q contribution and the light solid line is the best-fit 
frequency-dependent) scattering Q contribution. The corres 
ponding parameters are in the text. From Kang and McMechan 
(1995).
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Investigations

1. Operation and data management for the Northern California Seismic Network.

2. Prototype development of GIS-based seismicity maps.

3. Replacement of the Real Time (Earthquake) Picker.

4. Rapid pager notification

5. Map of Seismicity of California and Nevada

6. Seismicity and deformation near Hollister, California

7. Seismic evidence for faulting in the western Sacramento Delta

8. Microearthquake activity as indicators of blind thrust faulting in the San Francisco Bay region

Results

1. The Northern California Seismic Network (NCSN) recorded and processed nearly 21,000 
earthquakes that occurred in central and northern California during FY94. These events were 
timed, located and archived at the U.C. Berkeley/USGS Northern California Earthquake Data 
Center (NCEDC), where all users with access to the Internet can retrieve the data. Earthquake 
locations were updated at the NCEDC on a daily basis. We completed the transcription of all 
digital waveform data recorded since 1984 from over 2000 9-track magnetic tapes to the opti 
cal mass storage device at the data center. We responded to public inquiries about earthquake 
activity and provided earthquake information about any M>4.0 earthquake occurring within 
the NCSN to emergency response agencies, like the California Office of Emergency Services, 
within 20 minutes of occurrence.

We continue to prepare and distribute a report of seismicity recorded by the NCSN each week. 
This report is sent by e-mail and fax to more than 400 recipients, including the media, emer 
gency response officials, government agencies, and academicians. The report is also posted to 
public access bulletin boards read by thousands of individuals. The report is a regular feature in 
many newspapers in California and is also distributed by a commercial enterprise. We also pro 
vide a daily telephone message of significant seismicity in the preceding 24 hours.
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We have assembled a catalog of seismicity for release on a CD-ROM that contains all earth 
quakes recorded by the NCSN, Southern California Seismic Network (SCSN), University of 
Nevada-Reno Seismic Network (UNRN), and Southern Great Basin Seismic Network (SGB- 
SN) for the period 1969-1993. Software for selecting subsets of the data and creating maps of 
seismicity is also provided.

2. The catalog of earthquakes recorded by the NCSN between 1967 and 1993 now exceeds 
330,000 earthquakes, and each year an additional 15,000 earthquakes are added to the catalog. 
Consequently, it is no longer practical nor desirable to publish bulletins of all earthquakes re 
corded by the network. Instead, most seismologists prefer to have the data in digital form. 
However, for the non-seismologist, there is a need for maps of earthquakes recorded by the 
network. To address this need, we have imported raster-scan images of the 1:250,000 scale 
USGS topographic base maps for central California into a GIS system so that we can portray 
seismicity at the same scale and boundaries as the maps of the Geologic Atlas of California 
published by C.D.M.G. For the map view, we portray seismicity using color to indicate earth 
quake depth. Well constrained focal mechanisms are also depicted in map view. For the cross 
sections, we portray each aftershock sequence with its own color and make the color shade a 
function of the time of each event relative to the mainshock occurrence. Thus, it is possible to 
recognize both individual earthquake sequences and their time dependent aftershock behavior.

We originally planned to release the San Jose sheet first. Completion of this map has been de 
layed because we subsequently decided to release the combined San Jose and adjacent San 
Francisco sheets together. This required obtaining new raster scans of the combined cultural 
and drainage as well as revising all of the map views and many cross sections. In addition, a 
full time ARC/INFO technician working on this project resigned. We now expect to release the 
project in early 1995.

3. Development of a computer system (LARVA) to replace the Real Time (Earthquake) Pickers 
(RTP) continued this year. The new generation of hardware uses multiple computers (DOS 
PC's and Unix machines) connected by Ethernet to digitize, detect, and locate earthquakes in 
real time. LARVA has three principal modules. The first module is the data acquisition comput 
er. This machine digitizes 256 channels of analog seismic data at 100 sps in real time while si 
multaneously reading time code, checking for channel skipping in the A/D, and broadcasting 
the time-stamped data onto an Ethernet cable for reception by the 'picker' module. The 'pick 
er' computer receives the Ethernet broadcasts of 256 channels of data in real time while simul 
taneously calculating the arrival time, first motion, and coda duration of any detected 
earthquakes. The picker module, at present, broadcasts its picks via RS232 to the locator mod 
ule. This third machine runs a prototype pick associator developed by Carl Johnson of the Uni 
versity of Hawaii at Hilo. The associator distinguishes earthquakes from independent noise 
triggers and reports earthquake picks to existing Unix software that locates the event and issues 
an alarm if the event meets prescribed criteria.

Technical direction of this project is provided by Alex Bittenbinder, who has been responsible 
for all of the hardware development and most of the software development. This year software 
development was directed toward error reporting design, system Q/A, shared memory manage 
ment, documentation, and integration of 24-bit digital data from the Hay ward digital teleme 
tered network. Digital data for a set of 39 earthquake sequences was assembled for testing of 
the software. This set included examples of earthquake swarms, main shocks, robust after-
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shock sequences, telemetry problems, teleseisms, and regional earthquakes. By comparing the 
performance of LARVA software for this set to the performance of both the original RTF and 
CUSP systems, we have been able to diagnose problems in advance of implementation. Revi 
sions based on the Q/A tests are completed, and we anticipate release of LARVA with support 
ing documentation by the end of 1994. Installation of LARVA is planned for early 1995 when 
wiring for 587 analog channels and assembly of corresponding anti-aliasing filters are complet 
ed.

Initial tests to receive 24-bit digital telemetered data from the 4-station Southern Hayward 
Fault Network were completed. Software is being modified to be able to process this data 
stream using 32-bit architecture together with external triggering notification by the CUSP sys 
tem. We are attempting to ultimately integrate this data with the traditional analog-telemetered 
data that is processed by the CUSP system, so that it can be accessed by the public at the 
NCEDC.

4. Most seismic networks in the U.S. now have the ability to automatically detect and locate 
earthquakes within minutes of their occurrence. We are attempting to make this information 
available to the public as rapidly as possible so that critical decisions can be made without hav 
ing to rely on access to seismologists. For instance, emergency response officials need to know 
both the location, magnitude, and distribution of aftershocks so that resources can be rationally 
allocated and directed. Governmental officials need to be appraised of significant earthquake 
activity. The news media would like to have authoritative information to provide to the public. 
Educational institutions would find this information valuable for teaching about tectonics. 
Power, water, and telephone agencies need accurate information to re-route their networks fol 
lowing earthquakes. Railroad companies need to stop trains if there is a danger of derailment.

Since many of these customers are not connected to the Internet, we have chosen to provide 
this information via wireless alphanumeric paging devices. Using software called "SEISMIC", 
developed by Alan Jones of the State University of New York at Binghamton, we have estab 
lished a prototype system that provides nationwide paging of earthquake information through a 
commercial paging company. The SEISMIC software operates on inexpensive PC platforms 
and provides map, cross-section, and 3-D views of seismicity received by the pager device, 
which connects to the PC's serial interface. Currently local earthquake information is being 
provided within minutes of earthquake occurrence by the NCSN, SCSN, and University of 
Washington. The National Earthquake Information Center (NEIC) is also providing nationwide 
and teleseismic information, though all NEIC data is first reviewed by seismologists.

5. This project provided technical guidance for a new version of the map, "Seismicity of Califor 
nia and Nevada" by Goter et al. This new map will differ from the 1988 version in that it de 
picts 1) more than 300,000 earthquakes recorded by the SCSN, NCSN, UNRN, and SGBSN 
from 1980-1994 as small dots that clearly image the location of current seismically active 
faults, 2) the location of all M>5.5 earthquakes as larger symbols to denote activity on faults 
that were not seismogenic during the last 15 years, and 3) the surface projection of rupture 
zones for significant earthquakes to illustrate the extent of rupture in contrast to a quake's epi- 
central location. The map clearly demonstrates that deformation of the brittle crust occurs over 
a broader region that encompasses all of California and Nevada. The map is scheduled for re 
lease in December, 1994.
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6. Seismologists (Dorbath, Amelung, and King) at the Institut de Physique du Globe in Stras 
bourg, France have been collaborating with David Oppenheimer on an integrated analysis of 
the deformation occurring near Hollister, California, where the San Andreas fault bifurcates 
into the Calaveras fault. The goal of this research is to understand the relationship of contem 
porary faulting, as expressed by microseismicity, to topography. We have used traveltime data 
recorded by the NCSN to generate a 3-D velocity model of this complex region through in 
verse methods. This model is used to relocate the earthquakes in the region to obtain an accu 
rate map of active faults. We use a fault geometry based on these earthquake locations together 
with slip rates based on independent studies to compute the deformation at the earth's surface.

We find that many features of the topography can be explained by a simple model. The overall 
form of the Hollister Valley is reproduced together with the subsidence extending towards 
Monterey Bay. Bends in the fault predict local uplift that are also observed in the topography. 
By using faults imaged only through microseismicity in conjunction with faults mapped at the 
surface, we demonstrate how it is possible to model topography and perhaps infer where blind 
thrust faults may exist. A manuscript is in preparation

7. In an effort to identify the faults of the San Francisco Bay area, the BASIX experiment was 
conducted to acquire marine seismic reflection surveys in the shallow waters of the San Fran 
cisco Bay and western Sacramento Delta. Both the shallow (100 meter) and deeper (2 km) seis 
mic profiles image faulting and deformation in the vicinity of Pittsburg, California. David 
Oppenheimer collaborated with Jill McCarthy to provide a companion analysis of earthquakes 
recorded by the NCSN in the vicinity of the BASIX seismic lines. Earthquake locations based 
on a new velocity model developed from inversion of traveltime data occur at depths between 
17 and 25 km. These unusually great depths place this activity just above the Moho, the bound 
ary between the crust and mantle. In addition, the earthquakes locate directly beneath the shal 
low deformation imaged in the seismic reflection data. The pattern of earthquake locations and 
mechanisms reveal a complex pattern of right-lateral faulting, right step-overs, and attendant 
reverse faulting in the region of the Kirby Hills. The link between surface deformation and 
very deep seismicity suggests that this fault presents a significant earthquake hazard for the 
Pittsburg region.

8. Over the last century significant earthquakes in the S.F. Bay region have exhibited predomi 
nantly strike-slip motion on near-vertical faults, and geodetic studies confirm that the plate mo 
tion is being accommodated on these same faults. However, the topographic relief in this 
region exhibits significant variation that is not easily explained by the strike-slip faulting. The 
age of these mountain ranges indicates uplift rates on the order of ~lmm/yr, suggesting that ac 
tive reverse faults analogous to faults which slipped during the Loma Prieta and Northridge 
earthquakes may underlie these ranges. Robert Simpson and David Oppenheimer have exam 
ined first-motion focal mechanisms for 7610 earthquakes recorded since 1984 to assess wheth 
er earthquakes with reverse mechanisms define significant seismogenic structures in regions of 
uplift, and conversely whether those with normal mechanisms occur in regions of low topogra 
phy.

Most earthquakes with reverse and normal mechanisms are scattered throughout the region and 
do not clearly define though-going faults. The Loma Prieta and Northridge earthquakes dem 
onstrated, however, that "blind" faults exhibit little background seismicity, suggesting that the 
period of seismic observation is too short to image them. We conducted a systematic analysis
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of the earthquake focal mechanisms to determine whether the first-motion observations for the 
reverse and normal mechanisms could also be explained by motion occurring on fault planes 
with orientations typical of the right-lateral strike-slip faults in the region. We found that unam 
biguous reverse faulting occurs only adjacent to the Calaveras, Hayward, and San Andreas 
faults. Normal earthquakes occur only adjacent to the San Andreas fault near the Golden Gate 
and at the Geysers geothermal area. Little evidence of reverse faulting is observed in the recent 
seismicity beneath the topographically elevated regions of the S.F. Bay region. Consequently, 
active blind thrust faults in this region are presumably locked and not currently generating mi- 
croearthquake activity.
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This report summarizes research from 2/1/94 to 10/15/94.

PROBLEM
Topography results from the competition between the tectonic processes of uplift and 

deformation, and the geomorphic processes of erosion, transport, and sedimentation. Tectonic 
landforms can retain information about the tectonic history of a particular region, and their analysis 
provides information that bridges the gaps between geodetic (< 100 yrs) and geologic (>0.5 Ma) 
timescales, and between the spatial scales of trenching and regional mapping. Development of an 
explicit linkage in physical-process-based models between deformation and degradation along a 
major strike-slip fault is the focus of the this research.

Combining detailed geologic mapping and geomorphic analysis with numerical models of 
deformation and degradation, this field and computer modeling based project tests the hypothesis 
that the geometry and magnitude of deformation along a portion of the San Andreas Fault (SAP) is 
consistent with the transition from a straight segment to a restraining segment. We expect that the 
partitioning of deformation among reverse and normal faults and folds changes as a function of the 
counterclockwise deviation of the strike of this fault from the direction of plate motion.

INVESTIGATIONS
1) Completion of geologic and geomorphologic mapping of an approximately 12 km2 area 

adjacent to the SAP in the Elkhorn Hills, southeastern Carrizo Plain, San Luis Obispo County, 
California at 1:6,000.

2) Identification of deformed surfaces of known age, as well as morphologic analysis of degraded 
fault scarps, to provide timelines for the understanding of the temporal and spatial development 
of restraining bends and the structures associated with them.

3) Compilation of structural, geologic, topographic, and geomorphic observations and modeled 
results using a geographic information system (GIS).

4) Continued analysis of the data by developing and testing mechanical (numerical) models to 
evaluate the interaction and direct coupling between the deformation (uplift, folding, and 
faulting), and the subsequent degradation (hillslope processes).

PROGRESS
1) Field work for this portion of the project is complete. In the next year, we will extend our 
mapping along the SAP to further test our hypothesis. We are compiling the field observations and 
expect to prepare a -1:6000 geologic and geomorphic map. These data will be incorporated into 
our GIS database (see 3). The geologic observations of this portion of the SAP zone where we 
observe strike-slip, and normal & reverse dip-slip faulting are detailed, and their description and 
interpretation based upon quantitative tectonic and geomorphic models will be presented in a 
manuscript to be completed before 12/31/94 and submitted to Tectonics. A portion of this research 
was presented at the San Andreas Site Characterization Workshop by R. Arrowsmith (3/94; see 
full citation below).
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2) We are calibrating the geomorphic model parameters at two sites in the central Carrizo Plain. 
Along with the scarp immediately southeast of Wallace Creek where our primary calibration effort 
is focused, we have identified a site on the Van Maitre Ranch at which a scarp has been exposed as 
a result of the -15 m of lateral offset inferred to have accumulated in the last two large earthquakes 
along the SAP [Grant and Donnellan, 1994; Grant and Sieh, 1993]; Figure 1. The association of 
offset and exposure with these two events provides a good age constraint on the history of the 
landforms. At that site, we have selected 2 profiles for calibration: A) a scarp over which animal 
burrowing, rainsplash and soil creep dominate the material transport (indicating "diffusive 
conditions") and B) knickpoint in a small channel over which concentrated soil wash transports 
material. These processes are included in our geomorphic model (see 4) and the site will add an 
important test of the calibration at Wallace Creek. The results from these investigations will be 
presented at the Fall American Geophysical Union Meeting [Arrowsmith et aL, 1994b], and 
documented in a manuscript to be completed before 11/31/94 and submitted to Geology.

3) The GIS laboratory at Stanford will be fully operational in late fall, 1994. In this laboratory, 
we will compile structural, geologic, topographic, and geomorphic observations and modeled 
results. We have purchased a panchromatic SPOT satellite image of the Carrizo Plain. With its 10 
meter ground resolution cells, this image forms a portion of the background for our geologic and 
geomorphologic analyses.

4) We have developed a quantitative model for geomorphic and tectonic displacements that is 
applied to hillslope profile development in areas of active tectonics. This has been the primary 
project effort in the last 8 months.

In our model, transient finite difference solutions to the continuity equation for material 
transport determine geomorphic displacements. The material transport rate is a function of distance 
from the divide to the power m, local slope to the power n , and a rate constant. Values of m and n 
may change to simulate threshold independent processes varying from rainsplash and creep (i.e., 
diffusive; m = 0, n = 1) to slope wash and river flow (m > 0, n > 0; [Carson and Kirkby, 1972]; 
Figure 2). Specifying a critical flux for channel formation includes the transition from diffusive 
hillslope conditions to converging flow and stream incision. The actual geomorphic displacements 
may be transport- or weathering-limited, depending on soil profile development (Figure 3).

Superimposed edge dislocations in an elastic half-plane are used to model tectonic 
displacements. Slip along a normal or reverse fault of any dip, depth and length may be 
incremental (earthquake) or continuous (creep). We consider faults of spatial scale much less than 
crustal thickness so isostatic responses to topographic loading are not important, but could be 
easily included.

We model profile development by identifying an initial profile shape and boundary conditions; 
soil production and process parameters; age; and fault geometry and slip rate. Model tectonic 
landforms are sensitive to the ratio of geomorphic and tectonic displacement distributions in space 
and time. Considering climate and material properties constant, it is roughly the ratio of the
material transport rate constant (a) and the fault slip rate that determines form. Profile responses to 
tectonic displacements relate directly to the surface displacement gradient and are greatest when the 
fault ruptures the surface. This model extends existing morphologic diffusion erosion analyses of 
tectonic landforms to include other geomorphic processes and realistic distributions of tectonic 
displacement. The simulations serve to develop intuition, and to indicate which parameters or 
processes should be the focus of detailed field observations. Calibration of these parameters and 
processes provides a quantitative approach to modeling landform development, determining 
deformation rates, and inferring earthquake hazard.

Below, we present two examples demonstrating the utility of this geomorphic and tectonic 
model in the evaluation of surficial deformation associated with slip along faults.
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Fault Scarp Incision
In previous models of fault scarp development, care was taken to choose fault scarps in 

areas that have minimum contour curvature (ideally to avoid converging flow in gullies; e.g., 
[Hanks et ai, 1984]). On the other hand, our analysis permits the investigation of profiles that 
cross a fault scarp and may be dominated by gully processes or a transition thereto (Figure 4). The 
initial shape is a planar 5° slope. The boundary conditions are constant elevation (upper) and zero 
flux lower. This simulation might represent one half of a graben that has formed in an alluvial fan- 
-the zero flux lower boundary causes the expected deposition and filling of the graben. The profile 
that is purely diffusive is shown (gray). The faulting parameters are 2 mm/yr along a 45° dipping 
500 m long normal fault, and all examples are for a duration of 10 ka & a = 1 m2/ka.

In the examples in which there is no channel head, discharge dependent (m > 0) processes 
contribute to the transport capacity through the profile. This represents a case in which a well 
established drainage cuts across the active fault. If we permit channel head formation above a 
critical flux, we can model the incision of the fault scarp as greater relief and slope develop with 
continued fault slip. The smaller plot under these profiles uses the same horizontal axis as the 
profiles, but shows the channel head location with time. For the examples with higher flux, it 
takes some time (2 -3 ka) for enough slip to accumulate and permit the establishment of a channel. 
As the channel grows headward, it incises the scarp. This is an important alternative to the 
diffusive (with extremely high rate constant) gully development of [Begin, 1988]. With proper 
calibration and determination of appropriate transport process behavior and rate, gullies may be 
included in the morphologic dating of fault scarps, and possibly provide more robust results. 
Weathering-limited conditions could be included to contribute to dating of landforms in areas of 
higher erosion rates or lower weathering rates.

Active thrust faults, river channel profiles and fluvial terraces: fault slip rate vs. 
geomorphic rate constant

As an example of the conclusion that the tectonic landforms owe their shapes to the ratio 
between the geomorphic and tectonic displacement rates over the landform profile and over the time 
period of interest, we provide the following scenario (Figure 5A & B). The initial shape is a m =2, 
n = 2 characteristic small river profile 1000 m long and with a maximum elevation of 50 m (small 
dashes). Such a choice minimizes the response to a disequilibrium initial shape and emphasizes 
responses to tectonic displacements. The geomorphic boundary conditions are constant elevation 
(the ends of the profiles are tectonically displaced), and transport-limited conditions persist. Two 
sets of profiles at 1,5, and 10 ka are shown. The only difference between the plots is that the rate 
constant (a) is 0.1 above and it is 1 below. The upper (less erosive) profiles are more sensitive to 
the tectonic displacements,. We simulate the deformation of abandoned fluvial terraces by 
assuming that the initial topographic profile is abandoned at time 0, and then is deformed along 
with the active channel. The terrace profiles include geomorphic displacements due to diffusive 
processes only (the grayed lines in Figure 5).

Figure 5A illustrates the effects of tectonic displacements due to a 500 m long buried thrust 
fault dipping upstream. The top of the fault is 50 m below the surface and 750 m downstream 
from the divide. The slip rate along the thrust is 1 mm/yr. Notice that the displacement field varies 
greatly along the profile. These profiles have a remarkable similarity in age, scale, form and 
setting to fluvial terraces over the active thrust fault and fold at Wheeler Ridge, California (Salt 
Creek profiles of [Keller et ai, 1988]). Figure 5B shows a similar result for a much longer 
surface rupturing fault with the same slip rate and the same distance from the top to the divide. The 
displacement field is much less variable. These profiles are similar to many flights of terraces 
upstream from active range-bounding faults (e.g., [Rockwell, 1988]). Each terrace forms as a 
result of a variety of factors and probably not solely because of an earthquake.

Figure 6 is an extreme example of the inclusion of soil production into the above scenario. 
All other parameters are the same as in Figure 5A, but the slip rate along the buried thrust is 5 
mm/yr. The material is uplifted so fast that the soil cannot be produced quickly enough, and 
conditions become weathering limited. A steep reach possibly a waterfall forms along the 
channel profile in the area above the fault tip.
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A manuscript describing this model has been submitted to the Journal of Geophysical 
Research, Special Section on Paleoseismology [Arrowsmith et al., 1994a]. It has been presented 
at the International Lithosphere Program-USGS Workshop on Paleoseismology, 9/94; and the 
geomorphic portion of the model described in the associated Workshop Proceedings volume: 
[Arrowsmith, 1994], It will be presented at the Fall Meeting of the Geological Society of America: 
[Arrowsmith et al., 1994c].

The model has been written in the FORTRAN 77 computer language. The code is available for 
other researchers by contacting Ramon Arrowsmith. It will be submitted for publication as either a 
USGS Open File Report or in Computers & Geosciences. As the results shown in Figures 4, 5, & 
6 suggest, this model has wide application in the investigation of the deformation history of the 
landscape and in the inference of earthquake hazards based upon analysis of the resultant 
landforms.

PRESENTATIONS OF THIS RESEARCH
International Lithosphere Program-USGS Workshop on Paleoseismology, Marconi Conference 

Center, Marshall, California: A model for geomorphic displacements applied to hillslope 
development in areas of active tectonics (9/94).

San Andreas Site Characterization Workshop, NSF/DOE/USGS, The geologic and geophysical 
framework of the San Andreas fault in the Carrizo Plain (3/94).

ABSTRACTS AND PUBLICATIONS RESULTING FROM THIS RESEARCH
Arrowsmith, R., A model for geomorphic displacements applied to hillslope development in areas 

of active tectonics, in Proceedings of the Workshop on Paleoseismology: USGS Open File 
Report 94-568, edited by C. S. Prentice, D. P. Schwartz and R. S. Yeats, pp. 11-13, 1994.

Arrowsmith, R., D. D. Pollard and D. D. Rhodes, A model for tectonic and geomorphic 
displacements applied to hillslope development in areas of active tectonics, Submitted to 
Journal of Geophysical Research, Special Section on Paleoseismology, 9/30/94, 1994a.

Arrowsmith, R., D. D. Pollard and D. D. Rhodes, A model for geomorphic and tectonic 
displacements applied to hillslope development in areas of active tectonics, EOS Transactions 
AGU, 1994 Fall AGU Meeting, 1994b.

Arrowsmith, R., D. D. Pollard and D. D. Rhodes, A quantitative model for geomorphic and 
tectonic displacements applied to hillslope development in areas of active tectonics, Geological 
Society of America Abstracts with Programs, 1994 Annual meeting, 1994c.

REFERENCES
Begin, Z. B., Application of a diffusion-erosion model to alluvial channels which degrade due to base-level lowering,

Earth Surface Processes and Landforms, 13, 487-500, 1988.
Carson, M. A. & M. J. Kirkby, Hillslope form and process, 475 p., Cambridge University Press, Cambridge, 1972. 
Grant, L. B. and A. Donnellan, 1855 and 1991 surveys of the San Andreas Fault; implications for fault mechanics,

Bulletin of the Seismological Society of America, 84, 241-246, 1994. 
Grant, L. B. and K. E. Sieh, Stratigraphic evidence for several meters of dextral slip on the San Andreas fault during

the 1857 earthquake in the Carrizo Plain, Bulletin of the Seismological Society of America, 83, 619-635, 1993. 
Grant, L. B. and K. E. Sieh, Paleoseismic evidence of clustered earthquakes on the San Andreas Fault in the Carrizo

Plain, California, Journal of Geophysical Research, 1994. 
Hanks, T. C., R. C. Bucknam, K. R. Lajoie and R. E. Wallace, Modification of wave-cut and fault-controlled

landforms, Journal of Geophysical Research, 89, 5771-5790, 1984. 
Keller, E. A., D. L. Johnson, D. M. Laduzinsky, T. K. Rockwell, D. B. Seaver, R. L. Zepeda and X. Zhao,

Tectonic geomorphology and late pleistocene soil chronology of the Wheeler Ridge, San Emigdio Mountains,
and Frazier Mountains areas, in Friends of the Pleistocene Field Trip Guidebook, 1988. 

Rockwell, T., Neotectonics of the San Cayetano fault, Transverse Ranges, California, Geological Society of
America Bulletin, 100, 500-513, 1988. 

Sieh, K. E. and R. H. Jahns, Holocene activity of the San Andreas Fault at Wallace Creek, California, Geological
Society of America Bulletin, 95, 883-896, 1984. 

Vedder, J. G. and R. E. Wallace, Map showing recently active breaks along the San Andreas and related faults
between Cholame Valley and Tejon Pass, California, U.S. Geol. Survey Misc. Geol. Inv. Map 1-574, 1970.

152



Figure 1. Location map and reconstruction of offset at Van 
Wait re site, Carrizo Plain, CA. A) The location of the Carrizo 
Plain in Southern California is shown in the inset. The 
locations of Wallace Creek and the Van Maitre site along the 
SAP in the Carhzo Plain are illustrated along with dirt roads 
and apparently active fault traces. Fault traces are from 
Vedder and Wallace, 1970. B) Reconstruction of offset at 
Van Maitre site. The lateral offset of the shutter ridge 
changes the lower boundary elevations for various portions of 
the scarp. The slip rate, slip per event, and event time are 
from Sieh and Jahns, 1984; Grant & Sieh, 1993; and Grant & 
Sieh, 1994. Aggradation and terrace formation are caused 
by shutter ridge offset raising the channel elevations at the 
SAP. The exposure of the scarp is thus constrained, and we 
calibrate our geomorphic models along profiles of the 
ungullied scarp and the gully (see PRESENT contour map). 
Contour interval is 1 m. Topographic data was surveyed 
using digital surveying equipment.
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Figure 2. Approximate "characteristic forms" to which hillslope profiles tend with transport -limited 
conditions, no tectonic displacements, and constant elevation boundary conditions. The resultant 
form depends upon the process: convex for slope dependent processes such as creep, rainsplash 
and animal induced disturbances (m = 0), straight for sheetwash (m = 1, all n), and concave for 
gullying and rivers (m > 1, n > 0). After Carson & Kirkby, 1972.
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Figure 3. Simulations of hillslope development with variable soil production rates showing the 
transition from transport-limited to weathering-limited conditions. All parameters and initial conditions 
are the same except for Ba (weathering rate of bare bedrock) and Bfr (weathering rate sensitivity to 
soil depth-exponential decrease with increasing soil depth) which vary from 1 and 1 to 0.01 and 100 
respectively. Age is 10 ka and boundary conditions are constant elevation.
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Figure 4. Illustration of fault scarp incision. These plots show the initially planar fan surface 
that is cut by a short normal fault. Compare the profile modified by diffusive processes (gray) 
only with those that include overland flow and thus may be gullies incising the scarp as it forms 
(solid). Those plots that indicate a critical flux above which the profile becomes channellized 
include the channel-head-with-time plot that uses the same horizontal axis as the profiles.
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Figure 5. Investigations of the ratio of geomorphic and tectonic displacement rate distributions and the deformation of fluvial terraces. Each set of 
three plots shows profiles for 1,5 and 10 ka. The upper profiles result from lower a and are influenced more by the tectonic displacements. A) 
Tectonic displacements result from a short and buried thrust fault. B) Tectonic displacements result from a long surface rupturing thrust fault.
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Figure 6. Effect of variable material properties on longitudinal profile 
development. Parameters are the same as in Figure 5A except for 5 mm/yr 
slip rate along the buried thrust fault. The increased uplift rate caused the 
material to erode faster than the soil could be produced so bedrock is 
exposed and conditions are weathering limited for a portion of the profile.
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Program Element: 1.2

Investigations Undertaken:
During recent decades, the eastern Tennessee seismic zone has produced the second highest 

release of seismic strain energy east of the Rocky Mountains. Only the New Madrid seismic zone 
is more seismogenic. Unlike the New Madrid zone, eastern Tennessee has not experienced a 
large, destructive earthquake in historic time. The potential for a destructive event in this intraplate 
region is poorly understood. The eastern Tennessee seismic zone (ETSZ) covers an area of 
roughly 300 by 50 km (Figure 1). The large, linear extent of the zone and its proximity to a 
prominent potential field anomaly implies an association with a major crustal structural boundary. 
This is unique in eastern North America in the sense that no other seismic zone exhibits such a 
clear spatial association with a major geophysical anomaly. The need to understand and properly 
assess the hazard associated with seismicity in eastern Tennessee is compelling. Contained within 
the zone are numerous Tennessee Valley Authority nuclear power reactors and hydroelectric 
projects, the Oak Ridge National Labs, and population centers including Knoxville and 
Chattanooga.

The primary goal of the proposed research effort is increased understanding of 
seismotectonics in eastern Tennessee. Specifically, 1) a crustal velocity model for the ETSZ is 
being developed using the entire arrival-time data set obtained during the past decade of seismic 
network monitoring in the region and 2) the apparent association of seismicity with the New York - 
Alabama (N Y-AL) magnetic lineament is being investigated by determining the origin of this 
prominent potential field anomaly. The results of this effort will greatly improve our 
understanding of the locations and orientations of rupture surfaces in the ETSZ and will serve as 
the observational framework needed to develop seismotectonic models and properly assess seismic 
hazard. 
Results:

Investigation of crustal velocity structure was initiated by selecting the initial arrival-time 
data set from the Southeastern United States Seismic Network Bulletins (SEUSSN Bulletins; e.g. 
Sibol et al., 1992). An initial data base consisting of P and S arrival times from 148 well-located 
events was obtained with the assistance of M. Sibol and M. Chapman, both at the Seismological 
Observatory, VPI&SU. Criteria used to select events included a minimum of eight recorded 
phases, one S phase, and high-quality arrival times as indicated by the original analyst. Events 
were relocated and a careful analysis was made to distinguish P from Pn. Selected events occur 
within the study area shown in Figure 2. Development of the final data base is still underway.

Considerable time was devoted to preparation of software for the development of one- and 
three-dimensional crustal velocity models and for focal mechanism solutions. The inversion 
technique used was developed by Roecker( 1982). Preparation involved 1) testing the inversion 
code with data sets provided by S. Roecker and with a small, preliminary data set provided by 
VPI&SU and 2) modifying the code for the specific problem at hand (i.e. retaining information 
from seismic stations outside of the inversion volume).

One dimensional inversions were performed using a three-layer starting velocity model 
developed by Moore (1980) for southwestern Virginia. Initially, only stations located above the 
inversion volume were used. This station-event geometry produced roughly 3,000 raypaths. The 
inversion technique is iterative. Events are relocated after each iteration and unacceptable events 
are eliminated. Strict criteria were imposed for retention of events. The inversion stabilized after
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three iterations. After the first iteration, thirteen events were eliminated, four were eliminated after 
the second, and two were eliminated after the third. Resolution was not high in the first (top) layer 
which extended to a depth of 5.7 km but excellent resolution was obtained in the two lower layers 
(0.96 in layer two and 0.99 in layer three). Velocity increased in the second layer (depth 5.7 to 
14.7 km) by 2.8% relative to the Moore model while velocity decreased in the third layer (depth 
14.7 to 50.7 km) by 1.7%. The primary effect on event relocations was to change focal depth. 
We are now in the process of running three-dimensional inversions and will expand the number of 
raypaths by incorporating more data from the SEUSSN bulletins and using stations lying outside 
of the inversion volume.

Investigation of the NY-AL magnetic lineament has been initiated. Potential field data has 
been collected from various sources (e.g. USGS, TV A) and a consistent data set, suitable for 
forward and inverse modeling, is being compiled. Preliminary forward modeling of profiles 
obtained from contours on the TVA aeromagnetic map suggest that the origin for the NY-AL 
lineament is located below the decollemont. This result was anticipated and is consistent with 
results obtained previously (e.g. King and Zietz, 1980; Hopkins et al., 1994). The implication is 
that mid-crustal magnetically susceptible sources occur over a tectonically significant distance. 
Preliminary interpretation of gravity profiles does not support the presence of mafic bodies as the 
source for the N Y-AL lineament. This result is also in agreement with results obtained by Hopkins 
et al. (1994). Preliminary interpretation of potential field data is encouraging and suggests that it 
can be used in conjunction with crustal velocity inversions to derive a viable seismotectonic model 
for the ETSZ. 
Published Results:
Powell, C.A., Bollinger, G.A., Chapman, M.C., Sibol, M.S., Johnston, A.C., and Wheeler, 
R.L., 1994, A seismotectonic model for the 300-km long eastern Tennessee seismic zone, 
Science, vol. 264, p. 686-688.
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Figure 1 Seismicity in eastern Tennessee and surrounding regions for 1981 - 1992. The 
ETSZ covers eastern Tennessee and pans of North Carolina and Georgia. The 
Valley and Ridge and Blue Ridge physiographic provinces are enclosed by the 
heavy line. The dotted lines indicate the NY-AL and Clingman magnetic 
lineaments.
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Figure 2 Station location map (upper) showing the approximate network
configuration (triangles) for 1983-1990. Epicenter map (lower) showing 
297 well located earthquakes reported in the SEUSSN Bulletin for that 
period. The study area is shown as a dashed box.
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Program element:

Investigations:

1.1 Rheological and tectonic controls on stressing history and seismicity in the outer-rise 
during the earthquake cycle are being studied. Focusing on the Oaxaca 1978, Mexico, segment, 
the timing of a recent event near the trench is being used to constrain the rheology of the shallow 
aseismic part of the thrust interface between the trench and the upper border of the aftershock zone.

1.2 Slip complexity in repetitive earthquakes is being studied in 3D and 2D fault modeling, 
with special reference on how the friction law adopted may influence the results. Also, we 
continue to explore how heterogeneity of fault zones may control earthquake statistics and 
estimates of future large events.

1.3 We have studied dynamic fault rupture to understand which type of constitutive laws, 
loading, and rupture nucleation conditions will lead to propagation in a self-healing Heaton (Phys. 
Earth Planet. Int., 1990) pulse mode and when, instead rupture propagates in a mode like that of 
a classical crack. This work has also led to a versatile elastodynamic numerical method, thus far 
for 2D anti-plane rupture, but which is being extended to 3D problems of rupture along planar 
faults.

1.4 Mechanisms of fault weakness are being studied, with particular attention to 
understanding high-strength but low-toughness mechanisms, particularly including, in recent 
work, shear heating in a fluid-infiltrated fault zone.

Results:

2.1 It is well known that large and great subduction earthquakes are often followed by 
prolonged periods of tensional seismicity in the adjacent outer-rise. The present work is directed 
towards understanding what Theological and tectonic controls (shallow mantle viscosity, rheology 
of the interplate interface, slip in the subduction event, dip of the interplate interface, thickness of 
the subducting plate, etc.) are influencing periods of occurrence as well as the spatial distribution 
(e.g., how far from the trench) of such earthquakes.

The case considered here is the central Oaxaca (Mexico) segment that ruptured in Mw = 7.8 on 
Nov. 29,1978, followed by a tensional outer-rise event of Mw = 6.4 on July 4,1994. Along that 
segment the Cocos Plate, approximately 20 m.y. old, dips at 14° under the North American Plate. 
The average repeat time of large earthquakes there is 54 ± 8 years (Nishenko, Pure Appl. 
Geophys., 1991).
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Without assuming that the July event ends the tensional seismicity period following the 1978 
Oaxaca subduction earthquake, we model in 2D the current earthquake cycle in that segment and 
investigate the stressing history of the outer-rise under different model conditions.

We assume that tensional outer-rise earthquakes occur only in periods of time when, and in 
areas where, the tensional stresses caused by the earthquake cycle along the main interplate 
interface are not decreasing. Our model results indicate that for shallow (0-15 km) outer-rise 
events occurring near the trench, like the July 1994 event did, the most important factors 
controlling the stressing history are the dip of the subducting slab and the Theological behavior of 
the interplate interface between the top of the seismogenic zone and trench. The relevant 
Theological property for a thin fault zone is T|/h , where TJ is viscosity and h is thickness. The 
occurrence of the July event is consistent with T|/(ih > 0.2 yr/km, and values in the range 0.2 to 
0.8 yr/km are acceptable, but not conditions of free slip (TJ = 0) there. Here (I is shear modulus of 
the adjoining material.

Somewhat less important for the stressing history of the shallow outer-rise near the trench is 
the rheology of the underlying asthenosphere; that is more important for locations further from the 
trench and also for the deeper outer-rise, where, sometimes, compressional events occur. The 
modeling also indicates that the occurrence of the July event is consistent with a relaxation time of 
the upper asthenosphere that is not shorter than approximately 5 years.

By assuming that the shallow aseismic part of the thrust interface responds to stress 
perturbations in the earthquake cycle by stable frictional slip, with Coulomb strength T = f (an - 
p), with f = f0 + (a - b) In (V/Vpiate), we can attempt to relate the rj/jih range cited above to 
these parameters. Then T|/(ih , which comes from a linearized Theological model, is to be 
identified with (l/(i)dt/dV = (a - b) (an - p) / |i V , or approximately with (a-b) (an -p)/(i 
Vpiate . Assuming (an - p) = 540 bars, which is the difference between overburden and 
hydrostatic pore pressure at the average 3 km depth of the aseismic part of the interface in central 
Oaxaca, |1 = 3 x 105 bars, and Vpiate = 76 mm/yr as appropriate for the region, we find that range 
cited above for T|/(ih , namely, 0.2 to 0.8 yr/km, is consistent with values of a - b in the range 
0.01 to 0.03. That is, in fact, coincident with the experimental range a - b = 0.02 ± 0.01 shown 
for serpentine powder by Reinen et al. (Geophys. Res. Lett., 1990,91) under effective stress of 
order 500 bars and low slip rates; it is larger than the a - b = 0.005 ± 0.002 found for granite 
gouge (Marone and Scholz, ibid, 1988; Marone et al., /. Geophys. Res., 1990) under the same 
conditions.

2.2.1 Characteristics of repetitive earthquakes on a vertical strike slip fault in an elastic half- 
space are compared for two friction laws. For both laws the friction coefficient f = f0 + a In 
(v/v0) + b In (v06/dc) where v is slip rate and f0, a, b, v0 and dc are constants. The laws differ in 
the evolution of state variable 6, and are: (1) The Ruina-Dieterich "slip" law, d6/dt = - (vGAy In 
(v6/dc), in which state evolves only during slip. This law is most often written with \j/ = In 
(VoG/dc) so that d\|//dt = - (v/cy [\j/ + In (v/v0)]. (2) The Dieterich-Ruina "slowness" law, d6/dt 
= 1 - v6/dc , which is a true "ageing" law in that state evolves with time even without slip. Both 
laws give identical expressions for steady state strength, fss = f0 + (a - b) In (v/v0), and give 
identical response for linearized perturbations from steady state.

Predictions are compared for a depth-variable a and b distribution over a 24 km thick crust 
(Rice, /. Geophys. Res., 1993, based on experiments by Blanpied et al., Geophys. Res. Lett.,
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1991). Slip is imposed at a uniform rate (35 mm/yr) on the portion of the fault below that depth. 
The modelled region consists of a certain distance along strike (taken variously as 240,480 and 
960 km in cases to be shown) and the calculated slip pattern in that region is repeated periodically 
along strike. The methodology is that of Rice (1993), including 3D elastostatic stress transfers and 
a seismic radiation term to limit slip speeds during instabilities. A new explicit numerical method is 
used. The standard a and b distribution noted is given ± 5 to 10% variations along strike to 
trigger possible complexity of response.

In all cases considered, simulations based on law (1) show a sequence of large, nearly identical 
ruptures which span the entire distance modeled along strike and repeat in a nearly periodic 
manner. Such is consistent with the results of Rice (1993), who used the same law. In contrast, 
simulations based on law (2) show highly variable rupture lengths that rarely or never span the 
entire region modelled, and the history of events at any given location along strike is strongly 
aperiodic. Still, events with length along-strike shorter than about 20 to 25 km, and with depth 
extent less than the 15 km extent of the "brittle" depth range of the crust, are never observed in the 
modeling. Following Rice ('93) and Ben-Zion and Rice (/. Geophys. Res., 1993; USGS 
Redbook, 1994; /. Geophys. Res., 1995), some representation of geometric disorder of fault 
zones at smaller scales may be necessary to explain smaller events.

One may not, however, conclude that law (1) can never give complex slip in a continuum fault 
model; Horowitz and Ruina (/. Geophys. Res., 1989) found complex response using exactly that 
law, albeit with an added viscous term that prevented large variation in slip velocity.

2.2.2 A longstanding focus of our studies has been to understand how much of the slip 
complexity of natural earthquakes be generated by the nonlinear dynamics of stressing and rupture 
on a smooth fault, and the extent to which the observable geometric disorder of fault zones (step- 
overs, branching), and perhaps other strong property heterogeneity, is central to the process. We 
have continued 3D and 2D modeling of earthquake sequences on smooth faults, like in the work 
just discussed, with numerical models have a well defined limit with refinement of the 
computational grid. Continuum elastodynamic response is included either approximately by use of 
a radiation damping term (Rice, 1993), or rigorously in some 2D modeling that involves special 
choice of parameter ranges and grid density for computational tractability. The rigorous 
elastodynamic modeling adopts a new spectral numerical formulation with modal convolutions to 
relate stress and slip histories on the fault (Perrin, Rice and Zheng, manuscript submitted, 1994), 
but adapts the formulation in such a way that we are able to deal accurately, within a single 
computational procedure, with long nearly-quasistatic intervals, of order 100 years, between the 
intervals of a few seconds duration during which inertial and wave effects become significant.

We find that all such smooth fault models as thus far examined fail to produce complex slip 
sequences like those of realistic frequency-size statistics of earthquakes, at least for events with a 
maximum rupture dimension that is comparable to or less than the seismogenic depth. Rather, the 
responses involve sequences of large earthquakes, repeating either periodically or chaotically; the 
models do not simulate the multitude of small- and intermediate-size earthquakes occurring in 
nature in the size range smaller than the seismogenic thickness of the crust.

In contrast, Ben-Zion and Rice (1993,1994,1995) have shown that models which do 
approximately incorporate fault zone geometric disorder can produce frequency-size distributions 
of earthquakes with features that are comparable to observed response. Those models represent
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disorder by using over-sized cells in the computational grid, or by adopting classical friction laws 
without a length scale so that no continuum limit exists and the computational model is "inherently 
discrete". Such inherently discrete cells of a computational grid may represent arrays of quasi- 
independent fault segments that are capable of failing independently of one another. The generic 
response of such inherently discrete models seems to involve self-similar frequency-size statistics 
for, at least, some range of smaller event sizes.

Our results indicate that, owing to the scaling of stress concentration with rupture size in elastic 
solids, fault systems with brittle properties (i.e., geometrical irregularities) characterized by a 
narrow range of size scale can have self-similar frequency-size earthquake statistics only for events 
smaller than a critical size. In such systems, the statistics of larger earthquakes, sometimes fitting 
the description of "characteristic earthquakes", are strongly enhanced with respect to the 
Gutenberg-Richter power law distribution. This is compatible with observations of seismicity 
along mature fault systems with large cumulative slip and with relatively small number and size of 
geologically mapped offsets of fault trace per unit length along strike (Wesnousky, Bull. Seismol. 
Soc. Amer., 1994). On the other hand, when the distribution of fault heterogeneities is 
characterized by a broad spectrum of size scales, the range of Gutenberg-Richter power law 
statistics is broad. This is compatible with observations of seismicity along young, strongly 
disordered, fault systems with more prominent and highly variable offsets along strike, such as the 
San Jacinto fault in Southern California (Wesnousky, 1994).

2.3 Guided by observations of short-duration radiated pulses in earthquake ruptures, Heaton 
(1990) has postulated a mechanism for the frictional sliding of two identical elastic solids that 
consists in the subsonic propagation of a self-healing slip-velocity pulse of finite duration along the 
interface. We analyzed such pulses, first as steady traveling waves which move at constant speed, 
and without alteration of shape, on the interface between joined elastic half-spaces, and later as 
transient disturbances along such an interface, arising as slip rupture propagates spontaneously 
from an over-stressed nucleation site. The study was conducted in the framework of antiplane 
elastodynamics; normal stress was uniform and alteration of it was not considered. We showed 
that not all constitutive models allow for steady traveling wave pulses: the static friction threshold 
subsequent to the relocking of the fault must increase with time. That is, such solutions do not 
exist for pure velocity-dependent constitutive models, in which the stress resisting slip on the 
ruptured surface is a continuously decreasing function of the instantaneous sliding rate (but not of 
its previous history or of other measures of the evolving state of the surface). Further, even for 
constitutive models that include both the rate-and state-dependence of friction, such as the 
laboratory based constitutive models for friction as developed by Dieterich and Ruina, steady pulse 
solutions do not exist for versions, like the Ruina-Dieterich "slip" version, which do not allow 
(rapid) restrengthening in truly stationary contact. For a particular class of rate- and state- 
dependent laws which includes such restrengthening, we established parameter ranges for which 
steady pulse solutions exist, and used a numerical method stabilized by a Tikhonov-style 
regularization to construct the solutions. This class involved a regularized form of the Dieterich- 
Ruina "slowness" law, written in terms of a time and history dependent strength

dO(t)/dt = 1 - 0(t)[V0 + V(t)]/L . 
Here, slip (V > 0) can occur only when stress T= t^ ; V0 is a characteristic speed over which
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velocity weakening occurs, V«>is an upper cut-off to velocity dependence, and the contact-time-like 
variable 0has an upper bound ofL/V0.

The numerical method used for the transient analysis adopts Fourier series representations for 
the spatial dependence of stress and slip along the interface, with the (time dependent) coefficients 
in those Fourier series being related to one another in a way which obtains from exact solution to 
the equations of elastodynamics. This allows an efficient numerical method, based on use of the 
Fast Fourier Transform in each time step, with the factional constitutive law enforced at the FFT 
sample points along the interface. Solutions based on a law that includes restrengthening in 
stationary contact show that spontaneous rupture propagation will occur either in the self-healing 
slip pulse mode (but not generally as a steady pulse) or in the classical enlarging-crack mode, 
depending on the values of parameters which enter the constitutive law. In general, we find that 
when the when the speed of the steady, traveling wave, pulse solution which exists under a given 
set of conditions falls below about 0.6 cs, then rupture propagation in response to nucleation by a 
localized stress pulse takes the form of the classical crack mode rather than the self-healing pulse 
mode. This results suggest that the strictly steady, traveling wave pulse solutions may either be 
unstable or have a limited basin of attraction. For A/B = 0.2, the transition from self-healing pulse 
to crack-like rupture mode occurs as V0 decreases below a number 0.2 to 0.5 Bcji±\ the value 
within that range depends on the load level.

2.4 Crustal earthquakes seem often to occur under driving stress that is low compared to 
expectations based on typical rock friction coefficients and hydrostatic pore pressure. Some 
possible explanations are: (1) Fault strength is low due to unusually weak materials or because 
pore-pressure is elevated well above hydrostatic; (2) Fault strength, at least at the onset of slip, is 
high but toughness is low because strength decreases significantly during rupture, due to strong 
velocity weakening and/or strong slip weakening (e.g., Sibson/Lachenbruch/Mase/Smith shear 
heating of a fluid-infiltrated fault zone); (3) Nonlinear constitutive properties, or heterogeneity of 
property distributions, outside the fault cause slip to induce a reduction in normal stress near a 
rupture tip (e.g., a generic nonlinear elastic effect is that simple shear deformation alters normal 
stress). The recent work on this area has attempted to quantify mechanisms of type (2), 
particularly shear heating.

A highly simplified first model was used so that pore pressure at any particular place within the 
fault zone satisfies dp/dt = - (p - Pamb) / Tp + T V / f0 Lp , up to limiting p values at which 
hydraulic cracking intervenes, where p^^ is a given ambient pore pressure, typically hydrostatic, 
in the nearby crust, the constant Tp is a characteristic time for achieving fluid pressure equilibrium, 
T is shear stress, V is slip rate, f0 is the constant part of friction coefficient in laws like discussed 
above, and [writing T = f0 (<Jn - p)] the constant Lp can be interpreted as a characteristic slip 
weakening distance over which p is driven towards normal stress on during rapid slip. Continuing 
dilatancy during shear alters the model and mitigates or eliminates the weakening. A depth variable 
strike-slip fault model is then analyzed. This consists of a vertical surface in an elastic half space 
with slip imposed at a uniform rate below 24 km like in Rice (1993). Bothfrictional and creep 
slippage are allowed, the latter assumed proportional to T3 and becoming increasingly easy with 
depth, so that a classical pine-tree strength envelope results.

Ignoring dilatancy and hydraulic cracking limits, results for values of Lp of order of 2 to 10 
mm, and Tp = 0.25 yr, show sometimes chaotic sequences of great earthquakes with negligible
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heat generation and slips of order 5 to 15 m. The average stress over 15 km depth at the time of 
their nucleation is of order 40 to 100 bars, much less than the 1300 bar average of the strength 
envelope for hydrostatic pamb (and creep transition below 15 km) over the same depth. However, 
in versions of the model with hydrostatic pamb» the ruptures nucleate near the earth's surface where 
the local stress first reaches the strength. This seems to be unrealistic and suggests that the shear- 
heating mechanism would have to be complemented with some trigger, perhaps consisting of 
elevated pore pressure over some isolated patch at depth, to agree with typical earthquake 
nucleation depths.
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Obj ectives

Present simulations of the earthquake cycle at Parkfield idealize 
the San Andreas fault as a vertical plane in a uniform elastic half-space 
[e.g., Tullis and Stuart, 1992]. But it is well known that the 
subsurface at Parkfield is not homogeneous. Seismic velocities, and 
hence elastic moduli at Parkfield increase dramatically with depth and 
are not the same on opposite sides of the San Andreas fault [Michael and 
Eberhart-PhiHips, 1991a; Eberhart-Phillips and Michael, 1993]. We 
investigate the effect of nonuniform elastic properties on simulations of 
the earthquake cycle. Currently, we are doing three-dimensional analysis 
of fault behavior near the interface of two welded dissimilar elastic 
half-spaces using a theoretical solution for material nonuniformity [Lee 
et al. , 1987] or quarter spaces using the finite element method. The 
purposes of these studies are to get a qualitative understanding of the 
material nonuniformity effect and to help select the mesh size for 
elaborate finite element calculations for more realistic models.

Michael and Eberhart-Phillips [1991a] have identified subsurface 
zones of complex seismic velocity variations at Parkfield and near other 
seismogenic faults in California. They have hypothesized that such 
features control the locations where earthquake ruptures initiate and 
terminate. But the physical mechanisms by which bodies of differing 
elastic properties might influence rupture have not been established. 
One possibility is that frictional properties are different where these 
bodies abut the fault surface. Another possibility is that the 
nonuniform stiffness of the material containing the fault focuses the 
stress field nonuniformly on the fault. The identification of fault 
segments that rupture with a characteristic interevent interval is a 
cornerstone of seismic risk estimation [eg., Working Group on California 
Earthquake Probabilities, 1988]. Because recent work at Parkfield has 
shown that the surface fault features thought to delineate such segments 
[Lindh and Boore, 1981] do not always extend to seismogenic depths 
[Nishioka and Michael, 1990; Michael and Eberhart-Phillips, 1991b], it is 
important to investigate other bases for fault segmentation. Ultimately, 
we will consider the behavior of a fault embedded in a material whose 
elastic property distribution is consistent with the seismic velocity 
structure near Parkfield. For this nonuniform medium, we will use the 
finite element method to calculate the stress state on the fault plane as 
well as deformation at the surface caused by slip.

Results

The effect of the material nonuniformity on the perturbation stress 
field due to slip has been examined by comparing the normal and shear
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stresses in the slip plane for various material properties for a model in 
which a rupture is approximated as a stress drop slip zone (crack) near 
the interface of two welded dissimilar elastic half-spaces. The two half 
spaces, Si and 82* may have different Poisson's ratios, V-^ and V2 , 
and/or shear moduli, G^ and G2» respectively. For simplicity, however, 
we assume V1 =V 2 and that the slip zone is parallel to the interface. To 
simulate an earthquake about the size of a representative Parkfield 
foreshock, a slip zone 1 km in radius is embedded in S^ and 1 m from the 
interface and a uniform shear stress of 10 MPa is applied at great 
distance from and parallel to the slip zone, while constraining the 
normal relative displacement across the slip zone to be zero. Michael 
and Eberhart-Phillips [1991a] have shown that near the epicenter of the 
1966 Parkfield earthquake, Vp at 5 km depth is 20% higher on the 
southwest side of the fault than on the northeast side of the fault. 
This suggests that the shear modulus or Young's modulus could differ by 
as much as 40% at these two locations. Thus, we consider the effects on 
the post-seismic stress field as the ratio of the shear moduli G2/G^ is 
varied from 1.1 to 1.5, corresponding to a seismic velocity contrast of 
10% to 25% across the fault.

The normal and shear stresses in the plane of the slip zone and the 
relative shear displacement (slip) are calculated using the solution of 
Lee et al. [1987], developed to analyze cracks in bimaterials. For a 
Poisson's ratio of 0.25 and an average shear modulus, (0^+02)/2, of 3xl0 4 
MPa, the average relative displacement across the slip zone varies from 
26 to 31 cm, yielding moments varying from 2.5 to S.OxlO23 dyne-cm. Thus 
this problem is an idealized representation of a magnitude 5 earthquake, 
about the size of a Parkfield foreshock. Although the shear stress ahead 
of the slip zone does not differ significantly from that for the case 
G2/Gi=l (uniform elastic full space), the normal stress ahead of the slip
zone no longer vanishes as it does in the uniform medium. For example,

_2 
the normal stress is about 5x10 MPa (tension) at 0.2 km ahead of the
slip zone's front for G2/G^=1.5. The normal stress becomes larger at 
locations closer to the slip zone's front. If the slip zone is embedded 
in 82 instead of S]_, the normal stress reverses its sign.

The largest effect is on the normal stress within the slip zone. 
For G2/G^ = 1.5, the normal stress is about 4 MPa at 0.1 km behind the 
front of the slip zone. The average normal stress across the slip zone 
is about 1.2 MPa. For right-lateral slip in the less stiff half-space, 
this is a decrease in compressive normal stress across the slip zone, 
which will reduce its frictional resistance and cause it to slip at a 
lower stress if loading continues. Conversely, if the slip zone were 
moved to the stiffer half-space, the fault-normal compression would 
increase, "clamping" the slip zone so that it would require a higher 
level of shear stress to re-rupture. Recent laboratory work by Linker 
and Dieterich [1992] has documented the effects of variable normal stress 
on the stability of sliding on faults with frictional behavior described 
by rate and state dependent constitutive models.

The effect of the material nonuniformity on the surface deformation 
due to slip has also been examined by considering a material consisting 
of two welded elastic quarter-spaces q-^ and q2 . Surface displacements
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for different ratios of G2 /G1 are calculated for a point strike-slip 
source using the finite element method. By choosing the free surface to 
coincide with the xy plane and the interface with the xz plane, the 
strike-slip source is located at (0, 0, d) along the x direction. For 
the finite element calculations, the problem domain is represented by a 
finite cubic body with a horizontal length L (»d), a vertical height H 
(»d) and a horizontal thickness W (»d) . Thus q1 and q2 are represented 
by two LxHx(W/2) cuboids. The finite element meshes are constructed so 
that elements become smaller as the slip is approached. The average 
diagonal length of the near-field elements is about 1/15 that of the far 
field elements. A relative slip b is imposed by specifying the 
displacement of the dislocation node belonging to q 1 as -b/2 and that 
belonging to q2 as b/2. The far-field boundary conditions are specified 
by pinching the problem domain at a few selected boundary nodes.

A striking result indicated by the finite element calculations is 
that the slip induced surface displacement field is very sensitive to the 
variation of G2 /G1 . For G2 /G1#1 / profiling ux (0,y,0) against y shows that 
ux is no longer antisymmetric (ux (0,y, 0) =-ux (0 ,-y, 0) for a uniform half- 
space), where ux is the x component of the surface displacement field. 
More specifically, the magnitude of ux decreases in q1 but increases in q2 
when G2 /G1 increases from unity. For a mesh with 8064 elements and 9406 
nodes, for example, the maximum magnitude of ux is about 10% larger 
(smaller) than that for a uniform medium in q2 (q1 ) for G2 /Gl =l. 05. For 
G 2 /G 1 =1.15, the nonuniformity effect is so large that the maximum 
magnitude of ux is increased about 40% in q2 and is decreased nearly to 
zero in q1 . Similar results are observed for other meshes with about the 
same size. However, because the far-field displacements are somewhat 
sensitive to the boundary conditions specified at the far-field boundary 
nodes for all the meshes used, we are now refining these finite element 
meshes. In addition, we are also carrying out the first- and second- 
order derivatives on the potentials of Rongved [1955] for a point force 
in a bimaterial so that the displacements at the plane z = 0 can be 
calculated analytically. By assuming that the free surface effect on the 
far-field displacements can be neglected for deep sources, we can 
determine the mesh size for the finite element calculations by comparison 
between the theoretical and finite element results.
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Investigations Undertaken

We continued our investigation of earthquakes and tsunamis in the Aleutian-Alaska-Cascadia 
region. In addition to the four earthquakes (the 1938 Alaska, 1957 Aleutian, 1992 Petrolia, and 
1993 Shumagin Islands earthquakes) described in the last year's report (Satake and Ruff, 1994), 
we studied slip distribution of two great earthquakes (the 1964 Alaskan and 1965 Rat Islands 
earthquakes) using geodetic and tsunami data. We also calculated the possible tsunami heights 
from several hypothetical earthquakes in the Cascadia Subduction Zone.

Results

1. 1964 Alaska earthquake

The great Alaskan (Prince William Sound) earthquake of March 28, 1964, Mw=9.2, ruptured a 
large area beneath the Gulf of Alaska from southern Alaska to Kodiak Island. The source process 
has been studied by using seismic waves (e.g., Kanamori, 1970; Ruff and Kanamori, 1983; 
Christensen and Beck, 1994) and geodetic data (e.g., Holdahl and Sauber, 1994). We made a joint 
inversion of tsunami waveforms and geodetic data (both vertical displacements and horizontal 
vectors) to estimate a detailed slip distribution on the fault. Two areas of high slip correspond to 
seismologically determined areas of high moment release: the Prince William Sound asperity with 
average slip of 18 m, and the Kodiak asperity with average slip of 10 m. The average slip on the 
fault is 8.6 m and the seismic moment is estimated as 6.3xl0^2 Nm, or over 75% of the seismic 
moment determined from long-period surface waves.

2. 1965 Rat Islands earthquake

The February 4, 1965 Rat Islands earthquake, Mw=8.7, was studied by several researchers by 
using seismic waves (e.g, Wu and Kanamori, 1973, Beck and Christensen, 1991). These studies 
have identified areas along the rupture zone on which moment release and, by implication, slip was 
high. These areas of high moment release, or asperities, have been correlated with the tectonic 
blocks of the western Aleutians.

We invert tsunami waveforms to determine the slip distribution using tide gauge records from 
Japan. N. America, and the Pacific Islands. We develop a model based on the tectonic structures in 
the Rat Islands earthquake rupture zone. Our results show a broad area of moment release in the 
eastern half of the aftershock zone and a smaller area with high slip in the western half. The eastern 
slip only generally follows the tectonic structures while the eastern slip correlated well with the 
Near Block where an asperity has been identified. Our results are therefore only partially consistent 
with the asperity model and we cannot accept or reject the asperity model based on this data.
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3. Tsunami Heights from Hypothetical Earthquakes in Cascadia Subduction Zone

We made numerical computations of crustal deformation and tsunamis from hypothetical 
earthquakes in order to compare with paleo-seismological data and to estimate the time-space 
distribution of the subduction earthquakes in Cascadia. We consider four different earthquakes. 
The case M9 represents a single earthquake rupturing almost the entire Cascadia Subduction Zone, 
in a way similar to the 1960 Chilean earthquake (slip is 24 m). The cases M8 represent smaller 
(M~8) earthquakes that rupture smaller segments of the Cascadia Subduction Zone. The case M8 
CA is for a segment south of the Blanco Fracture Zone and corresponds to the Gorda plate. The 
case M8 OR is for a segment offshore Oregon, from off Cape Blanco to off the Columbia River 
mouth. The Case M8 WA is for a segment offshore Washington, from the Columbia River mouth 
to near off Vancouver Island. The slip amount for the M~8 events is assumed to be 8 m, which 
suggests a recurrence interval of 200 to 270 years.

Figure in the next page shows the crustal deformation and tsunami heights along the coast 
calculated from the four scenario earthquakes. Depending on the fault width, more precisely if the 
fault extends below the coastline, the coast may be uplifted or subsided. In the above four cases, 
the northern California coast near Cape Mendocino and the Oregon coast near Cape Blanco are 
uplifted and other places are subsided, which is consistent with geological observations (e.g, 
Atwater, 1992). The maximum subsidence is nearly 2 m for the M~8 events and nearly 6 m for the 
M~9 event.

Generation and propagation of tsunamis are numerically computed using the above crustal 
deformation as the initial conditions. Finite-difference computations of non-linear shallow water 
equations are made with a grid size of 1 minute (about 1.6 km). Tsunami heights along the coast 
are affected by coseismic crustal deformation; the tsunami inundation would be more significant if 
the coast is coseismically subsided rather than uplifted. Figure shows the double (peak-to-trough) 
amplitude of tsunamis, which is independent of datum (i.e., not affected by coseismic 
deformation). To a first order approximation, the plotted heights are similar to run-up heights; 
detailed run-up calculations would provide more accurate estimations. The tsunami heights from 
the M9 event are more than 10 m along the Pacific coast of Northern California, Oregon and 
Washington, whereas an M8 event would cause about 5 m tsunamis in coastal areas facing to the 
source.
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Figure. Crustal deformation and tsunami amplitudes along the Pacific coast from four 
scenario earthquakes (M9, M8 WA, M8 OR and M8 CA). The contour interval for 
ground deformation is 1m (solid curves are uplift and dashed are subsidence).
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Investigations
Hie grain-scale physics of creep within fine-grained rocks at low-temperature hydrother- 

mal conditions within fault zones was investigated. This work is applicable to the depth range 
of a few to about 20 km where major earthquakes begin on strike-slip faults. At such depths, 
the coarse-grained country rock is probably elastic on the time scale of earthquake recurrence 
while the fine-grained material in the fault fault may flow ductily.

This work quantifies the hypothesis by Sleep and Blanpied (1992) that creep within fault 
zones leads to compaction and hence transient elevation of fluid pressures. The high fluid 
pressure reduces the effective normal traction (normal stress minus fluid pressure) on the fault 
zone. The fault is weakened because earthquake failure (or frictional creep) can then occur at 
lower shear tractions. Cyclic evolution where the fluid witliin the fault zone is in equilibrium 
with hydrostatic pressure in the country rock is possible with this mechanism because frictional 
slip creates pore space in low-porosity rocks. This allows, fluid pressure to drop below 
hydrostatic following earthquakes and to increase above hydrostatic as compaction occurs.

The purpose of this project was to investigate physical processes that control the ductile 
creep rate and hence the compaction rate witliin fault zones. Two papers discussing our pro 
gress to date appear in a special issue of Pure and Applied Geophysics on the behavior of fault 
zones (Sleep, 1994: Sleep and Blanpied, 1994). A paper unifying compaction theory with rate 
and state theory for time-dependent frictional creep has been submitted to Journal Geophysical 
Research and is currently in review.

Results
Our most important results involve the grain-scale physics of creep. Significant progress 

was obtained as proposed in determining the evolution of grain size with time. In addition, a 
grain-scale unification of ductile creep theory and rate and state frictional theory was obtained.

The evolution of grain-size witliin a fault zone as a function of frictional slip was investi 
gated. Fault zones theoretical should self-adjust so that some ductile creep occurs. The logic 
is simple. Fracturing decreases grain size. For example, grains and amorphous material 
smaller than 10 nm in diameter are produced efficiently witliin laboratory fault zones (Yund et 
al, 1990). However, such very small grains have significant surface free energy and thus are 
more soluble than large grains. In addition, the small grain size increases reaction area and 
decreases diffusion distances. The small grains dissolve and reprecipitate on large grains a 
process called Ostwald ripening. For continuous frictional slip at constant shear traction, an 
equilibrium is reached when small grains are removed as fasi as they are created by fracture. 
Pressure solution creep is then expected because molecular transport between grains is kineli- 
cally efficient.

This reasoning was quantified to obtain the dynamic equilibrium grain size distribution 
within a continuously sliding fault zone as well as dimensional relationships and numerical 
equations applicable to grain growth following earthquakes. The viscosity of line-grained 
material witliin a fault zone was obtained from a balance between the energy associated with 
new grain surfaces created by faults and the free energy released as grains grow by Ostwald
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ripening.
For example, The creep rate in fault zones and Ostwakl ripening are both likely to be 

accommodated by pressure solution limited by diffusion along hard load-bearing grain-grain 
contacts. Then the viscosity for an equilibrium grain size distribution is then

12W
3/5

CRT
EVllt

2/5

(3)

where IV is fault zone width, ftp is the fraction of elastic strain release that goes into creating 
new grain surfaces, IF is the shear traction on the fault, VF is the long term velocity of fric 
tional movement on the fault, R is the gas constant, T is absolute temperature, Vn, is molecu 
lar volume, and a is the surface free energy of grain-grain surfaces.

In practice, this theory yielded viscosities appropriate for significant creep at temperatures 
from 1()()°C to 3(X)°C. However, predictive constraints on faults zones were not obtained 
because the relevant physics properties are poorly constrained. In particular, the effective 
diffusion coefficient E is proportional the molecular diffusivity of the grain boundary fluid 
times effective thickness of the grain boundary channel has been measured at relevant condi 
tions only for simple materials like quartz. The rate which grain surface is produced ftp is 
constrained by experiments for other purposes and it is not clear how these measurements 
should be extrapolated to low-temperature hydrothermal conditions.

Frictional dilatancy witliin a mostly sealed fault zone, decreases fluid pressure and 
increases effective normal stress thus stabilizing preseismic frictional creep (Lockner and Bye.r- 
let', 1994). To study this effect, we have unified our compaction theory with rate and state 
theory which is commonly used to model time dependent friction along fault surfaces. We 
identify the different between a critical porosity for cracks that aids failure and the actual 
porosity of such failure cracks with the state variable. The rate and state equation for the 
coefficient of friction is

F = F () + a (V/V0) + b ln(V}//V}/()) (4)

where F is the instantaneous coefficient of friction, V is slip velocity, a and b are empirical 
constants, \\r is the state variable, and V0 and vj/0 are normalizing constants. The evolution 
equation is

dt J] D,

where / is time, AP is the effective normal stress, rj the effective viscosity for closing failure 
cracks, and D,. a critical displacement for producing failure crack by frictional dilatancy. In 
drained (AP = constant) cases, the formalism reduces to traditional rate and state theory (see 
(Linker and Dietericli, 1992, for a review of rate and state theory.) An equation similar to (5) 
is obtained for porosity that does not significantly affect failure.

Once a fault is sliding rapidly, two additional mechanisms may produce pore space (that 
can compact slowly until the next earthquake) without immediately locking the fault by 
decreasing the fluid pressure are evident: (1) Frictional heating during rapid slip leads to 
elevated temperatures witliin the fault zone. The pore fluid expands relative to the matrix. An 
increase in porosity, for example, equal to this expansion would not change fluid pressure. 
After the earthquake, the fault zone cools to the temperature of the country rock. The pore 
fluid then contracts relative to the matrix decreasing the fluid pressure. (2) Slip may create iso 
lated voids that do not immediately decrease fluid pressure throughout the fault zone. After the 
earthquake, fluid witliin the fault zone drains into these voids decreasing the fluid pressure 
throughout the zone. The amount of porosity production from both these mechanisms can be 
constrained by considering energy balances.
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The Cooperative New Madrid Seismic Network

Agreement No. USGS 1434-92-A-0968

Robert Smalley, Jr.

Center for Earthquake Research and Information

University of Memphis

Memphis, TN 38152

(910) 678-4929, (901) 678-4734, smalley@ceri.memst.edu 

Annual Project Summary:

The Cooperative New Madrid Seismic Network (CNMSN) is being jointly 

developed by the Center for Earthquake Research and Information (CERI) at University of 

Memphis (U of M) and Saint Louis University (SLU) to both replace and upgrade the 

previous Memphis Area Regional Seismic Network (MARSN) and the Central Mississippi 

Valley Seismic Network. The new network will be fully integrated into the National Seismic 

Network (NSN). Activity during the past year has concentrated on design and testing of 

hardware and software to meet the monitoring goals of the network.

The new network will be composed of two complementary components, a dense 

distribution of -80 short period seismometers focusing on the most active region of the 

New Madrid Seismic Zone and a sparser distribution of 15 broad-band seismometers 

covering a geographically larger area. All stations will be 3-component. The broad-band 

sensors will provide state-of-the-art digital seismic data for advanced scientific research of 

topics such as the wave propagation properties of the Mississippi Embayment and the deep 

structure of the Central U.S. These studies will be important for the estimation of ground 

shaking in cities such as Memphis and the results will be immediately useful in seismic 

zoning, development of building codes, etc. Digital broad-band data will be collected at 

CERI/U OF M through several technologies including satellite telemetry through the USGS 

NSN and two way digital telemetry using new communication technologies through 

existing FM radios. Several VSATs have been installed and tested and the parts of the 

digital telemetry hardware have been tested but still lack integration. The short-period 

stations have been designed and several prototypes installed. The short-period element of 

the network will provide high quality location and magnitudes for seismic activity in the
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New Madrid Seismic Zone area. These systems will use analog telemetry with a single gain 

step to increase total dynamic range. The data will be recorded digitally and be available in 

real-time, which is important to meet the goal of providing timely information about 

earthquakes to the public and to emergency response services.

We have also continued with the upgrade of the old WWSSN site at Oxford, MS, 

into an NSN station. This station had been closed for almost 20 years. Data from this 

instrument are now being sent in real time directly to the USGS in Golden Colorado 

through a satellite link and "looped" back to CERI over another satellite link.

The last year has seen the finalizing of the short period station design and the testing 

of prototype units, several of which have been installed. Significant work still remains to be 

done, but the plan that we are now implementing can be substantially completed by the end 

of the final year of funding.
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The Southern Appalachian Cooperative Seismic Network

Agreement No. USGS 1434-92-A-00973

Robert Smalley, Jr.

Center for Earthquake Research and Information

University of Memphis

Memphis, TN 38152

(910) 678-4929, (901) 678-4734, smalley@ceri.memst.edu 

Annual Project Summary:

The Southern Appalachian Cooperative Seismic Network (SACSN) is being 

developed by the Center for Earthquake Research and Information (CERI) at University of 

Memphis (U of M) and the Seismological Observatory at Virginia Polytechnic Institute and 

State University (VPI) to upgrade the previous Southern Appalachians Regional Seismic 

Network (SARSN). The new network will be integrated into the National Seismic Network 

(NSN). The University of North Carolina at Chapel Hill (UNC) also participates in 

SACSN through a sub-contract with CERI. Activity during the past year has concentrated 

on solving telecommunications problems associated with the increased bandwidth for the 

upgrade of all stations to 3 component instruments, the testing and development of hardware 

and software, and the purchase and installation of equipment to implement the network.

The design of the new network had several important goals:

- ending dependence on expensive dedicated telephone lines.

- upgrading the network from single component stations to three component 

stations.

- integration of the new network into the NSN through satellite telemetry.

The new network configuration uses analog telemetry to send the seismic data in 

real-time to data collection nodes in eastern Tennessee and UNC. The real-time data arriving 

at UNC will be processed there and the Internet will be used to move triggered data from 

UNC to CERI. Some of the data from eastern Tennessee will return to CERI over a 

microwave link between TVA and CERI that has been to be installed and is in the process of 

being tested. The remaining data from eastern Tennessee will return to CERI by a mix of 

methods that include the Internet.
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Pending solution of the telecommunications problems, the next step is the upgrading 

of all stations to 3 components. This will be accomplished by using both S-13 1 Hz 

instruments and L-28 4.5 Hz geophones. A gain ranging analog telemetry system, 

developed at CERI, will be used to increase the total dynamic range of the network. The total 

range of the system is over 140 db.The dynamic range within any single gain step is 60 db.

Finally the network will be integrated into the NSN through several satellite 

communication links (VSAT).

Significant work still remains to be done. There are no new untried technologies in 

the plan but there will be a large mix of telecommunications technologies. We should have 

the upgrade basically finished by the end of the final year of funding.
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ANNUAL REPORT ON THE OPERATION AND MAINTENANCE OF THE
YELLOWSTONE SEISMOGRAPH NETWORK FOR:

October 1, 1993 to September 31, 1994

USGS Cooperative Agreement #1434-92-A-0975.

Robert B. Smith and Susan J. Nava
University of Utah Seismograph Stations (UUSS)

Department of Geology and Geophysics
University of Utah

Salt Lake City, Utah, 84112
(801)581-6274

November 30, 1994

Investigations The Yellowstone seismograph network (YSN) is operated by the University of 
Utah through a cooperative agreement with the U. S. Geological Survey and is supported under 
the NEHRP and Volcano Hazards programs with support from the National Park Service (NFS). 
The Yellowstone network covers the volcanically active Pleistocene Yellowstone Plateau and its 45 
km by 70 km, 0.6 Ma caldera including several active scarp-forming Quaternary faults, 
encompassing more than 10,000 km2. The Yellowstone Seismic Network (YSN) operates 
primarily on land under the jurisdiction of the National Park Service and is a joint operation of the 
University of Utah--USGS~NPS with support for aspects of the fieldwork in Yellowstone from 
the NPS. This report covers the third year of a planned 5 yr. upgrade and expansion of the YSN 
to enhance seismographic coverage of the YNP region. This year, for the first time three- 
component seismograph stations provided the ability to monitor S wave propagation through the 
caldera and to provide more uniform coverage of the Yellowstone Plateau and surrounding 
Quaternary fault zones.

This project provides real-time earthquake surveillance by a newly upgraded and expanded 
18-station, single- and three-component, short period seismic network telemetered via four FA A 
microwave links (via the Sawtelle Peak FA A radar site 20 km west of Yellowstone and at no cost 
to the project) to Salt City, Utah for digital recording at the University of Utah. The cooperative 
agreement provides a service to the U. S. Geol. Survey and is not a direct contract for scientific 
research, although the data are routinely distributed and used for diverse volcanic, earthquake and 
ancillary investigations by a federal, state, and University users. The cooperative agreement 
supports the network operations (maintenance, recording and routine data analysis) of the 
Yellowstone seismograph network. Note that the MS thesis of Doug Miller was supported 
primarily under a Graduate NSF Fellowship, while data acquisition using the RefTek data loggers, 
for S wave recording was in part supported by this grant.

The University of Utah produces an on-line catalog of earthquake data and provides map(s) 
of epicenters, a summary of earthquake information, status of network operations, station maps, a 
catalog of felt reports of earthquakes (compiled by the NPS), etc. to all interested users. In the 
event of unusual seismic activity, additional reports and telephone communications summarizing 
the seismicity. Our primary contacts for such information is our scientific liaison officer, Dr. Dan 
Dzurisin, USGS Johnson Cascade Volcano Observatory, and the Yellowstone National Park, 
Superintendent, Research Manager and Public Affairs officers. The U. S. Bureau of Reclamation 
kindly provides data from the Jackson Lake seismic network for better earthquake locations in the 
southern part of the YSN. For unusual seismicity outside of the park, we also notify local and state 
officials as well as the U. S. Forest Service and Bureau of Reclamation officials.

Due to the remote location of most of the Yellowstone stations, helicopter, boat, and 
horseback support is required. Also because of the very difficult operating conditions with several

183



I-N

meters of snow, temperatures as low as -60° F, and inaccessibility 6 to 8 months per year the 
network requires highly reliable equipment and telemetry links built to withstand the rigorous 
conditions.

Yellowstone Seismotectonics More than 16,529 earthquakes of 0 < Ms^6 have been 
located by the Yellowstone network from 1973-1981 and 1983-19941 . Annual rates of occurrence 
average -700 locatable events per year. However, in several cases, intense swarms have produced 
thousands of correlatable events per month/

Focal depths of earthquakes within the Yellowstone caldera show sharp variations across 
the caldera. Maximum foci outside the caldera are generally less than 18 km, but within the 
caldera, foci seldom exceed 5 km. This pattern of shallowing beneath the caldera suggests the 
presence of a thin upper-crustal seismogenic brittle layer that is considered capable of sustaining M 
< 6 earthquakes. At depths below ~ km, the crust appears to be in a quasi-plastic ductile state at 
temperatures in excess of ~400°C, incapable of supporting large stresses owing to high 
temperatures. The high temperatures are suggested to reflect deeper magma or hot, but solid 
bodies, related to the Yellowstone volcanism.

Network Upgrade Accomplishments-Tins year was the third year of the planned 
Yellowstone network upgrade. In the previous two years we concentrated on preparing and 
upgrading seismograph sites. This year we concentrated on: 1) changing the location of one 
station, replacing solar panel voltage regulators and batteries at remote telemetry sites, installation 
of additional solar panels at key sites to provide adequate (>50 watt) power for winter operations 
and tuning and hardening telemetry links from the FAA Sawtelle Peak site to SLC.

Our 1994 efforts were enhanced significantly by the assignment of National Park Service 
housing at the Lake Junction ranger station which provided a semi-permanent engineering/work 
base for our field efforts. Our summer field efforts consisted of a very intense 1.5-month period 
of hard field work by a two person field team. Early summer 1993 was devoted to ordering and 
making the necessary equipment for the field implementation. We worked closely with the 
Yellowstone NPS Center for Resources as well as with the district rangers in selection of sights 
which represented minimal or no environmental problems.

that the Yellowstone network was not in operation for 18 months in 1982 and 1983.
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Our primary field accomplishments are as follows (see Fig. 1 for seismic station locations, 
telemetry links, and radio frequencies).

Table 1. List 1993-1994 Yellowstone Network Equipment Modifications and 
Upgrades

Station

YWB

YFT
YML

YGC

YMV

YTC
YTP

YHH
YMC

YJC
YSB

YLA

YPM
YTT

YDC

YBE

Mt. 
Washburn 
Relay Site
Sawtelle 
PeakFAA 
receive site

Single 
Battery 
Upgrad
e
X

X

X

X

X

X

X

Double 
Battery 
Upgrade

X

X

X

X

X

X

X

Solar Panel 
Modification

New 30 watt 
panel

New 50 watt 
panel

New 18 watt 
panel

New 30 watt 
panel

New 30 watt 
panel

New 50 watt 
panel

New 30 watt 
panel
New 30 watt 
panel
New 30 watt 
panel

Other

Installed 2" mast, new seismometer housing, new 
concrete pad and new UUSS VCO

Installed new transmitter.

Installed 21' mast for relay receivers, mast mounted 
enclosures for receivers and transmitters, new 
transmitter, new seismometer housing, concrete pad 
and new VCO.
Installed new solar panel voltage regulator and new 
VCO.

Closed station and reclaimed ground
Replacement station for YTC. New tree mounted 
antenna, and new VCO.
Changed transmitter from VHF to UHF
New seismometer housing, new concrete pad, and 
new VCO
New transmitter
Change site to less noisy location and installed new 
VCO
Replaced receive antennas and redirected towards Mt. 
Washburn, new transmitter, new relay receiver, new 
lightning protection, new seismometer barrel,
Changed transmitter to UHF
New seismometer housing, new VCO

New seismometer housing, new VCO, new antenna 
mast.
New seismometer housing, new VCO, and new 
mounted enclosure for transmitter.

Replaced one UHF transmitter and antenna for a VHP system, installed 
new receivers for YLA and YTP.

Installed two side arm assemblies, reinstalled all VHF antennas on side 
arms, installed a UHF antenna and installed YMC receiver.
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Because of the remote nature of the YSN field work extensive backpacking, horse packing, 
and helicopter access was required. Our personnel hiked into most sites with NFS horse packing 
and helicopter transport of the heavy and sensitive electronic equipment. We especially thank the 
NFS and the personnel at the Sawtelle Peak site for their cooperation and work supporting our 
operation.

Yellowstone Seismicity (October 1, 1993-September, 1994)--Fig. 2 shows the 
epicenter map for the Yellowstone study area (latitude 44° 07'N to 45° 07"N, and longitude 109° 
40'W to 111° 30') for the Mc<4.4 events located for the Yellowstone recording area during the 
reporting period, October 1,1993-September, 1994.

Summary of Yellowstone Earthquakes October 1, 1993 September 30, 1994

Number of analyst located earthquakes of MC < 2.0: 418 
Number of analyst located earthquakes of MC ^2.0: 261 
Number of analyst located earthquakes of MC ^ 3.0: 39 
Number of analyst located earthquakes of MC ^ 4.0: 3 
Total number of located earthquakes 679

Table of Magnitude 3.5 and Larger Earthquakes in the Yellowstone National Park 
Region

Local Date

Jan 1, 1994

Mar 26, 1994

Mar 26, 1994

Apr 5, 1994

Apr 5, 1994

Apr 29, 1994

May 19, 1994

Jul 3, 1994

lull 1,1994

Jul 31, 1994

Jul 31, 1994

Aug 18, 1994

Aug 18, 1994

Aug 3 1,1994

Sep 24, 1994

Local Time

2:52pmMST

l:41pmMST

10:37 pmMST

l:43amMDT

4:03 pm MDT

11:57 pmMDT

12:45 pm MDT

10:17 am MDT

5:25 pm MDT

8:45 am MDT

9:03 am MDT

9:32 pm MDT

10:04 pm MDT

6:46 pm MDT

9:04 am MDT

Mag. MC

3.7

4.9

3.6

3.8

4.3

3.7

3.5

3.6

3.9

3.8

4.0

3.7

3.7

3.6

4.8

Location

21 m. ENE of Fishing Bridge, WY.

10 m. NNW of Madison Junction, WY

10 m. NNW of Madison Junction, WY

3 m. NNE of West Yellowstone, MT.

3 m. NNE of West Yellowstone, MT.

1 m. SW of Canyon Junction, WY.

4 m. NW of West Yellowstone, MT.

4 m. NE of Tower Junction, WY.

8 m. NNE of West Yellowstone, MT.

14 m. S of West Thumb, WY.

15 m. SSE of West Thumb, WY

16 m. SSE of West Thumb, WY

9 m. WS W of Old Faithful, WY.

3 m. ESE of Norris Junction, WY.

4 m. SSE of Canyon Junction, WY.
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Reports and Publications Reporting or Substantially Using Yellowstone 
Seismograph Network Data From The Univ. of Utah

Lowry, A. R. and Smith, R. B., 1994, Elastic thickness and earthquake focal depth, Eos, Trans. 
Amer. Geophys. Un., 75, no. 14, Supplement, 445.

Miller, D. S. and R.B. Smith, 1994, Three-dimensional velocity structure of the Yellowstone 
Plateau from local earthquake tomography, Seismol. Res. Lettrs., SSA 89th Ann. 
Meeting, Pasadena, Calif., 65:57.

Nava, S. J., W. J. Arabasz, J. C. Pechmann and Smith, R. B.1994, Status and developments in 
data distrubition and exchange-University of Utah Regional Seismic Network, Eos, Trans. 
Amer. Geophys. Un., 75, no. 14, Supplement, 430.

Smith, R. B. and L. W. Braile, 1993, Topographic signature, space-time evolution, and physical 
properties of the Yellowstone-Snake River Plain volcanic system: the Yellowstone hotspot, 
in A. W. Snoke, J. Steidtmann, and S. M. Roberts, editors, "Geology of Wyoming", 
Geological Survey of Wyoming Memoir No. 5, p. 694-754.

Smith, R. B., and L. W. Braile, 1994, The Yellowstone Hotspot, in J. Volcanology and 
Geotherm. Resesarch, eds. D.P. Hill, P. Gasparini, S. McNutt and H. Rymer, H., 
61:121-188.

Smith, R. B. and A. M. Rubin, 1994, Rapid reversal of uplift to subsidence at the Yellowstone 
caldera by magmatic processes image by earthquakes, Seismol. Res. Letters, Abstracts, 
89th Annual Meeting, Seismol. Soc. Am., v. 65, no. 1, 56.

Smith, R. B., C. M. Meertens, A. M. Rubin and N. M. Ribe, 1994, Active tectonic processes of 
the Yellowstone hotspot imaged by topography, earthquakes and GPS, Geol. Soc. Amer., 
Abstracts With Programs, Annual Meeting, v. 26, no. 7, A-313.

Smith, R. B., D. S. Miller, and C. M. Meertens, 1994, Active tectonics of the Yellowstone
hotspot imaged by earthquakes and GPS, Eos, Trans. Amer. Geophys. Un., 75, no. 14, 
Supplement, 65.
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THE SOUTHERN APPALACHIAN COOPERATIVE SEISMIC NETWORK:
VIRGINIA TECH COMPONENT

Agreement No. 1434-92-A-0971

J. A. Snoke, M. C. Chapman, and M. S. Sibol
Virginia Tech Seismological Observatory

Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061-0420

(703) 231-6729

OBJECTIVES

A major goal of this 1991-1994 cooperative project involving Virginia Tech, 
University of Memphis, the Tennessee Valley Authority (TVA), and the University of 
North Carolina at Chapel Hill (UNC) is to provide modern instrumental coverage of 
seismicity in the southern Appalachians. Stations of the Virginia Tech and 
University of Memphis networks are being upgraded with three-component sensors, 
high dynamic range electronics, and radio telemetry. Incorporation of the TVA and 
UNC networks will bring on-line the fully integrated Southern Appalachian 
Cooperative Seismic Network (SACSN). Calibrated digital waveform data recorded by 
each SACSN member institution network will be made available in near real-time via 
the Internet to the other member institutions and the general seismological 
community. This cooperative regional network is scheduled to be integrated into the 
U. S. National Seismic Network.

Research objectives for the SACSN are focused on seismic activity in the 
southern Appalachian region (Figure 1). Research areas include earthquake 
monitoring (in part to maintain continuity of earthquake catalogs), seismic hazard 
assessment, studies of the seismotectonics of the region, earthquake source studies, 
wave propagation at local and regional distances, crustal structure studies, and the 
temporal/spatial behavior of seismicity. Service objectives of the SACSN include the 
publication of an annual seismicity bulletin for the southeastern United States; the 
development and maintenance of regional earthquake catalogs; and informational 
service to federal/state/local governments, the engineering community, and the 
general public.

This report summarizes only the Virginia Tech portion of the SACSN project.

NETWORK OPERATIONS

Current Status:

For the past several years, Virginia Tech has operated a calibrated network 
comprised currently of ten short-period stations (Figure 2). The telemetry is analog, 
mostly via phone lines, to the data collection center on the Virginia Tech campus in 
Blacksburg (near BLA; Figure 2). Each channel is then digitized by a 12-bit sampler 
at a rate of 100 sps. The effective dynamic range of the entire system is 
approximately 40 dB. The Giles County subnetwork consists of six stations (3 three- 
component stations), and the central Virginia subnetwork has four stations (1 three- 
component station).
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Figure 1. (Upper) Epicenters for 1993 earthquakes reported in Southeastern U. S. 
Seismic Network Bulletin 28. (Bottom) Epicenters for earthquakes during 
the period July 1977 through December 1993.
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Figure 2. Current configuration of the Virginia Tech seismic network (solid
triangles are three-component stations). The Giles County subnetwork is in 
western Virginia and southern West Virginia. The central Virginia 
subnetwork is the more diffuse cluster of stations in the central portion of 
Virginia. The upgraded network configuration will be approximately the 
same as shown here, except for one additional station in the central 
Virginia subnetwork, and with three component sensors at all stations. 
BLA and CVL are near the data collection nodes for the upgraded network.

An anonymous ftp account and a gopher server have been established for 
providing access to waveform data recorded by Virginia Tech. Special waveform data 
sets recorded by the network and/or the high dynamic range six-component GSE 
seismograph system at BLA, can be accessed. In addition to the special waveform data 
sets, triggered event files from the digitizing system are put on the anonymous ftp 
account within 20 minutes of the trigger time. A description of how to access 
waveform files, calibration files, and other information, was published in 
Southeastern U. S. Seismicity Bulletin 28 (July 1994).

The U. S. National Seismic Network station has been installed at BLA 
(Blacksburg, Virginia). Digital data from surface broadband instruments are now 
available. Downhole broadband instruments are scheduled to be installed in 
December 1994.

Network Upgrade:

The upgraded network will have 11 stations (six in the Giles County 
subnetwork and five in the central Virginia subnetwork) with essentially the same
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configuration as existed prior to the upgrade. All stations will have three-component 
sensors, 24-bit field digitizers (REF TEK model 72-07A), and radio telemetry to transmit 
digital data back to one of two collection nodes. Data from the Giles County 
subnetwork will be collected in Blacksburg, and data from the central Virginia 
subnetwork will be collected at the Virginia Division of Mineral Resources in 
Charlottesville (near CVL; Figure 2). The Charlottesville and Blacksburg data 
collection nodes will be connected using the Internet. New three-component sensors 
for the Giles County subnetwork have been installed and will be operating when the 
upgrade for that subnetwork is completed at the end of calendar year 1994. The 
central Virginia subnetwork upgrade will take place when funds become available.

RESEARCH

Probabilistic Seismic Hazard Assessment:

A comparison of probabilistic seismic hazard estimates for the Giles County, 
Virginia, area was made using two models for fault rupture in the seismic zone. The 
source was envisioned as a 40 km long, vertical fault. Hazard was calculated at the 475 
and 2373 year return period levels, for 1 and 5 Hz oscillator PSRV response. The first 
of the two fault models was a simple line source, assuming that earthquakes occur as 
point sources at a constant depth on the fault plane. The other, more complex, model 
is similar to the fault-contained rupture modal described by Bender (1984). In this 
case, the earthquakes were modeled as finite ruptures, with areas determined from 
the Brune (1970) source model, as a function of moment and stress drop (specified as 
100 bars). The thickness of the brittle crust was assumed to be 25 km, and the fault 
length was specified from the source model by determining a rectangular fault 
rupture with equivalent circular area, given a specified aspect ratio (length/width). 
In both cases, ground motion prediction was made using the model of Atkinson and 
Boore (1990) for rock site condition in eastern North America.

The results show that the finite rupture model produces an increase in the 
ground motions associated with a given hazard level, relative to those calculated 
using the simple line source. The degree of this relative increase depends on the 
chosen return period, oscillator frequency, and site location. The general trend is 
for the difference to be greatest for low frequency oscillators located near the center 
of the fault at the longer return periods. In detail, for 1 Hz oscillators at the 2373 
year return period, an increase in ground motion of 50-60% occurs for sites near the 
center of the fault. This decreases to 30-40% for sites near the ends of the fault. For 
the 475 year return period, 1 Hz oscillator response levels increase by only 10-20% 
for sites near the fault center and by less than 10% at the ends of the fault. For 5 Hz 
oscillators, the difference between the results of the two models is as follows. At the 
2373 year return period: 30-40% at the fault center; 20-30% at the ends. For the 475 
year return period: 20-30% at the center, 10% at the ends.

The August 6, 1994, Eastern North Carolina Earthquake:

A small earthquake occurred in coastal North Carolina on August 6, 1994, at 
19:54:11.1 UTC. The epicenter, determined from arrival times at 11 stations, is 35.1°N, 
76.8°W. The NEIC reported the magnitude as 3.6 mb(Lg). Although the shock was 
recorded by stations at regional distances in North Carolina, South Carolina, and 
Virginia, the nearest station (CEH - Chapel Hill, NC) is at a distance of 227 km. The
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instrumental epicenter of the shock is uncertain by several kilometers, and the 
depth is unconstrained.

The earthquake is the first to have occurred in the North Carolina Coastal 
Plain since regional network monitoring began during the mid 1970's. It was felt 
over an area of 24,000 km2 . Intensity effects reached V MM in and near the towns of 
New Bern and Washington. The intensity data, obtained from responses to requests 
for information published in local newspapers, establishes the epicenter of the 
shock approximately 20 km to the north of the instrumentally determined epicenter, 
close to a large phosphate mine. The open-pit mining operation pumps 30-40 million 
gallons of water per day from wells penetrating the Castle Hayne formation which is 
competent limestone at a depth of less than 200 m. The macroseismic epicenter is 
within the 5000 km2 groundwater cone of depression, suggesting the possibility of 
induced seismicity.

The instrumental data at the closer stations are remarkable for their large 
spectral amplitudes at the higher frequencies. At CEH, the displacement amplitude 
spectrum of the Lg phase (uncorrected for attenuation) is essentially flat throughout 
the bandwidth of the recording system, from less than 0.5 Hz to greater than 12 Hz. 
Path correction of data from CEH and stations in the central Virginia network at 
distances less than 300 km indicate a source spectrum greatly enhanced at the high 
frequencies (>10 Hz), relative to a "standard" co" 2 , 100 bar stress drop source model. 
The high frequency spectral amplitudes as well as the absence of Rg surface waves 
suggest a focus in the Paleozoic basement rock, well below the shallow aquifer in the 
overlying Tertiary Coastal Plain sediments. However, the fact that the event was 
very audible as an explosive sound near the epicenter points toward a shallow source. 
At this time, the possibility that the shock was induced cannot be ruled out.

SERVICE

The Southeastern U. S. Seismicity Bulletin 28 for calendar year 1993 was 
distributed this past July to over 200 institutions and individuals. There were 78 
tectonic (i.e., non-reservoir related) earthquakes reported in the Bulletin for 1993 
(Figure 1). The current southeastern U. S. catalog now incudes 1348 tectonic 
earthquakes and 691 reservoir-related events for the period from July 1977 through 
December 1993 (Figure 1). The largest 1993 shock was on 8 August near Aiken, South 
Carolina (mb(L g ) = 3.2, I0 = V). In addition to reporting the usual hypocentral 
parameters, magnitudes, etc. for the report period, the Bulletin included a report on 
the Aiken earthquake, a report on a sequence of 20+ small (magnitudes < 2.8) but 
strongly felt (I0 up to V) earthquakes near Columbia, Maryland, a summary of a 
county-by-county probabilistic seismic hazard analysis of Virginia, a report on 
strong motion instruments in the region, and an abstract on seismic wave 
attenuation in Florida. A description of how to access digital waveform data at 
Virginia Tech via anonymous ftp over the Internet has become a regular feature of 
the Bulletin, and it is planned that future Bulletins will contain similar information 
from other contributors. Contributors to the Bulletin 28 included:

  Charleston Southern University,
  Delaware Geological Survey,
  Georgia Institute of Technology,
  Maryland Geological Survey,
  Tennessee Valley Authority,
  National Earthquake Information Center,
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  University of Florida,
  University of Memphis (formerly Memphis State University,
  University of South Carolina,
  Virginia Department of Mines, Minerals and Energy,
  Virginia Tech, and
  Westinghouse Savannah River Company.

Two members of the VTSO staff were invited by the U. S. Geological Survey to 
present research results at the Northeastern U.S. Seismic Hazard Workshop at 
Lamont-Doherty Earth Observatory on August 2-3, 1994. Matthew Sibol presented his 
work on converting epicentral intensity and felt area data to magnitude, and Martin 
Chapman presented his work on a probabilistic seismic hazard assessment for 
Virginia.

Virginia Tech is also in the process of providing the Virginia Department of 
Environmental Quality and various engineering firms information necessary to 
evaluate siting permits.

RELATED PUBLICATIONS AND REPORTS
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Virginia Tech Seismological Observatory, Blacksburg, VA, 62 p.

Chapman, Martin C. (1994). Seismic hazard estimates for Giles County, Virginia: 
comparing a magnitude dependent finite rupture model with a simple line 
source, 66th Meeting of the Eastern Section of the Seism. Soc. of Am., Oct. 16-18, 
1994, Columbia, South Carolina (abstract).

Chapman, Martin C., Christine A. Powell, and Ginger Castle (1994). The August 6, 1994 
coastal North Carolina earthquake: large high-frequency spectral amplitudes 
from an event in a region of low seismicity, 66th Meeting of the Eastern 
Section of the Seism. Soc. of Am., Oct. 16-18, 1994, Columbia, South Carolina 
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Chapman, M. C. (1995). A probabilistic approach to ground motion selection for 
engineering design, Bull. Seism. Soc. Am., accepted for publication.
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Chapman, M. C., and F. Krimgold (1994). Seismic Hazard Assessment for 
Virginia, Virginia Tech Seismological Observatory, Blacksburg, VA, 62 p.
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Assessment for Virginia, Virginia Tech Seismological Observatory, Blacksburg, 
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Earthquake Hazard Research in the Greater Los Angeles Basin and Its
Offshore Area

Agreement # 14-08-0001-A0620

Ta-liang Teng and Thomas L. Henyey
Department of Earth Sciences

University of Southern California
Los Angeles, CA 90089-0740
E-mail: lteng@coda.usc.edu

Program Element: Seismic Networks

INVESTIGATION UNDERTAKEN: The Los Angeles Basin Seismic Network (LABNET) is 
a principal participant in the monitoring and subsequent field study of the 1994 Northridge 
earthquake. Data output of LABNET contributes significantly to the location and fault-plane 
solutions of the mainshock and the long aftershock sequence. As one of the regions in the U.S. 
subject to a high potential for earthquake loss, the Los Angeles area warrants the close attention of 
a special-purpose seismic monitoring network   one which can cope with the high background 
noise problem in a coastal urban area. This objective is achieved through the deployment of 3- 
component downhole and surface seismometers, through a diligent field instrument maintenance 
program, and through data processing making use of up-to-date software and velocity information 
derived from active research. Presently, the LABNET at USC digitizes 65 channels of telemetered 
data from land (surface and downhole) and offshore island stations. Data from this network is 
transmitted in realtime to the Southern California Seismic Network (SCSN) at Caltech/USGS, 
where it becomes a critical part of routine earthquake locations and information for the greater Los 
Angeles urban area. Data from the network stored at USC also serves as an important backup to 
the SCSN operation at Caltech for events in the Los Angeles urban area. This network is also an 
important part of the research activity coordinated by the Southern California Earthquake Center 
(SCEC), and the network output enters the SCEC database at Caltech from which data can be 
accessed by investigators easily through a FTP procedure.

RESULTS: The principal tasks accomplished are:

(1) Operate a high-performance special-purpose network and obtain broadband on-scale seismic 
data necessary for earthquake hazard reduction studies in the greater Los Angeles basin and 
its offshore area. Figure 1 shows the events recorded and located by LABNET during the 
current reporting period; Figure 2 shows events from the last reporting period. Figure 3 is 
a LABNET station map, with single-component and 3-component stations indicated by 
different symbols given in the insert. Signal channels from the USGS/CIT SCSN are also 
indicated.
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(2) Perform diligent maintenance and calibrations of all downhole seismic stations and OTS 
telemetry equipment to insure high data quality.

(3) Perform network data analysis to prepare regular bulletins for distribution to the scientific 
community and public agencies.

(4) Keep up with the close data exchange and communication between LAB NET and the 
USGS/CIT SCSN. Coordinate closely with the USGS/CIT SCSN regarding the 
concentrated monitoring and aftershock field work for the 1994 Northridge earthquake 
sequence. Currently, 16 channels of seismic data are exchanged in realtime between these 
two networks. This exchange augments the seismic coverage for both networks. Figure 4 
shows the locations of events (M > 3.0) and portable instruments deployed in the 
Northridge area in 1994.

(5) Any significant changes in the pattern of local seismicity will be brought to the attention of the
uses.

(6) Continue to update the Los Angeles basin network data in the SCEC database at Caltech. This 
SCEC database is freely accessed by all scientists for research on seismotectonics, 
earthquake hazards, and earthquake prediction in the Los Angeles basin and its offshore 
area.

(7) Continue to improve the reliability and the data quality of the remote field stations through R/D 
on seismic instrumentation. This activity includes:

  an upgrade of the recording system to a much faster Vax 3900 workstation with USGS 
CUSP 2.6 software upgrade;

  a backup dual PC recording system (16-bit 64-channel and expandable to 256 channels);

  a thorough calibration of the entire network response, making sure that all 3-component 
seismometers have matched responses for waveform-oriented studies;

  installation of radio-links to reduce telephone cost;

  preliminary R/D work on a broadband and large dynamic range seismic network; and

  refinement of seismic triggering by application of artificial neural network to detection 
and classification.

Besides the above accomplishments related to the network operation, we have concentrated 
on seismotectonic analysis based on data recorded in the Los Angeles basin during the past 21 
years. Comprehensive studies have been completed of:

(1) Artificial neural network-based seismic detector, including the S-picking for local and 
teleseismic events.

(2) Seismic response of a 2-D and 3-D sedimentary basin, and the propagation of short-period 
surface waves in 3-D basins by a Gaussian beam synthesis.
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(3) Evaluation of the displacement and dynamic strain fields in the Los Angeles basin.

(4) Development of a fast recursive stochastic deconvolution scheme in the estimation of 
earthquake source parameters.

NEW RESEARCH FINDINGS:

SHORT-PERIOD SURFACE WAVES IN SOUTHERN CALIFORNIA 3-D BASINS

The occurrence of the M = 7.4 Landers earthquake offers an unusual opportunity for the 
study of relatively long wavelength energy propagation in southern California basins, where large 
man-made structures are exposed to potentially damaging shaking as a consequence of focusing 
effects due to crustal heterogeneities. We have approached this hazard problem by constructing an 
initial 3-D model of southern California based on available crustal velocity models, from which 
phase and group velocity maps are generated. Dynamic ray tracing is applied to the generation and 
propagation of surface waves due to the Landers twin event (a M = 7.4 and a M = 6.5 events 10 
sec apart). The bending of rays due to local heterogeneities displays remarkable focusing and 
defocusing effects, which directly affect the local strong shaking amplitudes. Observations in the 
Los Angeles basin (Inglewood station) and over southern California are simulated by applying the 
surface-wave Gaussian beam method that is particularly useful in calculating waves in a 3-D 
basins. A forward modeling procedure is applied that successfully perturbed the southern 
California crustal structure in order to obtain an excellent fit to the observations. The result also 
shows that a twin source is required that is in excellent agreement with near source observations. 
Implication of this type of study is the development of the ability of a quantitative evaluation of 
shaking hazard in the Los Angeles basin if and when the so-called Big One does come.

REAL-TIME SEISMOLOGY USING ARTIFICIAL NEURAL NETWORK

This application is particularly appropriate for the LABNET in the Los Angeles basin where 
the signal-to-noise ratio is low and the types of ambient noise are numerous. We have been, as part 
of our effort for improvement in network operation, experimenting an application of a neural 
network-based pattern classification system to the seismic event detection. Two types of AAN are 
designed for realtime earthquake monitoring in the Los Angeles basin: Type A uses a recursive 
STA/LTA ratio as input feature, and Type B uses moving window spectrogram as input feature. 
Further development along this line should significantly improve the automation of the LABNET 
operation.

MAPPING THE STRESS FIELD

We have systematically calibrated the LABNET and have conducted a thorough examination 
of 3-component seismograms recorded since 1988 for evidence of shear-wave splitting for crustal 
rock at depth beneath the Los Angeles basin. We observed 20-120 ms traveltime difference 
between the two split shear waves for earthquakes occurring in the crystalline basement at depths 
of 6-18 km beneath the Los Angeles basin. We interpret the observed shear-wave splitting to be 
caused by a stress-induced crustal anisotropy. We suggest that the seismic anisotropy is mainly the 
result of microcracks aligned in the direction of maximum principal stress at the crustal depth.

Based on analyses of shear-wave splitting data in the Los Angeles basin, we did not find 
significant temporal variation of shear-wave splitting before and after the M5.5 Upland earthquake
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(on Feb. 28, 1990), M5.8 Sierra Madre earthquake (on June 28, 1991), and the Joshua-Landers- 
Big Bear earthquake sequence (on April 22 and June 28, 1992, respectively). These three big 
earthquakes occurred with epicenters about 60 km, 40 km and 120 km away, respectively, from 
the network center.

We shall continue to search for evidence of shear-wave splitting in the Los Angeles basin 
area using LABNET data and the data recorded by portable instruments set up in the basin area. 
Based on analysis of shear-wave splitting data, we shall produce two maps: one map shows the 
distribution of the directions of principal stresses at depth in the Los Angeles basin, inferred by 
polarizations of shear waves, and the other map shows the distribution of stress levels or the 
degree of crustal rock fracturing in the Los Angeles basin, inferred by time differences between the 
two split shear waves.
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750.

Qu, J., T .L. Teng and J. Wang (1994) Modeling of short-period surface waves 
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Figure 1. Seismicity recorded by LAB NET between November 1, 1993 and October 31, 1994. 
Locations of events within the Northridge region were provided by the SCEC Data Center.
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Figure 2. Seismicity recorded by LABNET between November 1, 1992 and October 31, 1993.
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Figure 3. Seismic stations in the Los Angeles basin and its peripherals monitored by LABNET.

M6.71994 Northridge - Portable Deployment

Mainshock
Portable Deployment Site
Co-located Permanent Strong Motion Site
Northridee Tieht Arrav Derlovment
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Figure 4. Locations of the M6.7 1994 Northridge earthquake and its aftershock sequence (M>3.0). 
Also shown are locations of portable instruments deployed by USC, UCSB, UCSD, USGS/CIT, 
and other SCEC institutions.
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THE NEW ENGLAND SEISMIC NETWORK 
(Operated Collaboratively by M.I.T. and Boston College)

Contract no. 1434-92-A-0974

M. Nafi Toksoz
Massachusetts Institute of Technology 

Earth Resources Laboratory
42 Carleton Street 
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(617)-253-7852 

email: nafi@erl.rnit.edu

NETWORK OPERATIONS

The Earth Resources Lab (ERL) of MIT and the Weston Observatory (WO) of Boston 
College operate Collaboratively the New England Seismic Network (NESN). The ERL at 
MIT currently operates five seismic stations in New Hampshire and eastern Massachusetts 
as part of the NESN. Presently, these stations, together with Stations WES, MIM and 
NHO (operated by the Weston Observatory of Boston College) and four USGS National 
Seismic Network stations, are providing continuous earthquake monitoring in New 
England (Figure 1). The NESN is in a major transition from older recording equipment 
using analog telemetry to new seismic systems with digital recording at the field sites. To 
date two of the "new-generation" stations (MIM and WES) have been installed and are 
acquiring data routinely. The WO and the ERL are working together to site a total of 
approximately fifteen new stations to optimize the regional monitoring coverage of 
earthquakes in New England. The new stations record three-component broadband seismic 
data, resulting in a significant improvement in the quality of the seismic waveforms 
compared to the older short-period, mostly vertical component stations. A modem-to- 
modem dial-up procedure is used to transfer the data to the central facility (i.e., the ERL or 
the WO) and to check the health status of the field recording system. The five MIT stations 
in New Hampshire and eastern Massachusetts serve to help maintain a regional network 
monitoring presence during the conversion of the NESN to new field recording systems, 
and to provide a baseline to assess the performance of and tune the new NESN seismic 
stations. The operating expenses for these MIT stations are shared between MIT and the 
USGS.

In a project completed in 1994, all regional earthquakes recorded digitally by the MIT 
Seismic Network (database beginning in 1981) have been sorted from the event database 
and converted to SAC format. In addition, the hypocentral locations, origin times (relative 
to event reference time) and magnitudes of these earthquakes have been included in the 
SAC files. An FTP anonymous account is available to provide on-line access to the digital 
waveforms and phase data files for the most recent local earthquakes recorded by the MIT 
stations. Older data is available through the FTP account by special request. Details on 
accessing this account can be obtained by contacting Charles Doll at 617-253-7863 or 
doll@erl.mit.edu.

The ERL and the WO exchange regional earthquake data in SAC format using FTP via the 
Internet. The MIT waveform and arrival time data for new regional earthquakes are 
routinely transferred in SAC format via Internet to the primary NESN data archive at 
Weston Observatory. Future plans call for establishing an on-line facility at the WO to 
access the complete NESN (MIT and Weston) data archive of regional earthquakes.

201



I-N

Toward this end, the ERL is currently developing a Mosaic-based data management and 
dissemination program named SESAME (Seismic Event Server at MIT ERL) to interface 
clients with the NESN data archive at the WO. The SESAME home page is displayed in 
Figure 2. Many of the basic functions of SESAME have been written and a prototype is 
operating at the ERL (Matarese et a/., 1994). A principal feature of SESAME is the 
"interactive browser" (database search engine) which enables clients to search for events 
using parameters such as location, depth, origin time and magnitude, and then download 
waveform data to the client's local disk. Search parameters are chosen by clicking on 
search keys presented in menus of the browser. In Figure 3, a flow chart is displayed 
which illustrates the sequence of programs, known as CGI (Common Gateway Interface) 
scripts, which interpret and execute the menu choices made by the client using the browser. 
The SESAME home page (Figure 2) is generated by the CGI script newsflash when the 
client first accesses the ERL web site and clicks on the SESAME icon of the NESN home 
page. The sequence of programs to perform the data search begins with the script 
searchkey by clicking on the hypertext link Interactive query form on the SESAME home 
page (see Figure 2). Search capabilities include previewing and downloading waveform 
data, extracting hypocenter, available source, and instrument parameters for the selected 
events, and saving postscript files of waveforms or epicenter maps (e.g., for hardcopy) on 
the client's local disk. Static information in the form of text (catalogs, reports, SESAME 
tutorial, etc.) and NESN seismicity maps is accessed by the links to hypertext documents 
on the SESAME home page.

SESAME is being designed to meet two objectives. First, it will serve as a research tool 
for seismologists working on regional earthquake problems in northeastern North America. 
As described above, SESAME will provide the flexibility to researchers to search the 
complete NESN waveform archive for data satisfying specific parameters important to their 
study requirements. Aside from waveform data, hypocentral and available source 
information about specific events and general information about New England seismicity 
(e.g., seismicity maps, earthquake catalogs, etc.) will also be accessible to researchers. 
Second, SESAME will include a simple mode of operation to permit easy and timely access 
to basic seismic information about current earthquakes in and around New England, which 
might be requested by the National Earthquake Information Center, the US National 
Seismic Network, the Canadian Geological Survey, or other regional seismic networks. In 
the near future, the CGI script newsflash (Figure 3), will display hypocentral 
information about current regional earthquakes directly on the SESAME home page, with 
the option of clicking on a hypertext link to call up arrival time picks and other information 
from the hypocenter solution file.

SEISMICITY

The ERL of MIT is currently operating five digitally recorded short-period stations located 
in central and southern New Hampshire and eastern Massachusetts. Data from these 
stations are routinely analyzed to provide hypocentral and arrival time information for 
regional earthquakes in and adjacent to New England. This information is published in 
quarterly seismic bulletins currently available for the period October 1979 - June 1994.

The epicentral locations of all regional earthquakes recorded by the MIT Seismic Network 
for the period October 11,1993 - October 10,1994 are displayed in Figure 4. Twenty- 
nine earthquakes, with magnitudes of 1.7 - 4.6, occurred during this period. Nineteen of 
these events were located inside or within 50 km of the MIT Seismic Network. Two 
significant earthquake swarms, one in eastern Maine and another in central Massachusetts, 
are represented by the multiple events plotted in Figure 4. Additional small aftershocks of
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these two swarms, four in Maine and two in Massachusetts, were recorded on analog 
recorders.

CURRENT RESEARCH

Two research projects, involving the application of high precision relative event location 
(HPREL) and empirical Green's function (EGF) techniques to seismicity in eastern North 
America, have been continued in 1994. HPREL has been used to refine the hypocentral 
locations of the seismicity of the Charlevoix Seismic Zone (CSZ) of Quebec with the 
objective of correlating well defined spatial patterns of relocated hypocenters with 
potentially active faults (Li et al, 1994a). To date, results show good correlation of 
hypocenter distributions of relocated seismicity with some mapped faults and with fault 
orientations suggested by polarization angles of split shear-waves (Doll et al., 1994) in 
specific subregions of the CSZ. This work is ongoing and the results are preliminary. The 
EGF method (e.g., Li and Thurber, 1988) has been used to derive a relative source time 
function (STF) for the larger earthquakes of event multiplets or pairs in the CSZ (Li et al., 
1994b). The STF has been analyzed to estimate important source parameters including 
fault length, stress drop, seismic moment, rupture directivity and rupture velocity. Rupture 
directivity has been combined with P focal mechanisms for larger events to identify which 
nodal plane is the probable fault plane. This work has been completed for the CSZ (Li et 
al, 1994c) and is summarized along with the preliminary HPREL results in a separate 
report under another USGS contract.
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New England Seismic Network and USNSN Stations

Figure 1: NESN (MIT = triangles, Weston Observatory = boxes) and US National 
Seismic Network (diamonds) stations operating in New England in 1994. Stations 
WES and MIM have been instrumented with the new broadband, three-component 
seismic systems as part of the conversion of the NESN.
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Welcome to SESAME!

I Warning! This server is under construction.

SESAME is a Web-savvy data service that provides information about seismic events in New 
England. SESAME has been designed to appeal 10 a wide audience, presenting general 
information about New England seismicity to the public while at the same time offering 
detailed information to the seismological community. We hope you enjoy using SESAME, 
have put together a tutorial to help you get started. If you have any comments or 
suggestions, feel free to contact Chuck Dq|l <doll<3erl.mit.edu>

and we

1 Earthquake* in New England 
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Figure 2: Home page of SESAME, showing the hypertext links to text, map, and 
waveform information for New England earthquakes. SESAME is a Mosaic-based 
seismic event server which features on-line access to NESN waveform data.

205



I-N

Implementation
Organization of SESAME'S CGI Scripts

newsflash (C)
generate SESAME'S home page 

include any news flashes

searchkey (C)
interpret search key selections

searchsels
search for selected events

I
download seismograms

i
refine search

1
piot epicenter map.

^ querygram (C) 
display seismogram info

plotsels<(Perl) 
plot seismogram

Figure 3: How chart illustrating the sequence of CGI scripts executed when a client 
uses SESAME'S "interactive browser" to search the seismic database with specified 
search parameters. The CGI scripts are programs which interpret the client's search 
parameters chosen from menu options of SESAME and perform the data search.
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MIT Network Seismicity, 1O/11/93 - 1O/1O/94-

Figure 4: Seismicity of New England and adjacent regions recorded by the MIT Seismic 
Network for the period October 11,1993 - October 10, 1994. Note the two swarms in eastern 
Maine and central Massachusetts.
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INVESTIGATIONS:

1. Frictional behavior of feldspar, quartz and mica as components in granite.

2. Frictional behavior of olivine.

3. Frictional behavior of large displacement experimental granite faults.

4. Dynamic Rupture.

5. Indentation tests on quartz under varying chemical environments

RESULTS:

1. Westerly granite has been the subject of many investigations of rock friction. Granite is an 
aggregate made up of several phases ( 28% quartz, 35% microcline, 32% plagioclase (An 17), 5% 
mica (biotite and minor muscovite) and < 1% magnetite), each with its own frictional properties. A 
simple view of granite friction is that it is the sum of its constituent's behavior. However, 
inhomogeneous deformation is likely if the constituents have significantly different strengths, in 
which case weak phases may have a disproportionate effect. Experiments were conducted at room 
temperature and 25 MPa on bare surface Cheshire quartzite, Tanco albite, Westerly granite and 
powdered muscovite. The change in friction with displacement is displayed in figure 1. Note the 
higher strength of feldspar as compared to the strength of granite and quartz. Muscovite is found to 
be considerably weaker than any of the framework silicates. Since feldspars make up 67% of the 
volume fraction of Westerly granite, one might expect the strength of granite and feldspar to be 
similar. However, the strength of granite is lower than that of feldspar, and may be affected by the 
presence of weaker minerals such as mica.

The velocity dependence (d|iss/dlnV) versus displacement (8) for each experiment is shown in 
figure 2. Due to irreproducibility of friction at the beginning of the experiment, we focus on the 
velocity dependence at large displacements after |J, has reached steady state. Since the velocity 
dependence for both bare quartz and feldspar are more negative than that for bare granite, mica 
must contribute positively to the velocity dependence. However, the ratio of mica in the granite is 
smaller than the ratio needed to explain the difference in velocity dependence between the value 
expected for granite and the data; the mica must be disproportionately contributing to the velocity 
dependence.

This can be understood more quantitatively, by fitting the details of the frictional response to 
changes in sliding velocity to a constitutive law of the form
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\L = |Lio+aln(V/Vo)+Ibiln(eiVo/Dci) (1) 

where the state variable 0 is defined by

d0i/dt = (GiV/Dci) ln(9iV/Dci), (2)

(Ruina , 1983). Averaged frictional parameters (Ho, a, bi, and a-Zbj (=d|iSs/dlnV) are given in 
Table 1. We assume that the behavior of feldspar in granite is adequately represented by albite and 
that the behavior of muscovite is representative for mica. The values expected for granite are 
calculated by multiplying the component values by the percentage of each component in Westerly 
granite. By comparing the expected values with the actual parameters for granite, one can see that 
the frictional behavior of granite lies between the behavior of quartz and mica and has values of JIQ, 
a, bi, and a-Zbi that are lower than those of its major component, feldspar. These results suggest 
that granite is preferentially deforming on micas, which is not unexpected.

2. Although olivine is a major component of oceanic lithosphere, there are relatively few studies of 
its frictional behavior. The strength of olivine has important implications for the transition from 
brittle to ductile behavior and the locations of earthquakes in the lithosphere. We report results 
from a bare surface experiment of Balsam Gap dunite prepared under humid conditions. The 
experiment was conducted at room temperature and 25 MPa normal stress. We found a strength for 
olivine that was lower than the strength associated with most framework silicates. The coefficient 
of friction at the beginning of the experiment peaked at 0.5 and then decayed to 0.25 with 
continued displacement to 100 mm. The sample was found to be velocity weakening for the 
duration of the experiment. The sample slid by both stick-slip and stable sliding at velocities in the 
range of 10 Jim/sec to 0.001 (iim/sec. A small amount of alteration product, presumably serpentine, 
was observed at the grain boundaries of the undeformed sample. These products may be acting to 
reduce the overall coefficient of friction, but may not be affecting the velocity dependence since 
serpentine shows velocity strengthening behavior or a transition to velocity strengthening behavior 
at lower velocities.

3. We have conducted experiments to determine the origin of the difference between the velocity 
dependence of gouge (< 90 (Lim) and bare surfaces and the origin and nature of displacement 
dependence of gouge for displacements to > 400 mm at room temperature and 25 MPa normal 
stress. The results detailed in previous reports are summarized in the remainder of this paragraph. 
Initially bare surfaces attain a steady-state negative velocity dependence, a steady-state fault zone 
microstructure and a constant strength after a few tens of millimeters. These faults are constrained 
to be localized by the fault geometry and fault surface roughness. Velocity weakening is the 
characteristic response of such a localized fault (Figure 2). Simulated gouges at low displacement 
are strong and velocity strengthening, but with continued displacement become progressively 
weaker and less velocity strengthening (Figure 3a and b). This behavior coincides with localization 
of deformation into a narrow basal shear which at its most localized is observed to be velocity 
weakening. With subsequent displacement, the fault restrengthens and returns to velocity 
strengthening to velocity neutral; this behavior coincides with delocalization of the deformation.

In the gouge experiments, the variation in the observed degree of localization and hence in the 
velocity dependence results from displacement dependence of strength and probably not from 
variations in the velocity dependence per se. Localization is initiated in the vicinity of the peak 
strength, when the velocity dependence is positive. Positive velocity dependence in the absence of 
displacement dependence would lead to delocalization. Therefore the eventual negative velocity 
dependence seen when the fault is most localized is not the cause of the localization, but somehow 
is simply characteristic of the localized condition. Similarly, beyond the strength minimum the 
velocity dependence is negative, a condition which, if acting alone, would result in localization. 
Instead, subsequent delocalization occurs, resulting from the displacement dependence of fault 
zone strength. The change in the velocity dependence is not the cause of the delocalization, but
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instead more positive velocity dependence is apparently characteristic of delocalized deformation.

When the gouge has a more positive velocity dependence, changes in sliding velocity are 
accompanied by changes in fault-normal strain rate den/dy = dL/d8 (Figure 3c insets) which 
contribute to the measured friction through the well known work balance

jiA = jlf.den/dY> (3)

(e.g. Edmond and Paterson, 1972) where JLIA= TA/an is the measured friction and \jf is the intrinsic 
factional resistance to shear in the absence of normal strain. Therefore normal strain contributes to 
the measured steady-state velocity dependence through the velocity dependence of the fault normal 
strain rate d(den/dy)/dlnV. This contribution is not large enough to account for the difference 
between the steady-state velocity dependence of bare surfaces and gouge (Figure 3d and e). 
However there is a positive correlation between velocity dependence and changes in fault-normal 
strain rate and both appear to measure the degree of localization.

Variations in the intrinsic friction (~ jjA) reflect changes in the micro-mechanisms of deformation 
within the gouge, and as the micro-mechanics change so may the intrinsic velocity dependence of 
friction. An important contribution of our experiments is that they convincingly demonstrate that as 
the intrinsic friction changes, the intrinsic velocity dependence of friction also changes (Figure 3). 
Furthermore because we observe the intrinsic velocity dependence to vary with the velocity 
dependence of fault-normal strain rate, we conclude that dilation and compaction themselves 
involve or result from processes which change the energy of the system, e.g. the dissipative 
process of inter-particle slip and the creation of surface area by grain fracture, both of which are 
velocity dependent. A description of gouge deformation that emerges from this study is that 
intrinsic friction, the velocity dependence of fault-normal strain rate and velocity dependence 
correlate in these experiments, because dilation and compaction themselves contribute to or result 
from processes which contribute to the intrinsic velocity dependence.

4. Seismological observations of short slip duration (short rise time on seismograms) on faults 
during earthquakes are not consistent with conventional crack models of dynamic rupture. In these 
models, the leading edge of rupture stops only when a strong region is encountered, and slip at an 
interior point ceases only when waves from the stopped edge of slip propagate back to that point. 
In contrast, some seismological evidence suggests that the duration of slip is too short for waves to 
propagate from the nearest edge of the rupture surface, perhaps even if the distance used is an 
asperity size instead of the entire rupture. What controls slip duration, if not dimensions of the fault 
or of asperities?

In this study, dynamic earthquake rupture is represented as a propagating, rate-dependent mode II 
shear crack. For all propagating shear cracks, slip velocity is highest at the rupture front, and 
immediately behind the rupture front the slip velocity decreases. As pointed out by Heaton (1990), 
if the crack obeys a negative rate-dependent strength relation, the lower slip velocity behind the 
rupture front will lead to fault strengthening which further reduces the velocity, and under certain 
circumstances healing of the crack can occur. The boundary element method was used in a 
program adapted from Andrews (1985) for numerical simulations of mode II rupture with two 
different velocity-dependent strength functions. For the first function, after a slip-weakening 
displacement, the fault follows an exponential velocity-weakening relation. The characteristic 
velocity VQ of the exponential determines the magnitude of the velocity-dependence at dynamic 
velocities. The velocity-dependence at high velocity is zero when VQ is small and the result is 
similar to slip-weakening. If VQ is larger, rupture propagation resembles slip-weakening, but 
spontaneous healing occurs behind the rupture front (Figure 4a). The rise time and propagation 
velocity depend on the choice of constitutive parameters. The second strength function is a natural 
log velocity-dependent form similar equations (1) and (2) which fit experimental rock friction data 
well. Slip pulses also arise with this function (Figure 4b). For a reasonable choice of constitutive
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parameters, slip pulses with this function do not propagate at speeds greater than the Raleigh wave 
velocity.

The results of this study of mode II rupture are in general agreement with a similar study of mode 
III rupture (Perrin et al., 1994). Healing rupture is apparently a general consequence of negative 
velocity-dependent strength provided that fault strength increases when sliding velocity is zero 
(Figure 4). The calculated slip pulses are similar in many aspects to the seismic observations. In all 
cases of healing rupture, the residual stress increases with distance behind the trailing edge of the 
pulse so that the final stress drop is much less than the dynamic stress drop, in agreement with 
some recent seismological observations of rupture.

5. The friction evolution effect causes surfaces to become stronger during stationary contact and 
leads to a tendency for them to be weaker as sliding velocity increases. This effect is the most 
important factor in the time and velocity dependence of rock friction because it can lead to unstable 
sliding and may explain the occurrence of earthquakes. Previous experiments have shown that the 
evolution effect disappears for quartz when experiments are done in a weak acid solution at a pH of 
2.6, the point of zero charge for quartz. This was predicted, based on the idea that time-dependent 
removal of contaminants is responsible for the evolution effect, and that contaminants would be 
absent for uncharged surfaces. However, time-dependent increase of the real area of contact due to 
dislocation motion or microfracturing is an alternative hypothesis for the evolution effect; this 
might also be reduced at the point of zero charge. Consequently we performed naoindentation 
experiments on quartz to see how much indentation creep occurs and to see if it is reduced at the 
point of zero charge.

We chose a natural milky quartz because its plastic deformation is most similar to the quartz found 
in common rocks. We used indentation depths of about 200 nm and loads of about 7 mN. These 
are sufficiently small to be within the surface layer previously found by others to be anomalously 
weak in the presence of water during microindentation experiments on other materials. We made 
replicated indentations in normal humidity laboratory air, in double deionized water, and in dilute 
nitric acid at a pH of 2.6. In all three cases, creep indentation did occur, but it was not significantly 
reduced at the point of zero charge. The increase of the indentation area with time is not linear 
when plotted vs. log time and is much greater than the increase of frictional resistance with time for 
quartzite. This, plus the difference in the role played by the pH 2.6 solution, suggests that the 
process involved in indentation is not responsible for the evolution effect. One possibility is that 
the mean stress is high enough during indentation that dislocation motion occurs, but that the mean 
stress is lower at frictional contacts and so fracture dominates there.
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Figure 1. The overall change in friction with displacement for the constituent phases of granite. 
The peaks in jx superimposed on the overall trend are due to imposed velocity changes and 
strengthening during periods of no sliding. The drops in ji are stick-slip events or periods during 
the experiment where the torque was removed. Friction is shown for two separate quartzite 
experiments, one sliding to a displacement of 68 mm and a second from 89 to 160 mm. Both show 
a similar level of |i at steady state.
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Figure 2. The velocity dependence versus displacement for the constituent phases of granite. The 
velocity dependence is calculated from step tests in velocities ranging from 0.0316 Jim/sec to 10 
Jim/sec. Due to irreproducibility of friction at the beginning of the experiment, we focus on the 
velocity dependence at large displacements after |i has reached steady state.
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0.015
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0.014
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Muscovite
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0.006
0.001

50.0

0.0003

115.0

0.005
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Granite

0.83

0.019

0.013

(4.1)

0.011

(17.0)

-0.006

Westerly 
Granite

0.75

0.011

0.009

4.9

0.005

17.0

-0.003

Table 1. The averaged parameters for equation 1 from velocity step tests. The values expected for 
granite are calculated by multiplying the component values by the percentage of each component in 
Westerly granite. By comparing the expected values with the actual parameters for granite, one can 
see that the frictional behavior of granite is more similar to quartz and mica than to its major 
component, feldspar. Mica contributes to frictional behavior than its abundance would predict.
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Program Element I: Understanding the Earthquake Source

1. Introduction

The primary objective of this project is to extend the present state of understanding of 
earthquake phenomena by recognition of importance of normal compliance of the fault surface as 
one of the primary factors affecting the dynamic instability of tectonic plates and, as a 
consequence, earthquakes. This new factor strongly interacts with such well-recognized fault 
properties as friction, slip weakening, wave propagation etc.

The above new approach stems from our previous research in the area of dynamic friction 
[2,5,6], wherein the recognition of importance of normal deformation of the fiictional interface 
resulted in a breakthrough in understanding of friction-induced oscillations, stick-slip motion 
and other related phenomena. The resulting new models of contact and friction were used 
successfully in computational modeling of friction-induced oscillations in mechanical systems 
[5,6], which compared favorably with experimental observations.

Notably, the scale problems typical of the earthquake phenomena introduce additional 
complexities, not present in small technological systems addressed in our previous work. This 
includes, in particular, wave propagation, very slow overall motion of the plates, presence of fluid 
in the crust and gauge layers on the fault surface. It can still be reasoned, however, that the 
effect of normal deformation on the dynamic instability of the fault is as pronounced here as it 
was discovered to be the case in technological systems. Indeed, it can be logically expected that 
even a small increase of separation of contacting fault surfaces will produce a reduction of the 
local friction force compatible or exceeding the direct effects of slip weakening or velocity 
weakening of friction.

This project is focused on proving the correctness of the above postulate for rock formations 
(blocks) in relative sliding motion. When proven successful, this work will be followed by 
development of corresponding new constitutive models of contact and friction and by 
implementation of computational models capable of simulating more realistic fault systems.
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2. Progress Summary

The innovative idea presented in this project has not yet been explored in the context of 
earthquake modeling (although it has been successfully demonstrated for technological 
systems). Similarly, the team working on the project is new to the area of earthquake-oriented 
research. Therefore our effort in the first year of the project was dedicated to a literature 
survey, to getting acquainted with intricacies of friction in the context of crustal faults, to testing 
our ideas on simplified examples, and to preparation of computer software that will be used in 
our further studies. A brief summary of this work is presented in this section.

1. A literature survey was performed, focusing primarily on previous research dedicated to 
understanding and modeling of earthquakes originating in the upper crust. It appears to be 
generally agreed (see references [1,3,4] and many others) that the primary source of these 
earthquakes is a dynamic instability of frictional sliding on fault surfaces. While there exist a 
large variety of specific friction formulas and computational models, the primary factors 
considered as earthquake sources are: slip weakening and velocity weakening of friction.

In the context of this project it is of importance to note that, up to date, there have been no 
theoretical or experimental works considering the normal deformation on the fault as an 
important factor directly contributing to dynamic instability and earthquake origination.

2. Introductory numerical studies of dynamic stability of a simple rigid block sliding on a plane 
(fig. 1) were performed. In contrast with majority of previous such studies, the block has not one 
but three degrees of freedom, namely sliding, normal motion and rotation. The friction law is that 
of Oden-Martins [2]. It includes both friction and normal compliance of the interface, and has no 
explicit slip-dependence or velocity-dependence of the coefficient of friction. With these

Fig. 1. A block sliding with friction on a moving belt
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Fig. 2. Reduction of the apparent coefficient of friction and stick-slip motion (low sliding velocity).

parameters, under certain circumstances the motion of the slider is dynamically unstable and 
produces stick-slip motion, with the apparent macroscopic kinematic coefficient of friction 
lower than the static value. To illustrate this, a computed time-history of velocity of the center 
of mass is shown in figure 2 - a typical saw-tooth pattern of stick-slip motion is clearly 
visible. Importantly, it is both the coefficient of friction and the dynamic characteristics of the 
slider that determine the occurrence of instability.

This simple example illustrates the importance of the normal degree of freedom and of the 
compliance of the interface in predicting friction-induced instabilities. Our effort in the next year 
of the project will focus on extending these studies to deformable bodies (granite blocks) in 
sliding motion.

3. The numerical simulation capability is being extended to address the problem of 
simulation of unstable frictional sliding of elastic bodies (rock formations). We began 
extensions and modifications of the generic hp-adaptive finite element kernel PHLEX, which 
was our in-kind contribution to this project. In particular, a family of Newmark implicit methods
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Fig. 3. Test of the transient finite element algorithm - free motion of an elastic body.

was implemented for time-dependent simulation of motion of elastic bodies. This includes, as 
an additional option, large deformation kinematics. For the purpose of present effort, the 
hp-adaptive mesh adaptation capability is of secondary importance and will not be disussed 
here. The numerical algorithm has been tested on several classical vibration problems with 
analytical solutions. As a more illustrative example of the performance of this algorithm, we 
present transient analysis of a slender deformable body, which was subjected to a transient 
moment load and "ejected" into space. Figure 3 shows several consecutive positions of the 
body, colored by von Mises stress intensity.

In the forthcoming second year of the project the above algorithm will be extended to dynamic 
frictional contact of elastic bodies (rock blocks) sliding on a flat surface.
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3. Discussion

The majority of our effort in the first year of the project was dedicated to literature survey and to 
preparation of computer software that will be used in our further studies. Only a few examples 
were solved to clearly illustrate the merit of our innovation for simple sliding systems.

In the next year of the project our work will focus on extensive numerical studies of elastic blocks 
sliding on flat surfaces. The major objective will be to definitely prove the importance of the normal 
compliance of the frictional interface (fault surface) for the dynamic instability of sliding and for 
occurrence of stick-slip motion. To accomplish that, we will study both elastic and rigid body 
systems with various size scales. We will also experiment with extension of our contact and 
friction laws to incorporate specific effects characteristic of earthquake simulation.
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Investigations Undertaken

In the event of a damaging earthquake, health care facilities 
within the New Madrid Seismic Zone (NMSZ) will need to respond 
simultaneously to the needs of the victims in the community while 
dealing with major problems within their own facilities. To do 
so will require considerable preparation and participation in 
emergency planning, education, and disaster drills (Haynes et 
al., 1992; Walker & Gatzert-Snyder, 1991). As Saliger and 
Simoneau (1986) point out, there is a clear positive correlation 
between the extent of planning and preparedness training and 
effective response.

An important component of a hospital's response team in any large 
scale disaster is the nursing department, which includes 
registered nurses, licensed practical nurses, and nursing 
assistants practicing in the roles of patient caregivers and 
managers. The nursing staff is present in health care facilities 
24 hours a day. In fact, in small hospitals and other health 
care facilities such as nursing homes, the nursing staff may be 
the only employees on duty during the evening and night shifts. 
Quite often a registered nurse is the designated person 
responsible for the management of the facility. These nurse 
managers and their colleagues must be able to manage the facility 
under normal circumstances and, in the event of natural 
disasters, they must be able to respond quickly and efficiently. 
Key components to their ability to respond are education and 
training.

The purpose of this project is to educate nursing staff members 
within the NMSZ about the principles of earthquake preparedness. 
An educational outreach program has been developed and includes a 
pretest, instruction on principles of earthquakes - the 
earthquake experience - emergency preparedness, and a posttest. 
This outreach program has formed the basis for a study to
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evaluate the effectiveness of two instructional modalities. One 
includes the use of a videotape followed by a slide presentation 
and question and answer period. The first modality is used for 
nursing staff members that can attend a one to two hour oral 
presentation. The second modality involves the use of two self- 
instructional modules that have been demonstrated to be effective 
(VanArsdale & Hammons, 1994) for nursing staff who are not able 
to attend the classes. The same information is included in both 
approaches.

Results

Effectiveness of the teaching modalities is being measured 
through use of a pretest and posttest which are the same for both 
teaching modalities. During the first 6 months of the project 
over 200 nurses and nursing staff members have attended the 
educational classes and 75 have completed the self-instructional 
modules. General interest in earthquake preparedness in health 
care facilities has been impressive. Specialized groups such as 
regional chapters of the American Association of Critical Care 
Nurses and the Association of Operating Room Nurses have 
requested oral presentations at their professional meetings. 
Additionally, presentations have been made at a research 
conference and a state nurses convention. At the completion of 
data collection statistical analysis of effectiveness of the two 
teaching modalities will be completed.

This work will continue for the remaining 6 months of the project 
period. A major goal of the project is to emphasize the need and 
encourage registered nurses to become more involved in earthquake 
mitigation and planning in their health care facilities.
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Investigations

This project obtains, assembles and interprets thermal data in an effort to understand 
the tectonic processes that lead to destructive earthquakes, constrain the factors that control 
the thickness of the seismogenic zone, and contribute insights into the nature and structure 
of major active faults. These objectives are accomplished through a series of studies focused 
on the thermal aspects of tectonics in the western United States.

Heat Flow and the San Andreas Fault System -

As part of a continuing effort to understand processes controlling earthquakes along 
the San Andreas fault (SAP), new thermal data were acquired from two holes on the San 
Francisco Peninsula west of the SAP, a deep (4.5 km) oil well in the Elk Hills field east of 
the Carrizo Plain segment of the SAP, and twelve idle oil wells in the Eastern Ventura 
Basin near the Northridge Earthquake rupture. In addition new heat-flow values were 
determined for four holes in the northern Gabilan Range west of the SAF and four holes 
in the East Bay hills near the Hayward Fault. One of the two holes on the San Francisco 
Peninsula was continuously cored to a depth of 200 meters, and collaborative investigations 
are focusing on relations among fluid movement and stress perturbations near an active 
fault. A paper revisiting heat flow in the Cajon Pass scientific drillhole is in press for JGR.

Heat Flow and the Tectonics of the Great Basin -

Active faulting and recent magmatism in the Basin and Range lead to a convergence 
of interests for the Earthquake Hazards Reduction Program and the Volcano Hazards and 
Geothermal Research Program. Project activities in this region included acquiring 
temperature and thermal conductivity data from a geothermal test well near the southern 
edge of the Colorado Plateau, investigating conductive and advective heat transfer in the 2.3 
kilometer-deep Long Valley Exploratory well, and determining conductive heat flow in 
geothermal exploration wells near Ft. Irwin, 29 Palms and China Lake, California. Existing
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data from oil wells in Railroad Valley, Nevada are being integrated with a regional study 
of the thermo-tectonics of the northern Basin and Range. A cooperative research effort 
among the USGS (both the Water Resources and Geologic Divisions), the Department of 
Energy, Stanford University, and Industrial partners is being planned to study fracture- 
controlled permeability anisotropy in Dixie Valley, the site of an M > 7 earthquake in 1954. 
Two papers summarizing the thermal regime of the southern Basin and Range were 
published in JGR.

Thermal Processes in the Deep Crust and in Active Hydrothermal Systems -

The project continued its involvement in continental scientific drilling programs and 
in laboratory measurements of the thermal properties of rocks at elevated temperature. 
Heat and mass transfer at seismogenic depths (approximately 5 to 15 km for the San 
Andreas fault system) takes place at temperatures (200 to 400 °C) found at the base of 
shallow geothermal systems (typically 3 to 5 km) and often encountered in deep scientific 
drillholes. Investigating these processes both in situ and in the laboratory supports valuable 
contributions to the Earthquake Hazards Reduction Program, the Deep Continental Studies 
Program, and the Volcano Hazards and Geothermal Energy Program. Project activities in 
the past year included research on the high temperature thermal conductivity of Franciscan 
graywacke from The Geysers geothermal field and core samples from the 9 kilometer-deep 
German KTB hole, an investigation of techniques for determining in situ thermal 
conductivity in deep drillholes, and an evaluation of a Russian technique for rapid, high 
resolution laser-scanning for thermal conductivity.

Yucca Mountain Project -

In a related effort, the project conducts thermal research in support of the Yucca 
Mountain Project. A paper on the regional thermal setting of the Yucca Mountain area is 
in press as a chapter in a USGS Professional Paper on the geophysics of Yucca Mountain. 
Ongoing temperature logging in the deep well USW G-2 is focused on the evaluating 
aspects of the complex hydraulic gradients north of the proposed repository. Equipment is 
being prepared for the temperature logging of horizontal holes drilled across fault zones 
within Yucca Mountain. These logs will provide information on the magnitude and 
direction of fluid movement along active fault planes.
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Results

Heat Flow and the San Andreas Fault System -

Thermal Studies in the Vicinity of the Northridge Earthquake:

The USGS Geothermal Studies Project is acquiring new subsurface heat-flow data 
from oil fields in the eastern Ventura and northern Los Angeles basins to investigate the 
thermal state of the crust in the vicinity of the Northridge earthquake. The primary 
objectives of this study are to (1) define crustal temperature and rheology at the nucleation 
depth of the Northridge rupture, (2) provide thermal constraints on regional tectonic models 
used to estimate future seismic events, and (3) search for evidence of seismically-triggered 
subsurface fluid movement. Preliminary estimates of heat flow from these oil fields show 
an increase in heat flow from 43 mW/m2 west of the Northridge rupture to 60 mW/m2 
within the rupture zone delineated by aftershocks. The western termination of Northridge 
seismicity is approximately coincident with the decreasing heat flow and deepening isotherms 
(Figure 1). These results suggest that the nucleation depth of the Northridge earthquake 
is coincident with the 400 °C isotherm and that a throughgoing rupture of the western 
segment of the Oak Ridge fault system could nucleate at depths as great as 25 km.

Heat Flow Measurements in the Vicinity of the Hayward Fault, California:

In 1991 and 1992, temperature and thermal conductivity data were acquired from five 
borehole strainmeter exploratory pilot holes and one borehole strainmeter installation hole 
drilled near the southern segment of the Hayward fault. Although thermal disturbances due 
to locally rugged topography and shallow groundwater flow are substantial, reliable 
conductive heat flow measurements have been obtained from four of the six holes. The 
average heat flow is approximately 85 mW/m2, a value similar to an 84 mW/m2 value 
measured in the Berkeley Hills to the north and an average of 89.2 mW/m2 from six sites 
on the southern San Francisco Peninsula. This places the Hayward fault well within the 
region of elevated heat flow that characterizes most of the California Coast Ranges.

Heat Flow at Cajon Pass, California, Revisited:

In recent studies of a 3.5 km borehole near Cajon Pass we showed that the observed 
high heat flow and its sharp decrease with depth are predictable effects of independently 
determined erosion history, topography, and radioactivity, leaving little room for the large 
contribution from frictional heat required by conventional faulting models for the nearby 
San Andreas fault. We have since discovered an error in our analysis that lowers the 
predicted surface heat flow from the upper end (~ 100 mW/m2) to the lower end (-90 
mW/m2) of the range of measurement uncertainty at this site. Better agreement between 
the prediction and observations at depth confine the permissible extra heat flow to the 
upper part of the hole, making it difficult to attribute it to a deep frictional source. In any
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case, such a frictional source would be too small to attribute to conventional high-strength 
faulting models, and the basic conclusion of the original study is unchanged.

Heat Flow and the Tectonics of the Great Basin -

Temperatures, Thermal Conductivities and Heat Flow in the Long Valley Exploratory Well:

A total of 41 high-resolution temperature profiles have been obtained during hiatuses 
in drilling in the Long Valley (California) Exploratory Well (LVEW). Despite evidence 
indicating near-magmatic temperatures within 7 or 8 km of the surface of the resurgent 
dome, no evidence for such temperatures has been found to date from temperature profiles 
in LVEW or other wells drilled on the resurgent dome (the bottom-hole temperature is 
103°C at 2310 m). Temperature profiles indicate significant hydrologic disturbances to the 
thermal regime, both above 300 m and below depths of 1500 m. Vertical conductive heat 
flow ranges from 120 mW m"2 in the Bishop Tuff between depths of 600 and 900 m, through 
100 mW m"2 between 900 and 1500 m, to 0 in an effectively isothermal open-hole section 
of corehole in the depth range 2100 to 2300 m. Hydrologic testing in this section indicates 
that permeabilities may be sufficiently high for hydrologic recharge to depress the measured 
temperatures. The near-surface conductive heat flow of ~ 100 mW m"2, while high in a 
regional sense, is small compared to the estimated combined conductive/convective flux of 
about 600 mW m"2 for the caldera as a whole and is inconsistent with other indications of 
high temperatures at shallow depths. Extrapolation of temperature profiles from Phases I 
and II predicts temperatures in the range 200 to 250°C at a depth of 4.3 km. Other physical 
observations suggest temperatures approaching 400°C at that depth. This apparent paradox 
will be resolved by measurements to 4.3 km, the projected depth of the Phase III corehole.

Thermal Regime of the Great Basin and Its Implications for Hydrocarbon Occurrence:

The Great Basin is a province of high average heat flow (92 ±9 mW m"2), but it 
contains sub-provinces of both higher and lower heat flow. Higher heat flow 
(> 100 mW m-2) is characteristic of the north-central Great Basin (the Battle Mountain 
High, BMH) and several smaller areas along its margins. There is also a large area of lower 
heat flow (< 60 mW m"2, the Eureka Low, EL) in the south-central portion of the province. 
There is hydrologic and thermal evidence that the EL is a shallow (~3 km) hydrologically 
controlled heat sink associated with interbasin water flow. On the other hand, seismic and 
magnetic studies suggest that the heat sink in the EL extends to at least mid-crustal depths. 
Temperatures in the deeper parts of many basins in the BMH are higher than considered 
favorable for generation or stability of oil. Paradoxically, temperature-gradients as high as 
100°C km"1 and an underlying hydrothermal system are found within the EL in Railroad 
Valley, the site of the most productive oil-fields in the Great Basin. The heat source driving 
this hydrothermal system is a combination of local upward flow from the Paleozoic 
carbonate aquifer and possible thermal input from nearby igneous activity. If the presence 
of hydrothermal systems are required for the formation of significant hydrocarbon reservoirs
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in the EL, then such reservoirs will occur only where regional groundwater flow in the 
carbonate aquifer is not removing heat from the basins.

Thermal Processes in the Deep Crust and in Active Hydrothermal Systems -

Determination of Thermal Conductivity for Deep Boreholes:

Thermal conductivity determinations on rock cores and fragments and estimates of 
thermal conductivity using the mineral composition of the rock and physical well logs have 
been reviewed and tested on a suite of samples from the KTB superdeep drillhole and 
compared with in-situ thermal conductivity measurements. Laboratory methods provide 
precise determinations of the thermal conductivities of both solid core (±5%) and drill 
cuttings (±10%) at room temperature and pressure. For isotropic rocks, there is little to 
choose from between the steady-state 'divided-bar' (DB) and the transient 'halfspace' line- 
source (LS) techniques, both of which provide reliable values of vertical conductivity. The 
LS is the preferred method for field reconnaissance, and the DB is the preferred method 
to obtain both principal thermal conductivities. For deep research wells, the difficulties of 
extrapolating laboratory results to in-situ conditions present additional obstacles to 
determining heat flow. Laboratory measurements of water-saturated samples under in-situ 
conditions, combined with in-situ measurements and judicious use of calculations based on 
mineralogy and well-log derived physical properties can all aid in the accurate determination 
of thermal conductivity. In situ determinations are rare because they involve long and costly 
periods of drill-rig standby and the radial symmetry of cylindrical probe methods results in 
the measurement of only the horizontal component of conductivity. These difficulties 
notwithstanding, in-situ determinations of thermal conductivity remain a desirable and 
potentially valuable adjunct.

The Role of Temperature-Dependent Thermal Conductivity in Heat Transfer at The 
Geysers Geothermal Field, California:

The Geysers geothermal field, located in the northern Calfornia Coast Ranges, 
produces more than 1500 MW of steam-generated electricity. Almost all of the steam 
production is from a nearly-isothermal (-240 °C) vapor-dominated reservoir underlying a 
low permeability, liquid-saturated caprock. We have acquired thermal data from 3 deep 
production wells at The Geysers for the first continuous heat-flow profiles through the entire 
thickness of the caprock. We have also measured caprock and reservoir thermal 
conductivities under simulated in situ conditions in a newly constructed apparatus for the 
measurement of saturated rock thermal properties under elevated temperatures and 
pressures. The high temperatures encountered in The Geysers have a significant impact on 
the in situ thermal conductivity. An observed reduction in conductivity with temperature, 
when combined with measured temperature gradients, reveals a 20 to 40% decrease in heat 
flow with depth. The available data suggest that the variation in heat flow with depth is a 
transient effect of temperature changes within the system over the past 5000 to 10,000 years
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and may provide a thermal record of recent intrusive or tectonic activity beneath the 
reservoir.

Characteristic Temperatures and Response Times of Geothermal Systems, with an Example 
from Kilauea, Hawaii:

Hydrothermal cooling models predict that heat is removed quickly in comparison to 
the longevity of much silicic volcanic activity, which may persist for 10 Ma or more in many 
instances. It is probably more realistic, therefore, to examine systems that are continuously 
resupplied with heat. Such systems attain a steady-state temperature; the time required to 
reach that temperature is proportional to the inverse of the square-root of a "heat-flux" 
Rayleigh number. The temperature itself exhibits that same proportionally. In the 
geothermal field of the lower east rift zone on Kilauea volcano, Hawaii, we find that 
intermittent dikes that invade the shallow (2-4 km) rift zone to feed eruptions are probably 
inadequate to maintain the geothermal reservoir. Rather, we postulate that heat supplied 
by magma intruded at greater depths maintains temperatures in excess of about 300°C at 
depths reached by drilling. This deeper hot-rock-and-magma system can maintain itself with 
a magma accumulation rate that is small in comparison to the eruption rate of Kilauea. 
Absence of high ground-surface heat flow is explained by the vigorous groundwater flow 
across the top of the reservoir.

Yucca Mountain Project -

Regional Thermal Setting of Yucca Mountain:

Over most of the southwestern United States, heat flow is high, between 60 and 
100 mW m"2. There are significant areas of both higher and lower heat flow, however, and 
these heat sources and sinks generally can be explained in terms of the tectonic history of 
the area under consideration. Yucca Mountain is located near the southern boundary of 
the "Eureka Low," a region of low heat flow (< 60 mW m"2) in eastern-central Nevada. 
From both deep temperature profiles and hydrologic studies, the primary cause of the low 
heat flow is thought to be interbasin water flow with a downward component of a few 
millimeters per year. For this reason, measurements of heat flow near Yucca Mountain do 
not provide unambiguous indications of tectonic processes. Within the area of the proposed 
repository, the thermal regime appears to be dominated by water flow in the Paleozoic 
carbonate rocks underlying the Tertiary section. For this reason, the interpretation of 
existing shallow thermal data is more relevant to hydrologic characterization than to 
identifying tectonic hazards. Proposed deep holes at Yucca Mountain and at Crater Flat 
might well provide thermal data that bear on both tectonic and hydrologic investigations.
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Is There Perched Water Under Yucca Mountain in Borehole USW G-2?

Borehole USW G-2 (Figure 2) was drilled to 1.8 km through Tertiary volcanic rocks 
in order to characterize the lithology and stratigraphy of a potential site for a radioactive 
waste repository. The borehole is one of two on the upgradient side of a feature referred 
to as the "large hydraulic gradient" - an area where the apparent horizontal hydraulic 
gradient is at least 0.15. Because USW G-2 penetrated more than 1.3 km of saturated rock, 
the measured water level was thought to reflect the water level of the saturated zone. Since 
initial measurements in 1981, water levels in USW G-2 have declined almost 12 meters. 
This decline may be the result of drainage from a perched or semi-perched water body in 
or above the Calico Hills Formation. Temperature logs from USW G-2 and other holes in 
the area reveal a complex thermal regime influenced by vertical fluid movement. 
Downward flow could explain an isothermal section observed in temperature logs obtained 
over a 150-meter interval in the Calico Hills Fm. Heat flow above the interval (mostly in 
the unsaturated zone) was low (44 mW/m2). Heat flow below it was significantly higher (71 
mW/m2). A temperature log of USW G-2 obtained in 1992 indicates a marked decrease 
in the presumed vertical water flow and an overall cooling of the borehole over the same 
150-meter interval. Spinner and tracejector surveys completed during fluid injection into 
USW G-2 showed transmissive zones within the Calico Hills Fm and the Crater Flat Tuff. 
One transmissive zone identified from these surveys is nearly coincident with the bottom of 
the 150-meter interval. If the water level measured in USW G-2 reflects a perched or semi- 
perched system, the significance of the "large hydraulic gradient" diminishes considerably.
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Figure 1 - East-West cross section through Northridge aftershocks showing locations of heat 
flow data (solid squares) and estimated depths to selected isotherms (dashed lines).

Figure 2 - Map of the Yucca Mountain area showing heat-flow and water-level contours. 
(Light shading - outcrops of Yucca Mountain Tuffs. Dark shading - area of proposed 
repository.)
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This grant ending with this submission provides support for research on crustal deformation, 
including collaborative studies with USGS-sponsored investigators doing research at or near Pinon Flat 
Observatory (PFO), though our studies have extended well beyond this location.

Fault-scale Continuous GPS

Most studies of GPS errors have concentrated on distances of tens to thousands of kilometers. 
But for studies of fault behavior, especially in transcurrent environments, this scale is much too large: 
deformations over lengths of 1 to 50 km are what describe the pattern of strain accumulation around a 
fault. This realization is part of what is driving the current push to density GPS stations to these 
scales. It then becomes important to understand the error spectrum, and error sources, of GPS over 
tens of km and less. At a scale of 10 km, a continuous GPS system begins to look a lot like a long- 
base strainmeter: indeed, the ratio of this length to the strainmeter length is only a factor of 14. (For 
comparison, the ratio of scale between borehole strain and longbase strain is 3000-^1000). We thus 
have considerable experience in the errors and problems associated with measurements on this scale. 
Knowing these errors is important in planning how best to combine, not just GPS measurements and 
other data, but also different modes of observation with GPS. For example, a lower-cost alternative to 
continuous GPS would be occasional, unattended occupation of the same locations. This could not of 
course detect fluctuations, but could still determine, in a longer time, the secular strain rate. To decide 
how much longer, and thus how cost-effective this mode would be, we need to know the errors in the 
data. Any short-term correlation would imply that measurements could be spaced a few days apart 
with little loss; any long-term correlation (redness of the spectrum) would imply that having many 
measurements would not in fact gain as much as might be thought compared to fewer over a longer 
time (see below); and any non-normality (especially large outliers) would argue for more frequent 
observations, to make the results more robust.

In order to have data with which to address this question, we have been running continuous GPS 
over a 14-km baseline since the summer of 1991, with the support of the predecessors of this grant. 1

1 This experiment has been possible because of the assistance of Dr. David Jackson (UCLA) in pro 
viding equipment, and of Dr. Yehuda Bock (IGPP) in providing advice, data storage, and data processing.
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This effort is similar to one being carried out by the USGS Crustal Strain Group in Menlo Park, under 
the direction of Dr. Nancy King. This GPS line extends west from PFO to a site at Pine Meadow 
(ROCH); while this intentionally does not cross the San Jacinto fault, it is within the region of strain 
accumulation.2 At both ends of the line we have installed Trimble 4000 SST receivers, each connected 
to a PC so as to operate as a continuous trackers; a modem is used to download the data over a dialup 
phone line. At ROCH the antenna is mounted on a post set into a massive granite outcrop; at PFO 
(site PIN2), the antenna is mounted on one of our deeply-anchored monuments. At PFO there is also 
data available from P-code receivers operated at the main PGGA mark, PIN1. We first planned to 
measure the PIN2-ROCH baseline for a year and a half; because of the occurrence of the Landers 
earthquake, we have extended this to the present, and plan to continue it at least to the end of 1994, in 
order to look for possible response to the stress change imposed on the San Jacinto fault, and any other 
reactions to the Landers sequence.

Figure 1 shows the data so far processed (the data available are essentially continuous). Unfor 
tunately, the processing was the project of a graduate student who eventually left; additional process 
ing, though planned, will take still longer due to the fact that funding of this project has been ended. 
Figure 1 does contain enough data from before and after the Landers earthquake to confirm the results 
of dislocation modeling (shown, along with the values already mentioned for the interseismic motions, 
as the "Theoretical" lines). A more tantalizing result is the apparent change in rate between the 
period before the Landers earthquake and that after it; though since the rate before was much higher 
than expected, and that after (though closer to the model) is based on few points, we are suspicious of 
the reality of this signal. When the whole data set is processed this question should be cleared up.

One result from our processing of the data is that over the very short (50 m) line from PIN1 to 
PIN2 the error is less than 0.5 mm for L1/L2, and about 3 times this for LC: presumably the noise 
floor for this class of receivers. Over 14 km the 1991 data show a scatter in both the horizontal and 
vertical components that is about four times as large. We attribute this increased scatter to the effect 
of different tropospheric delays at PIN2 and ROCH. This scatter is not much greater than what was 
then seen on the 100+ km lines of the PGGA, implying that the troposphere is just as uncorrelated 
over a 14-km distance as it is over longer lines.3 The fluctuations also appear to be correlated, perhaps 
over times longer than a week, though more data will be needed to be sure of this.

Monument Stability in Practice

One of our long-running concerns has been the stability of geodetic monuments: a major factor in 
the quality of data from strainmeters and tiltmeters, and with the move toward closely-spaced GPS, 
probably a major influence on this dataset as well. At the moment the best data for this purpose comes 
from the 2-color EDM instrument at Parkfield, which collects daily data with better precision than 
expected from GPS. In cooperation with Dr. John Langbein of the USGS, we have been looking at 
these data and more importantly, constructing stable monuments to see if we can improve the results. 
The standard marks at Parkfield are conventional piers, sunk ~2 m deep into the soil and isolated from 
the top 0.75 m of the ground; this is the conventional approach to building survey monuments, and is 
clearly insufficient, as many of these marks show seasonal movements of up to 1 cm. We have con 
structed several marks in which the position of the mark relative to points at depth is continuously 
monitored using optical interferometers. This works well, but even the low-maintenance versions of

2 Assuming 1 cm/yr motion at depth on the San Jacinto fault, with no motion above 5-10 km. we ex 
pect ROCH to be moving 1.3 nun/yr westerly away from PFO, and 0.9 mm/yr to the north.

3 Perhaps due to the increased number of satellites, more recent PGGA data shows decreased scatter.
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these (using optical fibers) are not engineered to the level where they are suitable for general use  
though a modest amount of development funds would go a long way toward rectifying this.

The compromise approach we have followed, where the highest stability (< 1 mm/yr) is not 
needed, is to construct deeply-anchored monuments in which the anchoring is provided by a trusswork 
of pipes cemented to depth in drilled holes. Table 1 gives a list of those deep monuments we have 
built so far. While the initial impetus was to provide high-quality monuments for the stations of the 
PGGA, we have also built marks at PFO and at Parkfield to be used in the two-color net there.

Table 1: Deeply Anchored Marks

Name

PIN1
PIN2
VAND
PIN3c
GREENc
PF5c
SIO3
MNPK
MIDA
POMM

Built

1989
1989
1991
1992
1992
1992
1993
1993
1993
1993

Type

A
B
A
C
C
C
A
B
B
B

Location

PFO
PFO
Pt. Conception
PFO
Pinyon Flat
Pinyon Flat
La Jolla
Monument Pk.
Parkfield
Parkfield

Purpose

PGGA
GPS
PGGA
2-color
2-color
2-color
PGGA
PGGA
2-color
2-color

Comments

First deep-anchored mark
Auxiliary mark for permanent GPS at PFO

First ground-level mark

Replacement for mark destroyed by new building.

Types: A-removable tripod; B-fixed tripod, mark elevated; C-mark at ground level.

We feel that the construction of these marks has educated us about this technique, to the point that we 
can generate clear specifications for future constructions of this type, with good assurance that the 
marks built will be long-lived. It has also, we think, been a stimulus to the rest of the community. As 
evidence of this we can point to the angled-rod installation developed by Dr. Ken Hudnut for use at 
the PGGA site in Blythe; this, by using driven rods rather than drilled ones, offers a less costly method 
of installation that should work about as well in deep alluvium.

One of the difficulties of this research has been the problem of how to test the results: this 
requires a known stable point and highly accurate surveys between it and the other marks. We have 
built some marks at PFO for testing stability; we also constructed, in the summer of 1993, two monu 
ments at Parkfield, both to help in the strain-monitoring work there and to serve as a test of our tech 
niques. The marks selected, POMO and MIDE, are both known to be unstable (-10 mm level) and 
are also particularly important, since they are both on Middle Mountain, directly above the anticipated 
initiation zone.

The data from the new marks (MIDA and POMM), collected by Dr. Langbein, shows much 
higher stability than that from the old marks, even though there was little rainfall (the main driver of 
mark motion) in 1993-94. The line-lengths to MIDA and POMM do show fluctuations of a few mm, 
but since these are correlated we suspect them to arise from instability of the central instrument, a 
suspicion recently confirmed by data from other marks near the same azimuth.

Analysis of Crustal Deformation: Monument Stability in Theory

In a recent study of the effect of geodetic network design on determining fault parameters, John 
son and Wyatt (1994) found that, of all the changes one could make, the least effective was to increase 
the frequency of surveys. This result seemed counter to the expectation that more frequent surveys 
would give about N* improvement. Some simple (but realistic) numerical experiments show how this 
result comes about. As a model of errors, we assume that the position of a point at time r, is given by
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(in one direction)

(1)

where a is an independently-distributed Gaussian random variable, with standard deviation of 1 mm, 
representing the measurement error for a day of data (we can vary a to scale this); and P is a random- 
walk process, representing monument wander. The scaling of P is such that, for b equal to 1, the 
wander is 1 mm per yrw. For this error model the random-walk monument motion introduces a long- 
term correlation.

We now fit a model p(t) = PQ + rt to these synthetic data,; r is of course the rate we seek. Since 
we know the error model, we can compute the standard error of r, ar , taking the full covariance struc 
ture into account. When we do this, we can find ar (in mm/yr), for different observation schedules, 
depending on T (the total span of observations) and A (the sample interval). The solid lines in Figure 
2 show the results as a function of A for different values of b/a, given a total survey time T of 5 
years. The box to the right, with symbols corresponding to values of b/a, shows the results for T = 
20 years, A = 1 year (the annual-survey mode referred to above).

What is clear is that when the monument motion dominates (b>a) the benefits of frequent sam 
pling are slight; only for b one-tenth of a is there a significant improvement for weekly as opposed to 
monthly data, and b must be less than a for there to be any advantage in making surveys more than 
annually. The reason is that the covariance structure of the errors means that the correlation between 
closely-spaced data is high, so that more frequent sampling does not produce as many additional 
"independent" data as might be thought. Only if the correlated errors are small relative to the 
independent ones do we see the N 1̂ improvement expected. On the other hand, since monument 
motion grows only slowly with time, it is much less deleterious when considering its effect on the total 
survey time: the gain from making 20 years of annual measurements, as opposed to 5 years, is about 
the same whether b/a is 3 or 0.3.

An important point from these simulations is that if this error structure exists, and we ignore the 
correlated part, we will be led, especially for frequent data, to grossly underestimate the true error in 
our rate estimate. Any correlation between data will cause such a bias in the error estimates. This 
bias can be accounted for when error estimates are determined if we assume we know the error struc 
ture (as we have done in Figure 2), but we must know this in order to make realistic error estimates.

Another reason that has been given for wanting frequent measurements is to protect against the 
occasional bad data point. As a first check on this, we added to the error model (1) a 10% chance of 
an (independent) error with standard deviation 5 mm. We then found ar directly from 10000 realiza 
tions of the error process, for the same observation schedules as before. These results are plotted as 
the dashed lines (and symbols marked "5a") in Figure 2. For the case when b is small (negligible 
monument instability), annual surveys are more affected than weekly ones by the presence of bad data 
(a factor of 2 in ar for annual, as against 1.5 for weekly); on the other hand, even in this case, 
monthly surveys would be almost as good. Clearly this needs more thorough examination, including 
more realistic error models and some consideration of the use of more robust techniques for estimating 
the rate especially when considering the effect of bad data points.
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Investigations Undertaken

A large but conflicting literature exists which suggests that the scattering properties of 
the Earth in seismogenic areas may be temporally variable and could be correlated with the 
nucleation times of moderate to large earthquakes. To search for temporal variations in coda 
Q in the vicinity of an expected moderate earthquake nucleation region along the San 
Andreas fault zone, pairs and clusters of earthquakes recorded by the digital Anza Seismic 
Network between 1982 and 1992 and by the Parkfield downhole High resolution seismic net 
work between 1987 and 1994 are examined. To minimize differences arising from path and 
source variability, only the most similar examples of microearthquake wavefields are inter- 
compared. Such similar event catalogues are comprehensively identified using 3-component 
networks crosscorrelation coefficient via a method outlined in Aster and Scott (1992).

To assess source and coda Q differences between similar microearthquake signals, we 
estimate moving-window log amplitude spectral ratios and search for any systematic temporal 
changes. For similar microearthquake signals propagating through an Earth with temporally 
varying scattering and/or attenuation properties, an increase/decrease in coda attenuation, Q~ , 
would be indicated by a progressive increase/decrease, respectively, in the coda spectral ratio 
between the first and second events with advancing time and frequency. In contrast, source 
differences preferentially map into a spectral ratio term which is constant with respect to 
advancing time. For a single-scattering coda model with an envelope decay function of the 
form

= (2C~2 ~ Gd1 (2)
the relationship between the log amplitude spectral ratio and

C~2 

is linear, i.e.,

(3)

where W(f) is a time-independent relative source term. To obtain robust uncertainty esti 
mates, we utilize multitaper spectral techniques (Thomson, 1982; Park et al., 1987) coupled 
with a non-Gaussian Monte Carlo error estimation procedure. This algorithm was applied to 
comprehensive sets of similar earthquakes observed in both regions.

Results

For the most similar events available from the Anza region (Figure 1; coda crosscprrela- 
tion values of approximately 0.7 for approximately 16 s of coda), we find that it is possible to 
constrain differences in coda Q as a function of time with this technique at a typical la reso 
lution of only approximately (-25% , +50%) in the best-constrained frequency bands. 
Analysis of short time base event pairs suggests that essentially all of this variability can be 
attributed to random fluctuations in the coda driven by source variability and does not reflect 
any systematic temporal variability in coda Q . This indicates that the moving-window spec 
tral ratio analysis technique requires significantly more similar earthquakes than are produced

239



II

by seismogenic processes in the Anza region in order to produce estimates of relative coda Q 
which are more precise than approximately ±10%.

Such earthquakes have, however, been observed to occur in other regions of the San 
Andreas Fault system. Remarkable similar microearthquake clustering coupled with a high 
degree of likelihood for a moderate to large earthquake in the near future make the Parkfield, 
California, segment of the San Andreas fault system a prime location at which to search for 
temporal variations in coda Q associated with lithospheric changes which may occur during 
the earthquake cycle. We comprehensively examine 21 of the more than 250 clusters 
observed to date which exhibit nearly identical waveforms across the network (Figure 2; coda 
crosscorrelation values of approximately 0.98 for approximately 12 s of coda; Nadeau et al., 
1994a,b). The restriction of the data set to only the most highly similar sources is found to be 
critical, as small differences in source processes, even for event pairs with centroid locations 
within approximately 20 m, are shown to significantly increase the spurious noise level in the 
parameter estimates. Absolute 68% confidence bounds obtained on the repeatability of coda 
Q for all microearthquake pairs are conservatively estimated to be approximately ±10% for 
frequencies below 20 Hz. Tighter constraints than those found for individual pairs of 
microearthquakes are obtainable by reconstructing the temporal history of coda Q from all 
7V-(7V-1) first difference measurements within N -event multiplets. These functional recon 
structions unambiguously indicate that the mean value of coda Q has not varied by more than 
approximately ±5% from 3-30 Hz, at the la level (Figure 3). The estimated variability in 
coda Q during the study period thus shows no sign of systematic change during this period. 
This is in sharp contrast to other observables, such as an increased level of microseismicity, 
which suggest that a preparatory stage for the next Parkfield earthquake has begun.
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Figure 3. Coda Q as a function of time obtained from combining functional reconstructions from 
all observed clusters (e.g., Figure 2) at all stations in the Parkfield High Resolution Seismic Network. 
The regional coda Q estimates of Hellweg et al. (1994) were used as reference levels to convert 
AQ (equation 2) to coda Q. The mean value of coda Q, fixed to the reference value, is shown as a 
dashed line. Solid curved indicate 68% and 95% confidence bounds for deviations from the reference 
value. Note that there is no indication of a regional change in code Q during the 7-year observation 
period.
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Figure 1. Similar event pair three-component seismograms (time separation of approximately 
624 days) from the Toro Peak swarm zone 01 the Anza region recorded at Anza network station P^O. 
The three-component crosscorrelation of the entire seismogram coda is approximately 0.75.

244



II

Figure 2. Similar event cluster vertical-component seismograms from a typical similar event mul- 
tiplet spanning approximately 5 years from the Parkfield region recorded at three of the Parkfield High 
Resolution Seismic Network borehole stations. The three-component crosscorrelation of the entire 
seismogram coda is approximately 0.97 between any two pairs in such multiplets
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INVESTIGATIONS UNDERTAKEN

In summer of 1994 I spent a month at Willapa Bay investigating the history of sudden 
land-level changes in an area of net Cenozoic uplift. This area is an antiform defined by 
outcrops of the Eocene Crescent Formation, which is the basement rock of the 
Washington and Oregon coast ranges, and by dips of overlying Tertiary units. 
Continued uplift in the Quaternary is shown by Pleistocene estuarine deposits as much 
as 180 m above sea level. I studied Holocene estuarine deposits on the antiform to 
determine whether or not they, like other such coastal deposits along much of the 
Cascadia subduction zone, record coseismic subsidence attributable to flexure of the 
North America plate during great (magnitude 8 or larger) plate-boundary earthquakes. I 
chose the antiform to test the alternative hypothesis that lesser earthquakes on crustal 
structures have limited the coseismic subsidence to synclines in the North America 
plate. The field work chiefly surveys of evidence for land-level change exposed at low 
tide in banks of tidal streams was done with many collaborators, including David 
Lewis, John Shulene, Jaime Hill, and Eileen and Mark Hemphill-Haley.

The summer work also included several weeks of study of earthquake-induced 
liquefaction along the lower Columbia River. The goal of this study was to measure the 
properties of sand that probably liquefied about 300 years ago, during the most recent 
major plate-boundary earthquake in the area. The study entailed measurements of 
penetration resistance and subsequent coring beside the penetrometer holes. The 
penetrometer came from the Oregon Department of Transportation, courtesy of Mei 
Mei Wang of the Oregon Department of Geology and Mineral Industries. The coring 
was done mainly with a vibracore operated by a Portland State University team headed 
by Curt Peterson. Others active in the work included Stephen Palmer of the 
Washington Division of Geology and Earth Resources.

RESULTS

The field studies on the antiform showed little if any difference in Holocene 
stratigraphy between two large outcrops near the axis of the antiform and two large 
outcrops along the western flank of the antiform. The similarities include details of 
stratigraphic sequence that suggest one-for-one correlation between subsidence events
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near the axis and subsidence events on the flank. These similarities imply that great 
plate-boundary earthquakes, not lesser upper-plate earthquakes, account for most or all 
of the geologic evidence for earthquakes at northern Willapa Bay during the past 3500 
years. This finding reduces an uncertainty about the size and frequency of great 
earthquakes at the Cascadia subduction zone.

Field studies on the antiform also led to an unexpected finding about interseismic uplift. 
According to simple models of cyclic earthquake-related deformation, interseismic uplift 
should complement the coseismic subsidence from whole-plate flexure at the Cascadia 
subduction zone. However, an archaeological site on the antiform at Willapa Bay may 
have undergone little or no uplift during the final decades or centuries before the site 
subsided coseismically about A.D. 1700. The archaeological site is marked by camp debris 
exposed in vertical outcrop at the edge of a modern salt marsh, and by remains of two 
fish weirs on an adjoining mudflat Coseismic subsidence of the site about A.D. 1700 
probably accounts for the burial of a soil above the camp debris. But 5-20 cm of mud 
accumulated on the camp debris before the subsidence, and the paleoecology of this mud 
implies negligible preseismic emergence. The implication is that rapid interseismic 
emergence, such as the 1-2 mm/yr estimated from tide gages along the Pacific coast of 
Vancouver Island and northern Washington, need not occur at Willapa Bay 
throughout the final centuries before a great earthquake on the southern Washington 
part of the Cascadia subduction zone.

The work along the Columbia River led to two sobering findings about methods for the 
estimating the intensity of shaking responsible for paleoliquefaction features: (1) The 
sand with the lowest present-day resistance to penetration is sand that both liquefied 
and flowed in the past. Such reconstituted sand can be identified in core by a 
combination of lack of bedding, presence of mud clasts, and continuity with intrusions 
into mud. Its penetration resistance is unsuitable for setting upper bounds on the 
strength of prehistoric shaking. (2) Sand that has not flowed that is, sand that retains its 
primary bedding may have escaped liquefaction, or it may have liquefied but failed to 
flow. This ambiguity adds to the difficulty of identifying sand whose penetration 
resistance can yield estimates of the strength of prehistoric shaking.
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Surficial geological mapping in the Bootheel Lineament area of the New Madrid 
Seismic Zone is in progress. The mapping area includes the USGS 7.5-minute 
quadrangles of Bragg City, Wardell, Stanley, Deering, and Hayti Heights. At this 
writing, the project data collection is in progress, with an anticipated project completion 
date of February 28, 1995.

Field data acquisition and photogeologic analysis has been completed. Cores and 
auger borings from approximately 75 locations have been described in the project area. 
The cores are generally aligned along transects to produce cross sections of relevant 
landform, soils, and lithofacies associations.

Data reduction and synthesis will be completed in the next phase of the project. 
The final report of February 1995 will include a set of 7.5-minute geologic quadrangle 
maps depicting the distribution of Holocene and Pleistocene sediments. Accompanying 
cross sections will illustrate the relation of surface landscape features to underlying 
surficial sediments. The report will discuss lithologic and pedologic properties of map 
units, and relate the distribution of surficial materials to relevant neotectonic data 
existing for the area.
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INVESTIGATIONS

Since 1988, a consortium of universities and government agencies has been using the Global Posi 
tioning System (GPS) to monitor crustal deformation in the vicinity of the Salton Trough, southern 
California and northern Mexico. As of 1993, the observation network includes over one hundred 
stations, extending from the Big Bend segment of the San Andreas fault to the Gulf of California 
(Figure 1). We use these geodetic observations in conjunction with other geophysical and geo 
logical information to investigate active tectonic processes along the southernmost segment of the 
San Andreas fault system. Our primary efforts during the present contract period have been in 
the analysis and interpretation of 1988 to 1993 GPS measurements in the Imperial and Coachella 
Valleys with emphasis on

1. Isolation of earthquake-associated (episodic) and interseismic (secular) deformation.

2. The distribution of strain accumulation along and across the fault systems comprising the 
Pacific-North American plate boundary in southern California and northern Mexico.

3. Understanding the active tectonics of the complex transition from ocean spreading in the 
Gulf of California to continental transform faulting along the San Andreas fault system.

RESULTS

Crustal deformation derived from the 1988-1993 observations have been used to investigate coseis- 
mic deformation for the 1992 Joshua Tree earthquake [Bennett et al., 1995], far field deformation 
associated with the Landers earthquake [Bennett et al., 1994], and contemporary interseismic de 
formation [Bennett et al., 1994; Sung et al., 1994).

While the Landers earthquake sequence adds significant uncertainty to the secular velocity 
estimates for sites in the northern part of the network, there is little effect on velocities to the south.
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We mitigate the effects of the 1992 earthquakes (Joshua Tree and Landers) by estimating coseismic 
displacements at those sites for which the history of observations is sufficient. (For the Landers 
earthquake, coseismic displacement estimates at PGGA sites were constrained to agree with their 
well determined values [Bock et al., 1993; Blewitt et al., 1993]). We then fit the resulting coseismic 
displacement estimates to an earthquake model. For the case of the Joshua Tree earthquake, we 
included estimates of trilateration station displacements [Dong, 1993] in determining the earthquake 
model parameters. Coseismic displacement estimates for sites which were poorly determined by 
the data due to insufficient observation histories were then predicted from the model. Assuming 
that the model is accurate to within 10%, we then simultaneously estimated corrections to these 
model displacements along with the secular site velocities.

The resulting velocity field is shown in Figure 2. Velocities are computed in a North Amer 
ica fixed reference frame. The velocity field is clearly dominated by right-lateral shear, with no 
significant motion (relative to the uncertainties) beyond about 30 km northeast of the San An- 
dreas fault. There are apparently significant, fault normal motions near fault offsets and associated 
basins. We are currently investigating the implications of such motions for models of continental 
plate boundary deformation.

Figures 3-5 show velocity profiles relative to North America along three transects across the 
plate boundary (see Figure 1 for location of transects). The profiles are oriented perpendicular 
to the strike of the local faults. Arctangent trends predicted from geologically reasonable screw 
dislocation models are also shown for comparison. Based on these profiles, we make the following 
observations:

1. While the uncertainties for the velocity estimates at most sites in the northern half of the net 
work are still quite large, profile A-A' does provide useful constraints on the relative motions 
about the San Andreas (~ 28 mm/yr) and San Jacinto (~ 10 mm/yr) faults; the south 
ernmost San Andreas apparently accommodates the lion's share of Pacific-North American 
plate motion (~ 60%). This result is consistent with geologic and geomorphic evidence for 
a long term slip rate along the southernmost San Andreas of 23 to 35 mm/yr [Keller et al, 
1982; Weldon and Sieh, 1985]. With the recurrence interval inferred to be about 300 years 
and with last major rupture having occurred in 1680 [Sieh, 1986], a large earthquake on the 
southernmost San Andreas appears to be due.

2. Across the Imperial Valley, a large amount of the plate motion (40 mm/yr) is accommodated 
by the Imperial fault. The shallow locking depth required by the data (7.5 km) is consistent 
with high temperatures and the shallow seismicity cut off.

3. Across the Cerro Prieto fault, we determine a slip rate nearly identical to the NUVEL-1A 
estimate (46 mm/yr). The difference between the rates along the Cerro Prieto fault and the 
fault systems to the north can be explained by about 6 mm/yr of motion along the Agua 
Blanca system which transfers motion to the faults of the southern California Borderlands. 
This interpretation is consistent with the results of Farina et al., [1994], and Larson [1993].
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Figure 1. GPS stations established by a consortium of university groups and government agencies 
during the period 1988 - 1993 (triangles). Lines show the location of velocity profiles presented in 
Figures 3-5.

252



II

35'N-

34'N-

33'N -J

32'N-

31'N-

10mm/yr

100 KM

119*W 118'W 117*W 116'W 115'W 114'W

Figure 2. The southern California - northern Mexico velocity field inferred from GPS data col 
lected over the period of 1988 to 1993. Error ellipses represent the 95% confidence level after 
rescaling the formal uncertainties by a factor of 2. Dark arrows show velocities determined with 
uncertainties less than 6 mm/yr. Light arrows show velocity estimates for the remaining sites within 
the network. That the velocity estimates for sites in the southern half of the network are better de 
termined is a result of the large uncertainties introduced by the occurrence of the 1992 earthquakes.
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INTRODUCTION

The Wasatch fault zone (WFZ) is the longest and most active normal-slip fault in North 
America, and has long been recognized as a potential source of large-magnitude earthquakes that 
could affect over 80 percent of Utah's 2.3 million residents. The WFZ is divided into 10 
independent, seismogenic segments based on scarp morphology, surface-fault-rupture patterns, 
range-crest morphology, geophysical evidence, and trenching investigations (Schwartz and 
Coppersmith, 1984; Machette and others, 1992). The Salt Lake City segment of the WFZ trends 
through the densely populated Salt Lake Valley (figure 1) and poses a significant earthquake risk 
to citizens living in the Salt Lake City metropolitan area.

The Holocene chronology of surface-rupturing earthquakes on the Salt Lake City segment 
of the WFZ has been the subject of paleoseismic studies for more than a decade. The current 
faulting chronology is based on data from several incompletely investigated trench sites at Little 
Cottonwood Canyon (LCC) in 1979, South Fork Dry Creek (SFDC) in 1985, and Dry Gulch 
(DG) in 1991 (figure 1; Lund and Schwartz, 1987; Schwartz and Lund, 1988; Lund, 1992). 
Because of this, questions remain regarding timing and recurrence of large-magnitude, surface- 
rupturing earthquakes on this segment. The purpose of this investigation is to establish a 
complete earthquake chronology from at least the mid-Holocene for the Salt Lake City segment at 
a single site. The investigation consists of detailed logging of five new trenches excavated across 
the fault zone at the SFDC site (figure 1), and radiocarbon dating of material from key 
stratigraphic units in the trenches to constrain the timing of prehistoric surface-rupturing 
earthquakes.

INVESTIGATION RESULTS 
(May 1, 1994 through October 1, 1994)

At the SFDC site (figure 1), the WFZ consists of six sub-parallel, west-dipping faults, and 
a single westernmost east-dipping antithetic fault, in a zone a few hundred meters wide (Lund and 
Schwartz, 1987, Personius and Scott, 1992). Three of the six west-dipping faults displace a
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debris-flow levee along South Fork Dry Creek, estimated to be 2,000 to 4,000 years old based on 
soil profile development (Scott and Shroba, 1985); the two easternmost faults merge south of the 
debris-flow levee and continue southward for a short distance (Personius and Scott, 1992). A 
fourth fault is buried by the levee; a fifth is also probably buried but does not reappear north of 
South Fork Dry Creek. The sixth fault is represented by a short, single-event scarp that does not 
intersect the debris-flow levee. Road construction destroyed the antithetic fault scarp.

Five new trenches have been excavated across five of the fault scarps at the SFDC site. A 
sixth fault scarp was trenched in 1992, at the location of a trench previously investigated in 1985, 
and was not trenched again as the data obtained confirmed the earlier results. Three of these 
trenches are across scarps trenched in previous investigations. The remaining trenches are across 
scarps not previously trenched.

Trench DC2-1

Trench DC2-1 was excavated across a short, single-event fault scarp, north of trench DC3 
excavated in 1985, and did not expose any new stratigraphic relationships. The trench exposes a 
single fault trace displacing alluvial-fan deposits 1.3 meters (4.3 ft) (0.8 meters [2.6 ft] 
approximate net slip) down to the west. The most recent event on this fault produced a wide 
crack that rapidly filled with organic-rich material from the degrading scarp free face, followed by 
formation of a 0.8-meter (2.6-ft) thick colluvial wedge.' The wedge buried an A-horizon soil 
forming on the alluvial-fan deposits, and is overlain by slope-wash colluvium on which the soil is 
forming. Radiocarbon samples (dates pending) were taken from the crack-fill material and 
paleosol A horizon to determine timing for this event.

Trench DC2-2

Trench DC2-2 was excavated across a multiple-event fault scarp, just north of trench DC4 
excavated in 1985, and shows similar stratigraphic relationships. The trench exposes a single 
main fault trace and smaller subsidiary fault, which displace alluvial-fan deposits 1.6 meters (5.2 
ft) (0.8 meters [2.6 ft] approximate net slip) down to the west. The lower portion of these 
deposits has been altered and masked by calcium carbonate deposition from ground water; they 
.are overlain by slope-wash colluvium and the modern soil.

Trench DC2-2 contains evidence for two earthquakes, and indirect evidence for a third 
event. The colluvial wedge and fault trace for the antepenultimate event are not exposed, but are 
evidenced by a degraded scarp free face which truncates the alluvial-fan deposits and A-horizon 
soil. The penultimate event on the main fault trace formed a 0.6-meter (2.0-ft) thick colluvial 
wedge, which buried the alluvial-fan deposits, A-horizon soil, and the degraded scarp free face 
from the antepenultimate event. The most recent event was followed by formation of a 0.7-meter 
(2.3-ft) thick colluvial wedge stacked on top of the penultimate-event wedge, overlain by 
additional slope-wash colluvium and the modern soil.

Bulk sediment samples were taken from: (1) the paleosol A horizon, and (2) organic-rich 
material deposited in a crack at the base of the scarp free face from the most recent event.
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Results of radiocarbon dating (pending) will determine timing for the penultimate and most recent 
events on this fault scarp.

Trench DC2-3

Trench DC2-3 was excavated across a fault scarp not previously trenched. The scarp is 
buried by the younger debris-flow levee to the north, and has been modified by excavation for a 
water-tank pad. The trench exposes a debris-flow deposit containing numerous, large, grusified 
quartz monzonite boulders and two earthquake-related colluvial wedges.

In trench DC2-3, a single fault trace has displaced the debris-flow deposit a total of 2.1 
meters (6.9 ft) (1.3 meters [4.3 ft] approximate net slip) down to the west during the past two 
surface-rupturing earthquake events. The penultimate event formed a 1.7-meter (5.6-ft) thick 
colluvial wedge, burying the debris-flow deposit and an A-horizon soil formed on it. The most 
recent event sheared the penultimate-event wedge, and formed a 0.9-meter (3.0-ft) thick colluvial 
wedge stacked on top of the penultimate-event wedge.

Bulk-sediment samples were taken from: (1) the palesol A horizon, (2) a block of the 
paleosol A horizon incorporated in the penultimate-event wedge, and (3) organic-rich crack-fill 
material associated with the most recent event. Results of radiocarbon dating (pending) will 
define timing for the last two events.

Trench DC2-4

Trench DC2-4 was excavated across the multiple-event fault scarp trenched at the nearby 
Dry Gulch site (DG, figure 1) in 1991. The trench shows evidence for multiple large earthquake 
events on two fault traces. The amount of offset on these faults is difficult to determine due to 
complex stratigraphic relationships and the lack of correlative stratigraphy across the faults.

The western fault trace shows evidence for two earthquakes, and indirect evidence for a 
third event. This fault trace displaces alluvial-fan deposits at least 3.4 meters (11.2 ft) (net slip 
undetermined) down to the west below the floor of the trench, and bounds a deep graben to the 
west filled with dark-gray, organic-rich alluvium. Although the colluvial wedge for the 
antepenultimate event on the fault is not exposed, that event is evidenced by a degraded scarp free 
face formed on the alluvial-fan deposits. The free face is mantled by the colluvial wedge formed 
following the penultimate event, which in turn was partially eroded and buried by graben-fill 
sediments. The most recent event on this fault trace formed a 1.7-meter (5.6-ft) thick colluvial 
wedge, which buried the graben-fill deposits and penultimate-event wedge and is in turn overlain 
by additional graben fill.

The eastern fault trace shows evidence for two earthquakes, which may be distinct from or 
the same as those on the western fault trace. The eastern fault trace displaces alluvial-fan deposits 
roughly 3.3 meters (10.8 ft) (net slip undetermined) down to the west. On the downthrown side 
of the fault, the alluvial-fan deposits are buried by a 1.5-meter (4.9-ft) thick colluvial wedge 
formed after the penultimate event. The distal portion of the penultimate-event wedge, and an A-
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horizon soil formed on it, have been eroded by a degrading-scarp free face formed after the most 
recent event on the western fault trace. The most recent event on the eastern fault trace sheared 
the penultimate-event wedge, and formed a 2.7-meter (8.9-ft) thick colluvial wedge stacked on 
top of the penultimate-event wedge and A-horizon soil.

Bulk sediment samples were taken from: (1) the paleosol A horizon buried by the colluvial 
wedge formed after the most recent event on the eastern fault trace, (2) organic-rich crack-fill 
deposits resulting from the most recent event on the western fault trace, and (3) the lowermost 
portion of the graben-fill deposits exposed in the trench. Results of radiocarbon dating (pending) 
will determine timing for the most recent event on both fault traces and the age of the graben-fill 
deposits. A sample will also be taken from the lower colluvial wedge on the western fault trace to 
hopefully further constrain the timing for this older event. No suitable material was found to date 
the older event on the eastern fault trace.

Trench DC2-5

Trench DC2-5 was excavated across the easternmost fault scarp at the SFDC site, which 
crosses the debris-flow levee to the north. This fault scarp had not been previously trenched, but 
merges with the scarp trenched at DC2-3. The trench exposes two main fault traces and an 
antithetic fault which offset alluvial-fan deposits and discontinuous hillslope colluvium. The 
eastern fault trace has evidence for one earthquake, and displaces these deposits 1.0 meters (3.3 
ft) (0.7 meters [2.3 ft] approximate net slip) down to the west. The western fault trace bounds a 
shallow graben to the west and also has evidence for one event, displacing the deposits 2.9 meters 
(9.5 ft) (2.0 meters [6.6 ft] approximate net slip) down to the west. The western end of the 
graben is bounded by a small antithetic fault with 0.2 meters (0.7 ft) of offset (down to the east).

Stratigraphic relations exposed in the trench are complex and difficult to interpret. The 
most recent event on the eastern fault trace formed a 1.1-meter (3.6-ft) thick colluvial wedge, 
burying the alluvial-fan deposits and an A-horizon soil. To the west, these deposits are truncated 
by the degraded scarp free face formed after the most recent event on the western fault trace. The 
most recent event on the western fault trace, followed by post-event slumping, produced a large 
and complex colluvial wedge 3.5 meters (11.5 ft) thick consisting of several intact slump blocks 
surrounded by organic-rich crack-fill material. This wedge also buries the alluvial-fan deposits 
and A-horizon soil, and is bounded by the antithetic fault to the west. Both colluvial wedges are 
overlain by slope-wash colluvium on which soil is forming.

Bulk sediment samples were taken from: (1) the paleosol A horizon buried by the 
easternmost colluvial wedge, (2) organic-rich crack-fill material resulting from the most recent 
event on the western fault trace, and (3) the paleosol A horizon buried by the westernmost 
colluvial wedge. Results of radiocarbon dating (pending) will determine timing for the two 
events.
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REPORTS

The following brief report was prepared presenting the preliminary results of the Salt Lake 
City segment seismic source evaluation:

Black, B.D., Lund, W.R., and Mayes, B.H., 1994, Large earthquakes on the Salt Lake City
segment of the Wasatch fault zone - A preliminary summary of new information from the 
South Fork Dry Creek site, Salt Lake County, Utah: Unpublished Utah Geological 
Survey Report, 9 p.
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Figure 1. Salt Lake City segment of the Wasatch fault zone showing location of the Little Cotton wood Canyon 
(LCC), South Fork Dry Creek (SFDC), and Dry Gulch (DG) trench sites (Lund, 1992).
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Element II

Investigations Undertaken

Portland area. This project focused its FY 1994 efforts on completion of interpretations based on 
new, high-resolution aeromagnetic data from the Portland Basin and surrounding areas. Two ab 
stracts, an Open-File Report, and a journal article are now published or in review, each written in 
cooperation with USGS, Oregon Department of Geology and Mineral Industries, and Portland 
State University scientists.

Salem area. A new aeromagnetic survey will be acquired in FY 1994 adjacent to the Portland 
survey discussed above. This survey, funded by the National Earthquake Hazard Reduction 
Program, will be flown in early FY 1995 in order to investigate the structure responsible for the 
M=5.6 earthquake that struck Scotts Mills, Oregon, in March 1993.

Klamath Falls Area. The association between faulting, volcanism, gravity anomalies, and recent 
earthquakes at Klamath Falls was investigated in cooperation with Ray Wells, Craig Weaver, Tony 
Qamar, and other earth scientists.

Results

Portland area. The U.S. Geological Survey conducted a high-resolution aeromagnetic survey of 
the Portland-Vancouver area in September 1992 to help locate and understand concealed hazards 
in the area. These data indicate that the Portland Basin is underlain by several strongly magnetic 
blocks, part of a chain of sources that extend south through the Willamette Valley and north into 
Washington. We interpret these blocks to be accreted oceanic crust of Eocene age. Several 
northwest-trending anomalies reflect faulting in the underlying basaltic basement. Most notable is 
a pronounced northwest-striking magnetic gradient in downtown Portland clearly correlated with 
the location of a mapped fault (Fig. 1). This fault lies beneath Quaternary sedimentary deposits, its 
existence and location based previously on data from a few shallow wells. The correlation be 
tween the magnetic anomaly and the mapped fault confirms the existence of the fault. More im 
portant, our models indicate that the fault may have a total vertical offset of nearly 1 km and that it 
may extend significantly beyond its mapped extent, a total distance of at least 50 km. If seismi- 
cally active along this entire length, seismic risk to the Portland-Vancouver metropolitan area may 
be greater than previously suspected. We interpret this and other northwest-trending faults to be
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part of a former pull-apart zone now occupied by the Portland Basin. This pull-apart zone is now 
reactivated by compressional stresses and is apparently the source of diffuse earthquake activity at 
the M<4 level throughout this area.

Salem area. As noted above, data are being collected from this area in early FY 1995; results will 
not be available until after data acquisition.

Klamath Falls area. We found that the M<6.0 Klamath Falls earthquakes of September 1993 
occurred at an inflection point in the trend of normal faults bounding the Klamath Falls graben. 
This change in fault trend is mirrored in the focal mechanisms of the two mainshocks and in the 
pronounced curvature of the aftershock distribution. It also coincides with a northeast trending 
residual gravity gradient previously recognized in regional gravity data (Blakely and Jachens, 
1990), which in turn correlates with boundaries between segments in the Quaternary Cascade arc 
that were recognized by Guffanti and Weaver (1988) based on the distribution of volcanic vents. 
The northeast-trending gravity anomalies appear fundamentally related to crustal stress, recent 
seismicity, and volcanism. They may reflect in a broad sense the relative strength of the middle 
and upper crust; i.e., crustal strength is a function of its lithology and thermal state. The high 
gravity regions, which have experienced essentially no volcanism during the Quaternary, may be 
cooler, composed of more consolidated crustal materials, and possess greater elastic strength than 
the neighboring low gravity regions with abundant volcanism.
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Figure 1. - Total-field magnetic anomaly over the Portland quadrangle. 
This map represents only a small part of the 1992 survey. Dashed lines 
indicate mapped faults from Beeson and others (1991). Note the pro 
nounced northwest-trending magnetic gradient associated with the 
northeastern-most fault.
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Program Element n.3: Determine the Nature and Rates of Crustal Deformation

Objectives

GPS geodesy in continuous and campaign modes provides frequent and dense monitoring 
of interseismic, coseismic and postseismic displacements which add to our fundamental 
understanding of the physics of the earthquake process. GPS also has the potential to 
provide crustal deformation precursors for the prediction of large earthquakes. The goal of 
this research is to develop and evaluate the capability of surveying spatially dense, local to 
regional scale, three-dimensional geodetic networks, in near real-time with millimeter-level 
accuracy .

Investigations Undertaken and Data Collected

The Permanent GPS Geodetic Array (PGGA) has been operated in southern California 
since the spring of 1990 by SIO and JPL with assistance from MIT, UCLA, Caltech and 
USGS (Pasadena Office). Funding for the operations and analysis of the network is 
provided by SCEC, NASA, NSF and USGS. The goals of the PGGA are to monitor 
crustal deformation related to the earthquake cycle in California, continuously, in near real- 
time and with millimeter accuracy. The PGGA also provides reference sites to support 
detailed GPS geophysical surveys in southern California. In response to the Northridge 
earthquake a dense GPS array was initiated in the Los Angeles Basin. This dense network 
and the regional-scale PGGA are part of the Southern California Integrated GPS Network 
(SCIGN). The current distribution of continuous GPS stations is shown in Figure 1.

We have developed an automated system to collect, analyze and archive data from the 
PGGA sites and from a globally distributed set of about 32 GPS tracking stations of the 
International GPS Service for Geodynamics (IGS). We collect data at a 30 second 
sampling rate to all visible satellites, 24 hours a day, 7 days a week. We have been 
estimating the position of the PGGA stations daily since August 1991. We perform, at 
twenty-four hour intervals, a simultaneous weighted least squares adjustment of the station 
positions and improved satellites ephemerides. We also generate precise satellite 
ephemerides and improved earth orientation parameters (polar motion) in support of GPS 
surveys in southern California. These products are available via anonymous ftp over 
Internet within 5-7 days of collection. We evaluate the precision of our satellite parameters 
based on overlapping orbital arcs and baseline repeatability. Our orbital ephemerides are 
sufficiently precise to support any crustal deformation GPS survey in California, thereby 
eliminating the time consuming and costly need for each investigator and/or analysis center 
to compute their own orbit improvements. Since the coordinates of the PGGA sites are 
computed with respect to the International Terrestrial Reference Frame (ITRF), realized 
through the positions and velocities of the global IGS stations, crustal motion can be 
determined in a reference frame external to California.

267



II

In FY94 we have concentrated on:
(1) re-analyzing the PGGA data collected prior to the Northridge earthquake in a search for 
pre-seismic signals
(2) improving geodetic accuracy
(3) developing distributed processing techniques to allow us analyze the growing number of 
global and regional GPS stations, efficiently and accurately.

Results

Northridge earthquake studies. The Northridge earthquake of 17 January 1994 caused small 
coseismic displacements at the (then) two PGGA sites in the Los Angeles Basin, Palos 
Verdes and JPL (Figure 1). We estimated, within 3 days of the earthquake, a coseismic 
contraction of the Basin of 11.5±3.2 mm, with displacements at PVEP of 10.4 ± 3.2 mm 
N, 0.9± 3.8 mm E and at JPL of 5.1 ± 3.2 mm S, 6.5±3.9 mm E. In addition, we 
recognized possible anomalous variations in the daily time series of position at both sites 
several months prior to the earthquake which were not apparent at the other PGGA sites 
(outside the area of permanent deformation) [Bock, 1994]. To exclude the possibility that 
apparent signals were just processing artifacts from our operational, near real-time analysis, 
we embarked on a re-analysis of the PGGA data using improved physical models and 
processing algorithms. The recomputed time series for the baseline between Palos Verdes 
and JPL is shown in Figure 2 [Zhang et al., 1994] for the period before and shortly after 
the Northridge earthquake (indicated by a vertical line), in terms of north, east, up 
components and length. Each point represents a 24-hour solution and error bars are one- 
sigma. The anomalous signals are essentially eliminated, except for small variations in the 
east component (which turns out to be at Palos Verdes from an examination of its individual 
time series), indicating that they were, in fact, an artifact of our initial analysis of the data. 
Nevertheless, the new time series provides the interseismic rate of deformation of the Los 
Angeles for the 8 months prior to the earthquake (unfortunately we only started collecting 
data at Palos Verdes in June 1993). The rate of 8.1±0.9 mm/yr which is higher by 2-3 
mm/yr than previous estimates from geology and space geodesy [Feigl et al., 1993]. We are 
continuing with the PGGA re-analysis to compute the deformation rate after the Northridge 
earthquake.

Improved Geodetic Accuracy. Improved physical models and processing algorithms have 
significantly increased the geodetic accuracy of the PGGA time series, in both horizontal 
and vertical components. In Figure 3 we show a recent time series for the PGGA site at 
Pinon Flat Observatory using the distributed processing scheme described below. Each 
point represents a 24-hour solution and error bars are one-sigma. Daily horizontal precision 
(one-sigma) for all the PGGA sites is typically 2-3 mm, and the vertical precision is about 
4-6 mm.

Distributed Processing. We have implemented a distributed processing scheme for the 
PGGA and IGS analysis since the numbers of global and PGGA stations have increased 
steadily. Currently we are analyzing about 60 global and regional sites per day. We divide 
the processing into two steps. In the first step, we analyze a well distributed set of global 
stations to compute precise satellite orbits and earth orientation. We save the least squares 
adjustment and the full covariance matrix from this daily solution [Behr et al., 1994; Blewitt 
et al., 1994]. Constraining the satellite orbits, we then analyze data from the California 
sites and 3-5 IGS sites from North America and Hawaii (used in the first step). We then 
combine the solutions and covariance matrices from these two solutions using the GLOBK 
Kalman Filter program [T.A. Herring]. The distributed approach is nearly rigorous since 
the global and regional coordinates in a simultaneous analysis of all the sites are found to be 
very weakly correlated.
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SLIP RATE OF THE NORTHERN HAYWARD FAULT 
AT POINT PINOLE, CALIFORNIA
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Component II.3: "Determine the nature and rates of crustal deformation"

Investigations Undertaken

This project is an attempt to produce the first Quaternary 
slip rate for the northern end of the Hayward fault. Because 
this end of the fault has great crustal stability, it records 
evidence of the last highstand of San Francisco Bay during the 
Sangamon at 122 ka. The highstand, about +8 m, crossed the 
fault in the southwestern part of Point Pinole Regional Shore 
line, planating the bedrock and removing older surficial depos 
its for a distance of over 1 km along the fault. Most of the 
planated surface of an embayment that crossed the fault now 
lies beneath regressive sediments and colluvial deposits. The 
objective of this project is to gather field evidence to deter 
mine the precise configuration and age of the offset embayment 
and its associated features.

The first phase of the work involved the preparation of a 
log of the Sangamon wave-cut platform and its overlying marine 
and continental sediments and soils where it is exposed at Pi 
nole Point. The second phase involved trenching, logging, and 
studying a suspect alluvial fan that appears to overlie the 
Sangamon wave-cut platform southwest of the fault. The third 
phase involved drilling and sampling a series of boreholes de 
signed to determine the elevation of the abrasion platform 
along the fault.

Results

Pinole Point Exposure

A log of the 115-m long exposure at Pinole Point shows 
that the abrasion platform in the Garrity Member of the Contra 
Costa Group is exposed for about 55 m. The platform reaches a 
maximum elevation of about 8 m, and has an easterly slope of 
about 5%. The soil in the overlying colluvium is similar to 
those described in alluvium above Sangamon coquinas elsewhere 
along the south shore of San Pablo Bay. An analysis of all 
possible candidates (oxygen isotope stages 3, 5a, 5c, 5e, and 
7) showed that oxygen isotope stage 5e (122 ka) was the only 
global highstand fitting the low uplift at Point Pinole. These
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data were used to produce a speculative model of the Sangamon 
platform for refining the selection of drill sites along the 
fault.

Suspect Alluvial Fan

The fan-shaped geomorphic feature in the southwestern part 
of the park contains no alluvium. Two trenches here revealed 
fine-grained sediments no coarser than very fine sand (<100 urn) 
to depths up to 7 m. Early speculations that this was an al 
luvial fan offset from Parchester Creek 880 m to the southeast 
thus were placed in doubt. The absence of alluvium at this 
point indicated that the slip on this end of the fault must 
have been less than the 8+1 mm/yr rate we found on the southern 
part of the fault at Union City.

Drilling Program

Continuous cores drilled to depths as great as 24 m pro 
vided data for three fault-normal cross sections and one fault- 
parallel cross section. Although more drilling and trenching 
is necessary to confirm these results, our evolving model of 
the offset Sangamon wave-cut platform suggests the following 
tentative conclusions derived from detailed soil descriptions 
of over 100 1-m core samples:

1. Inner edge platform gradients for the base of the regres 
sive section in the deepest part of the offset embayment in the 
southwestern part of the park were about 5% similar to those 
at Pinole Point.

2. Vertical movement along the Hayward fault at Point Pinole 
was apparently limited to about 2.6 m of subsidence on the 
southwest during the last 122 ka.

3. Preliminary measurements of the buried embayment, along 
with other permissive evidence suggest that the Sangamon plat 
form may have been offset right-laterally by about 626+173 m in 
the last 112+4 ka and 674+21 m in the last 121+4 ka. Thus, the 
tentative slip rate of the Hayward fault at Point Pinole is 
about 5.6+1.5 mm/yr for the last 122 ky.

4. The above measurement is equivalent to the aseismic slip 
measured on street curbs just south of the study site.

5. The possible equivalence of the geologic slip rate and the 
creep rate would explain the lack of evidence for catastrophic 
surface rupture in previous studies of the Hayward fault at 
Point Pinole and in offshore sediments on strike to the north 
west.

6. A 2.4-mm/yr slip deficit at Point Pinole might be taken up 
in a 6-km right stepover to the Pinole fault, the probable
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southeast extension of the Rodgers Creek fault.

7. A stepover would imply that the hazard of catastrophic sur 
face rupture decreases on the northwestern 7 km of the Hayward 
fault as it increases on the northwestern 4 km of the Pinole 
fault (Figure 1).

8. The northernmost 4 km of the Pinole fault should be inves 
tigated for possible Holocene activity.
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Figure 1. Hypothesized model of the Hayward-Rodgers Creek-Pinole fault Stepover. 
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ward fault as it increases on the Pinole fault.
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Element n. Evaluating Earthquake Potential
Component E.8. Develop and evaluate short- and intermediate-term
earthquake prediction methods
Central United States (CU)

Investigations Undertaken:

This project consists of performing a detailed evaluation of the time-of-failure method 
(Varnes, 1989; Bufe and Varnes, 1990) for intermediate-term earthquake prediction for the New 
Madrid area. The method utilizes an exponential relationship to model the accelerating strain 
release of precursory earthquake sequences preceding a larger-magnitude main shock. The 
equation of the curve is given by
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Institution: 
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Telephone:

E-Mail: 

Program Element:

= &-klm(Tf -t)m (1)

where delta is the square root of the total cumulative energy released up to and including the main 
shock, t is time, Tf is the estimated time-of-failure, and k and m are constants. The solution to the 
equation yields estimates of the time of failure (Tf) and the magnitude (from A) of the main shock. 
Input data consist of times and magnitudes for "precursory" events in a selected region 
surrounding the area of the main shock. Magnitudes of precursory events are converted to 
seismic moment (Nuttli, 1983) and then energy (Kanamori, 1983), and the cumulative square-root 
of energy is plotted versus time. A non-linear least squares fit to the observed precursory data, 
using equation 1, is then calculated to estimate Tf and A. A significant aspect of this analysis and 
an objective of our research project is to define an objective approach to determining the size of 
the area around a main shock for which preceding events should be considered. An additional 
emphasis of our project is to develop a procedure for error analysis of the time-of-failure method 
for application in the New Madrid area.
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Results:

We have utilized two historical earthquake data files for the New Madrid area: the 
"Nuttli" file (1813-1977) (Figure 1) and the "Network" file (1974-1994) (Figure 2). Data from 
the Nuttli file was used in preliminary analysis of the mb = 6.2, 1895 New Madrid earthquake. 
Based on encouraging results of this analysis, we are analyzing data for additional New Madrid 
earthquakes. Because of incompleteness of the historical earthquake data in the Nuttli file, the 
lack of data for earthquakes with magnitudes less than three, and possible uncertainties in 
magnitudes assigned to each event, only limited study of additional main shocks and precursory 
sequences in the Nuttli file has been conducted

We are presently analyzing the Network file data which contains a fairly complete data set 
for earthquakes with magnitudes greater than about 1.5 for the 1974-94 time period. The 
network file contains only nine earthquakes with magnitudes greater than four because of the 
relatively short time period covered by the data set. In order to increase the number of sequences 
analyzed, we have evaluated all earthquake sequences in the network file which have a main shock 
magnitude greater than 3.5. Identifying events of magnitude greater than 3.5 as "main shocks" is 
reasonable for this data set because the file is reasonably complete for earthquake magnitudes 
greater than about 1.5.

The network data file contains a total of 25 events with a magnitude greater than 3.5. At 
present, we have studied nine sequences which appear to provide an adequate curve for modeling 
the possible accelerated energy release before a main shock. The sequences for the remaining 16 
mb > 3.5 events will be subjected to further study. However, it appears that, for these events, the 
accelerated energy release is not readily apparent for one or more of the following reasons: main 
shocks occurring on the edge of the network coverage area; nearby interfering main shocks; 
inadequate precursory data due to the limited time span of the data file (1974-1994); and apparent 
poor distribution of precursory events around a main shock location.

For the nine mb > 3.5 events which show an apparent acceleration of energy release 
before the main shock, several criteria (distance from main shock, time before main shock, and 
limiting the magnitude range of precursory events) were varied to test the sensitivity of the 
method.

Two examples are used to demonstrate the potential of the time-of-failure method. The 
first example is a mb = 4.1 event which occurred on 6-13-87 (1987.455 decimal years) located at 
36.54°N, 89.67°W. The precursory data (14 events) consisted of events within a 2.5 km radius of 
the main shock. The cumulative square root of energy is plotted versus time and the best fit non 
linear least squares solution is calculated (Figure 3). The least squares solution yields a 
calculated magnitude of 4.39, and predicted time of failure of 1987.420 (6-2-87) which is very 
close to the actual time and magnitude.

The second example (Figure 4) is a mb = 4.0 event which occurred on 9-29-87 (1987.748) 
located at 36.84°N, 89.21°W. The precursory data (12 events) consisted of events within a 20 
km radius of the main shock. The solution provided a predicted magnitude of 4.89, and a time- 
of-failure of 1987.605 (8-8-87). Both estimates are close to the actual parameters of this event, 
magnitude 4.0 and time 9-29-87.
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Error analysis of these solutions and other analyses for the New Madrid earthquakes from 
the Network file are being evaluated with a Monte Carlo method. The method consists of 
calculating uniformly distributed random numbers over a particular interval for each of the four 
parameters (delta, k, m, and Tf). The four coefficients are inserted into the equation, and the 
resulting theoretical curve is compared to the observed cumulative energy release data. Solutions 
with an RMS error between the observed and calculated cumulative square root of energy which 
are less than a specified value are accepted. Solutions with a high RMS are rejected. The method 
provides a histogram of values for each coefficient. The preliminary application of this method to 
the two examples described above has given some insight into the range of "acceptable" 
coefficients for the equation. Defining acceptable RMS error bounds will require further analysis 
of the possible contributions of magnitude uncertainty. Once the RMS error limits are 
established, the Monte Carlo solutions provide a useful approach to determining uncertainties of 
the coefficients of equation 1. Of course, we are most interested in the uncertainties of the 
estimated failure time and the estimated magnitude. At present, adequate solutions have 
tentatively been defined, for the examples shown, as solutions with RMS values within 4 units of 
those provided by the non linear least squares solution. This selection results in a set of Monte 
Carlo test solutions (curves) which display a substantial mis-fit as compared to the least-squares 
solutions shown in Figures 3 and 4. Further consideration of the acceptable RMS error criterion 
will require analysis of the possible effects of magnitude uncertainty on the fit of the theoretical 
line. The error analyses are similar for the two examples. Acceptable solutions from the Monte 
Carlo calculations provide a range in the time-of-failure of 1987.400-1987.500 years for the 6-13- 
87 (1987.455) event and 1987.530-1987.840 years for the 9-29-87 (1987.748) event. Thus, for 
these two examples, the method predicts the time-of-failure to a surprising degree of accuracy. 
However, the uncertainty estimates for the magnitude for each event are not as encouraging. The 
"acceptable" solutions yield a magnitude range of 3.0-5.6 for both examples.

In addition to further study of all of the mb > 3.5 events and precursory sequences in the 
network file, future error analysis will investigate the RMS error range for acceptable solutions. 
In addition, further analysis is required to determine the optimum radial distance from the main 
shock to search for precursory events. In the first example, a high rate of seismicity and the 
presence of "competing", nearby larger events in the time series necessitated a small search radius. 
In the second example, precursory events were included for distances up to 20 km from the main 
shock. After reviewing the other precursory sequences, it appears that precursory events located 
as far as 100 km may contribute to the energy release sequence for larger events. However, the 
limiting factor in practical application of the method is the presence of a nearby main shock of 
similar magnitude and time of occurrence. That is, when two larger (main shock) events are close 
to each other in time and space, it may be difficult to recognize precursory energy release 
associated with an individual event.

The application of the time-of-failure method to the relatively accurate and consistent 
earthquake data set provided by the Network file for the New Madrid area has produced 
encouraging results for the possible use of this method in intermediate-term earthquake 
prediction. Research currently being conducted will provide an analysis of all available and 
appropriate data in the Network file and further study of the effects of uncertainties in the data.
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Figure 1. Earthquakes (mostly mb > 3) from 1816-1989 for the New Madrid area from the "Nuttli 
file" (Nuttli, 1979) for events through 1976 and from the USGS from 1976 to 1989. 
Event locations have been slightly "randomized" by adding a random number (mean = 0; 
standard deviation = 5 km) to the x and y locations in order to avoid alignment along even 
latitude and longitude lines.

Figure 2. Earthquakes from 1974 to 1994 for the New Madrid area from the "Network file" 
(Arch Johnston, personal communication, 1994). Locations were determined from the 
data recorded by the seismograph networks operated by St. Louis University and the 
University of Memphis (Hamilton and Johnston, 1990; Mitchell et al., 1991).

Figure 3. Application of the time-of-failure method to the June 13, 1987, m^ = 4.1 event in the 
New Madrid seismic zone (location is 36.54°N, 89.67°W). The vertical scale is in units of 
sqrt (N-m). The best fit line (using equation 1) to the "precursory" events (circles) within 
2.5 km of the main shock results in estimated time of failure parameters corresponding to 
a predicted time of June 2, 1987 and magnitude of mb = 4.39.

Figure 4. Application of the time-of-failure method to the September 29, 1987, m^ = 4.0 event in 
the New Madrid seismic zone (location is 36.84°N, 89.21°W). The vertical scale is in 
units of sqrt (N-m). The best fit line (using equation 1) to the "precursory" events 
(circles) within 20 km of the main shock results in estimated time of failure parameters 
corresponding to a predicted time of August 8, 1987 and magnitude of mb = 4.89.
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New Madrid earthquakes --1816-1989
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Figure 1. Earthquakes (mostly nib > 3) from 1816-1989 for the New Madrid area from the "Nuttli 
file" (Nuttli, 1979) for events through 1976 and from the USGS from 1976 to 1989. 
Event locations have been slightly "randomized" by adding a random number (mean = 0; 
standard deviation = 5 km) to the x and y locations in order to avoid alignment along even 
latitude and longitude lines.
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New Madrid earthquakes - 20 Year 1974-1994
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Figure 2. Earthquakes from 1974 to 1994 for the New Madrid area from the "Network file" 
(Arch Johnston, personal communication, 1994). Locations were determined from the 
data recorded by the seismograph networks operated by St. Louis University and the 
University of Memphis (Hamilton and Johnston, 1990; Mitchell et al., 1991).
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6-13-87 Earthquake Event -- Magnitude = 4.1
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Figure 3. Application of the time-of-failure method to the June 13, 1987, n^ = 4.1 event in the 
New Madrid seismic zone Gocation is 36.54°N, 89.67°W). The vertical scale is in units of 
sqrt (N-m). The best fit line (using equation 1) to the "precursory" events (circles) within 
2.5 km of the main shock results in estimated time of failure parameters corresponding to 
a predicted time of June 2, 1987 and magnitude of mb = 4.39.
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9-29-87 Earthquake Event - Magnitude = 4.0
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Figure 4. Application of the time-of-failure method to the September 29, 1987, mb = 4.0 event in 
the New Madrid seismic zone (location is 36.84°N, 89.21°W). The vertical scale is in 
units of sqrt (N-m). The best fit line (using equation 1) to the "precursory" events 
(circles) within 20 km of the main shock results in estimated time of failure parameters 
corresponding to a predicted time of August 8, 1987 and magnitude of mb = 4.89.
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PROGRAM ELEMENT: II

On September 17, 1994, the Idaho Geological Survey and the Montana Bureau of Mines and 
Geology received funding from the National Earthquake Hazards Reduction Program to study 
earthquake hazards associated with the Lewis and Clark Zone. The Lewis and Clark Zone is a 
fundamental, WNW-trending shear zone active since Precambrian time, extending over 400 km 
from Coeur d'Alene, Idaho to Helena, Montana and encompassing genetically related extensional 
faults to the north. A sequence of destructive earthquakes within the eastern Lewis and Clark 
Zone in 1935 with magnitudes up to 6 1/4 resulted in serious damage to over 60% of the 
buildings in Helena and four fatalities. More recent earthquakes with magnitudes ranging up 
to 5.0 within the Lewis and Clark Zone have fault plane solutions compatible with continued 
dextral slip on WNW-trending faults within the zone. Despite significant levels of historic 
seismicity, the Lewis and Clark Zone has never been monitored by a permanent seismograph 
network.

The grant contract began late in fiscal year 94 and we have just begun working on deployment 
of the seismic network. New seismograph sites are being selected and the necessary permits 
secured. The addition of these monitoring stations to existing regional seismograph networks will 
provide critical coverage of regions lacking any instrumentation. To control telemetry costs, 
PC-based data acquisition systems will be installed at several locations and waveform data down 
loaded to the Earthquake Studies Office via modem or Internet for analysis.
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We will conduct field investigations for evidence of faulting and seismic activity in 1995. We 
began an inventory of exposures of Pleistocene Glacial Lake Missoula sediments for possible 
liquefaction features. We are in the process of acquiring the engineering properties of the 
section from several studies including the Bureau of Reclamations seismotectonic study of the 
Flathead Lake Basin. The liquefaction potential of the Pleistocene section has been verified by 
the U.S. Bureau of Reclamation (Dan Levish, oral communication). We have also started 
compilation of a digital base map of the Lewis and Clark line for preparation of an integrated 
geologic map of the Idaho and Montana portions of the study area.

Results: none
Reports published: none
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PUGET SOUND PALEOSEISMICITY

9950-13175

Robert C. Bucknam 
U.S. Geological Survey

MS. 966, Box 25046 
Denver, Colorado 80225

(303) 273-8566 
bucknam@gldvxa.cr.usgs.gov

PROGRAM ELEMENT II

INVESTIGATIONS

The primary objective of this project is to document and characterize Holocene 
deformation in the Puget Sound, Washington, region and develop an understanding of its 
structural and tectonic origins. Work during the reporting period (October 1993-September 
1994) focused on refining the extent and age of late Holocene uplift in central and southwest 
Puget Sound (Fig. 1) that has been inferred to have been the site of a large earthquake about 
1000 years ago (Bucknam and others, 1992). An important component of the work is the 
paleoecological analysis of sites near sea level using fossils to infer changes in relative sea level 
during the late Holocene in the Puget Sound region. Plant macrofossil and pollen studies are 
being carried out by Estella Leopold at the University of Washington, assisted by Dan Ekblaw, 
Gengwu Liu, and Tracy Fuentes; diatom studies are being carried out by Eileen Hemphill- 
Haley, U.S. Geological Survey at the University of Oregon.

INVESTIGATIONS AND RESULTS:

1) Determine the extent and elevation of a well-expressed marine platform lying south of the Seattle 
fault. The work is expected to provide unusually detailed information on the distribution and spatial 
variation of the amount of uplift associated with a prehistoric earthquake and will constrain models of the 
structure(s) responsible for the uplift. To date uplift has been measured at 6 sites in an 80 km2 
area on southern Bainbridge Island and the coast of the Kitsap Peninsula to the south.where 
uplift ranges between 5 and 7 meters. A shell midden that was deposited above the abandoned 
raised shoreline in Blakeley Harbor about 3 km south of the Seattle fault and that is now about 
9 m above present high lide, provides upper limit for the amount of uplift at the site. The 
midden, which was deposited about 1-2 m above the preuplift shoreline, was in existance prior 
to uplift as shown by an analysis of charcoal from the base of the midden gave a conventional 
radiocarbon age of 1490 ± 70 14C yr B.P. (Beta-57447).

2) Reconnaissance studies of coastal Puget Sound. Continued reconnaissance of sites adjacent to the 
area already under study to further define the extent and character of the zone of uplift. 
Reconnaissance study of a marsh at Thorndyke Bay near the northern end of Hood shows no 
obvious stratigraphic evidence of an abrupt change in relative sea level 1,100 years ago at the 
time of uplift and slip on the Seattle fault, 25 km to the southeast. Leaf bases of Triglochin 
maritima in growth position in mud 1.8 m below the present Thorndyke Bay marsh surface
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gave a conventional radiocarbon age of 1360 ± 55 yr. The mud containing scattered leaf bases 
of Triglochin maritima grades upward into peat containing conspicuous salt marsh macrofossils 
at a gradational contact 40 cm higher in the section. The Thorndyke Bay marsh is 40 km north 
of an area at the southern end of Hood Canal and adjacent Puget Sound that was uplifted 
several meters 1,000 years ago. The marsh is about 7 km southwest of a marsh on Hood Canal 
studied by Eronen and others (1987), who analysed an 8.5-m-long core that sampled 8,000 
years of deposits that formed near sea level. They, also, saw no sudden changes in relative sea 
level in that record to attribute to tectonic deformation.

3) Stratigraphic studies of existing Continued stratigraphic studies of existing sites to more closely 
constrain the age and amount of uplift. Continued field study and analysis of a sand sheet at 
Lynch Cove (discussed in more detail in NEHRP Summaries of Technical Reports, January 
1994, v. 35, p. 260-262) that is interpreted to be a tsunami deposit. Additional effort is being 
expended on this deposit and wood incorporated within it because it offers an opportunity for 
testing (possibly with a resolution of several months) whether or not uplift in the southwestern 
uplift area was synchronous with the 1,100-year-old uplift (and earthquake) near Seattle. 
Existing limiting radiocarbon ages of samples from this site were analyzed in collaboration 
with Glenn Biasi, University of Nevada, Reno, using Baysian probabalistic methods to reduce 
the variance in the estimated time of uplift. Baysian analysis of the calibrated ages of the 
stratigraphically ordered samples gives a mean estimate for the time of uplift of A.D. 885 (with 
a 95% range of A.D. 775-965). This estimate is concordant with the 2-o calibrated age ranges 
from high-precision radiocarbon analyses of trees and herbaceous plants killed by the effects of 
an earthquake that produced up to 7 m of uplift along the Seattle fault 35 km to the northeast 
(A.D. 894-997; Jacoby, G.C., and others, 1992, Science, v. 258, p. 1621-1623; A.D. 885-990; 
Atwater, B.F., and Moore, A.L., 1992, Science, v. 258, p. 1614-1617). Despite the similar ages 
from the two areas, the uplifts are too widely separated to have resulted from slip on a single 
fault, which suggests that the uplifts were produced by two earthquakes that were closely 
spaced in time.

REPORTS PUBLISHED

Bucknam, R.C., and Biasi, Glenn P., 1994, An improved estimate of the time of a 
prehistoric earthquake in the southwest Puget Sound region, Washington: Geological 
Society of America Abstracts with Programs, v. 26, no. 7, p. A-522.

Bucknam, R.C., Leopold, E.B., Hemphill-Haley, Ekblaw, D.E., Atwater, B.F., Benson, B.E. 
and Phipps, J.B., 1994, Holocene tectonics in western Washington, in Swanson, D.A., and 
Haugerud, R.A., eds., Geologic field trips in the Pacific Northwest 1994 Geological 
Society of America Annual Meeting:
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Investigations

The Global Seismograph Network (GSN) presently consists of the Incorporated Research 
Institutions for Seismology Network (IRIS/GSN) 37 stations and the Worldwide Standardized 
Seismograph Network (WWSSN) 55 stations. Support is furnished at a level needed to keep 
the GSN at the highest percentage of operational time in order to provide the improved 
geographical coverage with analog and digital data from highly sensitive short-period and 
very broadband seismic sensor seismograph systems. This support includes provision of 
operational supplies, replacement parts, repair services, modifications, on-site system 
installation, maintenance, training and system calibration.

Results

The GSN continues with a combined total of 92 WWSSN/IRIS-1/IRIS-2 stations. Global 
seismic data coverage is provided to the National Earthquake Information Center (NEIC) and 
to other data centers and research organizations throughout the world.

IRIS-2 seismograph systems were installed at eight locations: Honiara, Solomon Islands 
(HNR); Grafenberg, Germany (GRFO); Kipapa, Hawaii (KIP); Bogota, Colombia (BOCO); 
Lusaka, Zambia (LSZ); Santo Domingo, Venezuela (SDV); Tsumeb, Namibia (TSUM); and 
Cathedral Caves, Missouri (CCM).

On-site maintenance visits were required at the following locations: Albuquerque, 
New Mexico (ANMO); Charters Towers, Australia (CTAO); South Karori, New Zealand 
(SNZO); Raratonga, Cook Islands (RAR); Afiamalu, Western Samoa (API); Kipapa, Hawaii 
(KIP); Ankara, Turkey (ANTO); San Pablo, Spain (PAB); Taipei, Taiwan (TATO); Chiang 
Mai, Thailand (CHTO); and Adak, Alaska (ADK).

Site visits/surveys were performed at the following locations: Nairobi, Kenya; Lusaka, 
Zambia; Tsumeb, Namibia; Kiev, Ukraine; Mopti, Mali; Galapagos Islands, Ecuador; 
Antofagasta, Chile; Addis Ababa, Ethiopia; Franceville, Gabon; Davao, Philippines; 
Ulaanbaatar, Mongolia; and Santa Lucia, Brazil.
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INVESTIGATIONS UNDERTAKEN

Work plans for the Toppenish Basin Earthquake Study encompassed five 
components. The first four, involving known fault scarps on Toppenish Ridge, 
included:

- installing a seismometer on Toppenish Ridge.

- constructing trenches across fault scarps on an undisturbed area of Toppenish 
Ridge.

- running a 2 km seismic line across the scarp system.

- establishing and monitoring a trilateration survey net across the faults.

The fifth component involved an initial investigation of scarps occurring on 
Ahtanum Ridge near a population center (Yakima) to determine if these faults might 
represent a hazard (Fig. 1).

Our initial investigation attempted to answer three fundamental questions:

- What is the nature and timing of the fault scarps on Toppenish Ridge?

- Are these faults capable of producing a magnitude 7 earthquake?

- Does the faulting on Ahtanum Ridge mimic that of Toppenish Ridge and 
potentially produce large seismic events?

Our schedule called for completion of all field work by October 1,1994. 
However the Yakama Indian Reservation suffered a series of large fires resulting in 
restricted access for several weeks in the summer. As a result, the seismic line project 
was delayed until mid-November. All other field work was completed as scheduled.

RESULTS 

Seismometer Installation

The Ahtanum Ridge seismometer was relocated in order to improve telemetry 
(new name - Yakima 2). A new seismometer was installed on Toppenish Ridge (named 
TRW) and became operational on October 20,1994. The Washington State seismic 
net began receiving and routinely processing data from the site. Installation of this new 
instrument not only fills a former gap in the Columbia Basin network but also places a 
seismometer within 0.5 km of the Mill Creek Thrust System on Toppenish Ridge (Fig. 
2).
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TRW has recorded ten local earthquakes (as well as many larger non-local 
events). On four local events, TRW was a significant contributor to the ability to detect 
and locate the events. TRW was the first arrival station on one small (1.3) event about 
halfway between TRW and the Goldendale station. Without TRW, this event would not 
have triggered the automatic locating system because the event would not have been 
recorded on the required minimum of three stations.

Trilateration Survey

The first set of measurements of the trilateration survey was completed October 
19,1994. Figure 2 shows the locations of the 5-point survey net. This net was tied into 
a first order triangulation station on Pumphouse Road approximately 10 km to the east. 
Because the high relief on Toppenish Ridge caused line-of-sight problems for a 
conventional survey, we employed a high resolution Global Positioning System. Reid- 
Middleton Corporation used Trimble 4000 SSE, dual frequency, geodetic receivers; 
they report accuracy in the sub-centimeter range. GPS was also chosen because the 
net can be expanded more easily than conventional surveys.

The survey will be repeated in one year to measure for evidence of creep along 
the fault system. The reinforced concrete piers provide permanent stations that should 
be stable for at least five more years. Trilateration survey data are available from the 
Yakama Nation Water Resources Branch (Tom Ring, (509) 877-6121).

Trenching

Four trenches were dug across faults along Toppenish Ridge, one trench across 
a 2-meter-high scarp of the Mill Creek Thrust and three trenches in an extensional 
graben (Fig. 2). The trenches show evidence of four periods of seismic activity.

Trench 1, through the thrust, shows 3.5 meters of fault plane offset involving 
modern A and B soil zones, L-1 loess, and an older dark-brown clayey "chocolate" soil. 
L-1 loess contains shards of Mt. St. Helens "S" tephra (age approximately 13,000 yrs 
BP) and is the horizon locally on which modem soils develop (Figs. 3 and 4). Returns 
from radiocarbon (RC) and thermoluminescence (TL) sampling in Trench 1 are not yet 
available; however the event probably correlates with 500-700 yrs BP dates from 
elsewhere on Toppenish Ridge (Campbell & Bentley, 1981) and with a local Indian 
legend involving loss of life in a landslide (approximately 500 yrs BP). Geomatrix 
(1993) proposed a maximum seismic event of 6.0-7.3 for Toppenish Ridge (depending 
on coupling). The latest movement observed in Trench 1 fits their calculations.
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Trench 1 also shows evidence for two older events (Fig. 4). Clastic wedges 
involving gravel and soil indicate the fault was active at least twice prior to deposition of 
the "chocolate" soil (more than 40,000 yrs BP). TL dates are not yet available for the 
oldest of these wedges (Unit 2-A) and the amount of offset caused by these older 
events is unknown.

Trench 4, across a sag pond in an extensional graben, provides evidence of two 
seismic events (Fig. 5). Two periods of extension are visible in the north end of the 
trench. Initial extension caused by an underlying thrust created offset in Pliocene 
Ellensburg Formation sediments of about 3 m. A second extensional event down- 
dropped the Ellensburg Formation another meter; the resulting depression is filled with 
disrupted soil and rock. Modern A & B zones, L-1 loess, the Washtucna soil (20,000- 
40,000 yrs BP), and fan gravels are offset by formation of this inner graben. Datable 
materials that were collected will probably show that the inner graben was formed 
during the 500-700 yr BP seismic event seen in Trench 1.

Evidence for an earlier event occurs at the south end of Trench 4. A buried A- 
zone lies within the L-1 loess, above a layer of Mt. St. Helens "S" tephra. Buried A- 
zones are rare in the Columbia Basin and, when present, tend to be rapidly destroyed 
by organic activity. Such soils are unlikely to be older than 3000 yrs BP (Alan Busacca, 
personal communication, 1994). A radiocarbon date on the buried A-zone is pending. 
In summary, Trench 4 shows evidence for two seismic events, both younger than 
13,000 yrs and probably younger than 3000 yrs.

Trench 2 and Trench 3 show further evidence for two periods of movement 
within the extensional graben (Figs. 6 and 7). In Trench 2 (Trench 3 mimics the upper 
part of Trench 2), the Ellensburg Fm is offset at least 6 m (!) by graben extension. Fan 
gravels of at least 2 ages are involved as graben fill. An older, yellow gravel displaying 
tilted carbonate pendants was down-dropped and tilted during the first period of 
extension. A second extensional event offsets the yellow gravel an additional 1 m and 
fills the extensional opening with imbricated, dark gravel. The darker gravel thickens 
into the graben center and was probably deposited after the graben became active a 
second time. Although there is no way to date these gravels, Trench 2 and Trench 3 
lend credibility to the events postulated in Trench 4.

In conclusion, trenching demonstrated evidence for four seismic events. Table 1 
summarizes the events and proposed ages. There remain several untrenched scarps 
on Toppenish Ridge associated with other thrust plates. Future trenching may show 
that additional seismic events occurred along the fault system. Figure 9 is a 
diagrammatic profile of the bench area on Toppenish Ridge in the vicinity of this study. 
This composite figure was drawn from the data collected in trenches 1-4.
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TABLE 1. Tabulation of Seismic Events on Toppenish Ridge

Age (yrs BP) Exposed 

500-700 Trench 1 & 4

1000-3000

more than 
40,000

more than 
40,000

Trench 2 & 4 

Trench 1 & 4

Trench 1

Evidence

inner graben fill; 3.5 m. offset of loess 
and soil; RC dates from previous work; 
Indian legend

buried A-zone in graben; 2 offsets 
in fan gravels

fault-caused clastic gravel wedge below 
thrust; pre-Mchocolate" and Washtucna 
soil age

clastic soil wedge; wedge below 
thrust and under event 3

Seismic Line Survey

Figure 2 shows the location of our scheduled seismic survey. The line passes 
by Trenches 2 & 3 and is tied into a nearby trilateration survey station. The line will 
involve shots of approximately 2-meter-spacing using either a "Betsy" seisgun or 
hammer energy source. We expect to locate Columbia River Basalt and Ellensburg Fm 
units buried beneath the gravel and loess cover. Shooting will begin in mid-November.

Ahtanum Ridge Investigation

Our initial investigation of the Ahtanum Ridge scarps shows surprising similarity 
to those on Toppenish Ridge (Fig. 8). Both feature ridgetop grabens that cut down 
slope (and down structure) to the base of the ridge. Both grabens involve surface 
scarps that cut loess and fan gravel. The Toppenish Ridge system is longer and more 
complex with thrust scarps and graben scarps tapering together toward the west.

Ahtanum Ridge may also have recent thrusting but agriculture and urban 
development have destroyed the surface scarps. Bentley and others (1983, 1993) 
indicate a buried thrust at the base of Ahtanum Ridge in a similar position to those on 
Toppenish Ridge.

In short, faults on Ahtanum Ridge seem to mimic those on Toppenish Ridge but 
on a smaller scale. The Ahtanum graben passes under a trailer development and 
water tank; a buried thrust may lie under the city of Union Gap and numerous houses 
south of Yakima. The Yakima area would be seriously affected by a magnitude 5.0 or 
greater event. Clearly, faults on Ahtanum Ridge warrant further investigation.
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Seismotectonics Studies of the New Madrid Seismic Zone 
using Data Collected by the PANDA Array

#1434-94-G2398
Jer-Ming Chiu, Jose Pujol, and Arch C. Johnston

University of Memphis 
Center for Earthquake Research and Information

Memphis, TN 38152
Tel : 901-678-2007, Fax : 901-678-4734

E-mail : chiu@ceri.memphis.edu
Program Element : CU

Investigations
Our research works during this supporting period are mainly concentrated on the 

cleanup of PANDA database, on the 3-dimensional tomographic inversions of P and S 
wave velocity models in the upper crust, on the study of attenuation features of P and 
S waves inside the sedimentary basin in the upper Mississippi embayment, and on the 
image of 3-dimensional configurations of the sedimentary basin. The PANDA database 
has been carefully cleaned and updated. It has been reduced to about 1/3 of its original 
volume. We anticipate to be able to release final PANDA data via USGS at the end of 
the current funding period. P wave velocity profiles from the available well-log data in 
the upper Mississippi embayment and a Vp/Vs of 3.2 obtained from preliminary linear 
velocity inversion are used to provide constraints on the initial model for 3-D tomographic 
inversion. Time differences between the direct P and converted S and between the direct 
S and the converted P are used in an attempt to determine the thickness of sediments 
beneath each PANDA station. Spectra radio between the direct S and the converted P 
waves are used to determine the Qp/Qs relationship in the sediments.

Results

Principal results obtained from the analysis of PANDA data during this project period 
include:
(a) Using travel time differences between the direct P and P to S converted waves and 

between the direct S and the S to P converted waves to determine the depth of the sed 
iments beneath each PANDA station. 3-dimensional configuration of the sedimentary 
basin in the upper Mississippi embayment is thus constructed.

(b) spectra differences between the direct S and the converted P waves from the bottom of 
the sedimentary basin are used to determine the attenuation characteristics of seismic 
waves inside the sedimentary basin. Qp and Qs are estimated to be in the range from 
25 to 60 and from 25 to 30 respectively.

(c) A high-resolution crustal structure image in the NMSZ becomes possible with unam 
biguous identifications of both P and S arrivals from earthquakes recorded by the 40 
3-component PANDA stations supplemented by the regional seismic networks which 
were mostly single-component. Three-dimensional tomographic inversion method by 
Liu et al., (1990 and 1993) has been applied to P and S velocity inversions indepen 
dently. Information obtained from well logs and seismic reflection/refraction were used 
to provide control on the P-wave velocity, especially in the uppermost sedimentary 
basin. Additional P and S velocity information from previous layered inversion consti 
tute the initial velocity model for the inversion. Since Only local earthquakes are used 
which extend from 3 to 15 km in depth, therefore only the upper crust in the NMSZ 
shallower than 15 km is imaged. Results of P and S images at different depths show
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apparent lateral velocity perturbations throughout the entire NMSZ (Figures 1 and 
2). Some correlations can be identified between the regions of faster velocity anomaly 
and some known mafic intrusions identified from magnetic anomalies (Hildenbrand 
et al., 1992). Cross-sectional views suggest that some anomalous regions may be ex 
tended into lower crust. The uppermost sedimentary basin is characterized by water 
saturated unconsolidated sediments with a Vp/Vs ratio of 3.0. A low velocity zone at 
depth from 2.5 to 5 km, however, is characterized by a Vp/Vs of 1.51 which may be 
interpreted as a stratigraphic unit of low Vp (probably shale) but also with elevated 
Vs relative to Vp due to the presence of fluid- or vapor-filled cracks and/or pores, 
probably under elevated pore pressures.

References
Liu, F., H. Wu, and J. Liu, (1990), 3-D velocity image beneath the Chinese continent and 

adjacent regions, Geophys. J. Int., 101, 379-394.

Liu, F. and A. Jin, (1993), Seismic tomography of China, Seismic Tomography, Theory and 
Practice, edited by H.M. lyer and K. Hirahara, published by Chapman& Hall, 299-318.

Hildenbrand, T.G., J.G. Rosenbaum, and R.L. Reynolds, (1992), High-resolution aeromag- 
netic study of the New madrid seismic zone: a preliminary report, SeismoL Res. Let., 
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P WAVE Velocity Image at Depth : 11.0 km
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Figure 1. Example of P wave velocity perturbations at depth of 11 km from a 3-dimensional 
tomographic inversion of P waves using PANDA data from the New Madrid seismic zone 
(Liu et al., 1994). P and S data are used independently in the inversion in order to 
determine 3-dimensional P and S velocity structures independently. Travel time data 
from local, regional, and teleseismic earthquakes as well as from airgun shots can be 
used in the 3-D tomographic inversion.
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Investigations

1. Recently active traces of the Calaveras fault zone at Tres Pinos and San 
Felipe Creeks, California (KJ. Kendrick, J.W. Harden, M.M. Clark).

2. Recently active traces of Owens Valley fault zone, California (Sarah 
Beanland, EDS, IGNS, New Zealand; Clark).

3. Degradation of fluvial terrace risers along Lone Pine Creek, San 
Bernardino County (Kendrick, with J.B.J. Harrison, L.D, McFadden [UNMJ and 
RJ. Weldon [UOR]).

4. Late Quaternary evolution of the San Timoteo Badlands region, southern 
California (Kendrick, with S.G. Wells [UCR], D.M. Monon, andLX). McFadden 
[UNM]),

Results

2. Owens Valley fault zone. See v. 33, p. 202-3 of this publication for 
results summarized from our report, USCS Bulletin 1982, in press, listed 
below. This Bulletin features a 1:24,000-scale strip map of the Owens 
Valley fault zone, a table of characteristics and measurements of active 
traces at 40 sites along the fault zone from Owens Lake to north of Big 
Pine, and text.

3. Prepare report, KJ. Kendrick, J.B.J. Harrison, RJ. Weldon, and L.D. 
McFadden, An evaluation of a non-linear diffusion equation model for 
determining the rate of scarp degradation in Cajon Pass, southern 
California (intended for journal publication).

4. Kendrick described 20 soils in San Timoteo and Reche Canyons in San 
Timoteo Badlands. She analysed these soils in the lab and estimated their 
soil development and rubification indices. She used these indices and the 
amount and composition of iron oxides to estimate ages of geomorphic
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surfaces associated with these soils, total elemental analyses, combined with silica 
extraction, help to constrain the age estimates of the surfaces. These ages, combined with 
offsets of clasts determined by D.M. Monon and J.C. Matti, yield slip rates of 10 +/~ 3 
end 19 +/- 6 rnm/yr for this pan of the San Jacinto fault. These slip rates are larger than 
previous estimates for this pan of the San Jacinto fault zone.

Prepare report, KJ. Kendrick, L.D. McFadden, and D.M. Monon, Soil 
development in the San Timoteo Badlands region; implications for slip on 
the San Jacinto fault (intended for GSA Bulletin).

Reports

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

Harrison, J.B.J.. Kendrick, K.L. McFadden, L.D., and Weldon, R.J. HI, The 
influence of terrace scarp degradation on soil-profile development, Cajon 
Pass, southern California: Catena, in press.

Kendrick, KJ., McFadden, L.D., and Monon, D.M., 1994, Soils and slip rates for the 
northern San Jacinto Fault; Geologic Investigations of an Active Margin, 1994 GSA 
Cordilleran Section Guidebook, p. 146-151.
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PURPOSE OF PROJECT

This project focuses on studies that provide basic geologic information on the distribution, 
characteristics, and frequency of large earthquakes in the central interior of the United States, 
including particular emphasis on the New Madrid seismic zone. The overall objective is to 
contribute to a better understanding of the structural features that might produce large, potentially 
damaging intraplate earthquakes. Project members during this reporting period include Donley S. 
Collins, Anthony J. Crone, and John A. Michael.

INVESTIGATIONS

D.S. Collins has completed a detailed lithologic log for the Dow Chemical No. 1 B.L. 
Garrigan drill hole. Previously published logs of this drill hole are inconsistent in terms of the 
quantity and types of rock present in the drill hole. This detailed log helps eliminate the confusion 
and refines the stratigraphy of Lower Paleozoic rocks in the Reelfoot basin.

D.S. Collins also began searching pre-1912 navigation charts and reports to obtain information 
on the location of surface deformation associated with the 1811-1812 New Madrid earthquakes. 
The information from this search helps clarify the location of towns and the channel position of the 
Mississippi River before and after the New Madrid earthquakes. The purpose of this investigation 
is to reduce the confusion created by the reiteration of the 1811-1812 earthquake events by various 
eyewitnesses and by second- or third-party authors. This information helps restrict the location(s) 
of surface deformation associated with the 1811-1812 earthquakes, which will help focus future 
investigations. This historical information can also be used as a guide to the style and extent of 
deformation that might result from future large earthquakes in the New Madrid region.

D.S. Collins has designed and with the aid of J.A. Michael and Lee-Ann Bradley has 
nearly completed a free-standing public relation display of earthquake information for the New 
Madrid seismic zone. The display is designed to educate and inform the general public about the 
nature of earthquake hazards and the progress that is being made in understanding earthquake 
processes. This display provides useful information to the general public and will improve the 
rapport between the USGS and an informed public.

AJ. Crone, in collaboration with E.S. Schweig (USGS, Memphis) and M. Giardino (Univ. of 
Torino, Italy), completed their analysis of four trenches that were excavated in search of evidence 
of large prehistoric earthquakes in the New Madrid seismic zone (NMSZ). We excavated three 
trenches across the Bootheel lineament at a site about 7.4 km (4.6 mi) west-southwest of Steele, 
Missouri (N*/2, NW, SW, T. 17 N, R. 11 E, Pemiscot Co., Missouri; USGS Denton, MO 7 !/2- 
minute topographic quadrangle). Here, the Bootheel lineament is narrow and easily recognized in 
the field. We also excavated a 49-m-long, east-west-trending trench across the Crittenden County 
fault zone in northeastern Arkansas (NW, NW, SE, Sec. 22, T. 8 N., R 7 E., Crittenden Co.,
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Arkansas; USGS Heafer, Ark. 7 1 /2-minute topographic quadrangle) where high-resolution 
seismic-reflection data indicate the presence of very shallow subsurface deformation.

Related Investigations
Although not directly funded by NEHRP, Crone and M.N. Machette (Branch of Earthquake 

and Landslide Hazards), have continued their paleoseismic studies of suspected Quaternary faults 
in the stable interior of the U.S. As part of this effort, we have conducted studies of the Fowler 
and Cheraw faults in southeastern Colorado and the Harlan County fault in south-central 
Nebraska. These investigations are part of our on-going effort to examine the long-term behavior 
of faults in stable continental settings.

RESULTS
(Collins)

The revised lithologic log of the Dow Chemical B.L. Garrigan No. 1 drill hole divides the 
stratigraphic section into six primary units from oldest to youngest: 103 m (338 ft) of quartzite, 
762 m (2,500 ft) of shaly siltstone to silty shale, 530 m (1,740 ft) of silty sandstone to siltstone, 
950 m (3,120 ft) of shaly siltstone to silty shale, 183 m (600 ft) of limestone, and 293 m (960 ft) 
of siltstone. Results of this study show that the rocks in the Garrigan drill hole are predominantly 
siliciclastic rocks as reported by Howe, (1984) and suggested by Swolfs (1992), and are not 
dominantly carbonate rocks as indicated by McKeown and others (1990). Stratigraphic and 
biostratigraphic correlations by Collins and others (1992) and Taylor and others (1992) 
demonstrate that rocks in the Garrigan drill hole are not correlative with strata in the lower part of 
the Dow Chemical No. 1 Wilson drill hole as suggested by Howe (1984); rather rocks in the 
Garrigan drill hole are a deeper-water siliciclastic facies whereas the rocks in the Wilson drill hole 
are relatively shallow-water carbonate rocks. Other significant nearby drill holes in the northern 
Mississippi embayment that contain similar siliciclastic rocks include the Strake Petroleum No. 1 
T.P. Russell and the O.W. Killam No. 1 Pattinson drill holes. This revised log is being assembled 
for publication in a U.S. Geological Survey Chart Series.

Preliminary searches of old literature, navigation charts, and archived reports have yielded the 
following observations, which are commonly not cited or are frequently overlooked in post-1912 
publications:

1. Descriptions of deformation of Islands 10, 12, 25, and 32 in the Mississippi River, which 
span the reach of the river between about 19 km (12 mi) upstream of New Madrid to about 
152 km (95 mi) downstream.

2. The pre-earthquake locations of the towns of New Madrid and Little Prairie are in the 
present channel of the Mississippi River.

3. It is possible that the present location of Caruthersville is not the same as the old town of 
Little Prairie, which was located on the opposite side of the river "loop" and to the north of 
Caruthersville..

4. Several sets of northeast-trending fissures, at least 1.5 m (5 ft) deep and spaced about 0.6 
km ( l /2 mi) apart existed in the Little Prairie area. At present, it is not know if these 
fractures formed during the earthquakes.

5. Reports of earthquake lights may have been the result of ignition of methane gas, which 
was derived from swampy areas near New Madrid.

In addition, this preliminary study has found that Land Survey Reports may contain exact 
locations and descriptions of surface fractures created by the earthquakes of 1811-1812. This 
source of information has not yet been accessed.

A free-standing display unit has been purchased. It stands 2.4 m (8 ft) high and consists of 
two 1.2 m x 1.2 m (4 ft x 4 ft) display panels. Both sides of each panel can be used to display
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information. These panels are protected by clear plexiglass and are mounted in free-standing 
aluminum frame. The themes of the four panels in the are:

Effects of the 1811-1812 earthquakes 
What scientists are doing in the New Madrid region 
What scientists know about the 1811-1812 earthquakes 
Earthquake preparedness information

The final product will be displayed in museums, county offices, city halls, and high traffic 
public areas such as shopping malls throughout the New Madrid region.

(Crone)
Bootheel Lineament Trenches

At the trench site, the Bootheel lineament has a general trend of N. 24° E. (024°) and is marked 
by an area of light-colored, relatively well-drained soil to the west and an area of dark-colored, 
poorly drained soil to the east. Topographically, the western side of the lineament is about 30 cm 
higher than the eastern side. We excavated three subparallel, east-west-trending trenches that were 
spaced approximately 15m apart. The deposits in the Bootheel lineament trenches consisted of a 
fining-upward sequence fluvial sediments that are overlain by a sequence of sand-blow deposits. 
We interpret this fining-upward sequence as deposits from a low-energy meandering stream 
system in which the basal coarse-grained deposits are buried by progressively finer overbank and 
slack-water sediment that fill the abandoned channel and were deposited on the floodplain adjacent 
to the main channel. The fluvial deposits are overlain by well-sorted, coarse- to fine-grained sands 
that are sand-blow deposits. The basal contact of the sand-blow deposits is sharp and planar, 
although locally the erupting sand eroded the pre-earthquake ground surface.

The fluvial deposits, which are buried by the sand-blow deposits, are late Holocene in age. 
Geologic and archaeological evidence, which was described in the preceding (FY 1993) annual 
report, suggest that the fluvial sediments were probably no more than a few thousand years old. 
One trench exposed an ancient hearth in the fluvial deposits that contained charcoal. Charcoal 
fragments from the hearth have a calibrated radiocarbon age of 1,313-1,419 yr B.P. (Geochron 
sample GX-19872-AMS). Based on the age of these underlying fluvial sediments and the lack of 
significant weathering and oxidation in the sand-blow sand, the sand blows that define the 
Bootheel lineament at this site most likely formed during the 1811-12 earthquakes.

We found no evidence of faulting or brittle deformation that we attribute to tectonic causes in 
any of these trenches. The top of the fluvial deposits was vertically offset across three of the 
largest dikes, and, in all cases, the downthrown side of the dike is on the east. We found no 
evidence that these vertical offsets were related to near-surface faulting, and we found no evidence 
that lateral slip had occurred along these features. Instead, we attribute these vertical offsets to 
subsidence that resulted from the large volume of sand that was extruded from below onto the 
surface.

The lack of conclusive evidence of near-surface tectonic deformation associated with the 
Bootheel lineament at this site makes it difficult to directly associate the Bootheel lineament with 
underlying seismogenic faults, including those that could have slipped during the 1811-12 
earthquakes. The geologic evidence from these trenches suggest that, during the past 
approximately 1,300 years, liquefaction has occurred at this site only during the 1811-12 
earthquakes. The extensive liquefaction that did occur here in 1811-12 suggests that site 
conditions were very favorable for liquefaction. Given the apparent favorable conditions but lack 
of evidence of prehistoric liquefaction, we conclude that the site was not been subjected to 
sustained shaking as strong as that which occurred in 1811-12 for at least 1,300 years.

Crittenden County Trench
We also excavated a trench across the Crittenden County fault zone (CCFZ) where previous 

geophysical studies had shown evidence of deformation in very shallow sediments. Seismic- 
reflection data show that the deformation associated with the CCFZ can be traced from the middle 
crust to within 6-7 m of the surface (Crone, 1992; Luzietti and others, 1992; Williams and others,
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1993). Thus, exploratory trenches, which can extend about 3 m below the surface, offered an 
opportunity to document very shallow deformation associated with a crustal-scale fault zone.

Our trench was located in the area between two drill holes that provided the original evidence of 
the presence of the fault. The surficial deposits at the site are composed almost exclusively of 
Holocene Mississippi River alluvium, and the trench exposed a sequence of fluvial silts that 
contain varying amounts of sand and clay. We found no evidence of faulting in the trench. The 
most significant structural feature was an unconformity that separated the two depositional 
sequences of fluvial deposits. The unconformity progressively rose toward the western end of the 
trench, and stratigraphic units in the upper sequence pinched-out against the unconformity or 
thinned greatly to the west as the unconformity became shallower. This unconformity is evidence 
of a buried feature that had about 1.2 m of topographic relief at the time that the upper sequence of 
sediments were deposited.

Data from the trench do not yield conclusive evidence about the origin of this buried 
topographic feature. Much of the present landscape in Crittenden County is the product of fluvial 
processes, and river channels with several meters of relief are common. Thus, in the absence of 
evidence of faulting or other tectonic causes, it is reasonable to attribute the relief to fluvial 
processes. However, the coincidence of the buried feature with the shallow subsurface 
deformation imaged in the high-resolution reflection data suggests that the buried topography could 
be related to tectonism (Williams and others, 1993). Because Holocene sediments are involved in 
the deformation, determining the origin of the buried feature is important for earthquake hazard 
assessments.

The full documentation of the Bootheel lineament trenches and the Crittenden County trench is 
being published as a U.S. Geological Survey Miscellaneous Field Studies map.

Related Investigations

The long-term behavior of seismogenic faults in stable continental regions is poorly known 
despite the threat that these faults pose to populated regions. The objective of Crone and 
Machette's studies is to provide paleoseismic data on three suspected, but unstudied Quaternary 
faults in the stable interior of the United States in Colorado and Nebraska. In collaboration with 
geoscientists at the University of Kansas and the Kansas Geological Survey, we mapped the only 
known exposure of the Harlan County fault in south-central Nebraska and collected samples for 
grain-size analysis and radiocarbon age determinations. In southeastern Colorado, we examined 
the Fowler and Cheraw faults. Our study of the Fowler fault indicates that it is a terrace riser 
associated with an ancient course of the Arkansas River rather than a fault scarp as previously 
reported. However, our studies show that the Cheraw fault is a bona fide fault that has had 
repeated Quaternary movement. We have conducted a general reconnaissance of the surface trace 
of the Cheraw fault, measured several topographic profiles to characterize the amount of surface 
offset, and drilled a series of shallow auger holes to investigate the subsurface materials on both 
sides of the fault at two important sites. At one of these sites, we will excavate an exploratory 
trench with the hope of better characterizing the fault's long-term behavior including its recurrence 
interval, slip rate, and the time of most recent movement. This study will contribute to a better 
understanding the occurrence of rare but large-magnitude earthquakes in the stable continental 
regions.
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Investigations

This research focuses on regional earthquake hazards in the Pacific Northwest, including effects of 
large scale plate interactions, through the study of regional structure, earthquake sources, and tectonics. 
Investigations include a cross-Cascade "refraction" profile using reflected and refracted rays from earthquake 
sources, investigations of P-wave reverberations from teleseismic observations, investigation of the Scotts 
Mills earthquake sequence in northwestern Oregon, and initiation of a project to reexamine earthquake loca 
tion and 3-D structure effects in the Puget Sound region of western Washington in light of recently postu 
lated tectonic models.

Results

East-west cross-Cascades structural profile
This project was completed in the previous contract period, and reported in a paper delivered at the 

Fall 1993 AGU meeting (Schultz and Crosson, 1993) and a thesis entitled: "A 2-D Velocity Structure for a 
Cross-Cascades Profile using Earthquake Sources with Application of Reflectivity Synthetic Modeling" by 
Andreas Schultz. The research used direct P, PmP, and Pn arrivals recorded on the PNSN regional network 
to infer the structure across the central Cascade Range of Washington. The final model indicates a depressed 
Moho beneath the central Cascades, with a relief of about 12 km from west to east. An article is currently in 
preparation for journal publication. This study indicates the feasibility of using earthquakes as sources for 
conventional refraction interpretation, and should complement the current emphasis on active source seismic 
experiments in the Pacific Northwest.
Crust and Upper Mantle Structure

In this continuing study, we have been using seismic signals (mainly direct P) from distant earthquakes 
to search for structure markers produced by P and S wave reverberations in the lithosphere. Using more con 
ventional deconvolution methods, we have found that "receiver functions" can be constructed from vertical 
component, short-period data alone, but that these receiver functions vary significantly from station to station 
indicating rapid lateral variation of structure that produces strong scattering and rapid lateral loss of signal 
coherence. We are presently completing the characterization of the spatial variation of receiver functions and 
their implications for structure variations. Preliminary results of these investigation was presented at the 1993 
Fall AGU meeting (Dewberry and Crosson, 1993).

In a related recent development, we are working on a new deconvolution method which may enhance 
our ability to detect and interpret crustal reverberations. The method uses joint deconvolution for many 
sources and many receivers in the Cepstral transform domain. It has the potential to greatly increase the 
quality of the deconvolution process and thus provide higher quality receiver functions for structure interpre 
tation. The method is still under investigation and active development.
Scotts Mills Earthquake of 25 March, 1993

The Scotts Mills earthquake (M 5.6) was the largest earthquake in the crust of western Oregon's Wil- 
lamette Valley region in recent time. With excellent aftershock data from portable instrument deployment, it 
offers a unique opportunity fo investigate the structure and tectonics of this region. The mainshock and aft 
ershock sequence are consistent with a mid-crustal fault plane that strikes west-northwest, and dips about 60 
degrees to the northeast. The mainshock appears to have involved oblique reverse or thrust motion in 
response to north-south tectonic stress. This stress is consistent with other evidence from earthquake and well 
data. A paper given at the 1993 Fall AGU meeting (Thomas, et al., 1993) presented the preliminary results
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of our aftershock analysis. An article containing these results is currently being prepared for journal publica 
tion.
Additional Activities

We have submitted an article on a new method of moment/magnitude estimation using short period 
regional network coda amplitude data. Another article by Ma et al. on focal mechanism and stress analysis in 
western Washington is in the final stages of publication in a USGS Professional Paper.

Recently, USGS investigators (Pratt and others, 1994) have proposed a very specific tectonic model for 
the Puget Sound region primarily based on industry seismic reflection data. These models elucidate the 
thrust nature of the "Seattle Fault" and include a decollement at approximately 15 km depth. Most central 
Puget Sound earthquakes appear to lie deeper than the proposed decollement and questions have been raised 
about the depth uncertainties of the mid-crustal Puget Sound earthquakes in light of these models. For exam 
ple, could lack of depth control cause an apparent vertical smearing of hypocenters that are actually on the 
decollement surface? To address such questions, we are beginning a project to use a true 3-D structure for 
studying the location uncertainties of western Washington earthquakes.
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INVESTIGATIONS

1) The continued analysis of moderate to large earthquakes in the San Francisco bay 
area, and northern and central California to estimate one-dimensional velocity models 
suitable for use in routine moment tensor studies.

2) Compile a catalog of theoretical Green's functions to facilitate source analyses.
3) Utilize the Green's function catalog to analyze historic earthquakes recorded on varied 

instrumentation operated by UC Berkeley since the turn of the century.
4) Begin to develop near-realtime methodologies and automation of the moment tensor 

procedure.

RESULTS 

Northern California Seismicity

Central and northern California has been quite active during the past year. Of particular 
interest are 16 events with Mw>3.8 which illustrate the complexity of the active fault 
structures in the northern two thirds of the state (Figure 1). Of the seven events in the 
Central Coast Ranges (CCR) and San Francisco bay area four are right lateral mechanisms 
consistent with their locations on the San Andreas and Hay ward-Calaveras fault systems. 
Three earthquakes had predominantly thrust mechanisms consistent with the fault normal 
compressive stress observations of Zoback et al. (1987).

The most seismically active region in California is the Mendocino Triple Junction (MTJ) 
and offshore Gorda plate. Figure 1 shows the range of earthquake mechanisms recorded. 
Events 5 and 9 occurred within the Gorda plate and exhibit a north-south compressive 
stress caused by the buttressing of the Gorda plate by the Pacific and the Juan de Fuca 
plates. Event 16 occurred at relative large depth and was located within the subducting 
Gorda plate. The normal-slip mechanism suggests that the descended Gorda plate east 
of the MTJ is no longer subject to the north-south compression observed for events 
located offshore and is consistent with the observations of McPherson (1987). The largest 
earthquake during the project period was a Mw6.9 event (number 12) that occurred on the
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Mendocino fault. The reorientation of the principal stress axis locally along the Mendocino 
fault is suggestive that this fault is weak (e.g. Zoback et al., 1987).

Southern Oregon experienced two Mw5.9-6.0 mainshocks on September 23, 1993 (events 
1 & 2, Figure 1). These earthquakes caused extensive damage in the epicentral area and 
were widely felt to a range of approximately 150 km. We studied this sequence in detail 
and source mechanisms were obtained for 20 of the largest events which show a east- 
northeast striking tension axis consistent with deformation occurring in the northwestern 
Basin and Range province. The mechanisms of the aftershocks indicate a pronounced 
change in the strike of the causative fault structure. The change in strike is also manifest 
in the mapped surface faulting. Our analysis of mainshock source kinematics revealed that 
the pronounced bend in the fault may have acted as a barrier to a through-going Mw 6.2 
event. The results of this study will appear shortly as an article in Geophysical Research 
Letters.

The eastern margin of the state became active with a Mw 5.9 event located SE of 
the Tahoe valley. This sequence is located within a transitional region subject to both 
strike-slip and normal-slip earthquakes (Zoback and Zoback, 1980). The analysis of ap 
proximately 20 aftershocks reveal that the stress field is dominantly east-west striking 
tension. The mainshock ruptured a vertically dipping strike-slip plane and the largest af 
tershock ruptured a north-south striking normal-slip fault. It appears that the strike-slip 
events are occurring at greater depth than the normal events, but more work is needed to 
fully realize the relationship. Our current efforts are focussed at trying to resolve which of 
the two possible mainshock nodal planes was the causative structure since there is no clear 
correlation with surface mapped faults in the region. Of particular interest is to better 
understand the spatial relationship of the near vertically dipping strike-slip mainshock 
and the normal-slip structures which were subsequently activated.

Moment Tensor Methodology

The mechanisms in Figure 1 were determined by the time domain inversion of three- 
component, complete, long-period waveforms. The frequency band in which the inver 
sion is performed is between 0.01 Hz and 0.05-0.1 Hz. The upper corner depends upon 
the earthquake size and the distance to the recording stations. In this frequency band 
relatively simple velocity models are found to adequately model wave propagation. To 
facilitate the moment tensor studies we have regionalized California into two principal 
domains, namely, the CCR and the Sierra Nevada (Figure 1). We have compiled a catalog 
of Green's functions for each of the domains which is maintained online.

Figure 2a illustrates the level of fit that is commonly obtained at low frequencies. Paths 
which cross the San Joaquin valley remain problematic as two- and three-dimensional 
velocity structures will be needed to model the data. Figure 3a illustrates the need for 
further refinement of the velocity structures for cross-domain paths by comparing tangen 
tial component displacement data with synthetics computed with the Coast Range model 
(GIL7) and the Sierra Nevada model (SoCal). The body waves are clearly better modeled 
by the thicker crust of the SoCal model, where as, the dispersed Love wave is predicted 
by the substantial near surface velocity gradient of model GIL7. At long-periods (f < 
0.05 Hz) the differences in the synthetics for the two models are not large. To extend the
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capability of our analysis to small events, apply the method to historic data sets, and to 
improve source depth resolution shorter period waves need to be used, necessitating the 
refinement of the Green's function catalog.

Table 1 lists the events in Figure 1 and compares the complete waveform results with 
those from regional surface waves, first-motions, and Harvard Centroid Moment Tensor 
(CMT) solutions for the largest earthquakes. First-motion solutions were not available for 
events located outside the dense short-period Northern California Seismic Network.

Generally, we find good agreement between each of the methods, however some events 
show relatively large discrepancies. Figure 2b compares the focal mechanisms obtained 
from the different methodologies for event 13 (Figure 1). In this example the strike and 
dip of the north dipping plane are relatively well constrained, however the rake angle 
appears to tradeoff with the strike and dip of the conjugate plane. The formal uncertainties 
estimated for the complete waveform method are 2°, 6° and 1° for the strike, rake and dip 
parameters of the north dipping plane. Thus the rake does have the largest uncertainty 
but it is significantly smaller than the range defined by the different methodologies. This 
illustrates the need for the application of multiple methodologies to properly evaluate the 
full range of possible mechanisms, and to evaluate the true uncertainties due to velocity 
model and inverse method assumptions.

There are also notable differences in the solutions for the Mw 4.2 earthquake north of 
Berkeley (event 10). In this case there is a 21°   52° range in the rake angle. The two 
moment tensor solutions compare reasonably well (within 4°, 15° and 21° for the strike, 
dip and rake parameters) however the first-motion mechanism has a significantly different 
rake. It is noted that first-motion mechanisms in this region are affected by multipathing 
due to lateral velocity gradients across the Hayward fault (David Oppenheimer, personal 
communication, 1994).

Historic Seismogram Analysis

During this project period we began searching the historic catalog for events suitably 
recorded to apply the methodology discussed above. An event that we studied occurred on 
March 9, 1949 near Gilroy, California. This event was recorded at Berkeley on a smoked 
paper recorded Bosch-Omori instrument. In collaboration with David Oppenheimer the 
data was digitized using our newly acquired scanner system.

As was discussed in the previous reporting period the path from Gilroy to BKS was 
the focus of an extensive modeling effort to determine a suitable one-dimensional velocity 
model for the San Francisco bay area. Figure 4a demonstrates the fit to a 1993 calibration 
event which occurred near Gilroy, California. This model fits the waveform data to a 
frequency of 1 to 2 Hz. Figure 2a attests to the performance of this model at long- 
periods. The similarity of the 1949 and 1993 events (Figure 4b) indicates these earthquakes 
occurred in close proximity to one another. We inverted the two horizontal components 
of the 1949 earthquake using the calibrated Green's functions (Figure 4c). The fit to the 
tangential data is quite good. The mechanisms of both the 1949 and 1993 events (Figure 
4d) indicate that the radial component should be nodal however there is a late arriving 
Rayleigh wave evident in the data. This phase was also observed in the 1993 data, and 
filtering revealed that at long-periods the radial component was nodal. Thus it appears
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that the short-period Rayleigh wave is a multipath through the Santa Clara valley and San 
Francisco bay sediments. Because of the bandwidth of the Bosch-Omori instrumentation 
it was necessary to include 5 s data in the inversion. The general application of the Green's 
function catalog and moment tensor analysis to the historic waveform data set will require 
refinement of the models to fit shorter period waves.

Near-realtime Analysis

We have developed an algorithm to automate the moment tensor procedure using the 
initial source location determined by REDI (Rapid Earthquake Data Integration). It is 
now possible to obtain a preliminary Mw and fault plane solution within 8 minutes of 
receiving notification of the earthquake. The automated codes are now operational and 
further refinement of the algorithm is underway to reduce processing time and to improve 
the quality of the automated solutions.
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FIGURE CAPTIONS
Figure 1. Map showing the locations of the 11 operational broadband stations of the 

Berkeley Digital Seismic Network (triangles) and focal mechanisms of 16 significant earth 
quakes, determined by inverting complete, three-component, long-period (f < 0.05-0.1 Hz) 
waveforms recorded at one or more of the stations. The dashed lines show the demarcation 
of the velocity model domains used in the analysis.

Figure 2. a) Comparison of complete, three-component, long-period (0.02 < / < 0.1 
Hz) displacement data and synthetic seismograms for event 13 (Figure 1). b) Comparison 
of reported focal mechanisms for this event (see Table 1).

Figure 3. a) Comparison of tangential component data for a Mu,4.8 event near San 
Jose, California recorded at CMB (distance of 140 km) and synthetics computed for the 
Coast Range model (GIL7) and the Sierra Nevada model (SoCal). b) The one dimensional 
velocity models for the two domains.

Figure 4. a) Compares the tangential displacement record for the 930116 Gilroy earth 
quake (solid) with a synthetic (dashed) computed with the GIL7 model, b) Compares a 
synthetic Bosch-Omori seismogram for the 930116 event (dashed) with a digitized rep 
resentation of an actual Bosch-Omori seismogram (solid) of an event which occurred on 
March 9, 1949. c) Compares lowpass filtered (f < 0.2 Hz) Bosch-Omori data (solid) and 
synthetics (dashed) for the 1949 event, d) Shows the relative locations and focal mecha 
nisms of the two events.
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TABLE 1. Comparison of Fault Plane Solutions
Index

1

2

3

4

5
6

7

8

9

10

11

12

13

14

15

16

Date
9309210329

9309210545

9311141225

9401111053

9401201542
9402211340

9404211637

9405191645

9406191039

9406260842

9408280122

9409011515

9409071909

9409121223

9409122357

9409271125

Lat. (N)
42.316

42.358

35.950

36.988

40.508
40.424

36.292

36.533

40.364

37.900

36.812

40.375

37.538

38.856

38.765

40.647

Lon. (W)
122.027

122.058

120.500

121.722

124.824
125.605

120.432

121 .267

124.575

122.317

121 .222

125.999

121 .271

119.768

119.725

124.074

Mag.
5.9 
5.9 
6.0
5.9 
6.0 
6.0
4.8 
4.8 
4.6
4.1 
4.1 
4.2
4.8
4.4 
4.5
4.4 
4.4 
4.4
4.0 
4.1 
3.9
4.9 
4.9
4.2 
4.2 
4.0
3.8 
4.0 
3.9
6.9 
6.9 
7.0
4.0 
4.0 
4.1
5.9 
6.1 
5.9
5.1 
5.3
3.9 
3.8

Mo

7.6xl02* 
8.4xl024 
l.lxlO26
7.9xl02 * 
1.4xl02B 
l.OxlO26
2.0xl023 
1.9xl023

1.4*1022 

2.0 * 1022

4.5 * 1022
5.2 * 1022 

7.3 * 1022
4.9 * 1022 

4.6 * 1022

1.3*1022 
1.9*1022

2.9 * 1023 

2.7 * 1023
2.0 * 1022 

2.1 * 1022

5.6 * 1021 

9.7 * 1021

2.6 * 102e 
2.9 * 1026 

3.4 * 1026
1.2 * 1022 

1.1 * 1022

7.2 * 1024 
1.4*102B 
1.0*102B
5.2 * 1023 

8.8 * 1023
6.8 * 1021 

6.1 * 1021

Z(km)
8 
12 
15
8

12 
15
14 
8 

12
11 
8 
15
11
11 
24
5 
8 
11
11 
8 
8
18 
18
11 
8 
7
5 

10 
8
14 
8 
15
11 
8 
3
14 
12 
15
5 
6
14 
24

Strike/Dip/Rake Method
3S2/55/-94 (1 
353/S7/-59 (2 
334/60/-98 (4
346/46/-S9 (1 
9/S7/-46 (2 

357/347-85 ?4

)

)
142/83/-179 (1) 
142/88/-174 (2) 
149/81 /-165 (3)
270/93/-125 (1 
269/79/-65 2 

270/90/-120 3
296/86/176 1

)

97/81/-172 (1) 
88/87/-159 (2)
159/61/122 (1) 
168/30/132 (2) 
125/50/50 (3)
144/71/177 (1) 
133/69/177 (2) 
317/81/160 (3)
126/65/171 (1) 
120/86/-177 (21
229/88/12 (1 
234/7S/-9 (2 

215/75/-40 (3
60/87/2 (1 
227/66/8 (2 
50/85/10 (3

)

1
278/88/-164 (1) 
271/77/169 (2) 
273/66/-180 (4)
158/47/133 (1) 
138/33/119 (2) 
170/50/150 (3)
129/84/-163 (1) 
306/88/-167 (2) 
137/57/-164 (4)
361/57/-91 (1) 
356/59/-S7 (2)
S4/65/-72 (1) 
30/68/-82 (2)

Key to methods:
(1) Complete, three-component, long-period (f < 0.1-0.05 Hz) waveform moment tensor inversion (Mag. is
(2) Regional surface wave inversion (Mag. is MU/).
(3) USGS first motion mechanism from UCB Data Center October 10, 1994 (Mag. is duration magnitude)
(4) Harvard CMT solution (Mag. is MU,)
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Figure 1. Map showing the locations of the 11 operational broadband stations of the 
Berkeley Digital Seismic Network (triangles) and focal mechanisms of 16 significant earth 
quakes, determined by inverting complete, three-component, long-period (f < 0.05-0.1 Hz) 
waveforms recorded at one or more of the stations. The dashed lines show the demarcation 
of the velocity model domains used in the analysis.
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Complete, Three-Component Waveform Inversion 
for Event 13

Tangential Vertical

BKS_ .294

JRSC

SA0..189

Strikc=283; 158 

Rake =54:135 

Dip =60:46 

Mo =1.22e+22 

Mw =4.0 

Percent DC=86 
Percent CLVD=14 

Variance=9.02e-10 
Var. Red=8.64e4Ol 
RES/Pdc.=1.05e-ll

Comparison of Mechanisms

Figure 2. a) Comparison of complete, three-component, long-period (0.02 < / < 0.1 
Hz) displacement data and synthetic seismograms for event 13 (Figure 1). b) Comparison 
of reported focal mechanisms for this event (see Table 1).
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Figure 3. a) Comparison of tangential component data for a Mu,4.8 event near San 
Jose, California recorded at CMB (distance of 140 km) and synthetics computed for the 
Coast Range model (GIL7) and the Sierra Nevada model (SoCal). b) The one dimensional 
velocity models for the two domains.
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930116 Tangential Displacement Comparison of 1949 and 1993 Records
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Figure 4. a) Compares the tangential displacement record for the 930116 Gilroy earth 
quake (solid) with a synthetic (dashed) computed with the GIL7 model, b) Compares a 
synthetic Bosch-Omori seismogram for the 930116 event (dashed) with a digitized rep 
resentation of an actual Bosch-Omori seismogram (solid) of an event which occurred on 
March 9, 1949. c) Compares lowpass filtered (f < 0.2 Hz) Bosch-Omori data (solid) and 
synthetics (dashed) for the 1949 event, d) Shows the relative locations and focal mecha 
nisms of the two events.
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Program Element II. 3 

Investigations

The principal objective of this project was the establishment of a baseline regional GPS 
network in western Washington and NW Oregon that extends from the Pacific coast to a north- 
south line just east of the Cascades. Special emphasis was given to selecting stations on or close to 
the major volcanoes of the Cascades. The project was first funded by NEHRP for a regional GPS 
survey in NW Oregon and SW Washington in 1992 (June and September). Additional funding 
was provided by NEHRP 1993 and 1994 to extend the network into NW Washington.

Results

Observations

In August of 1994 the third phase of baseline GPS measurements was completed. During a 
period of 8 days, 24 stations (Figure 1) were occupied in western Washington and Oregon. Of the 
24 stations, six were new marks installed by the Cascades Volcano Observatory. One new mark 
was located west of Tillamook, Oregon, a second at Port Angeles, Wash., a third at Sunrise (Mt. 
Rainier), a fourth at Reflection Lake (Mt. Rainier), a fifth at Mowich Lake (Mt Rainier), and a sixth 
at La Push, Wash. The University of Washington Geophysics program occupied two sites on the 
Olympic Peninsula. 1994 was the first year that the project had access to 6 P-code receivers from 
the Hawaiian Volcano Observatory in addition to the two used by the University of Washington. 
All sites were observed for two eight hour sessions(15 second epochs) on separate days.

GPS data reduction

In the spring of 1994 the project's UNIX workstation was transported to the UNAVCO 
facility in Boulder, Colorado. Bernese 3.5 and related UNAVCO software was installed on the 
workstation.With the help of John Braun from UNAVCO, a June 1992 precise orbit problem was 
solved and June and September 1992 GPS processing was completed. GPS data for the 1993 
campaign was also reduced this past year. With the exception of June 1992, we used CODE 
precise orbits. NGS orbits were used for June 1992 data. GPS data for the August 1994 campaign 
will be processed for solutions in late 1994.

329



II.3

Reports

Endo, E.T., and Iwatsubo, E.Y., Preliminary results of the 1992 NW Oregon - SW Washington 
GPS survey, USGS Open File report, in review.

Endo, E.T., and Iwatsubo, E.Y., Preliminary Bernese results of the 1992 and 1993 NW Oregon 
SW Washington GPS surveys, USGS Open File report, in preparation.

125

Figure 1. Map showing GPS stations occupied during the August 1994 GPS campaign. Stations 
selected for observations are indicated by triangles. The cluster of stations near the center of the 
figure is approximately centered on Mt. Rainier.
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Investigations

1. Travel-Time Tables. Develop new standard global travel-time tables to locate 
earthquakes.

2. Arrival-Time Data. Coordinate planning for an International Seismological 
Observing Period (ISOP) a time interval during which there would be 
enhanced reporting of arrival-time data.

3. Earthquake Location in Island Arcs. Develop practical methods to accurately 
locate earthquakes in island arcs.

4. Subduction Zone Structure. Develop techniques to invert seismic travel times 
simultaneously for earthquake locations and subduction zone structure.

Results

1. Travel-Time Tables. New empirical travel-time curves for the major seismic 
phases have been derived from the catalogues of the International Seismological 
Centre by relocating events by using P readings, depth phases, and the iasp91 
travel times, and then re-associating phase picks. A smoothed set of travel-time 
tables is extracted by a robust procedure which gives estimates of the variance of 
the travel times for each phase branch. This set of smoothed empirical times is 
then used to construct a range of radial velocity profiles which are assessed 
against a range of different measures of the level of fit between the empirical 
times and the predictions of the models. These measures are constructed from 
weighted sums of L.2 misfits for individual phases. The weights are chosen to 
provide a measure of the likely reliability of the picks for the different phases.

A preferred model ak!35 is proposed which gives a significantly better fit to a 
broad range of phases than is provided by the iasp91 and sp6 models. The 
differences in velocity from these models are generally quite small except at the 
boundary of the inner core where reduced velocity gradients are needed to 
achieve satisfactory performance for the PKP differential time data.
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The potential resolution of velocity structure we have been assessed with the aid 
of a nonlinear search procedure in which 5,000 models have been generated in 
bounds about ak!35. Misfit calculations are performed for each of the phases in 
the empirical travel-time sets, and the models are then sorted using different 
overall measures of misfit. The best 100 models for each criterion are displayed 
in a model density plot which indicates the consistency of the different models. 
By comparison of different misfit measures, the interaction of information from 
different phases can be displayed. Structure in the mantle is well resolved except 
at the base, and ak!35 provides a good representation of core velocities.

2. Arrival-Time Data. A highlight of the year was a Workshop on Upgrading
Seismological Practice at the IASPEI General Assembly held at Wellington, New 
Zealand, 10-21 January 1994. This full-day workshop focused on ways in which 
digital technology is being used to improve the effectiveness of seismological 
observatories. Presentations were grouped into four categories for the quarter-day 
sessions: (1) Initiatives in Global Seismology; (2) New Concepts in Seismological 
Practice and Data Processing; (3) Applications of Personal Computers and 
Workstations; and (4) Automated Station/Array/Network Operation. An ISOP 
Special Interest Group Meeting was held following the Workshop at which 
many aspects of the project were discussed with a large group of interested 
scientists.

In conjunction with the IASPEI Committee on Developing Countries, ISOP also 
organized a Training Course on Interactive Analysis of Digital Seismic Data, 
which immediately followed the Regional Seismological Assembly in South 
America held at Brasilia, Brazil, 22-26 August 1994. The week long course was 
designed to acquaint participants with the basic principles of digital signal 
processing which must be understood in order to work effectively with the 
digital seismograph systems which are increasingly widely deployed in South 
America. A second goal of the course was to provide background information 
and resources which would help the course participants understand how the 
global seismological infrastructure is organizing itself to take advantage of digital 
seismometry and modern communications, and how they can become involved 
in this process.

3. Earthquake Location in Island Arcs. We use our current Earth model (ak!35) and 
procedures to relocate about 100,000 events which are well-constrained 
teleseismically by arrival-time data reported to the International Seismological 
Centre (ISC) and the National Earthquake Information Center during the period 
1964-19924 We compare our relocations to the hypocenters reported in the ISC 
and NEIC catalogues. Differences in epicenter location are generally small, 
primarily due to the differences in upper mantle travel times between these 
models and the Jeffreys-Bullen model used by the ISC and NEIC. Focal depths, 
however, are dramatically improved over those determined by the ISC, 
demonstrating how regional structures such as downgoing slabs can severely bias 
depth estimation when only regional and teleseismic P arrivals are used to

332



II

determine the hypocenter. This new global hypocenter data base is complete to at 
least moment magnitude (Mw) 5.25 and includes all events for which moment 
tensor solutions are available. Thus, the depth distribution of global seismicity 
can be accurately portrayed and, in particular, the depth distributions of 
intermediate-depth earthquakes within major subduction zones worldwide can 
be compared. These distributions reveal discontinuous depth variations within 
and between subduction zones which appear to correlate with such factors as 
subduction rate and age of lithosphere entering their trenches.

Cross-sections of relocated hypocenters for intermediate-depth (50-300 km) 
intraslab earthquakes are constructed in true curvilinear distance and depth by 
projecting about the local center of curvature of either the volcanic front, the 
trench axis, or a best fit to the dipping seismic plane. Arc-normal and arc-strike 
cross-sections are presented for major subduction zones worldwide. As an 
example of this method of analysis, six such centers of curvature (or poles) are 
required to represent the seismicity in western South America. The new data set 
and methods of presentation reveal geometrical aspects of slab geometry over 
this depth range which heretofore had remained hidden or poorly defined. In 
particular, the fine structure of intermediate-depth seismicity in the vicinity of 
the Arica bend reveals curvilinear clusters at depths greater than 130 km that 
appear to be in alignment with offshore island and seamount chains. Moreover, 
the apparent thickness of the Wadati-Benioff Zone as measured in cross section 
is greatly reduced compared to previous studies.

4. Subduction Zone Structure. The use of a proper reference model and unbiased 
starting hypocenters are particularly important for relating slab seismicity to 
seismic velocity anomalies based on tomographic methods. An inadequate 
reference model and mislocated hypocenters can often result in loss of structural 
signal in the data and mapping of spurious non-linear effects into the 
tomographic images. High-resolution tomographic imaging of major subduction 
zones (Van der Hilst et al., 1991) and the distribution of intraslab intermediate- 
depth earthquakes within these images were examined. This study revealed that 
intraslab earthquakes do not necessarily occur within the coldest slab interiors, as 
previously believed, but within a region of subducted crust just below the upper 
surface of the slab.

Reports

Boyd, T.M., Engdahl, E.R., and Spence, W., 1994, Seismic cycles along the Aleutian
arc Analysis of seismicity from 1957 through 1991: Journal of Geophysical
Research (in press). 

Hwang, L.J., and Clay ton, R.W., 1991, A station catalog of ISC arrivals Seismic
station histories and station residuals: U.S. Geological Survey Open-File
Report 91-295, 3187 p. 

Kennett, B.L.N., and Engdahl, E.R., 1991, Travel times for global earthquake location
and phase identification: Geophysical Journal International, v. 105, p. 429-465.
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velocities in the Earth from travel times: Geophysical Journal International
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Van der Hilst, R.D., and Engdahl, E.R., 1991, On the use of PP and pP data in delay
time tomography: Geophysical Journal International, v. 106, p. 169-188. 
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Program Element II

We continued measuring creep (aseismic slip) rates on San Francisco Bay 
region active faults. Over the past 15 years, we have made over 1550 creep 
measurements, with over 700 of these occurring in the five years following the Loma 
Prieta earthquake (LPEQ). Amount of slip is determined by noting changes in angles 
between sets of measurements taken across a fault at different times. This 
triangulation method uses a theodolite to measure the angle formed by three fixed 
points to the nearest tenth of a second of arc. The amount of slip between 
measurements can be calculated trigonometrically using the change in average angle. 
The precision of our measurement method is such that we can detect with confidence 
any movement more than 1-2 mm between successive measurement days.

We presently have regular measurement sites at 29 localities on active faults, 
including 26 in the San Francisco Bay region (see Figure 1). We also have one 
measurement site on the San Andreas fault in the Point Arena area and two on the 
Maacama fault in Willits and Ukiah that do not appear on Figure 1. During 1994 we 
remeasured most sites with a history of creep about once every two to three months 
and most sites without any creep history about every three to four months. In addition 
to our ten regular sites on the Hayward fault, we established 15 additional sites in 
conjunction with J. Lienkaemper of the USGS. We measured each of these additional 
sites once during 1994. These measurements will help to document in detail any 
surface slip on the Hayward fault resulting from any future seismic event(s).

Most measurement sites span a fault width of about 50-225 m, but a few must 
span a greater width because of site considerations. The fault width spanned (W) is 
noted on Figures 2 through 6 and represents the distance from the theodolite on one 
side of a fault to a target on the other side of the fault. The figures also show the 
average rate of movement at each site as determined by the slope of the least-squares 
line which also appears on each of the graphs. The graphs also show the time of the 
17 October 1989 LPEQ as a vertical line. The following is a brief fault-by-fault 
summary of our results through the end of 1994.

SAN ANDREAS FAULT (see Figure 2) - We have been measuring 
horizontal slip on the San Andreas fault at Site 18 near Point Arena for 14.0 years, at 
Site 14 at the Point Reyes National Seashore Headquarters for 9.8 years, and at Site 
10 in South San Francisco for 14.6 years. All three sites have shown virtually no net 
slip and none was affected by the LPEQ.
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In November 1989, we began measuring a USGS site (our Site 22) in 
Woodside that had not been remeasured for many years. Our results compared to 
unpublished USGS measurements in 1977 show that virtually no surface slip occurred 
between 16 February 1977 and 4 November 1989 and very little has occurred since. 
We also established in November 1989 Site 23 on the San Andreas fault near the 
southeastern end of the LPEQ aftershock zone and northwest of San Juan Bautista. 
Very little net slip has occurred at this site in the past 4.9 years.

In July 1990, we established Site 25 on the San Andreas fault just southeast of 
San Juan Bautista and the LPEQ aftershock zone. This site is on the central creeping 
portion of the fault and has been moving at a rate of about 14 mm/yr for the past 4.3 
years. This is considerably faster than the longer-term pre-LPEQ rate of about 7-8 
mm/yr as determined by a USGS creepmeter at this site (Schulz, 1989; Gladwin and 
others, 1991).

In summary, the San Andreas fault at five measurement sites (18, 14, 10, 22, 
23) along the previously locked portion of the fault both northwest and southeast of the 
LPEQ aftershock zone does not appear to have been affected by the LPEQ in the five 
years since October 1989. This portion of the San Andreas fault has remained 
virtually locked, with 1 mm/yr or less of creep occurring along it. In contrast, the post- 
LPEQ creep rate on the northwestern portion of the central creeping segment of the 
fault at Site 25 near San Juan Bautista is about twice the longer-term, pre-LPEQ 
creepmeter average.

HAYWARD FAULT (see Figure 3) - We have been measuring horizontal slip 
at five sites along the Hayward fault for 14.3 to 15.2 years and have determined that 
the overall right-lateral creep rate is about 4.4 to 4.9 mm/yr. Although the creep 
characteristics (steady or episodic) differ from site to site, the overall rates are quite 
similar. A detailed analysis of our results indicates that the LPEQ caused an overall 
slowdown in the rate of right-lateral creep along the Hayward fault, particularly near 
the southeastern end of the fault in Fremont. A detailed discussion of the pre-LPEQ 
and post-LPEQ creep rates on the Hayward fault is beyond the scope of this summary 
but can be found in Galehouse (1995).

In the 14.4 years since we began measurements in August 1980 in San Pablo 
(Site 17) near the northwesterly end of the Hayward fault, the overall average rate of 
right slip (about 4.4 mm/yr) has been similar to the overall rates at the other Hayward 
fault sites. However, superposed on the overall slip rate in San Pablo are changes 
between some measurement days of up to nearly a cm in either a right-lateral (more 
common) or left-lateral (less common) sense. It is probable that the results at this site 
are influenced by the seasonal distribution of rainfall (Lienkaemper and others, 1993).

The Hayward fault at Site 13 on Rose Street in Hayward also moves somewhat 
episodically, but not as pronounced as in San Pablo. With J. Lienkaemper of the 
USGS, we remeasured curb offsets and old City of Hayward arrays at Rose Street in 
late 1992 and determined that the overall creep rate there since 1930 is 5 mm/yr. This 
is virtually the same rate (4.9 mm/yr) that we have measured for the past 14.3 years 
(see Figure 3).

Extremely uniform movement characterizes Site 12 on D Street in Hayward. 
Two active traces of the Hayward fault occur here and their combined movement rate 
has been about 4.5 mm/yr for the 14.3 years since we began measurements in June 
1980.
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Movement along the Hayward fault at Site 2 in Union City has also been fairly 
uniform but somewhat more episodic than movement at Site 12. Site 2 has been 
moving at a rate of about 4.8 mm/yr for the 15.1 years since we began measurements 
in September 1979.

Since we began measuring Site 1 in Fremont in September 1979, the fault has 
moved rather episodically. Typical surface movement characteristics are relatively 
rapid right slip of about a cm over a few months time alternating with relatively slower 
slip over a period of two or more years. The fault at Site 1 was in one of the relatively 
slower phases of movement prior to the LPEQ and the slower phase persisted for a 
total of about five years, including about three and one-half years following the LPEQ. 
The average rate of right-lateral creep during this slow period was less than 1 mm/yr. 
The creep rate before the LPEQ was 5.4 mm/yr but the extended slow phase has 
brought the overall average down to 4.6 mm/yr for the past 15.2 years. The slow phase 
ended here between March and May of 1993 when more than a cm of right slip 
occurred.

In February 1990 we established Site 24 on the Hayward fault on Camellia 
Drive in Fremont, about four km southeast of Site 1 (see Figure 1). Although relatively 
rapid right-lateral creep had been reported for this site in recent years, we have 
measured very little net slip. In fact, our results indicate a slight amount (0.6 mm/yr) of 
left-lateral creep since the LPEQ. Measurements since April 1992 at Parkmeadow 
Drive in Fremont (Site 27) only 0.4 km southeast of Site 24 also indicate that very little 
net slip is occurring (not shown on Figure 3).

In summary, the right-lateral creep rates on the Hayward fault from Site 17 in 
San Pablo to Site 1 in Fremont are now about the same as they were before the 
LPEQ. However, the southeasternmost portion of the fault in Fremont at Site 24 and 
Site 27 still shows very little post - LPEQ slip thus far. All these changes are consistent 
with Reasenberg and Simpson's (1992) calculations of static stress changes due to 
the LPEQ ( also see Gatehouse, 1995).

In order to fill in the large data gap between Site 17 in San Pablo and Site 13 in 
Hayward, we began measuring three new sites on the Hayward fault in early 1993. 
Site 28 is on Encina Way and Site 29 on La Salle Avenue, both in Oakland. Site 30 is 
on Florida Avenue in Berkeley (see Figure 1). Preliminary results suggest typical 
Hayward fault creep rates of about 5 mm/yr at Sites 28 and 29, but a much slower than 
typical rate at Site 30. It is possible that we are not spanning the active fault trace(s) at 
Site 30.

CALAVERAS FAULT (see Figure 4) - We have been measuring horizontal 
slip at two sites on the Calaveras fault in the Hollister area for more than 15 years. 
Slip at both sites has been episodic with intervals of relatively rapid right slip typically 
lasting a couple months or less alternating with longer periods of time when little net 
slip occurs. The LPEQ occurred during an interval of slower movement that had 
persisted for about a year at Site 4. The earthquake apparently triggered up to 14 mm 
of right slip at Seventh Street (see Figure 4). Overall the rate of right slip is about 6.8 
mm/yr for the past 15.1 years.

Slip at Site 6 along Wright Road just 2.3 km northwest of Site 4 is also episodic. 
The LPEQ occurred during an interval of slower movement that had persisted for about 
a year at Wright Road (similar to the situation at Seventh Street). The earthquake 
apparently triggered up to 12 mm of right slip. The overall rate of slip at Wright Road is 
9.6 mm/yr. This rate is nearly 3 mm/yr faster than the rate at nearby Seventh Street.
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Either the creep rate decreases significantly from Wright Road southeast to Seventh 
Street or undetected surface movement is occurring outside our 89.7 m-long survey 
line at Seventh Street.

After the rapid slip triggered by the LPEQ, both sites in the Hollister area 
returned to a slower mode of movement which has now persisted for about five years. 
The slowdown was not as pronounced at Site 4 and the pre- and post-LPEQ rates are 
now about the same. At Site 6, however, the slip rate decreased from a pre-LPEQ rate 
of about 12.2 mm/yr to a post-LPEQ rate of about 3 mm/yr. This has brought the 
overall average down to 9.6 mm/yr which has resulted in what appears to be a "slip 
deficit" of about 2 cm at Site 6 at the present time (see Figure 4). A more detailed 
discussion of the effect of the Loma Prieta earthquake on the Calaveras fault in the 
Hollister area is in Galehouse (1990). This paper also discusses the effect of the 
Morgan Hill earthquake in 1984. No immediate surface displacement had occurred at 
either of the Hollister area sites when they were measured the day after the Morgan 
Hill earthquake. However, within the following 2.5 months, both sites showed over a 
cm of right slip which was followed by a relatively long interval of slower slip (see 
Figure 4). A more detailed discussion of the longer-term effect of the LPEQ on the 
Calaveras fault is in Galehouse (1995).

In contrast to the sites in the Hollister area, Site 19 in San Ramon near the 
northwesterly terminus of the Calaveras fault was not affected by the LPEQ. It has 
remained virtually locked throughout our 14.0 years of measurements.

CONCORD - GREEN VALLEY FAULT (see Figure 5) - We began our 
measurements at Site 3 and Site 5 on the Concord fault in the City of Concord in 
September 1979. It appears that typical movement characteristics at both sites are 
intervals of relatively rapid right slip of about 7-10 mm over a period of a few months 
alternating with intervals of relatively slower right slip of about 1-2 mm/yr over a period 
of several years. For the past 15.2 years, the overall average creep rate along the 
Concord fault in the City of Concord is about 3 mm/yr (3.5 at Site 3 and 2.7 at Site 5).

It appears that the LPEQ had little or no effect on the Concord fault at the 
measurement sites in the City of Concord. As shown in Figure 5, the latest phase of 
relatively rapid right slip occurred at both sites on the Concord fault in late 1992 - early 
1993. It does not appear to be related to any seismic event(s).

We began measuring Site 20 on the Green Valley fault near Cordelia in June 
1984. Large variations tend to occur at this site between measurement days, possibly 
because of the seasonal effects of rainfall and because logistical considerations 
resulted in our survey line being particularly long (335.8 m). However, our results 
suggest that the Green Valley fault behaves similarly to the Concord fault i.e., relatively 
rapid right slip in a short period of time (months) alternating with relatively slower slip 
over a longer period of time (years). The Green Valley fault was in a period of 
relatively slower movement for the first 20 months of our measurements, averaging a 
few mm/yr of right slip. In early 1986, however, the fault slipped right-laterally more 
than a cm. This was followed by about three years in which the net slip was less than 
1 mm/yr. Sometime after 6 August 1989, the Green Valley fault entered into another 
phase of relatively rapid right slip that had totaled about 2 cm by late 1990. Since 
then, however, the overall net slip has been left-lateral which has brought the overall 
average down to 3.4 mm/yr for the past 10.5 years and has resulted in a "slip deficit" of 
about 1-2 cm.
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Regarding the relationship between the Green Valley and Concord faults, the 
episodes of relatively rapid slip and relatively slower slip do occur at different times; 
however, the episodic nature of the slip and the overall average rates are similar. 
Based on these similarities and the small step between their respective trends, we 
consider the Concord and Green Valley faults to be different names for the 
southeastern and northwestern segments of the same fault system.

MAACAMA FAULT (see Figure 6) - The Maacama fault extends from 
northern Sonoma County to north of Laytonville in Mendocino County and is the 
northwesterly continuation of the Hayward-Rodgers Creek fault trend (Galehouse and 
others, 1992). We began measurements at Site 26 in Willits in November 1991. 
Results over the past 3.0 years indicate that the Maacama fault is creeping right- 
laterally at about 7 mm/yr which is about 2 mm/yr faster than the creep rate on the 
Hayward fault to the southeast. We established a second site (31) on the Maacama 
fault just east of Ukiah in May 1993. It has also shown about 7 mm/yr of right slip for 
the past 1.5 years.

RODGERS CREEK FAULT - We measured a site (16) on the Rodgers Creek 
fault in Santa Rosa from August 1980 until we had to abandon it for logistical reasons 
in January 1986. During these 5.4 years of measurements, no significant surface slip 
occurred and we concluded that the Rodgers Creek fault was not creeping at this site.

In September 1986, we established Site 21 on the Rodgers Creek fault near 
Penngrove (see Figure 1). The average at Site 21 has been about 2 mm/yr for the past 
eight years. However, in mid-1993, we discovered that one of our triangulation points 
had become unstable. At present, it is difficult to know whether or not the Rodgers 
Creek fault is really creeping slowly or whether the low rate is due to the "noise" level 
at this particular measurement site. The LPEQ does not appear to have had any effect 
on the Rodgers Creek fault at Site 21.

WEST NAPA FAULT - We began measurements at Site 15 in the City of 
Napa in July 1980. Similarly to the situation at Site 21 on the Rodgers Creek fault, 
there tends to be a lot of surface "noise" at this measurement site. However, the 
average rate of right slip on the West Napa fault over the past 14.4 years is less than 1 
mm/yr. In other words, the West Napa fault is virtually locked at the surface with no 
creep occurring. The LPEQ does not appear to have had any effect on our results for 
the West Napa fault.

SEAL COVE-SAN GREGORIO FAULT - We began measurements at Site 
7 on the Seal Cove fault segment in Princeton in November 1979. The least-squares 
average indicates that virtually no creep has occurred at this site over the past 15.1 
years. We began measuring Site 8 on the San Gregorio fault segment in May 1982. 
This site shows very large variations from one measurement day to another, probably 
due in part to the particularly large fault width (455 m) measured. The least-squares 
average shows virtually no creep for the past 12.6 years. Therefore, the Seal Cove- 
San Gregorio fault is not presently creeping and the LPEQ does not appear to have 
had any noticeable effect on the rate of movement at either of the sites on this fault 
system.
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ANTIOCH FAULT - We began measurements at Site 11 in the City of Antioch 
in May 1980. The average rate of movement has been virtually zero for the past 14.6 
years. Site 9 just south of town showed 1.7 mm/yr of right slip for the 7.6 years from 21 
November 1982 to 1 July 1990. New construction then destroyed our measurement 
array at this site. We have noted that much subsidence and mass movement creep 
occur both inside and outside the Antioch fault zone in the area of our two 
measurement sites and it is probable that these nontectonic movements are 
influencing our measurement results. If any tectonic creep is occurring along the 
Antioch fault, it is probably at a very low rate. The LPEQ does not appear to have had 
any noticeable effect at either of the sites on the Antioch fault.
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Figure 1. Numbered dots are San Francisco State University theodolite 
measurement sites. Epicenters and magnitudes are indicated for the 
24 April 1984 Morgan Hill earthquake (MHEQ) and the 17 October 1989 
Loma Prieta earthquake (LPEQ).
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A Dense Geodetic Survey of the Southern Landers 
Fault Rupture: Implications for Paleoseismology and Segmentation
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Program Element II. 3

This grant has supported a repeat kinematic-GPS survey of a dense network of sites near the 
southern section of the Landers earthquake rupture. The pre-earthquake survey appears to be one of 
the highest-density horizontal surveys of high precision to be done close to an earthquake rupture. 
That it exists is no tribute to a successful earthquake prediction, but rather to good luck and the capa 
bilities of the GPS system. The luck is that the Mojave Water Authority needed a survey done for a 
new pipeline into Yucca Valley, with a route that followed the fault rupture for about 7 km before 
crossing it. The capabilities of GPS are such that it can give much higher precision than was attain 
able before, even when used by a commercial firm (Hunsaker and Associates) for a routine survey 
such as this; without much effort, the precision can be a few parts in 106, a level only attained in the 
past by first-order classical methods.

Many GPS surveys have been made near this earthquake, mostly to trilateration points and high- 
precision GPS points observed before the earthquake (Figure 1). Why then repeat another survey, and 
of relatively low precision at that? The answer lies in the high spatial density of the survey network. 
Most of the points occupied were public-land section corners and quarter-corners, giving a spacing of 
0.8 to 1.6 km. In past studies of crustal motion, such a high density of data has only been available 
from leveling, in which it was a necessary byproduct of the technique; only rarely have classical geo 
detic methods provided accurate horizontal measurements over tight spacings, simply because of the 
costs involved. The result has been a gap in the spatial scales covered by measurements of crustal 
motion: we know a lot about horizontal deformation over lengths of tens of km and more, and also 
over a few meters (rupture and creep right on a fault), but not over lengths in between. As an example 
of what can be missed without measurements over intermediate lengths, consider the blind thrust faults 
associated with the Coal ing a and Whittier Narrows earthquakes; only the fine spatial sampling provided 
by leveling made possible the convincing correlation between coseismic motion and geologic structure 
that now guides much thinking on earthquake hazard in Los Angeles.

GPS, especially if used in kinematic mode, promises to reduce the cost of dense surveys to the 
point that we may expect them to gradually cover many active faults. The existence of such a survey 
across the Landers rupture can only be regarded as a very fortunate windfall, one upon which we have 
tried to capitalize.

In the spring of 1994 we conducted the primary field work for this project. Five dual-frequency 
geodetic GPS receivers (Ashtech Z-12) were deployed during a three-day period in March on a total of
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68 stations across and along the southern Landers rupture near the intersection of Highway 246 and 
Reche Road (Figure 2). The surveying was split into five sessions; commencing with a single five- 
hour static-mode segment of five receivers evenly distributed within the over-all network (the primary 
points) and followed by four half-day kinematic-mode sessions to densify the number of observed sites 
within the network (the secondary points). In connection with permanently operating geodetic GPS 
stations in southern California the initial static-mode session provides an accurate local coordinate sys 
tem within which to conduct the short-occupation kinematic sessions. This framework of sites also 
allows us to tie into the other surveys done in the area after the earthquake since several of these sites 
are common to these larger scale networks. The kinematic sessions were conducted as follows: (1) 
Stationary receivers were located at three of the nearby primary sites and left in place for the duration 
of the session, (2) Two kinematic teams (two crew members each) set up antennas on fixed-height 
poles (borrowed from JPL) at sites near at least one of the primary stations and recorded data for 
approximately one hour, (3) Each kinematic team then packed the receiver equipment into a vehicle 
and drove to the next site (typically l/2 mile) while continuing to record data by holding the fixed- 
height pole out the window to maintain a steady position of the antenna above the vehicle's roof, (4) 
Each site visited by the kinematic teams from this point on was occupied for 10-15 minutes (the two 
teams coordinated all movements via hand-held radios). In addition to the five surveying teams (two 
kinematic teams and three stationary-receiver "baby sitters") we deployed an additional two-person 
advance team who stayed ahead of the kinematic teams to prepare the next set of sites. The majority 
of sites surveyed were public-land section markers which meant most sites were buried l/2 to 1 foot 
below ground level in the middle of hard-packed dirt roads. A number of sites were located below 
pavement near the center of uncomfortably busy roads thus requiring the use of traffic control equip 
ment (cones and road-side signs which we were able to borrow from the San Diego County Surveyors 
office). These sites had been located with metal detectors and flagged for easy recovery by a recon 
naissance team two weeks before the survey. In all, we had nine people in the field for a total of three 
days of surveying.

We are now beginning to process both the 1991 pre-earthquake measurements collected by Hun- 
saker and Associates and our 1994 post-earthquake data. (Our delay in processing is due mainly to the 
absence of one of us for an extended GPS survey in a foreign country during the summer months.) 
Processing will be done in two steps. For each observation day, data from the local primary sites (that 
were observed for several hours) are combined with concurrent measurements at permanent regional 
sites in Goldstone (DS10), Pinyon (PIN1), Pasadena (JPL) and Lake Mathews (RCFC). These daily 
solutions will yield accurate local reference frames for the kinematic surveys and provide the deforma 
tion field of the static core network. Coordinates and displacements of all sites observed in kinematic 
mode are then derived by processing individual sessions using tight constraints on the static core sites. 
With the data processed, we will be able to produce a detailed map of the surface deformation field 
within our network of stations. There are two primary topics we plan to address with this set of mea 
surements:

1. We will analyze the estimated displacements to look for significant surface strain (beyond that 
expected from elastic rebound) away from the surface rupture. Any such additional strain, show 
ing up either as distributed strain, or as zones of relatively high shear from "blind strike-slip 
faults", is of considerable importance both for engineering purposes and even more for paleose- 
ismic studies; substantial off-fault coseismic displacements that do not result in rupture would be 
undetectable in paleoseismic data, and therefore would imply possible systematic errors in them. 
This is no small matter given the extent to which paleoseismic and geological slip-rate estimates 
control our thinking about long-term earthquake risk. The strains resolvable through this
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kinematic survey should be between 10"4 and 10~5, several orders of magnitude lower than the 
strain that would produce a mappable rupture.

2. We will also analyze the displacements to attempt to constrain the nature of slip on the northern 
end of the Johnson Valley fault. This is an area of special interest because this part of the fault 
is all one segment, and so would have been expected to rupture as a unit; but what is seen at the 
surface is that the rupture ends within the segment and then transfers to a new fault to the 
northeast (the Kickapoo). We expect to use these coseismic displacements to determine if the 
pattern seen at the surface also applies at greater depths, and so contribute to our understanding 
of how segmentation works (or in this case didn't).
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Investigating Temporal Variations in Stress from Focal 
Mechanisms of Aftershocks of the Loma Prieta Earthquake
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Investigations Undertaken

This study investigates the state of stress around the Loma Prieta rupture zone for the period of 
about four years following the mainshock, based on the focal geometries of aftershocks. Previous 
work had indicated a distinct spatial variation in stress within the source region among the very 
early aftershocks [Gephart, in press]. The analysis is based on an established procedure for 
estimating a four-parameter (partial) stress tensor from populations of well-constrained focal 
mechanisms, assuming that the shear stress and slip directions are aligned on at least one of the 
two nodal planes of each event [Gephart, 1990a, 1990b]. The focal mechanism data were 
obtained from the USGS/UC Berkeley Seismological Data Center.

Results

Out of several thousand focal mechanisms of Loma Prieta aftershocks spanning the mainshock 
rupture zone compiled by the USGS/UCB Data Center through 1993, about 1800 were selected as 
very well constrained based on compilation parameters reported in the database. In this study these 
data were divided among 47 space-time groups. Because one of the goals is to identify possible 
spatial variations in stress following mainshock failure, the spatial sorting was performed about 
coordinates defined by the mainshock hypocenter and focal mechanism. By defining as many as 
47 data bins, the time and (especially) space windows were small. Independent inversions were 
performed on each group, each involving a search over a grid of stress models defined by four 
independent parameters.

Typically, two exhaustive searches were performed over the range of all stress space (on a nominal 
10° grid of principal stress directions and in increments of the stress magnitude parameter, R = (c^ 
- c{)/(c^ - aj)), of 0.1). The regions around local minima were then searched on a denser grid to 
locate the best-fitting stress model. Adjacent data sets were tested on common grids, so that the 
results of merged data sets could be found by superimposing the results of the independent 
inversions, thus avoiding the need to reexecute the inversion for the combined data set. This 
approach proved to be useful because many of the neighboring small data sets (in space or time) 
yielded very similar results, suggesting that stress was uniform between them; conversely, some 
others suggested significant variations, which might have been obscured had the data been grouped 
in larger bins. The only disadvantage of this strategy is that it requires greater storage capacity to 
manage a large volume of output, but this is not an overwhelming problem.

The results illustrated in this report reflect some of the "homogeneous" data groupings that
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emerged that is, further division of the data sets on objective (i.e., spatial or temporal) grounds 
did not seem to lead to better resolved stresses. While preliminary results for the whole data set of 
-1800 mechanisms are now compiled, and interpretation of those results continues, only those 
from some of the peripheral regions are presented here. The division of the data set is illustrated in 
Figure 1, with examples for three time periods and three spatial clusters. Initially, the data were 
divided into three temporal domains, with roughly equal numbers of data (divisions shown by 
columns in Figure 1). Each of these was divided among five spatial domains, based on clustering 
relative to the mainshock focal mechanism coordinates (of which three are shown by irregular 
polygons in Figure 1). Within each of the resulting subgroups, additional divisions were made, 
either in space or time, depending on the number of data available, such that each final subgroup 
comprised a minimum of 16 (and preferably about 40) events. The point was to divide the data set 
systematically in space and time, allowing for the fact that there was not an even distribution of 
data. The three spatial divisions are shown in Figure 1: LPN (Loma Prieta rupture zone-north), 
SAR (Sargent fault), and CSA (creeping section of the San Andreas fault). Of these, LPN and 
CS A are composites of smaller data subsets. The results of the tests on these data sets are 
illustrated in Figures 2 and 3.

Figure 2 is a series of seteronets showing: (1) the data, described by the orientations of P and T 
axes, and (2) the ranges of acceptable stress models determined in the stress inversion, as indicated 
by the Oj and O3 directions and a histogram of R values, within certain prescribed confidence 
limits [Gephart, 1990a]. The focal mechanism of the Loma Prieta mainshock is superimposed on 
each of these figures for reference (the mainshock mechanism was not used in any of the 
inversions). The results illustrate apparent variations of stress in space (that is, between regions 
LPN, SAR, and CSA) and time (at least for region CSA, for which there was sufficient data to test 
six different time intervals). In all cases for regions SAR and CSA, the optimum stress model fits 
the data very well, with average misfits of 4-6°, while in region LPN the fits are only moderately 
good, with misfits of about 8-10° for all time intervals; this may suggest the occurrence of some 
local heterogeneity in LPN (consistent with Michael et al. [1990] and Gephart [in press]). 
Regions LPN and SAR appear to indicate stable stresses through time, as the best-fitting stresses 
remain nearly constant in orientation and there is substantial overlap in the confidence limits from 
different time intervals. In region CSA, it appears that the stresses remain stable for some time, 
but then drift to a new (and possibly stable) configuration (discussed below). That the confidence 
limits tend to broaden with time for LPN and narrow with time for SAR is apparently reflects the 
number of data in each bin the later bins have fewer data in LPN, and more in SAR, than earlier 
ones.

Figure 3, based on the Mohr Sphere construction [Gephart, 1990a], illustrates the results for each 
datum, the mainshock fault plane, and some hypothetical fault geometries, relative to the best- 
fitting stresses in each case. These figures can be used to interpret the relative magnitudes of 
normal and shear stress acting on each fault plane, subject to the uncertainty of absolute 
magnitudes, as constrained by the analysis. Each datum is indicated by a point on each of three 
orthogonal projections; a perfect fit between an observation and model is indicated by a coincidence 
between the corresponding point and the [Tb = 0, TS > 0] half-plane. To the extent that Tb = 0 
for any fault geometry, then the magnitude of TS reflects the total shear stress on the fault plane, 
and thus the TS versus o plot can be treated as a conventional Mohr Circle diagram. This enables 
us to regard the (normalized) magnitudes of shear and normal stress acting on any particular fault
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plane.

In LPN, the tendency for G| to align with the pole of the mainshock fault plane and for G3 to be 
poorly constrained along directions parallel to the fault plane (Figure 2a) is consistent with the 
earlier findings of Gephart [in press], based on much fewer data. This suggests that immediately 
following the mainshock rupture, the fault plane was essentially relieved of shear stress, leaving 
only compression perpendicular to the fault plane, generally consistent with the interpretation of 
Zoback andBeroza [1993] from their analysis of 21 months of aftershocks spanning the entire 
rupture zone. This circumstance is reflected on the Mohr Sphere plots (Figure 3a) by the persistent 
near-coincidence of the mainshock fault pole and GJ axis. The present study indicates that this 
condition did not significantly vary for a period of a few years following the mainshock. 
Presumably, this state of stress did not exist immediately prior to the main event, although there 
was little seismicity preceding the mainshock in this region [Olson, 1990; Michael et ai, 1990]. 
Although the population of focal mechanisms and best-fitting stresses each appear to remain 
qualitatively unchanged throughout the aftershock sequence in region LPN (Figure 2a), there may 
be a tendency for the late fault planes to occur in higher normal stress orientations (i.e., closer to 
the right side of the Mohr Sphere) than the early ones, as suggested in Figure 3a. This is also 
observed in region CSA, discussed below.

Region SAR, including events along the Sargent fault, also appears to exhibit stable stresses 
through time (Figure 2b), in spite of an apparent slight change in focal mechanisms with late 
events tending to have more nearly horizontal P and T axes than early ones. From Figure 3b, for 
most of the sequence many of the aftershocks and a hypothetical vertical strike-slip fault (parallel to 
the alignment of aftershock hypocenters) occur in orientations of relatively high shear stress (TS « 
regional maximum); the mainshock fault plane also occupies an orientation of relatively high shear 
stress, but such that the predicted shear stress is not aligned with the observed oblique slip 
direction. In all three time intervals the inferred stresses are consistent with a roughly horizontal 
slip vector on the mainshock fault plane (not shown in Figure 3b). Thus, in region SAR it 
appears that any reasonable major fault geometry of ~NW trend and moderate or steep dip is 
probably not completely relieved of stress stress (although we cannot know the absolute 
magnitudes of stress, but only as normalized in the Mohr Sphere). This might suggest that the 
behavior of the Sargent fault is different from that of a well-evolved fault zone, like the San 
Andreas, with inherent low material strength or high pore pressure [Rice, 1992; Zoback and 
Beroza [1993]).

At the southeast end of the aftershock zone, in region CSA, there are enough data to invert for 
stress in six different time intervals (Figures 2c and 3c) and several different subareas (the latter 
are not shown here, as they indicate spatially uniform stresses). Throughout the aftershock 
sequence, the focal mechanisms exhibit only limited variability, but apparently of a kind sufficient 
to achieve reasonably strong constraints on the stress tensor. The analysis suggests a striking 
pattern of time-varying stresses through the aftershock sequence.

For the first three time intervals, the stress tensor remains stable, both in orientation and R, with GJ 
shallowly plunging N, G3 shallowly plunging E, and R « 0.5. During the fourth and fifth time 
intervals, the stress directions deviate from their earlier orientation (and may be somewhat less 
resolved, though the optimum models are very consistent with the data), and the preferred R value
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decreases. From the fifth to the sixth time interval, both the stress directions and R value appear to 
stabilize, with stress directions about 15-20° clockwise from their original position of the first three 
intervals, and a low value of R. On the Mohr Sphere diagrams (Figure 3c), the aftershock fault 
planes exhibit a systematic behavior relative to the changing stress tensor. During the first three 
time intervals most aftershocks have orientations of high shear stress (high TS), but during the later 
intervals occur in orientations of relatively lower shear stress (and relatively higher normal stress). 
This behavior may reflect a transient pore pressure effect [e.g., Byerlee, 1990, 1992; Rice, 1992; 
Blanpied et al, 1992; Zoback and Beroza, 1993].
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Figure 1. Orthogonal sections constructed on mainshock focal mechanism coordinates, for each 
of three time intervals. These are viewed in the direction of: (top) downward fault pole, (middle) 
downward B axis, and (bottom) downward slip vector. Scales in kilometers. As examples, three 
data subsets are indicated by irregular polygons.
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Figure 2. Data and results for each of three regions: (a) LPN (3 time intervals), (b) SAR (3 time intervals), and (c) CSA (6 time 
intervals). In each case, on the left are shown the P and T axes (open squares and filled circles, respectively) of the focal 
mechanisms, along with the mainshock mechanism (for reference only mainshock datum was not used in the inversions); on the 
right are shown the acceptable models, indicated by a strereonet of G\ and 03 directions and a histogram of R values. Degrees of 
shading indicate the best model ("0%"), and ranges of the 68% and 95% confidence limits; the corresponding magnitude of 
average rotation misfits is shown at the upper right. The mainshock focal mechanism is shown on each plot for reference.
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Investigations Undertaken

The goal of this project is to devise a procedure for constraining the regional stress tensor from 
seismic first-motion observations. This approach follows the principles used in earlier work for 
inferring stresses from earthquake focal mechanisms, based on the assumptions that each 
mechanism is well-known and that the shear stress and slip directions are aligned on each failure 
plane (e.g., Gephart and Forsyth [1984], Gephart [1990a, 1990b]). This new inverse procedure 
is an improvement over the previous ones because it more realistically treats the uncertainty of the 
focal mechanism determinations from body wave first motions.

Results

Our main effort to date has been to develop the inversion code; we are working to debug, 
streamline, and test it. The procedure is designed to execute two nested grid searches: (1) an outer 
loop which explores a prescribed range of the 4-parameter stress model space (defined by three 
principal stress directions and a value of R = (G2 - Gi)/(G3 - Gj)), and (2) an inner loop 
(performed at each node of the outer one) which compares the first-motion data of each event to 
completely diverse set of focal mechanisms (i.e., spanning the full range of possible ones) relative 
to the stress model at hand, which is passed down from the outer loop. The former is adapted 
from the original Focal Mechanism Stress Inversion algorithm (Gephart [1990b]); the latter is 
original to this study and is illustrated in Figure 1. Within the inner loop, each admissible focal 
mechanism is tested against each set of first motions (the data), and a fit statistic is calculated for 
each mechanism-event pair. Relative to a particular stress model, the best-fitting mechanism for 
each event is the one which minimizes the misfit among the first motions. The ensemble of these 
best-fitting mechanisms is then used to calculate a single statistic that characterizes the goodness of 
fit of each stress model to all of the data. We have attempted to modularize the code among the 
search strategies and statistical tests of fitness, so that we may debug and modify it efficiently.

In order to properly formulate an inverse problem of first motions, we are evaluating different 
minimization schemes and different formalisms for the statistics of first motion data. Brillinger et 
al. [1980] devised schemes for evaluating first motion solutions, and we attempt to follow their
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formulation to some degree. A somewhat different, although related, approach has been taken by 
Reasenberg and Oppenheimer [1985]. In general, a given first motion observation dy (the ith 
observation for the 7th event) has an a priori probability/?// of being correct. The dy are treated 
as Bernoulli trials which have binomial distributions. The number of correct observations (picks 
that are matched by a given model) can then be used as a simple statistic with well-known 
properties. Provided that reasonable estimates of pij can be made one can estimate the variance 
associated with the (approximately normal) statistic, and standard F tests can be used to compare 
different models. Although such a formulation is normally used to evaluate a single focal 
mechanism it easily can be applied to a more complex model (such as a stress state) for a suite of 
events. Hypothesis testing is used to determine confidence limits on stress tensors and to test the 
resolvability of spatial/temporal changes in stress tensors. Also, we can test whether the number 
of correct picks is significantly less than expected for the best-fitting stress tensor, allowing us to 
evaluate whether our assumptions (e.g., a homogeneous stress field) are consistent. The approach 
for dealing with the error model is general, so that other kinds of data (e.g., S-wave polarities, 
misfits to waveform modeling) could be easily added in the future. Such an approach requires 
reasonable a priori estimates of picking probabilities /?/,, and we have put some effort into 
evaluating different ways to quantify variations in pij. Our approach has been to examine how 
picking success (number of correct picks -s- number of picks; an estimate of p) varies with 
different quantifiable parameters that are likely to influence their success (Figure 2). The Southern 
California data set is examined because it is very large and the number of well-constrained events 
are high, and because we are interested in stress variations here. We find that the simplest useful 
error models are parameterized by two numbers: a uniform probability of a picking blunder 
(instrument reversed, operator error, etc.) and a scaling term that quantifies how picking success 
varies with radiated amplitude or distance of a ray from nodal plane (Figure 2a). Because 
downgoing and refracted rays are problematical, a distance-dependent term may also be useful. It 
is interesting to note that the fraction of unpicked arrivals also varies systematically, and may form 
another source of information in more elaborate statistical models.
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Figure 1. Example of gridding of focal mechanisms relative to a particular stress model, as 
performed in the inner loop of the inverse procedure. (Top left) A stress model, described 
by three principal stress directions and a value of R. (Middle left) A population of 142 fault 
poles, evenly distributed about the principal stress directions. (Bottom left) P and T axes 
of 142 focal mechanisms generated by predicting the slip direction on the 142 fault planes 
under the stress model in question. (Because the grid of fault poles is symmetric about the 
principal planes, the distribution of mechanisms is also symmetric, allowing for some 
efficiencies in computation.) (Right) 142 focal mechanisms spanning the range of all ones 
that are consistent with the stress model. For each event (and stress model), each of the 
first motion data is compared against each of the 142 mechanisms.
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SoCal December 1990, events with >25 first motions 
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Figure 2. Variation of first motion picking success with P radiation amplitude (top) and with source-receiver 
distance (bottom). First motions from Southern California networks for December, 1990, and solutions from Seeber 
and Armbruster [1994, submitted to JGR]. Top figure uses all events with 25 or more first motions (41 events, 
1761 picks), and bottom uses events with ten or more first motions (148 events, 3377 picks). Probabilities of 
correct picks and 95% confidence limits are estimated by assuming probability of incorrect pick (correct picks/total 
picks) has binomial distribution. Top figure shows an 8% chance of having an incorrect pick for most calculated P 
amplitudes L4(p)l, increasing to 50% at nodes when predicted L4(p)l is <0.2 of peak values (rays <8 C from nodes). 
Also shown for top figure are best-fit exponential function, and predictions of weighting schemes for two programs 
that automatically fit first motions [Seeber and Armbruster, submitted 1994; Reasenberg and Oppenheimer, 1985], 
with weights scaled between 0.5 and 1.0. Note an increase in frequency of unpicked arrivals near nodes (arrival times 
without reported first motions), presumably reflecting low-amplitude arrivals; because these data show sensitivity to 
focal mechanism, it may be possible to incorporate them as weak constraints in inversions. Bottom data show 
deterioriation in pick quality at distances past -150 km, where refracted arrivals become prevalent, and show 
necessity for downweighting these arrivals.
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ACTIVITIES

(1) The seven year baseline of data now available from the array of three BTSM 
instruments at Parkfield has allowd investigation of BTSM strain data in conjunction 
with adjacent water well and rainfall data, to identify significant regional long term 
strain. These data have been compared with other data sets from dilatometers and the 
2-color geodetic network.

(2) The continuing long term anomaly in shear strain data measured at San Juan 
Bautista was monitored, and an emerging anomaly in y2 shear strain evident since 
1993 has been identified.

(3) The effects of cross coupling of areal and shear strains on borehole strain 
measurements were studied using comparison of data from the BTSM and the Laser 
strainmeter at Pinon Rat observatory. These investigations are necessary to achieve 
accurate calibration of the BTSM instruments. Tidal calibration using only ocean load 
corrected earth tides as references has been found to be inadequate because of the con 
siderable influence of topography and geology.

(4) Routine processing of strain data from the seven BTSM instruments in Cali 
fornia was continued. In particular, the archive of strain data in the Menlo Park sys 
tem was updated, and reports were prepared for consideration at each of the regular 
Parkfield experiment meetings.

RESULTS

(1) Strain data from two Borehole Tensor Strain instuments at Parkfield shows a 
significant anomaly emerging in 1993, continuing until at least mid- 1994. This data is 
shown in Figure 1. Other Parkfield data (Dilatometers, water well levels, and two- 
color geodetic measurements) show anomalies over the same period - see Figure 2. 
Since 1977, four ML > 4 earthquakes have occurred near Parkfield. Three of these 
occurred in Oct. 1992, April and Nov. 1993, during the anomaly. Possible hydrologic 
influence in the strain data due to recharge of the aquifer level after the 1993 rainfall 
was considered but was found to be unlikely to account for the strain changes 
observed, particularly the alteration in YJ gradient at Eades in mid 1993, and in y2 gra 
dient at Frolich in late 1993. The relationship of this anomaly to the December 1994 
ML 5 earthquake at Parkfield is under investigation.
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Consideration of a wide range of possible models of fault behaviour to account 

for these strain observations suggested that a model with aseismic slip of 15 mm/year 
on a 4km long by 1 km wide surface propagating to the northwest and towards the 
surface (5 km to 0.5 km depth) over the course of 18 months best predicts the meas 
ured shear strain anomalies. This patch is shown in Figure 3, and is broadly consistent 
with the microearthquake anomaly (P. Malin, personal comm.\ and velocity anomaly 
determined from vibroseismic imaging (E. Karageorgi, personal comm.) which were 
both reported at Fall 1994 AGU.

(2) Data from the BTSM near San Juan Bautista show a continuing accumulation 
of YJ shear strain at approximately 1.9 microstrain/year, which has been relatively con 
stant since the Loma Prieta earthquake in 1989. The y2 shear strain was close to zero 
for two years after that event, and is now increasing at 0.7 microstrain per year, as 
shown in Figure 7. This change in shear strain indicates an increase in fault normal 
extension, and would be expected to increase the probability of a medium sized earth 
quake in this region.

(3) Calibration of the Pinon Flat BTSM instrument, taking cross coupling of areal 
and shear strains into account, was achieved by the derivation of a general calibration 
equation relating the regional strain field being measured to the observed instrument 
transducer readings. This process brings earth tides from the Pinon Flat Borehole Ten 
sor Strainmeter into very good agreement with tides from the co-located Laser 
Strainmeter. A typical result is shown in Figure 4, in which diagram (a) indicates a 
comparison of the O i and M 2 tidal components of yj from the BTSM and Laser (LS) 
instruments, using only ocean load corrected earth tides to calibrate the BTSM. (b) 
indicates the similar comparison using a full cross coupling calibration of the BTSM. 
This result demonstrates the intrinsic inadequacy for calibration purposes of ocean load 
correction algorithms provided by the literature.

(4) Incorporating cross-coupling and the effects of layers with differing 
modulus allows borehole strain to provide good discrimination of earthquake source 
parameters. The Pinon Flat BTSM observations of the Landers earthquake support the 
Hudnut et al (1994) model. For the Big Bear earthquake, they support the Harvard 
CMT moment (ML =6.5). They indicate deep slip for the Joshua Tree earthquake. 
These results are shown in Figure 5. It was found that beyond epicentral distances of 
several crustal thicknesses, the effects of crustal layering must be considered for 
accurate (~ 10%) modelling of earthquake strain steps. Neglect of cross-coupling at the 
Pinon Flat BTSM would produce errors of 10% to 20% for comparable strain com 
ponents, and proportionately larger errors if strain components are not comparable. 
Such effects may be expected at all borehole Strainmeter sites.

(5) The new deployments in the San Francisco (Hayward fault) area are now pro 
viding useful shear data. Examples of the strain data from the Garin site are shown in 
Figure 6, for the period following the installation of mains power at the site as 
required by the site owners. Performance of the Chabot site is under review, with cou 
pling of one gauge component not yet characterised. Tides on both instruments are less 
than normal expectations. This is certainly not a topographic effect, and is also evident 
on colocated dilatometer data.

(6) Two papers were published during the year, one detailing results of strain 
changes observed during the Landers earthquake, and one paper analysing the series of 
episodic strain/creep events detailed in earlier volumes, and presenting a modelled slip 
region which accounts for these results. Both the Parkfield anomaly and the Pinon 
Flat calibration results described above were presented at the Fall AGU meeting. Two 
further papers were also jointly presented at this meeting.
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Figure 1.
Strain data efl , Yi and Y2 fr°m ^e BTSM instruments at Donalee, Frolich and Eades at 
Parkfield. The data from Frolich and Eades have been processed by removal of 
exponentials to account for long term creep of the borehole inclusion, and setting of 
expansive grout. The Donalee data was also fitted to the rate of change of the water 
level at nearby WJC water well. This BTSM instrument is situated close to an active 
aquifer and is consequently sensitive to water level changes during each rainy season. 
Note the predominant changes in YI at Eades in mid 1993, and in y2 at Frolich in late 
1993. Earthquakes with a magnitude > 4 during the period shown in the graph are 
indicated by vertical lines. Dotted lines above the sheart strain curves indicate the 
modelled strain changes.
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Parkfield Accumulated Rainfall

1989 1990 1991 1992 1993 1994 1995

Data from^Dnatometers at Frolich and Donalee, and geodetic data from the 2-color 
laser array centred at Carr Hill, resolved as slip on a 5km region of the fault extending 
downwards 20 km. Rainfall and water well data is also shown.
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Figure 3.
Proposed model to account for the observed shear strain changes. The patch shown is 
taken to have a total of 15 mm aseismic slip per year, and propagates over 12-18 
months from position (a) to position (b).
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A comparison of the O\ and M2 tidal components of YI shear strain from the BTSM 
and the Laser Strainmeter. Section (a) shows the BTSM data using only ocean load 
corrected theoretical earth tidal strain for calibration, whilst section (b) shows BTSM
data using the full cross-coupling calibration result.
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Figure 5.
Observed strain steps at Pinon Rat BTSM, using (1) ocean load corrected tidal stral 
calibration, (2) cross-coupling calibration, and (3) cross-coupling calibration with a two 
layer model of high and low rigidity modulus, for the three earthquakes Landers, Big 
Bear and Joshua Tree. Comparison is with geodetically determined models of these 
earthquakes.
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Figure 6.
Daily averages of data from the Garin site for twelve months after installation of mains 
power (with appropriate exponentials removed to account for grout cure and borehole 
stress recovery as usual). The stability at the 100 Nanostrain level is already apparent, 
together with a possible anomaly during January 1994.

1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994

Figure 7.
Areal strain efl and shear strains YJ and y2 measured near San Juan Bautista. Note the 
change in y2 gradient in late 1992, which continued after the slow earthquake sequence 
in December 1992.
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Element II.5
Identify active faults, their geometry, their characteristics,

and dates of past earthquakes.

INVESTIGATIONS UNDERTAKEN

The St. Francis Sunklands is a an open-water to swampy area 
along the St. Francis River, and is located a few km upstream of 
the confluence of the St. Francis River with the Left Hand Chute of 
the Little River in northeastern Arkansas (Fig. 1). This area was 
referred to as a "sunkland" and its origin was attributed to 
deformation during the 1811-1812 New Madrid earthquakes (Fuller, 
1912). More recently Saucier (1970) attributed the origin of the 
St. Francis Sunklands to alluvial drowning of relict braided stream 
channels where a major crevasse channel of the Mississippi River 
(Left Hand Chute of the Little River) had aggraded faster than its 
tributary streams. The first purpose of this project was to 
determine when the lake had been formed and to determine if its
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time of origin is consistent with that of the 1811-1812 seismic 
events. The second purpose of the project was to determine if 
earlier lakes had existed that may also have resulted from surface 
deformation and drainage disruption by earlier seismic events. The 
third purpose was to determine the response of baldcypress in the 
lake to the 1811-1812 earthquakes and identify any similar 
signatures in the tree ring record prior to 1811.

This project included describing and sampling 22 cores from 
Lake St. Francis, the St. Francis River, and adjacent sunklands 
(Fig. 2) . Fourteen additional cores from two north-south 
transects, one east and one west of Lake St. Francis, were also 
described and sampled (Fig. 3). Samples were analyzed for grain 
size, total carbon content, and pollen. Eleven samples of wood 
from these cores were dated using radiocarbon analysis. One 
hundred and six trees living at the time of the 1811-1812 seismic 
event were sampled for dendrochronological analyses along the 
northern margins of the lake to search for a possible tree growth 
response to that event. The annual rings of these cores were 
exactly dated by matching climatically controlled patterns of 
annual tree growth in the Lower Mississippi Valley (Stokes and 
Smiley, 1968).

RESULTS

Bathymetric and sedimentologic data allowed us to map the 
former course of the St. Francis River channel through the present 
sunkland (Fig 4) . Within this channel the lacustrine sediment that 
overlies bedded sand is thin to absent apparently because currents 
pass through the old channel and continue to prevent deposition. 
Adjacent to the channel, lacustrine sediment buries a poorly 
developed, slightly mottled soil marked by large roots and thin, 
discontinuous clay films. In one core a deposit of liquefied sand 
separates the lacustrine sediment from the underlying overbank 
alluvium (Fig. 4B). Twentieth century deposition, as a result of 
ditch/levee construction projects, is up to 2.5 m thick in the 
channel of the St. Francis River just south of the lake (Fig. 5).

Basal lacustrine sediment at 2 sites and sediment buried by 
liquefied sand is radiocarbon dated 160 ± 60 to 240 ± 130 
radiocarbon years BP, consistent with the 1811-1812 New Madrid 
earthquakes (Fig. 4B and C) . Thus, the most recent sunkland origin 
is attributed to subsidence caused by these earthquakes. Based on 
landsurface elevations, total Holocene subsidence is estimated to 
be 3.2 m over a distance of 2.8 km, though maximum flexure is 2.5 
m in 1 km immediately south of the Sunklands (Fig. 6). This down- 
to-the-north deformation is opposite the direction of the regional 
southerly slope and appears to have partially caused impoundment of 
the St. Francis River.

There is evidence that the southern margin of the lake may 
have been impounded prior to the present drowning. Three organic- 
rich horizons, similar to the organic mat at the base of the
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lacustrine sediment, are present in the sunklands southwest of the 
lake (Fig. 4D) . The upper dates are in stratigraphic order and 
suggest sudden drowning of the site, perhaps caused by seismic 
events 4040 + 170 and 8130 + 60 years BP. The date on the oldest 
organic mat is stratigraphicly inverted and the age of this unit is 
uncertain.

Tree-ring data from bald cypress trees in the lake area 
clearly indicate that the St. Francis Sunklands site experienced 
severe ground motion during the 1811-1812 earthquakes. This 
disturbance is manifested by severely suppressed radial growth in 
the surviving trees for up to 40 years after 1811 (Fig. 7). Most 
of these cores were too traumatized to permit exact dating, and the 
numerical chronology actually derived is based on trees which were 
not as severely impacted as most. Therefore the St. Francis tree- 
ring chronology definitely underestimates the tree growth effects 
of the 1811-1812 earthquakes.

The baldcypress growth suppression at Lake St. Francis 
probably reflects physical trauma to the trees caused by major 
ground shaking. Tree-ring chronologies derived from baldcypress 
trees therefore provide an excellent tool in the search for ancient 
earthquakes in the New Madrid seismic zone. The four decades 
following 1811 stand out as the most severe episode of growth 
suppression in the entire 668-year long chronology for the St. 
Francis Sunklands (Fig. 8). This suggests that the Sunklands site 
did not experience any other earthquakes comparable in magnitude to 
the 1811-1812 events between 1321 and 1811 AD.

These tree-ring data do not clearly support or refute the 
tectonic or geomorphic theories for the origin of Lake St Francis 
in particular, and the St. Francis Sunklands in particular. 
However, the absence of severe trauma between 1321 and 1811 AD is 
consistent with the radiocarbon dates of the most recent prior 
drowning event in the lake area (4030 ± 170 B.P.). This is date 
considerably older than the 1321 AD date of the baldcypress 
chronology.

REPORTS PUBLISHED

1. Guccione, M. J. , Miller, Jonathan Q., Van Arsdale, Roy B. , 
1994. Amount and timing of deformation near the St. Francis 
"Sunklands", northeastern Arkansas: Geological Society of 
America Abstracts with Programs, v. 26, no. 1, p. 21.

2. Van Arsdale, Roy B. , Stahle, David W. , and Cleaveland, Malcolm 
K., 1994. New Madrid earthquake signals in baldcypress at 
Reelfoot Lake, TN, and Lake St. Francis, ARK: Geological 
Society of America Abstracts with Programs, v. 26, no. 1, p. 
20.
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PLEASE REPLACE THE FOLLOWING FIGURE TITLES

Figure 4. Cross sections of cores at A) northern portion of Lake 
St. Francis, B) central portion of Lake St. Francis, C) 
southern portion of Lake St. Francis and D) south end of Lake 
St. Francis. Location of selected radiocarbon dates is shown. 
Vertical exaggeration = 2Ox.

Figure 5. Cross section of the St. Francis River at first bend 
south of Lake St. Francis. Vertical exaggeration = 5x.

Figure 6. Cross section along the St. Francis River from the 
southern end of Lake St. Francis to 1 km south of the Siphons. 
Cross section is oblique to inferred trend of deformation 
(Figure 3). Vertical exaggeration = 63Ox.
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Figure 1. Geomorphic map of the northern portion of the Lower 
Mississippi Valley. Study area is outlined in box. Locations 
of cores are shown in Figures 2 and 3.
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Figure 2. Location of cores in Lake St. 
Francis River.
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St. Francis, B) central portion of Lake St. Francis, C) 
southern portion of Lake St. Francis and D) south end of Lake 
St. Francis. Location of selected radiocarbon dates is shown.
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Figure 7. Photograph of St. Francis Sunk Lands core 22B from one 
of the few trees that can be dated through the period 
immediately following the 1811-1812 earthquakes, which is 
characterized by many missing rings. Note that this tree grew 
less from 1812 to 1850 (39 years) than it did from 1807 to 
1811 (5 years).
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Program element: PN:II:5 (Identify active faults, define their geometry, and determine the 
characteristics and dates of past earthquakes)

Investigations

The Castle Mountain fault is located near half the population of Alaska (fig. 1), has historic 
seismicity possibly up to magnitude 7, yet has only had a reconnaissance level of investigation. 
Early workers divided the Castle Mountain fault into two physiographic segments the Talkeetna 
Mountains segment and the Susitna Lowlands segment. There has been no unequivocal evidence 
of Holocene surface faulting on the Talkeetna mountains segment, but Holocene surface faulting is 
apparent along the Susitna Lowlands segment as indicated by a discontinuous right-stepping series 
of scarps. I worked to better assess the earthquake hazard of this fault in two ways: by mapping an 
important area between the two previously mapped segments of the fault, and by trenching across 
the Castle Mountain fault in the Susitna Lowland in order to place constraints on the timing of 
paleoseismic events.

Mapping Between Houston and the Hatcher Pass Road
USGS workers in the mid-1970's mapped much of the Castle Mountain fault, but left a 30-km 
long area near the population center of the Matanuska Valley unmapped. I examined this area for 
surface faulting by producing a surficial geologic map (fig. 1) using aerial photographs, and then 
field checking this map and examining suspicious linear features on the ground. Two previously 
unidentified faults were found with scarps 1.5- to 4.4-m high that have been active in late 
Quaternary and possibly Holocene time (fig. 1). These faults are located several kilometers north 
of the inferred trace of the Castle Mountain fault sensu strictu and indicate there has been active 
deformation and surface faulting over a larger area than previously appreciated. Also, the Castle 
Mountain fault sensu strictu was traced in the Houston area about 3 km farther to the east than 
previously recognized onto an abandoned terrace of the Little Susitna River.

Trenching Across the Castle Mountain Fault in the Susitna Lowland
One trench by USGS workers in the early 1970's indicated there had been surface faulting on the 
Castle Mountain fault between 2349 and 1287 calibrated radiocarbon years before present and 225 
yr BP based on dendrochronology. Two additional trenches across the fault in the late 1970's did 
not yield any additional information about the timing of ancient earthquakes. In order to better 
constrain the age of paleoseismic events nine trenches were dug across the Castle Mountain fault in 
the summer of 1994 (fig. 1). Trenching sites were dictated in part by access, and in part by where 
permission could be obtained to conduct trenching. Trenching sites were located in a range of soil 
types, with varying scarp heights, and different right-stepping segments of the fault. Some
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Mapped Area
With Newly Discovered

Active Faults

10 20 . 30 kilometers

Figure 1. Simplified geologic map of upper Cook Inlet region, showing regional 
extent of Castle Mountain fault and location of study area.

trenches were extremely wet, and water pumps were used to keep the trenches drained and stabilize 
the trench walls. The walls of the trenches were mapped at a scale of 1 to 12 or 24. Samples for 
14C dating, tephrachronology, and soil samples were collected from all trenches. Photomosaics of 
the walls of the trenches and 8 mm video were also taken.

Results of trenching show: 1) Thrust motion across the fault of up to 4 feet since deposition of till, 
approximately 10,000-13,000 years ago. There was evidence for some thrust deformation in 7 of 
the 9 trenches. There was strong evidence for strike-slip faulting in one trench and suggestions of 
it in four more. In most cases, the surface faulting was accompanied by liquefaction and a zone of 
disruption 3 or more meters wide. 2) There has been recent seismic shaking along the Castle 
Mountain fault, as indicated by abundant liquefaction features in most trenches, which intrude the 
base of the modern A soil horizon. Liquefied material that was extruded onto the Earth's surface 
and overlies a paleosol was observed in only one trench. 3) Liquefaction affected every sediment 
type. As might be expected, fluvial sand and gravel, and eolian sand showed abundant evidence of 
liquefaction. In addition, most trenches with diamicton (till) also exhibited evidence of liquefaction 
in the main region of faulting. Liquefaction of till is probably enhanced by freeze-thaw processes 
and downward translocation of clay- and silt-sized sediment. 4) Because liquefaction features 
intruded the base of the A soil horizon, the ground was not frozen at the time of seismic shaking. 
The geologic record of surface faulting in this subarctic region would look very different if the 
event occurred in the winter rather than the summer. 5) The modern root mat is strong and 
probably does not tear or break during surface faulting at least when the ground is not frozen. 
The implication is that surface faulting in this heavily vegetated environment generally does not 
produce a fault scarp from which colluvium can be derived, and therefore, scarp-derived colluvium 
overlying a paleosol below a scarp face is rare. As a result, dating paleoseismic events is difficult. 
The one location where liquified material overlay a paleosol was in an unusual vegetative 
environment where there were atypical grassy tussocks without a coherent root mat, rather than the 
normal shrub tundra. 6) The effects of soil forming processes, liquefaction, and frost action are not 
always readily distinguished. In areas where the groundwater was within a meter of the ground 
surface these effects were amplified and parent sedimentary material in the modern soil is not
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identifiable. In some cases, it could be shown that cobbles transported by liquefaction were later 
modified by frost action.

Results

1. Finished a surficial geologic map of the Houston to Hatcher Pass Road area that shows active 
faults. The map is being prepared for publication.

2. Wrote a paper on "Possible active fault traces on or near the Castle Mountain fault between 
Houston and the Hatcher Pass Road," for a USGS Bulletin. The paper describes two previously 
unrecognized faults active in late Pleistocene and probably Holocene time.

3. Trenched across the Castle Mountain fault in the Susitna Lowland at nine locations. Preliminary 
results are outlined above, but constraints on the age of surface faulting events will be obtained in 
the near future when 14C dates are returned. Summarizing the results of the trenching for 
publication is in progress.

Reports Published

Haeussler, P. J., in press, Possible active fault traces on or near the Castle Mountain fault between 
Houston and the Hatcher Pass Road, in Till, A., and Moore, T., eds., U.S. Geological Survey 
Accomplishments in Alaska, 1993, U.S. Geological Survey Bulletin 2107.
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INTRODUCTION

This report summarizes progress on the third phase (FY 94) of a multi-year investigation of 
the late Quaternary paleoseismic history of the San Francisco Peninsula reach of the San 
Andreas fault (SAP). Our research has focused primarily on the Filoli Estate, where 
ongoing deposition on an alluvial fan has preserved a late Holocene paleoseismic record. 
To date, our detailed geologic investigations at this site include detailed topographic 
mapping, geomorphic analysis, and logging and interpretation of 980 meters of backhoe 
trenches and stream channel wall exposures.

The Filoli site is located approximately 1 km southeast of Upper Crystal Springs Reservoir 
and about 8 km northwest of the town of Woodside (Figure 1). The study area is on the 
western margin of the SAP zone, where the head of an active, eastward draining alluvial 
fan is cut by the 1906 trace of the SAP. The fan was constructed by Spring Creek, which 
drains an area of approximately 3 km2 on the northeast flank of the Santa Cruz Mountains. 
The Spring Creek basin is underlain primarily by sandstone of the Butano Formation of 
Eocene age. Poorly indurated gravels, sands, and fine-grained units of the Santa Clara 
Formation of Quaternary age, which are present in the lower reaches of the basin, also 
contribute sediment to the Spring Creek fan. Elevations of the fan surface at the study site 
vary between about 355 and 350 feet above mean sea level. The currently active channel 
of Spring Creek is incised from 2 to 4 meters below the surface of the fan, probably as a 
result of logging and grazing within the drainage basin during the past 100 to 150 years.

The study area and vicinity have been modified by cultural activities that may have spanned 
several thousand years. The most recent activities include plowing the upper 20 to 30 cm 
of the fan surface for agricultural purposes during the past 80 years. Before Spanish 
colonization and extending back at least 2000 years (based on archaeological information 
from the site), the local Ohlone Indians developed a large midden immediately south of the 
study area, which is bisected by the 1906 trace of the SAP. The impact of ground
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rupturing earthquakes on this settlement probably will be the subject of future research at 
the site.

PROGRESS TO DATE

The field program for the final phase of this three-year investigation was recently 
completed. Preliminary conclusions are summarized below. During Phase 1 (FY92), we 
identified the Filoli Estate as a priority site on the San Francisco Peninsula having the 
potential to yield: (1) a late Holocene paleoseismic history and recurrence frequency of 
pre-1906 earthquakes; (2) an estimate of Holocene rates of slip; and (3) surface rupture 
characteristics for the San Francisco Peninsula reach of the SAP. Phase 2 (FY93) of our 
research involved excavating and logging 11 backhoe trenches, 5 that were oriented normal 
to the fault trace and 6 that were fault parallel. Results of the Phase 2 work included 
accurately locating and documenting the near-surface rupture characteristics of the SAP in 
the study area and documenting the location and morphology of buried channel deposits. 
We established a preliminary estimate of late Holocene slip, based on offset channel 
thalwegs and AMS radiocarbon ages. Subsequent geologic trenching during Phase 3 
(FY94) research (Figure 2) focused on characterizing, sampling, and accurately locating 
buried channel deposits that intersect the fault at high angles and that have been dextrally 
offset by recurrent slip (Figure 3).

As a result of Phase 3, we have refined our estimates of slip rate and recurrence intervals. 
Several offset buried stream channel deposits at this site can be matched across the N35°W- 
trending trace of the fault where it crosses the head of Spring Creek fan. One channel 
having an AMS radiocarbon age of 580 ± 60 yr B.P. is offset dextrally 10.9 ± 0.5 m, for 
a minimum slip rate of 19 ± 3 mm/yr. At this rate, it would take approximately 150 ± 25 
yr to accumulate strain equivalent to the local maximum coseismic displacement of 2.7 m 
(9 ft) that was observed near Upper Crystal Springs Reservoir after the 1906 earthquake.

Other offset channel deposits that match across the fault trace are younger and probably 
record historical slip events. Two channels with AMS radiocarbon ages of 150 ± 60 yr 
B.P. are offset 2.4 m (8 ft), which agrees with the amount of dextral slip observed after the 
1906 event in Woodside a few kilometers to the south. However, another channel dated at 
200 ± 60 yr B.P. is offset dextrally 3.5 m across the 1906 trace, leading us to speculate 
that the 3.5 m of horizontal separation may be the combined offset of the 1906 earthquake 
and the San Francisco Peninsula earthquake of June 1838 described by Louderback (1947). 
Even though uncertainties inherent in radiocarbon analysis for these very young deposits 
may preclude confirmation of the 1838 event, this channel displacement indicates that 
surface displacements of about 1 m, which correspond to a magnitude Mw 7 earthquake, 
also have occurred on the San Francisco Peninsula. If this is the case, based on our slip 
rate of 19 mm/yr, more than 1.5 m of dextral strain has accumulated since 1906, and an 
1838-type (Mw 7) event is overdue.
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Investigation

The relationship between geologic structure and recent seismicity is one of the most 
important topics of research related to seismic hazard evaluation in the New Madrid seismic zone 
(NMSZ). Determining the association of seismicity and structural deformation in the NMSZ is 
hindered by the presence of thick, water-saturated, unconsolidated sediments of the upper 
Mississippi embayment. The upward continuation of bedrock faults into the unconsolidated 
material is often masked by the inability of the soft sediments to propagate large fractures. This 
problem, along with erosional and depositional patterns associated with the Mississippi river, 
makes identification and age determination of near-surface faults difficult.

Seismic reflection methods have been used within the Mississippi embayment to 
determine the style, extent, and age of tectonic deformation. Although recent high-resolution P- 
wave (compressional wave) investigations have successfully imaged faults in the unconsolidated 
sediments (Schweig et al., 1992; Sexton et al., 1992; VanArsdale et al., 1992), "the critical 
Quaternary-to-Recent section could not be resolved (Johnston and Shedlock, 1992)." However, 
through the use of SH-wave (horizontally polarized shear-wave) reflection methods, deformation 
in this interval can be imaged.

The primary objective of the research is to collect high-resolution common-depth-point 
(CDP) SH-wave seismic reflection data across the Lake County uplift (LCU), a Quaternary 
deformational feature associated with active faulting and contemporary seismicity (Russ, 1982), 
through parts of southeastern Missouri and southwestern Kentucky. With increased resolution 
gained through the use of SH-wave reflection techniques, the location and magnitude of near- 
surface deformation in the LCU can be more thoroughly documented, and additional details 
associating shallow structure and modern seismicity can be determined.
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Results

In addition to reconnaissance profiling across the LCU (nearly 7 km of shear-wave 
reflection data has been collected to date), the research has generated several complementary 
projects including cooperative studies with researchers from William Lettis and Associates, Inc., 
the University of Memphis, and the Missouri Geological Survey.

Figure 1 shows a map of the central LCU focused on an area called Kentucky Bend, 
which lies inside a meander loop of the Mississippi River in extreme western Kentucky. New 
Madrid, Missouri, is located north of Kentucky Bend and Reelfoot scarp lies to the south. As 
part of a paleoseismologic trenching study of the Reelfoot scarp, shallow SH-wave seismic 
reflection data were collected over the scarp prior to excavation of the trench. The seismic line 
(600% CDP coverage) was collected using a sledge hammer/mass energy source and 30 Hz 
horizontal geophones. The interpreted section (Figure 2) shows several reverse faults beneath 
the scarp, and the updip projection of the easternmost fault corresponds with a low-angle reverse 
feature identified in the trench.

Additionally, a shallow shear-wave splitting experiment, located near the center of 
Kentucky Bend (Figure 1), shows the presence of near-surface azimuthal anisotropy believed to 
be associated with neotectonic deformation. A four-component data set, recorded using a 
hammer and mass energy source, displayed abundant shallow reflection energy on records made 
with orthogonal source-receiver orientations (Figure 3); an indicator of shear-wave splitting. 
Measurement of near-surface directional polarizations, produced by shear-wave splitting, may 
provide valuable information for identifying neotectonic deformation and evaluating associated 
hazards.

References

Johnston, A. C, and Shedlock, K. M., 1992, Overview of research in the New Madrid seismic 
zone: Seismological Research Letters, v. 63, p. 193-208.

Russ, D. P., 1982, Style and significance of surface deformation in the vicinity of New Madrid, 
Missouri: in McKeown, F. A., and Pakiser, L. C., eds., Investigations of the New Madrid, 
Missouri, earthquake region: U. S. Geological Survey Professional Paper 1236-1, p. 95-114.

Schweig, E. S., Ill, Shen, F., Kanter, L. R., Luzietti, E. A., VanArsdale, R. B., Shedlock, K. M., 
and King, K. W., 1992, Shallow seismic reflection survey of the Bootheel lineament area, 
southeastern Missouri: Seismological Research Letters, v. 63, p. 285-295.

Sexton, J. L., Henson, H., Jr., Dial, P., and Shedlock, K., 1992, Mini-Sosie high-resolution 
seismic reflection profiles along the bootheel lineament in the New Madrid seismic zone: 
Seismological Research Letters, v. 63, p. 297-307.

VanArsdale, R. B., Schweig, E. S., Kanter, L. R., Williams, R. A., Shedlock, K. M., and King, 
K. W., 1992, Preliminary shallow seismic reflection survey of Crowley's ridge, northeast 
Arkansas: Seismological Research Letters, v. 63, p. 309-320.

394



II

Reports

Harris, J. B., Woolery, E. W., and Wang, Z., 1994, A shallow seismic investigation of Quaternary 
deformation on the Lake County uplift, central New Madrid seismic zone: Presented at the 1994 
South-Central Section Meeting, Geological Society of America, March 21-22, 1994, Little 
Rock, Arkansas.

Kelson, K. I., Simpson, G. D., Haraden, C. C, Lettis, W. R., VanArsdale, R. B., and Harris, 
J. B., 1994, Multiple Holocene earthquakes along the Reelfoot fault, central New Madrid 
seismic zone: Presented at the 1994 Annual Meeting, Geological Society of America, 
October 24-27, 1994, Seattle, Washington.

VanArsdale, R. B., Kelson, K. I., Simpson, G. D., Lumsden, C. H., and Harris, J. B., 1994, 
Northern extension of the Reelfoot scarp, Kentucky and Missouri: Presented at the 1994 Annual 
Meeting, Geological Society of America, October 24-27, 1994, Seattle, Washington.

Harris, J. B., Shear-wave splitting in Quaternary sediments: Neotectonic implications in the 
central New Madrid seismic zone: submitted to Geophysics.

395



II

New Madrid

KENTUCKY
BEND

SCARP

Figure 1. Map of Kentucky Bend showing locations of Reelfoot scarp 
seismic line and shear-wave splitting experiment.

396



II

East

Silty clay colluvial deposits 

Clay overbank deposits 

Sandy fluvial levee deposits

1 m

V.E. = 4x 

3 m

West

0.0

0.2

o> 0.4

0.6

0.8

CD
E

CDP # 20 40 60 80 100

30 ~
 4  

D. 
0)
Q

X
o
Q. 
Q.

90 <

0.8

30 m

Figure 2. Reelfoot scarp seismic reflection line and trench log.

397



II

SP#10 SP#7 SP#3 

12 6 1 12 6 1 12 6 1

(SH-SH)

SP#10 SP#7 SP#3 

12 6 1 12 6 1 12 6 1

HI (SV-SH)

0.6

SP#10 SP#7 SP#3 

12 6 1 12 6 1 12 6 1

(SH-SV)

SP#10 SP#7 SP#3 

12 6 1 12 6 1 12 6 1

ffl

(SV-SV)

Figure 3. Field records from shear-wave splitting test.

398



II

SURFICIAL GEOLOGIC MAPPING OF THE NEPHI SEGMENT, 
WASATCH FAULT ZONE, UTAH

1434-93-G-2343 
Program Element II.5

Kimm M. Harty and William E. Mulvey
Utah Geological Survey

2363 South Foothill Drive
Salt Lake City, Utah 84109-1491

PURPOSE OF PROJECT

This project consists of a geologic map and text that show and 
describe the surficial Quaternary deposits along the Nephi segment 
of the Wasatch fault zone (WFZ) in Juab Valley of north-central 
Utah. The discussion includes the size, age, and distribution of 
fault scarps. The purpose of this project is to provide the basic 
geologic data needed for accurate assessments of seismic history 
and earthquake hazards associated with this part of the WFZ. The 
map is a continuation of mapping initiated during the 1980s by the 
U.S. Geological Survey, and is the fifth in a series of 1:50,000- 
scale surficial geologic maps of the most active, central segments 
of the WFZ. The WFZ is recognized as the longest and most active 
normal-slip fault in North America, and the most likely source of 
future large, surface-faulting earthquakes to affect the populous 
Wasatch Front area of Utah. The 33-km-long Nephi segment of the 
WFZ exhibits some of the youngest looking fault scarps along the 
entire 370-km-long fault zone. Previous researchers estimate that 
the most recent surface-rupturing earthquake on this segment may 
have occurred within the past 1,000 years, and perhaps as recently 
as 300 to 500 years ago.

INVESTIGATIONS

Numerous surficial and bedrock geology, fault, and soils maps 
at various scales exist for the mapped area, and these were 
consulted for this project. We remapped much of the surficial 
geology along the fault trace and adjacent mountain and valley- 
floor areas, as most of the existing geologic maps are not 
sufficiently detailed, or the information is outdated. Mapping of 
the fault zone and surficial deposits was done on 1:20,000-scale 
black and white aerial photographs from 1950. Black and white, 
1:12,000-scale low-sun-angle aerial photographs taken for the Utah 
Geological Survey in 1970 were also used in critical areas. Air 
photo mapping was field-checked and has been compiled onto 
1:24,000-scale topographic base maps using an International Imaging 
systems Alpha 2000 digital stereo plotter.
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Field investigations included inspecting faulted Quaternary 
deposits and assigning relative ages based on geomorphic 
expression, landform preservation, soil development, and 
stratigraphic position. Fault scarps offsetting Quaternary 
deposits were measured and compiled onto the map for selected 
localities. Much of the scarp data (scarp heights and surface 
offsets) were derived from computer plots of surface profiles of 
scarps measured and provided by M.N. Machette, U.S. Geological 
Survey. Fault-scarp characteristics can be used to estimate slip 
rates and average recurrence intervals at various sites along the 
WFZ.

RESULTS

Quaternary deposits along the Nephi segment of the Wasatch 
fault range in age from middle Pleistocene to late Holocene. 
Coalesced alluvial fans and Lake Bonneville deep-water deposits 
dominate Juab Valley. Pleistocene- and Holocene-age alluvium and 
alluvial fans form an apron of sediment that covers much of the 
valley along the mountain front. These deposits thin toward the 
center of the valley, exposing underlying deposits from the last 
cycle of Lake Bonneville (known as the Bonneville lake cycle) 
between 30,000 and 10,000 years ago.

Other Quaternary deposits in the mapped area include large, 
pre-Bonneville-age landslides (earth slides and flows); late 
Holocene debris-flows; glacial sediments deposited early in the 
Bonneville lake cycle; and older, inactive alluvial fans that were 
abandoned as the climate changed and movement on the Nephi segment 
altered the local base level and streams incised the fans.

The map text describes characteristics of the WFZ and its 
relationship to offset Quaternary deposits at several sites 
including North Creek, Pole Canyon, Willow Creek, Gardner Creek, 
Red Canyon, Nephi, and at the northern and southern fault-segment 
boundaries. In addition to providing new information on Quaternary 
deposits and fault-scarp heights and estimated slip rates, the text 
also summarizes information from previous workers who have mapped 
or trenched specific sites along the fault segment. As of October 
1, 1994, the project is approximately 85 percent complete; 
computerized mapping is nearly finished and we are writing the map 
text.
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Analysis of Earthquake Data from the Greater Los Angeles Basin and 
Adjacent Offshore Area, Southern California

#1434-94-0-2440

Egill Hauksson 
Seismological Laboratory, California Institute of Technology,

Pasadena, CA 91125
Tel.: 818-395 6954; Email: hauksson@seismo.gps.caltech.edu 

FAX: 818-564 0715

INVESTIGATIONS
The goals of this project are: (1) seismotectonic analysis of earthquake data recorded by 

the CIT/USGS, TERRAscope, and USC seismographic networks during the last 18 years 
in southern California; (2) improve models of the velocity structure to obtain more accurate 
earthquake locations including depth and to determine focal mechanisms; and (3) studies of 
the earthquake potential and the detailed patterns of faulting along major faults in the 
metropolitan area and adjacent regions.

The (MW6.7) 1994 Northridge earthquake sequence that began on 17 January is the 
most substantial earthquake sequence to occur in the last 22 years in Los Angeles. We 
have synthesized aftershock data from this sequence recorded by the SCSN to provide a 
detailed three-dimensional picture of the deformation. The results appear in three papers; 
one was published in Science, one was published in SPECTRA special volume and one 
was submitted to JGR.

RESULTS
The 1994 Northridge Earthquake Sequence in California: Seismological 

and Tectonic Aspects
The MW6.7 Northridge earthquake occurred on January 17, 1994 beneath the San 

Fernando Valley. 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<5 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. No flattening of the aftershock distribution is 
observed near its bottom. At shallow depths, above 7-10 km, the thrust ramp is topped by 
a dense distribution of aftershock hypocenters bounded by some of the surficial faults. The 
dip of the ramp increases from east to west. The west side of the aftershock zone is 
characterized by a dense, steeply dipping, and north-northeast striking planar cluster of 
aftershocks that exhibited mostly thrust faulting. These events coincided with the 
Gillibrand Canyon lateral ramp. Along the east side of the aftershock zone the aftershocks 
also exhibited primarily thrust faulting focal mechanisms. The focal mechanisms of the 
aftershocks were dominated by thrust faulting in the large aftershocks, with some strike- 
slip and normal faulting in the smaller aftershocks. The 1971 San Fernando and the 1994 
Northridge earthquakes ruptured partially abutting fault surfaces on opposite sides of a
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ridge. Both earthquakes accommodated north-south contractional deformation of the 
Transverse Ranges. The two earthquakes differ primarily in the dip direction of the faults 
and the depth of faulting. The 1971 north-northeast trend of left-lateral faulting 
(Chatsworth trend) was not activated in 1994.

Focal Mechanisms of the Mainshock and M>4 Aftershocks.
The first motion focal mechanism of the mainshock exhibited one nodal plane striking 

N75°±10°W and dipping 35°±5° south-southwest with a rake of 100°±10° (Figure 1). Other 
determinations of the mainshock focal mechanism based on teleseismic and regional broad 
band waveforms show a more northerly strike of N50-60°W and a somewhat steeper dip of 
40-45° to the south-southwest [Dreger, 1994; Thio and Kanamori, 1994]. This difference 
in the mainshock focal mechanism determined with different frequency waves suggests a 
small increase in dip along strike and possibly a curved rupture surface. Such an increase 
in dip along strike can also be seen in the distribution of aftershocks.

Although no surface rupture has been found [USGS and SCEC Scientists, 1994], 
several preliminary interpretations of the mainshock faulting have been offered. One 
interpretation suggests that the Oak Ridge fault, mapped to the west in the Ventura basin, 
extends into this region [Yeats, 1994]. Another interpretation could be that some of the 
surficial faults exposed farther north, such as the Holser fault, are responsible for the 
earthquake. A third interpretation models the earthquake as slip on a south-dipping thrust 
ramp beneath the San Fernando Valley [Davis and Namson, 1994]. The seismological 
evidence for the mainshock faulting, the focal mechanism and the spatial distribution of 
aftershocks, are consistent with all three interpretations.

The available focal mechanisms of 57 aftershocks of Mi^4.0 and of the mainshock are 
shown in Figure 1. Nearly all of these focal mechanisms showed thrust faulting with only 
a few strike-slip and normal faulting events. The largest aftershock of ML5.9 followed the 
mainshock within a minute and was located 10 km to the east-northeast of the mainshock. 
No focal mechanism is available for this event. The second largest aftershock of ML5.6 
occurred 11 hours later and was located about 20 km to the northwest of the mainshock. 
This aftershock had a thrust-faulting focal mechanism similar to the mainshock. This and 
two other thrust-faulting aftershocks of M>5 located near the trace of the Santa Susana fault 
could be associated with either south- or north-dipping fault structures.

Strike-slip deformation has occurred during the late Quaternary along faults such as the 
Northridge Hills fault and the Mission Hills fault. Three of strike-slip faulting M>4 
aftershocks are located near the surface trace of the Northridge Hills fault. No large 
aftershocks were located near the Mission Hills fault, even though significant ground 
deformation in this region was caused by the Northridge mainshock [USGS and SCEC 
Scientists, 1994]. Only one of the eight Mi>5.0 aftershocks showed a strike-slip focal 
mechanism, and was located between the surface traces of the Northridge Hills and the 
Santa Susana faults. Most of the strike-slip and normal faulting aftershocks occurred at 
shallow depth above the main rupture surface where strike-slip or extensional deformation 
of the hanging wall may be expected.

Strike-Normal Cross Sections
In map view the aftershocks form a 45 km long and 40 km wide zone (Figure 2). The 

mainshock rupture as determined from waveform data [Waldand Heaton, 1994], started at 
the southeastern corner of this zone and extended about 15 km west-northwest from the 
mainshock epicenter and about 20 km up a 35-42° dipping surface to the north-northeast, 
covering less than one third of the aftershock zone.

Four cross sections extend from south-southwest to north-northeast (Figure 2). The 
focal mechanisms of the mainshock and representative large aftershocks are included in 
map of epicenters and the cross sections. Nearly all of these focal mechanisms are thrust, 
with only one strike-slip and one normal mechanism.
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The cross section D-D1 shows aftershocks that occurred along the eastern edge of the 
mainshock rupture surface. These hypocenters form a south-southwest-dipping 
distribution in the depth range of 5-15 km with a small number of aftershocks extending 
down to 20 km depth. The lower depth bound to the densest part of the aftershock 
distribution appears to coincide with the steeply dipping Northridge Hills fault Most of the 
shallow aftershocks were located near the surface trace of the Santa Susana and Verdugo 
faults.

The cross section C-C includes the hypocenter of the mainshock and shows the 35-40° 
dipping zone of aftershocks from 23 km to about 7 km depth, located mostly under the San 
Fernando Valley. If the 35° south-southwest dipping nodal plane of the mainshock is 
extended to shallower depths, the rupture surface is located near the lower surface of this 
dipping aftershock zone. The deep end of this zone is defined by a few aftershocks that 
extend as deep as 23 km. Above approximately 7 km depth, the aftershock zone is less 
well expressed as a southwest-dipping tabular feature but is rather a cloud of aftershocks 
representing diffuse deformation of an overlying anticlinal fold. The San Gabriel fault 
limits the northeast spatial extent of most of the shallow aftershocks. The southwestern 
edge of the distribution of shallow aftershocks is located further to the southwest, above 
the mainshock rupture surface.

Farther to the west, in cross section B-B', the western edge of the mainshock rupture 
surface is outlined by the south-southwest dipping zone of aftershocks. More distributed 
deformation of the hanging wall is evident in this section, including shallow events south 
of the mainshock. A north dipping trend of aftershocks, in the 5-8 km depth range, may be 
related to the north dipping Santa Susana fault. The only M>5 strike-slip aftershock lies at 
the eastern edge of this section at shallow depth.

The aftershocks in cross section A-A1 occurred west of the mainshock rupture surface. 
They form a diffuse distribution beneath the Santa Susana Mountains and appear to be on 
different faults that did not rupture in the mainshock. There is some indication in the cross 
section of a wedge-shaped structure illuminated by both south and north dipping trends of 
aftershocks in the depth range of 13-18 km. This wedge-shaped structure coincides with 
the Gillibrand Canyon lateral ramp. The Northridge Hills fault brackets the distribution to 
the south while the northern edge of the distribution is midway between the Santa Susana 
and Holser faults.
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Fig. 1. Northridge aftershock region showing lower-hemisphere, first-motion focal 
mechanisms of M>4 earthquakes recorded by the SCSN from January through September 
1994, and major faults (dotted where inferred) from Jennings [1975]. Because the M5.9 
aftershock occurred too closely in time to the Northridge mainshock or, in several cases, 
aftershocks were preceded by immediate foreshocks, their focal mechanism could noi be 
determined.
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1994 Northridge Earthquake Sequence
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Fig. 2. (a)Map of the 1994 Northridge earthquake, its aftershocks, and major late 
Quaternary faults (dotted where inferred). Focal mechanisms for the mainshock and 
significant aftershocks are included. Symbol size is scaled with magnitude and earthquakes 
of magnitude greater than 4 are shown as stars. (b)Depth cross sections taken orthogonal 
to strike, A-A1 , B-B 1 , C-C1 , and D-D1 include all events in each box having horizontal and 
vertical errors less than 2 km. NHF, Northridge Hills fault; SSF, Santa Susana fault; 
SGF, San Gabriel fault, HF, Holser fault; VF, Verdugo fault; CWF, Chatsworth fault, and 
SFF, San Fernando fault.
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John H. Healy 
Branch of Earthquakes Geology and Geophysics

U. S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4848

Investigations

We are continuing the evaluation of the M8 earthquake prediction algorithm in the 
Circum-Pacific region. During this period we have an important successful prediction of 
a large earthquake in the southern Kuril Islands. This prediction is described in the 
following abstract prepared by the four collaborators in this work (V.G. Kossobokov, 
International Institute for Earthquake Prediction Theory and Mathematical Geophysics, 
Russian Academy of Science; J.H. Healy, U.S. Geological Survey, Menlo Park, California, 
J.W. Dewey, U.S. Geological Survey, Denver, Colorado; and I.N. Tikhonov, Institute for 
Marine Geology and Geophysics, Russian Academy of Science).

Results

Precursory Changes of Seismicity Before the October 4 South Kuril Islands Earthquake

According to the Harvard determination the October 4 Southern Kuril Islands 
earthquake is the largest (M0 = 3.7* 10**21 Nm) worldwide since the Sumba earthquake 
of 1977. This earthquake provides a new case history of advance prediction by an 
intermediate-term earthquake prediction algorithm M8 (Phys. Earth and Planet. Inter., 
1990, 61, 73-83). In July 1992 the Time of Increased Probability (TIP) was diagnosed 
by M8 in a course of the real-time research prediction of magnitude 7.5+ earthquakes 
in Circum Pacific (Healy et a/., 1992, U.S. Geol. Surv. Open File Rep. 92-401). The 
results were confirmed using the data from the local seismic network of the Institute 
for Marine Geology and Geophysics, Far East Division, Russian Academy of Sciences. 
The prediction was transferred to the Ministry of Emergency Situations of Russia calling 
for "special attention of seismologists and civil defense to the area of the Southern Kuril 
Islands and Eastern Hokkaido as an area where magnitude 7.5-8.5 earthquakes are likely to 
occur before July 1997". The prediction was a part of a presentation at the AGU Western 
Pacific Geophysics Meeting (Hong Kong, July 25-29, 1994) and published. Using the NEIC 
Global Hypocenters Data Base through July 1, 1994, the "Mendocino Scenario" algorithm 
(Kossobokov et a/., 1990, J. Geophys. Res., 95(B12), 19,763) reduces the territory of the 
TIP to the area of 210 by 160 km which coincide with the aftershock zone of the October 4 
earthquake. This work was in part supported by International Science Foundation Grant 
MCIOOO.
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ANNUAL REPORT
SOUTHERN CALIFORNIA EARTHQUAKE PROJECT

94-9902-11010

T. Heaton, J. Mori, L. Jones, D. Wald, S.Hough 
D. Given, R. Dollar, C. Koesterer, L. Wald, S. Perry, L. Curtis

Branch of Seismology, Office of Earthquakes, Volcanoes, and Engineering
U.S. Geological Survey 

525 S. Wilson Ave. Pasadena CA 91106

818-405-7814 
heaton@bombay. gps. caltech. edu

INVESTIGATIONS

This project encompasses the USGS personnel that work together on the Southern California 
Seismic Network to ensure that earthquakes are well-recorded and archived in southern 
California, and that reliable seismic information is communicated to government agencies, 
scientific groups, media, and the public. The routine analyses and archiving of data involves close 
cooperation with Caltech and the Southern California Earthquake Center (SCEC). With the 
recent emphasis on providing rapid information, the project provides the necessary coordination 
of developing automated computer systems and organizing people that quickly respond to 
significant earthquakes. The project also includes the scientists' individual research topics that 
are closely tied to seismic data collected by the network. Tasks for FY1994 were divided into 3 
categories.

- Seismic Data Collection
- Earthquake Hazards Monitoring and Public Information
- Earthquake Research

Seismic Data Collection
(Elements II.2, II.7, III.l, IV. 1)

A major responsibility of the project is to maintain and operate the large seismic network, thus a 
substantial part of the project's resources are used for instrument maintenance. The network 
consists of over 300 channels of data from 225 sites and provides the primary data for hazard 
monitoring in southern California and data for much of the research done by the project scientists. 
Responsibilities for hardware (instrument sites, radio telemetry, microwave and telephone links, 
computer cluster) and software (on-line recording system, off-line data processing, real-time 
earthquake information systems) are shared jointly with Caltech.

In addition to maintaining the network, we continue to improve our seismic recording capabilities 
by installing new sites in sparsely instrumented areas, adding Force-Balance-Accelerometers 
(FBA) to improve on-scale recordings of larger earthquakes, and installing broadband 
TERRAscope instruments with large dynamic range. FBA components and the TERRAscope
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data are crucial for both the development of better real-time information systems and the on-going 
research of seismic waveforms.

Routine analysis of the data is also carried out cooperatively with Caltech and includes, interactive 
timing of phases, location of hypocenters, calculation of magnitudes and preparation of the final 
catalog. Phase data are stored on magnetic disks and waveform data are archived on an optical 
mass storage device operated by the SCEC Data Center. These data are readily available to other 
USGS and university users over INTERNET connections.

Earthquake Hazard Monitoring and Public Information
(Elements II. 1, IV.2)

An important part of monitoring earthquakes in a populated region such as southern California, is 
the ability for scientists to have access to quick and accurate locations and magnitudes. This 
enables them to release timely information to government officials and the media following felt 
and damaging earthquakes. Also, real-time locations and magnitudes are useful for watching 
large aftershock sequences and providing possible information on forthcoming activity. Our 
current systems have performed fairly well during the numerous felt events over the past year and 
scientists have been able to quickly announce hypocentral information to government agencies 
and the media. To further increase our response capabilities, we are working to improve the 
reliability and speed of applications to improve the automated event locations and magnitudes. In 
addition to hypocenters and magnitudes of the earthquakes, we are developing further real-time 
utilizations such as, alarms for unusual activity in special study areas, designation of likely areas of 
damage from future large earthquakes, and rapid assessment of earthquake probabilities.

Earthquake Research

Project scientists pursue a diverse range of seismological research topics which contribute to 
studies of the earthquake Source (I), Potential (II), and Effects (III). Many of these studies utilize 
the large database of seismicity and waveforms that is collected and archived by the seismic 
network.

Earthquake Rupture Processes (Elements 1.2, III.2) D. Wald, Heaton
We are studying the source process of the 1994 Northridge earthquake by inverting strong motion 
and teleseismic waveforms as well as geodetic data for the three dimensional rupture history of 
the earthquake. In addition we are developing ground motion time histories for sites located close 
to large earthquakes.

Foreshock and Aftershock Statistics (Elements II.2, II. 8) Jones
Based on the statistical properties of foreshock and aftershock distributions, short-term 
probabilities of future large events can be estimated from any earthquake occurrence, as possible 
foreshock or expected aftershocks. A computer program has been developed to evaluate and 
display the probability of damaging earthquake shaking (> 10%g) for the next 24 hours based on 
the long term estimates from geologic information modified by the probability that recent 
earthquakes recorded by the Network are foreshocks or will have aftershocks. The 
spatial/temporal characteristics of earthquakes in the Los Angeles region are a particular focus of 
this research because of the high level of activity in the past 7 years.
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Source Parameters of Small Earthquakes (Element 11.2) Mori
We are studying the pattern of Northridge aftershocks by simultaneously inverting for hypocentral 
location and 3-dimensional velocity structure. In addition, phase data from portable instruments 
deployed after the 1971 San Fernando earthquake are being used to find the spatial relationship 
between the San Fernando and Northridge earthquakes. In a separate study, the importance of 
shear-wave Moho reflections in the distance range of 60-120 km is being studied using 
aftershocks of the 1992 Landers earthquake.

Teleseismic Network Waveform Studies (Element II.4) L. Wald, Heaton, Mori 
We have been using surface waves and body wave from teleseisms recorded on over 500 stations 
of the southern and northern California arrays to study velocity structures of the Earth. The 
surface wave data consisted of 10 to 20 sec Rayleigh waves that travel complicated paths across 
California. We have tried to identify the anomalies that are complicating the surface wave 
propagation by tracing their paths across the arrays. We are also studying body waves, such as the 
core reflection PcP, to determine velocity structures of the Earth's deep interior.

RESULTS

1. This Project (in cooperation with Caltech) provided the basic information for seismicity in 
southern California. Data collection during FY1994 included locating and archiving (with 
Caltech) over 20,000 earthquakes, with the activity dominated by aftershocks of the M6.7 
Northridge earthquake. Relatively high aftershock activity also continued for the M7.5 
Landers and M6.5 Big Bear earthquakes; in southern California there have been 28 
earthquakes larger than M5 and about 200 earthquakes larger than M4 in the past two years. 
Seismicity and network operations are summarized in the 1993 (L. Wald et al., 1994) and 
1994 (in preparation) Network Bulletins. In addition, this project provides software support 
for the Caltech/USGS Seismic Processing system (CUSP), which is the primary data 
processing system operated by the Northern California Seismic Network, the Univ. of Nevada 
Seismic Network, the Hawaii Volcano Observatory Network, the Parkfield downhole systems, 
the University of Southern California Seismic Network, and the Idaho National Engineering 
Lab Network.

-Data accessibility has improved with preliminary earthquake locations and magnitudes 
available to USGS and university researchers within a few minutes following an event. 
Hand-timed phase data are available within 24 to 48 hours. Using INTERNET connections 
to the Southern California Earthquake Center Data Center (SCEC-DC), waveform data are 
now usually available within a week. Because of the extremely high recent seismic activity, 
a second 300-Gbyte optical jukebox has been added to the SCEC-DC.

- Portable instrument data collected by USGS instruments (47 Reftek recorders and 5 
continuous 5-Day recorders) following Landers have been played back and organized. 
Procedures have been developed to associate this data and the other portable data collected 
by various universities with the network data. Integrated phase and waveform data are 
available on the SCEC-DC mass storage device.

- Six short-period vertical stations were added in the Northridge aftershock region and 5 7- 
channel temporary stations were also added to the aftershock region.
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2. Project personnel responded to felt earthquakes and sonic booms throughout the year, 
ensuring uninterrupted data recording and providing information immediately following the 
events.

- We made significant improvements to the software systems which automatically determine 
and broadcast earthquake locations and magnitudes. In FY93, we replaced our existing 64- 
station real-time processor (RTP) with ISAIAH (Information from a Seismic Array In A 
Hurry). The new system works with all 300 channels of data and has an improved phase 
associator that can better distinguish multiple events that occur closely spaced in time. 
ISAIAH operates within the framework of the CUSP seismic data management system that 
has been developed over the past 15 years. Both CUSP and ISAIAH development 
continued throughout FY94. New software was implemented that shares real-time 
exchange of phase data between Pasadena and Univ. of Nevada, Reno. New software was 
developed to determine Wood-Anderson magnitudes within several seconds. Code was 
developed to automatically send phase data to NEIC and procedures have been 
implemented to broadcast data over the California Emergency Digital Information System 
(EDIS). Project staff also contributed heavily to the Caltech/USGS Broadcast of 
Earthquakes Project (CUBE) which is developing real-time systems for the broadcast of 
earthquake information to help agencies coordinate emergencies following earthquakes. 
Approximately 15 agencies are currently receiving earthquake locations and magnitudes 
within minutes of an earthquake. CUBE participation has recently been expanded to 
include radio and television stations. Together with Caltech we have begun procedures to 
provide very rapid checking of information by seismologists on a 24-hour basis.

- We coordinated the deployment of portable seismographs by USGS, SCEC, Kinemetrics, 
and other universities following the Northridge earthquake. More than 85 instruments were 
deployed in the aftershock zone in the month following the earthquake. We also organized 
the dense re-deployment of 30 instruments in the Northridge area to record ground motions 
at spacings of a few hundred meters. The data are being analyzed for local site response 
and short-period coherence studies. The Pasadena Office also served as a base of 
operations for many USGS scientists who were temporarily stationed in southern California 
to study the effects of the Northridge earthquake.

- Project scientists gave over 100 talks and participated in a number of community fairs to 
communicate to various civic and educational groups the importance of earthquake hazards 
in southern California. In addition we responded to more than 2,000 telephone requests for 
earthquake information.

3.The Pasadena Office served with Caltech as joint organizers of the 1994 Annual Meeting of 
the Seismological Society of America. This was the largest SSA yet held with 470 
participants registering for the 3-day meeting. A 1-day symposium on the significance of 
thrust faults in the Los Angeles area was jointly presented with the Earthquake Engineering 
Research Institute (EERI) and a total of 1,325 earthquake professionals attended this session.

4. Most of the scientific results for the year centered on the Northridge earthquake activity. A 
general summary paper for Science has been prepared under the leadership of Lucy Jones 
(1994) and project scientists contributed to the EERI Northridge Earthquake Preliminary
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Reconnaissance Report and to the NCEER on Northridge. Jim Mori analyzed phase data 
from a portable deployment of seismometers following the 1971 San Fernando earthquake to 
obtain a far clearer picture of the spatial distribution of this earthquake than has been 
previously available. Aftershocks of the Northridge earthquake were also relocated to show 
the spatial relationship of these two sequences. A 3-dimensional velocity inversion was used 
to locate the events and the resulting aftershock distribution clearly shows that the 1971 fault 
plane appears to truncate the 1994 fault plane in the region that the two aftershock sequence 
overlap. Dave Wald and Tom Heaton are currently constructing a comprehensive model of 
the rupture process for the Northridge earthquake by modeling strong ground motions, 
teleseismic body waves, and geodetic deformations. Lucy Jones has studied the statistical 
properties of the Northridge sequence as well as general southern California seismicity which 
has been extraordinarily high for the past several years.

5.Work continued on the 1992 Landers earthquake sequence. Susan Hough continued her 
analysis of the seimotectonics of this sequence, including: 1) fault zone wave investigations in 
the southern Joshua Tree region; 2) dense array analysis of strong motion data from Landers 
and an early M 5.7 aftershock, focused on investigation of surface rupture to the south of the 
Landers epicenter; 3) empirical Green's function analysis of Joshua Tree aftershocks; and 4) 
broadband studies of the M6.5 Big Bear earthquake. Jim Mori's research included: 1) an 
empirical Green's function analysis of the Joshua Tree foreshock showing that it rupture 
northward. The Joshua Tree mainshock initiated near the edge of the foreshock rupture zone. 
2) work on a 3-D velocity inversion of the Landers fault area using explosions and 
earthquakes recorded on 40 portable stations along the fault. 3) Work continued on analyses 
of strong SmS phases, which are often 2 to 5 times larger than the direct S phase. The large 
amplitudes are attributed to the simple velocity structure in the Mojave Desert that does not 
complicate the Moho reflections. Dave Wald and Tom Heaton completed finite fault 
inversions of teleseismic, strong motion, and geodetic data for the Landers mainshock. A 
movie was made to show the temporal and spatial development of rupture.

6. Tom Heaton and Dave Wald produced estimates of broadband strong motions for 
hypothetical earthquakes in the Los Angeles basin. These estimates were used by John Hall 
(Caltech structural engineering) to show that large pulses of ground displacement could 
potentially cause the failure of high-rise and base-isolated buildings.

7. Dave Wald initiated analysis of a series of M7 earthquakes and one M8 earthquake in the 
Puerto Rico/ Dominican Republic region (1943-1953). Study of these damaging earthquakes 
will help to define the plate motions in a complex transition from frontal subduction to 
transcurrent faulting.

8.Lisa Wald and Tom Heaton continued analysis of 15 to 30-sec teleseismic Rayleigh waves 
observed on the dense short period California seismic networks. This study shows systematic 
differences in crustal structure and also demonstrates the complex nature of multipathing for 
these wavetrains.
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Investigations

The large number of recent events associated with the Big Bear-Landers earthquake sequence 
is providing a unique set of broadband data. This data set can be used in deriving detailed source 
characteristics and earth structure. In addition many of the historic events occurring along this 
extended zone have been recorded locally by relatively low gain long-period and short-period 
torsion instruments operated by Caltech (1930 to 1960) and by standard strong motion 
instruments.

To understand these seismograms and separate propagational distortions from source 
properties is relatively easy at teleseismic distances, but becomes more difficult at regional and 
local distances. Fortunately, the digital systems used in the TERRAscope array provide 
observations that greatly aid in establishing the nature of regional wave propagation. For 
example, the wide dynamic range allows motions from small events (aftershocks) to be 
compared with large events at the same site even though the motions can differ by several orders 
of magnitude. Signals at these distances have not suffered mantle attenuation and thus the 
broadband features of this system allow us to see obvious propagational effects (headwaves and 
critical reflections) and detailed source characteristics (near-field and source complexity).

Results

Several papers involving the waveform modeling of recent earthquakes have been published 
or are in press:

PRELIMINARY WORK ON AN EARLY WARNING AND A RAPID RESPONSE 
PROGRAM FOR MODERATE EARTHQUAKES

by Craig W. Scrivner and Don V. Helmberger
Seismological Laboratory 252-21
California Institute of Technology, Pasadena, CA 91125

Abstract. Warning of imminent ground shaking due to a large earthquake would be useful to 
a variety of agencies. This kind of ground motion prediction is possible in southern California 
for events with magnitude less than 6, where path effects dominate. A test case for this is found 
in records for the June 28, 1991 Sierra Madre earthquake. A single station inversion of the 
record from the Pasadena station 20 km SW of the epicenter produces reasonable source 
parameters for the event. With these source parameters and a library of Green's functions 
calculated for an average southern California crustal model, ground motions can be predicted 
throughout the region. In particular, since the peak displacement for the Sierra Madre event 
occurs at Pasadena before ground motion begins at a station near the San Andreas in San 
Bernardino, ground motions near the San Andreas can be calculated before the seismic energy 
has propagated into the area. Considering this scenario in the reverse direction, records from a 
station near an earthquake on the San Andreas could be used to predict ground motions in the
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metropolitan Los Angeles area. Broadband, high-dynamic-range seismic instruments produce 
high quality records for events over a wide magnitude range. Thus, the development of a 
warning system can be approached in stages starting with small events. With path effects 
determined by modeling moderate size events, work can begin on developing distributed fault 
models to predict ground motions of great earthquakes.

SOURCE ESTIMATION OF FINITE FAULTS FROM BROADBAND REGIONAL 
NETWORKS

by Xi J. Song and Don V. Helmberger
Seismological Laboratory 252-21
California Institute of Technology, Pasadena, CA 91125

Fast estimation of point-source parameters for earthquakes has witnessed much progress in 
recent years, thanks to the development of broadband seismic networks. The expansion of these 
networks is now providing the opportunity to address source directivity and finiteness. Making 
this practical motivates the development of methods to quickly generate synthetic seismograms 
for finite sources. This proves possible when the fault dimension is small compared to the 
source-receiver distance and when the structure around the source region is relatively simple. To 
achieve this, we discretize the fault region into a set of elements represented as point-sources. 
We then generate and store the generalized rays separately for the best-fitting point-source 
location relative to the various stations and derive for each ray the response for neighboring 
point-sources with power series expansions. In this manner, each point-source contributes an 
element far-field source time function, a delta function in the case of step dislocation, to the total 
far-field source time function of a generalized ray. Finally, each ray is convolved with the 
corresponding far-field source time function and the results are summed up to form the total 
response. A simple application of this method is demonstrated with the tangential motions 
observed from the 1991 Sierra Madre earthquake. For this event, we are able to constrain the 
fault dimension by comparing data with synthetics for different source dimensions. Thus we 
simulate the faulting process as a 5 km-long line source propagating in the direction 
perpendicular to itself for 4 km with a constant velocity 3.0 km/sec. We then search the rupture 
direction on the fault plane by comparing corresponding synthetics with data. A southwestward 
rupture updip produces the best synthetic fit to the data which is compatible with other 
observations, Wald [1992].

2-D HYBRID METHOD STUDY OF LOS ANGELES BASIN EFFECTS FOR MODERATE 
AND POTENTIAL GREAT EARTHQUAKES

by L. Wen, C. W. Scrivner, and D. V. Helmberger
Seismological Laboratory 252-21
California Institute of Technology, Pasadena, CA 91125

A 2-D SH hybrid method was developed that combines finite-difference applied in the 
inhomogeneous region and an analytic method, CRT, outside this region. CRT enables us to 
study the basin effects for different types of incident energy. The comparison of hybrid method 
seismograms, CRT seismograms, and regular finite-difference seismograms yields good 
agreement. We applied this method to study Los Angeles basin effects for several moderate 
earthquakes to the NE of the basin by modeling the observations at USC station, which is located 
in the north part of the basin. Records at this station cannot be explained by 1-D models alone. 
2-D models are more effective in fitting the amplitude, surface wave development and timing of 
phases at the station. For this study, a 2-D model for the NE edge of the Los Angeles basin 
(Scrivner and Helmberger, 1994) was combined with a 1-D model found by fitting waveforms 
recorded at the hard-rock site PAS. Local events could be fit with a layer (shear velocity 2.95 
km/s, thickness 7 km) over a half space (shear velocity 3.7 km/s). Sn, SmS, and sSmS times 
from events with greater than 100 km epicentral distance from PAS were then used to constrain 
the Moho depth. Comparisons of data and synthetic waveforms for 1-D and 2-D models were
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made. The peak amplitude of the synthetics for both hard-rock and basin receivers match the 
data to within a factor of two. The synthetics accurately match the ratio in the data of the 
amplitudes of the basin waveforms to the hard-rock waveforms. The synthetic waveforms fit 
best for sources at mid-crustal depths. Shallow sources produce complicated codas. For such 
sources, the synthetics underestimate the coda length by a factor of 2 and the coda amplitude by 
an order of magnitude. The general character of the coda can be matched by the inclusion of 
micro-basins in the shallowest portions of the basin model. Deep sources increase the amplitude 
of Moho reflection phases, and these can produce complex basin waveforms. Both observations 
and simulations indicate that the waveshape in the basin is controlled more strongly by the 
receiver's relative position in the basin than by the epicentral distance. In order to apply this 
method to large earthquakes, the hybrid method code was modified to be capable of handling 
large earthquakes with complex source kinematics. We use the slip description of the great 1906 
San Francisco earthquake inferred by Wald et al. (1991) as a source on the southern San Andreas 
fault and predict the ground motions in the basin for a potential great earthquake in Southern 
California.

M( )DF.T JNG ()F AFTERSHOCKS FROM THE 1992 LANDERS. JOSHUA TRF.F. AND BIG 
BEAR SEQUENCES. SOUTHERN CALIFORNIA

by Laura E. Jones and Don V. Helmberger
Seismological Laboratory 252-21
California Institute of Technology, Pasadena, CA 91125

Abstract. The Joshua Tree, Landers and Big Bear sequences began on April 23, 1992 at 
02:25 GMT with a MW43 foreshock which preceded the MW6.1 Joshua Tree mainshock by 
approximately 2 hours and 25 minutes. Aftershocks from the Joshua Tree mainshock (now 
considered precursory to the larger MW1.3 Landers earthquake) were distributed north of the 
Pinto Mountain fault into regions ruptured by the Landers sequence. The Landers earthquake 
consisted of rupture on six separate faults, if rupture south of the Pinto Mountain fault (on the 
Eureka peak fault) is included. Its aftershock sequence comprised earthquakes in many regions 
unassociated with primary rupture: aftershocks below the Pinto Mountain fault, in the Big Bear 
region, and an energetic cluster of aftershocks north of the city of Barstow. In this paper, we 
present source parameters, depths and durations, for sixty Mw > 3.8 earthquakes from the Joshua 
Tree Landers, and Big Bear sequences. These events occurred between April of 1992 and 
November of 1994; the list of events presented comprises nearly every aftershock above A/3.8 
for which we could obtain coherent TERRAscope data and accurate timing and location 
information. It includes a related, high stress-drop M5.3 earthquake which occurred along the 
Garlock fault on July 11, 1992. Stress drops for these earthquakes appear to vary systematically 
with location, with respect to previous seismic activity, proximity to previous rupture (i.e., 
relative to the Landers rupture), and with tectonic province. In general, for areas north of the 
Pinto Mountain fault, stress-drops of aftershocks located off the faults involved with the Landers 
rupture are higher stress-drop than those located on the fault, with the exception of aftershocks 
on the newly recognized Kickapoo (Landers) fault. South of the Pinto Mountain fault, where 
there is a history of seismic swarms, but no single through-going fault, stress-drops are not 
usually high. For the Big Bear region, stress-drops appear to correlate with depth, with the 
deepest events yielding the highest stress-drops. Further, events in this region overall yield 
higher stress-drops than in the Mojave, associated with the Landers and Joshua Tree sequences.
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INVESTIGATIONS

This investigation was conducted to evaluate potential hazards associated with the Coyote Point and 
Hunters Point fault zones, originally reported by Mann and others (1993). These two fault zones were 
identified based on numerous apparent displacements of Holocene Bay Mud observed on high resolution 
seismic reflection profiles acquired in south San Francisco Bay. The fault zones were interpreted to 
be several kilometers wide, projected onshore near Colma Valley and at Hunters Point, and across the 
densely populated San Francisco Peninsula. However, recent seismic reflection data and 
reinterpretation of data from Mann and others (1993), indicate that inferred fault-related features in the 
Bay were artifacts of the energy source and processing used during this survey. New data show strong 
evidence for unfaulted Holocene Bay Mud along the previously inferred Coyote Point fault zone 
(Marlow and others, 1994). Therefore, based on the most recent offshore reflection data, the Holocene 
active Coyote Point fault, as previously inferred, does not appear to exist.

The initial goal of this study was to evaluate the location and activity of onshore extensions of the 
inferred Coyote Point and Hunters Point fault zones, and if possible, to identify sites for future 
paleoseismic investigations: this project was conducted prior to acquisition of the new offshore data by 
Marlow and others (1994). Our investigation concentrated onshore of the inferred Coyote Point fault 
because the extensive Quaternary stratigraphic section in this area provided a means to evaluate the style 
and rate of deformation over the last ca 1.5 My. Our scope of work included: 1) compiling and 
reviewing existing data; 2) examining the earliest available aerial photography of the area; 3) 
constructing profiles of streams and geomorphic surfaces from existing topographic and geologic maps; 
4) mapping Quaternary geologic units; 5) examining borehole data to assess Quaternary stratigraphy 
and evidence of deformation; and 6) analyzing deformation in a local and regional tectonic context.

RESULTS AND DISCUSSION

Evidence for Late Quaternary Deformation

Investigations conducted for this study concentrated on the area between San Francisco International 
Airport and Ocean Beach, as shown on Figures 1 and 2. Our investigation identified: differential uplift
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of Merced and Colma formations; presence of minor Quaternary faults in Merced Formation on the 
west side of San Francisco Peninsula; lineaments and topographic steps in Colma Formation in Colma 
Valley; and tonal lineaments in marshes on the west shore of San Francisco Bay. In addition, as a 
result of our investigation of Quaternary deformation, we have developed a model that relates deposition 
of the Pleistocene Merced and Colma formations to evolution of the San Francisco Peninsula segment 
of the San Andreas fault. This model helps explain Quaternary deformation and faulting observed in 
the Lake Merced area and elsewhere in Colma Valley, and relates occurrence and temporal variation 
in activity of secondary faults to migration of secondary extensional and contractional domains along 
the San Andreas fault.

Evidence of late Quaternary faulting and deformation was identified along Colma Valley, the northwest- 
trending topographic trough that lies southwest of San Bruno Mountain. Several photo-lineaments, 
expressed in Colma Formation sediments (<70 to 130 ka; Clifton and others, 1988), trend 
northwestward through this trough, as shown on Figure 2. The lineaments consist of both downslope 
and upslope facing topographic steps and breaks in slope. Many of the downslope-facing topographic 
steps persist, but upslope-facing steps appear to have been modified by subsequent development. 
Changes in streams gradients noted in thalweg profiles coincide with some of these lineaments, and 
occur in reaches of drainages incised into Colma Formation and younger deposits, shown on Figure 3. 
Tonal lineaments were also identified in marshy areas on the Bay margin, but field examination could 
not determine their origin. One set of lineaments coincides with changes in stream gradient along the 
base of the southern slopes of San Bruno Mountain and may correspond to the Hillside fault zone 
(Figure 3), a Franciscan nappe bounding shear zone (Wakabayashi, 1992) originally mapped by Bonilla 
(1971). However, both the lineaments and breaks in stream gradient diverge significantly south from 
the basement fault trace. Other lineaments nearer to the axis of the trough or valley approximately 
correspond with the San Bruno fault of Bonilla (1964), but may also be due to fluvial processes. The 
lineaments, geomorphic surface, and stream gradient changes could also be due to erosional rather than 
tectonic processes.

A detailed total station survey of the sea cliff below Fort Funston was completed to investigate evidence 
of deformation in the Pleistocene Merced and Colma formations across the northwest projection of the 
Coyote Point Fault. The survey showed a significant angular unconformity between the Merced 
Formation and overlying Colma Formation, consistent with Hall (1964) and Clifton and others (1988). 
As shown on Figure 4, the upper Merced Formation dips up to 55 degrees to the northeast and is 
displaced by a fault with 20 m of down to the northeast vertical separation. A monocline adjacent to 
the fault may accommodate an additional 50 m of vertical separation and appears to fold Colma 
Formation, which changes dip from 10 degrees to 17 degrees across the fold axis. Displaced upper 
Merced Formation is estimated to be 200 to 400 ka (Clifton and others, 1988), yielding a vertical 
separation rate (including the monoclinal flexure) of 0.18 to 0.35 mm/yr. It is not clear whether this 
fault has normal or reverse separation, although dips of Merced strata on either side of the fault appear 
to be more compatible with a normal fault. This fault is a continuation of a linear down to the northeast 
topographic step that, in part, bounds the west side of Lake Merced basin.

Evidence for potential deformation onshore of the previously inferred Coyote Point fault zone has been 
identified. However, because recent offshore profiles provide evidence of no Holocene faulting along 
track lines that cross the inferred Coyote Point fault, features observed during this study may be: a) 
non-tectonic in origin, b) inherited structures from other structural domains, c) related to the Peninsula 
Fold and Thrust Belt, or d) related to deformation on an older bedrock fault inferred based on a 
prominent magnetic anomaly along western San Francisco Bay. Subsequent studies are proposed to 
clarify the deformational history of this area.
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Tectonic Subsidence. Emergence and Deformation of the Merced and Colma Formations

The Merced Formation and the overlying basal part of the Colma Formation are interpreted to have 
been deposited as a result of transgressive-regressive cycles related to eustatic sea level fluctuations 
superimposed on a subsiding basin, with deposition keeping pace with tectonic subsidence (Clifton and 
others, 1988). The subsidence rate is estimated at 1.3 mm/yr from the inception of Merced deposition 
(1.6 to 1.2 Ma) to 0.4 Ma, and 0.8 mm/yr after 0.4 Ma (Clifton and others, 1988). The Merced 
Formation dips and youngs to the northeast, suggesting that subsidence was controlled by a down to 
the southwest fault along the northeast margin of the basin. This interpretation is consistent with 
location of the basin axis, determined from depth to bedrock maps that show the axis to lie northeast 
of exposed Merced Formation (Bonilla, 1964). Rapid Quaternary subsidence represented by deposition 
of Merced and Colma formations appears inconsistent with exposures at 200 meters above sea level 
(e.g. Brabb and Pampeyan, 1983).

We believe that changes in localized extensional and contractional domains along the San Andreas fault 
may explain the opposing senses of deformation recorded in the Merced Formation. North of where 
the San Andreas fault enters the Pacific Ocean at Daly City, the fault must step or bend to the right to 
connect with its northwest continuation in Marin County. This geometry suggests a releasing or 
extensional bend in the fault, and is consistent with extensional focal mechanisms for earthquakes in 
this area (Zoback and Olsen, 1994). The extensional regime in the step-over region indicates that a 
pull-apart basin should be forming offshore of San Francisco and the Golden Gate. Such a basin may 
be the depo-center of the Merced Formation and future equivalents. Merced Formation exposed on San 
Francisco Peninsula (Peninsula) may have been translated southward along the San Andreas moving 
from a subsiding extensional domain offshore, to a dominantly contractional domain east of the San 
Andreas fault on the Peninsula. Similarly, Merced Formation west of the San Andreas fault may have 
been translated northward from its place of deposition to exposures 130 meters above sea level west 
of the fault in Marin County (Wagner and others, 1990).

The apparent high rate of Quaternary subsidence recorded by the Merced and Colma Formations (0.8 
mm/yr between 0.4 to 0.2 Ma) is inconsistent with uplift of the Merced and Colma formations on San 
Francisco and Marin Peninsulas. Merced Basin appears to have formed as a localized extensional 
feature associated with a releasing bend in the San Andreas fault, and is progressively emerging onto 
San Francisco Peninsula as contractional deformation associated with a restraining bend in the San 
Andreas migrates northward into the "wake" of the migrating pull-apart. Merced Formation may be 
emerging on Marin Peninsula due to local contraction related to intersection of the Seal Cove and San 
Andreas faults.

Possible relationships between accumulation and deformation of the Merced Formation and evolution 
of the San Andreas fault are discussed below.

Implications for Evolution of the San Andreas Fault in the San Francisco Bay Area

Mapping by Brabb and Pampeyan (1983), Wakabayashi and Moores (1988), Wakabayashi (1992, and 
unpublished mapping), indicate that distinctive limestone-bearing Franciscan nappes are displaced 27 
km by the San Andreas fault on the Peninsula. This segment of the San Andreas fault has a late 
Holocene slip rate of about 20 mm/yr (Clahan and others, 1994). Based on offset basement rocks and 
an assumed constant slip rate, the Peninsula segment of the San Andreas fault may have initiated 
movement at 1.35 Ma. This age is similar to the 1.2-1.6 Ma age estimate for the basal Merced (Clifton 
and others, 1988), and suggests a genetic link between deposition of Merced and Colma formations,

419



II

onset of Merced pull-apart basin formation, and initiation of movement on the San Francisco Peninsula 
Segment of the San Andreas fault.

Although reports of a Holocene active Coyote Point fault in San Francisco Bay were based on an 
apparent mis-interpretation of geophysical data (Marlow and others, 1994), the initial report of Mann 
and others (1993) drew our attention to possible relationships between Franciscan Complex structures 
and late Quaternary deformation. Although the most recent reflection profiles from the area offshore 
of Coyote Point provide evidence of no Holocene faulting, the geometry and distribution of Franciscan 
structures may offer some constraints regarding development of the San Andreas fault system in the San 
Francisco Bay Area. Wakabayashi (1992) interpreted Bay Area Franciscan Complex as a stack of 
coherent thrust nappes bounded by melange zones. Some melange zones contain serpentinite and 
correspond to strong magnetic anomalies (Jachens and Roberts, 1993). This nappe stack formed from 
165 to 60 Ma and comprises a series of gentle folds (Wakabayashi, 1992), the limbs of which define 
regional northeast or southwest-dipping domains. The folded nappe stack is cut by several faults: One 
of these faults appears to trend northward west of the Coyote Hills, as shown on Figure 5. The Coyote 
Hills are composed of a coherent Franciscan nappe that is equivalent to the Marin Headlands terrane 
in central San Francisco (Wakabayashi, 1992). In both areas the Marin Headlands terrane is 
structurally overlain by serpentinite-bearing melange, however the nappes dip southwest at Coyote Hills 
and northeast in San Francisco. Clearly the Coyote Hills and San Francisco are not part of the same 
fold limb. The location of the probable fault in the folded nappe sequence may be west of the Coyote 
Hills and coincide with a deflection of the linear magnetic anomaly pattern that appears to mark the 
southeastward continuation of the Hunters Point shear zone (Jachens and Roberts, 1993), the 
serpentinite-bearing melange that structurally overlies the Marin Headlands terrane in San Francisco. 
The offset part of the southwest-dipping fold limb on the west side of the fault is probably located west 
of Red Rock, west of Point Richmond (Wakabayashi, 1992). Restoration of the fold limb yields a 
dextral offset of 35-40 km. This fault may strike to the north and pass through an alluvium-filled gap 
east of Point Richmond (Wakabayashi, 1992). Another significant break in the nappe sequence passes 
through the topographic trough south of San Bruno mountain. Because this fault is parallel to the strike 
of the nappe contacts it is difficult to estimate the separation, but it appears to be significant (perhaps 
tens of kilometers) based on the mismatch of Franciscan structures and lithologies across the fault. The 
timing of movement on these faults is at present poorly constrained. They must post-date the assembly 
of the nappe stack, so they are post-60 Ma. These faults may have played a role in the evolution of 
the San Andreas fault system as will be discussed below.

As noted above, the Peninsula segment of the San Andreas fault displaces the Franciscan Complex only 
27 km. The late Cenozoic dextral slip on the San Andreas fault system in central and northern 
California is estimated to be about 300 km (see Powell, 1993 for review). This leaves over 270 km 
of dextral displacement, when offset along the Peninsula segment of the San Andreas fault is subtracted 
from the total. This large amount of residual offset led some researchers to place over 250 km of 
dextral slip on the Pilarcitos fault (Jachens and Griscom, 1989; Powell, 1993), a fault that marks the 
contact between the Franciscan Complex and the Salinian Block. The original contact between the 
Salinian Block and Franciscan Complex in this area is a zone of mylonites over a kilometer wide, and 
clasts of mylonite are found in Eocene sandstones that overlap the old basement fault zone 
(Wakabayashi and Moores, 1988). The late Cenozoic Pilarcitos fault that displaces Tertiary rocks on 
the Peninsula west of the San Andreas fault must also cut across either the Salinian Block, Franciscan 
Complex or the contact mylonite zone. The distinctiveness of Franciscan Complex, mylonite zone and 
Salinian block lithologies preclude more than a few kilometers of late Cenozoic displacement along the 
Pilarcitos fault.
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Wakabayashi (1992) suggests that most of the residual dextral slip along the San Andreas fault system 
occurred in the eastern San Francisco Bay Area, based on the 190 km post-10 Ma dextral offset of the 
Tolay and Quien Sabe volcanics proposed by Curtis (1989). This would distribute 190 km of post-10 
Ma dextral displacement on the Hayward fault other faults to the east. Most of the displacement may 
have been accommodated on an inactive fault a few kilometers east of the Hayward fault, based on 
mismatches of Cretaceous conglomerate assemblages (Seiders, 1988; V. M. Seiders pers. comm., 
1991). If we accept the 190 km dextral offset for the eastern faults of the San Andreas system, a 
residual of about 80 km still remains. It is possible that the fault west of Coyote Hills (35-40 km 
dextral separation) and the fault southwest of San Bruno mountain may have accommodated much of 
the remaining residual dextral offset. Late Cenozoic movement along the fault west of the Coyote Hills 
may have resulted in formation of a pull apart basin west of San Leandro that is marked by a major 
gravity low (Jachens and Roberts, 1993). If the dextral faults in the Bay are indeed late Cenozoic, they 
have accommodated high slip rates in the past based on their large separation. Even averaged over the 
entire post-subduction period (about 10 Ma at the latitude of the Bay) the long term slip rates on these 
faults would be comparable to major strike slip faults of the San Andreas fault system. As noted above 
there is evidence for no Holocene faulting along the surveyed part of the inferred Coyote Point fault 
and minimal seismicity, so bedrock structures in this part of the Bay are probably inactive or have 
extremely low slip rates.

REPORTS PUBLISHED

Preliminary results of this investigation were presented at the June 7, 1994 CONCERT Workshop, are 
reported in the following abstracts, and will be presented at the 1994 AGU Fall Meeting and the 1995 
AAPG/SEPM Spring Meeting:

Hengesh, J. V., and Wakabayashi, J., in review, Dextral translation and progressive emergence of the 
Pleistocene Merced basin and implications for timing of initiation of the San Francisco 
Peninsula segment of the San Andreas fault: accepted for the 1995 AAPG/SEPM Spring 
Meeting.

Hengesh, J. V., and Wakabayashi, J., 1994, Quaternary deformation along the onshore projection of 
the Coyote Point fault zone: EOS, v. 75, p. 681.

Wakabayashi, J., and Hengesh, J. V., 1994, The influence of basement structural grain on Holocene 
faulting, San Francisco Bay, California: EOS, v. 75, p. 681.

Some of the results are being prepared for publication as part of an SEPM special publication on 
neotectonics of the San Francisco Bay region, and manuscripts are being prepared for submission to 
peer-reviewed journals.
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Figure 2

Eastern Boundary 
of Peninsula Fold

FIGURE 1: Location Map
Quaternary deposits (Q) are shown, as well as the 
eastern boundary of the Peninsula fold and thrust belt. 
Quaternary deposits from Schlocker (1974), Bonilla 
(1971), Brabb and Pampeyan (1983), Basement geology 
adapted from Wakabayashi (1992). A23
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Figure 4
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  Photolineament

HGURE 2: Photollneament Map; Trough South of San Bruno Mountain
Location of Rgure 4, shown. Quaternary deposits from Schlocker (1974), 
Bonilla (1971) and Brabb and Pampeyan (1983).
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Contacts from total station survey data projected onto a vertical plane parallel to the 
beach. Note the change in orientation in bedding on the northern part of the profile in 
both the Merced Formation and overlying Colma Formation. This part of the beach 
cliff is the northernmost part of Clifton et al.'s (1988) Figure 6.4

Y, X, W, V, U3 - Stratigraphic units of the Merced Formation -
units defined according to Clifton et al. (1988). 
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Figure 5. Franciscan Complex structural grain showing dip of nappe sheets and faults 
that cut the nappe stack. Adapted from Wakabayashl (1992) with continuation of Hunters 
Point shear zone from Jachens & Roberts (1993). Q£) Denotes approximate location of 
offset northern margin of SW-dipping equivalent of Hunters-Point shear zone.
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Potential-field Study 
of the New Madrid Seismic Zone
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345 Middlefield Road
Menlo Park, CA 94025

(415) 329-5303
(415) 329-5133 (FAX)

tom@laplace.wr.usgs.gov
Element: II

Investigations Undertaken

This project addresses the geophysical setting of the New Madrid seismic 
zone (using regional potential-field data) and characterizes seismic source 
zones (using high-resolution aeromagnetic and gravity data). The regional 
geophysical study delineates fundamental structures and their possible effect 
on the release of seismic energy. The local geophysical study identifies faults 
and other factors responsible for the concentration of earthquakes (e.g., 
igneous intrusions).

Results

Past magnetic and gravity studies have primarily concentrated on the 
regional geophysical setting of the New Madrid seismic zone. FY 94 studies 
have focused on two particular geophysical features that appear to be 
intimately related to faulting: Missouri gravity low and the Arkansas to 
Illinois magnetic lineament.

The Missouri gravity low (MGL) trends SE across Missouri towards the 
Reelfoot rift. Filter applications and a processing called "terracing" have 
shown that the northeast border of the MGL extends across the rift. The 
significance of this result is that at the intersection of the rift and MGL lies 
the New Madrid seismic zone (NMSZ). An explanation has long been sought 
for the instability only along a 100-km-long segment of the rift axis in SE 
Missouri and NE Arkansas; yet the rift extends for at least 400 km from 
central Arkansas to western Kentucky. The crustal block created at the 
intersection of the Reelfoot rift and the source of the MGL includes the region 
of intense earthquake activity of the NMSZ. Why is this block unstable? 
What is the source of the MGL? What does this zone of intersection imply 
about earthquake potential?

These questions are presently being addressed. Ideal body theory suggests 
that the top of the source of the MGL is shallow (<5 km). Simultaneous 
inversion of magnetic and gravity data along profiles across the 120-km-wide
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source of the MGL reveals that the 35 mGal low is related to an upper crustal 
granitic body (depth to 12 km) with flanks dipping outward to suggest 
emplacement by intrusive activity.

These preliminary interpretations thus suggest that the MGL reflects a 
granitic batholith (herein called the Missouri batholith) that intersects the 
NMSZ (Fig. 1). Mechanical models are being studied that incorporate rigidity 
contrasts between a granitic batholith and flanking more competent 
metamorphic terranes. The presence of the weak granitic zone may be a 
contributing factor in restricting the lateral extent of the seismic zone along 
the rift's axis and in evaluating earthquake potential.

Another regional study includes the source of the Arkansas to Illinois 
(magnetic) lineament, which trends NE along the NW margin of the graben 
for at least 300 km. The AIL corresponds strongly with an exceptionally 
strong lineament as mapped on aerial photographs. This photo-lineament 
may be a southwestern continuation of the Commerce Fault from its mapped 
location at Thebes Gap, Illinois. The magnetic data suggest both normal and 
left-lateral movement along the AIL. The AIL crosses the Bloomfield pluton 
(M, Fig. 1) and apparently offsets its edges left-laterally about 5 km. 
Modeling across the AIL and other NE-trending features just south of the 
Bloomfield pluton indicates a horst and graben topography, implying normal 
faulting. Because the AIL is probably caused by magnetic Precambrian 
crystalline rocks at depth, the close correlation in position between the AIL 
and the mapped location of the Commerce fault would imply that the 
Commerce fault is nearly vertical. The presence of this extremely linear, 
northeast-trending feature offset -45 km northwest from the edge of the 
Reelfoot rift suggests that it is somehow related to the formation of the 
graben and may be susceptible to the same stress and earthquake potential 
as the Reelfoot rift.

On a more local scale, investigations continued on the strong relation 
between strain and igneous intrusions expressed in the magnetic field. 
Magnetic and gravity data were simultaneously inverted to provide a 3-D 
description of plutons N and N1 , Fig. 1. Seismicity correlates with plutons N 
and N1 in three ways: (1) seismicity rate is higher NE of the plutons than 
within the plutons, (2) seismicity forms a cluster against the NE wall of 
pluton N1 and decreases inside, and (3) seismicity is concentrated in a band 
NE of the plutons but is diffuse within the plutons. These patterns can be 
explained by higher fault strength where the rift fault passes through plutons 
and higher elastic module of the plutons compared to the surrounding crust:

(1) If the top edge of the active rift fault is a dislocation loop expanding 
upward from NE of the plutons, then the highest seismicity rate may be 
where slip rate is highest, as observed. To the SW the high strength of 
plutons generally impedes the upward propagation of the main fault.

(2) High strength of pluton N1 impedes fault slip locally, and the high 
elastic rigidity of N1 tends to repel and expel slip encroachment (edge and
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screw dislocations near the fault edge). Thus pluton N1 is nearly devoid of 
seismicity.

(3) Seismicity within pluton N may be diffuse for two reasons. First, high 
strength of igneous rocks may slow upward penetration of the fault, diverting 
slip sideways onto horizontal detachments at mid-crustal depth (10-20 km). 
Second, the high elastic rigidity of igneous rocks above and surrounding the 
fault tends to broaden the shear stress induced by the fault.

A secondary activity in FY 94 was to write a summary of the Geophysical 
Workshop held in Golden, CO, February 1993. The various presented data 
were synthesized within a promotional document of NEHRP's New Madrid 
efforts for EOS. Geophysicists involved in New Madrid NEHRP are 
coauthors.

Reports Published

Hildenbrand, T.G., Langenheim, V.E., and Stuart, W.E., 1993, Fault 
characteristics inferred from aeromagnetic data Applications to the New 
Madrid Seismic Zone: 1993 Western Meeting of the American Geophysical 
Union, Technical Program and Abstracts, p. 223.
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Figure 1 Magnetic-anomaly map showing two dense, magnetic igneous complexes 
(N and O) within the Reelfoot graben. Dashed lines delimit boundaries of complexes. 
(Note: N1 is a secondary body of complex N). Small white triangles are earthquake 
epicenters. Several particularly interesting correlations between igneous bodies and 
earthquake occurrence exist: (1) earthquakes concentrate in the eastern limb of 
complex O, (2) earthquakes cluster at the edge of body N', and (3) earthquakes 
become more dispersed within the two igneous complexes, O and N.
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LONG VALLEY CALDERA MONITORING
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Menlo Park, CA 94025 
(415-329-4795, FAX: 415-329-5163; email: hill@andreas.wr.usgs.gov)

Investigations

This project is the hub of the USGS monitoring effort in the Long Valley caldera - Mono 
Craters area in eastern California. The Project Chief serves as Chief Scientist for Long Valley 
caldera and the Mono-Inyo Craters "observatory". As spelled out in Open-File Report 91-270, 
the objectives of the associated effort involve coordinating USGS monitoring, hazards 
assessment, and information dissemination activities focused on the ongoing unrest in the Long 
Valley-Mono Craters volcanic system. This project also systematically reviews the seismicity 
data from the subset of the Northern California Seismic Network (NCSN) stations covering the 
Long Valley caldera-Mono Craters region of the eastern Sierra Nevada and interprets their 
significance in terms of magmatic and tectonic processes.

Results

Long-Period Earthquakes

Most earthquakes occurring near Long Valley caldera since the onset of recurring swarm activity 
in 1980 have the broad-band signature typical of tectonic (or volcano-tectonic) earthquakes with 
impulsive, high-frequency P and S waves. With the 6-month-long Mammoth Mountain 
earthquake swarm that began in May 1989, we began detecting occasional events with a marked 
deficiency in energy above 5 Hz, a feature typical of long-period (LP) volcanic earthquakes. 
These events occur beneath the southwest flank of Mammoth Mountain at focal depths ranging 
from 10 to 28 km, distinctly deeper than the 2- to 10-km depth range for tectonic earthquakes 
in the area. The LP events occur at intervals ranging from weeks to months. Individual 
occurrences typically consist of several events within 2 to 5 minutes where the largest event has 
never been first. Magnitudes range from 0.5 to 1.8. The mid-crustal focal depths of the LP 
events are similar to occurrences at a number of areas with Holocene volcanism in Japan and 
the western United States. They may indicate the movement of magmatic fluids but do not 
necessarily indicate in imminent volcanic eruption.

Triggered Response of Long Valley Caldera to the 1992 Landers mainshock.

Of the many sites in the western United States responding to the 28 June 1992 Landers 
earthquake (M=7.4) with remotely triggered seismicity, only Long Valley caldera is monitored
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by both seismic and continuous deformation networks. A transient strain pulse and surge in 
seismicity recorded by these networks began within tens of seconds following arrival of the shear 
pulse from Landers. The cumulative strain and number of triggered earthquakes followed the 
same exponentially decaying growth rate (time constant 1.8 days) during the first six days 
following Landers. The strain transient, which was recorded on a borehole dilatometer at the 
west margin of the caldera and a long-base tiltmeter 20 km to the east, peaked on the 6th day 
at about 0.25 ppm and gradually decayed over the next 15 to 20 days. The absence of a clear 
strain signal exceeding 0.4 ppm in data from the two-color geodimeter deformation lines, which 
span the central section of the caldera, indicates that the strain transient cannot be due solely 
to pressure changes in the concentrated pressure source 7 km beneath the central part of caldera 
that accounts for most of the uplift of the resurgent dome since 1980. The triggered seismicity 
occupied the entire seismogenic volume beneath the caldera. Focal mechanisms, the 
frequency-magnitude distribution, and the spatial distribution of the triggered earthquakes are 
typical of other swarms in Long Valley caldera. The cumulative seismic moment of the triggered 
earthquakes through the first two weeks after the Landers earthquake corresponds to a single 
M=3.8 earthquake, which is too small by nearly two orders of magnitude to account for the 
0.25 ppm peak amplitude of the observed strain transients. Evidently the strain transient 
represents the dominant response mode, which precludes direct triggering of local earthquakes 
by the large dynamic stresses from Landers as an important process here. Conditionally viable 
models for the triggering process beneath the caldera include 1) the transient pressurization of 
magma bodies beneath the resurgent dome and Mammoth Mountain by the advective 
overpressure of rising bubbles, 2) a surge in fluid pressure within the seismogenic zone due to 
upward cascading failure of isolated compartments containing super-hydrostatic pore fluids, 3) 
relaxation (fluidization) of a partially crystallized magma body in the deep crustal roots of Long 
Valley magmatic system, or 4) aseismic slip on mid-crustal faults. Only the deep, 
relaxing-magma body satisfies all the strain observations with a single deformation source. This 
model admits the possibility that large, regional earthquakes can trigger the episodic recharge 
of the deep roots of crustal magmatic systems.

Publications

Hill, D.P., (1994) Evidence for the depth to the brittle-plastic transition zone and the 400°C 
isotherm beneath the LVEW site in the Long Valley caldera, California (abs.), Abstracts 
of the Vllth International Symposium on the Observation of the Continental Crust 
through Drilling, Santa Fe, April, 1994.

Hill, D.P., M.J.S. Johnston, J.O. Lanbgein, and R. Bilham (1994) Response of Long Valley 
caldera to the M7.3 Landers earthquake: tweaking a magma body? (abs.), Annual 
meeting of the Seismol. Soc. America, April 1994.

Hill, D.P., M.J.S. Johnston, J.O. Langbein, and R. Bilham, Response of Long Valley caldera 
to the M=7.3 Landers, California, earthquake, in Hickman, Sibson, and Bruhn , eds., 
Special Issue on the Material Involvement of Fluids in Faulting, J. Geophys. Res., (in 
press).

Hill, D.P., and P.A. Reasenberg (1994) Remotely triggered seismicity [abstract for invited
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paper in the Frontiers of the Physical Sciences at the Annual AAAS meeting in San 
Francisco, February 1994].

Linde, A.T., S. Sacks, M.J.S. Johnston, D.P. Hill, and R.G. Bilham (1994) Increase 
pressure from rising bubbles as a mechanism for remotely triggered seismcity, 
Nature, v. 371, pp. 408-410.

Pitt, A.M., and D.P. Hill, (1994) Long-period earthquakes in the Long Valley caldera 
region, eastern California, Geophys. Res. Lett., v. 21, pp. 1679-1682.

Thatcher, W. and D.P. Hill (1994) A simple model for the fault-generated morphology of 
slow-spreading mid-oceanic ridges, J. Geophys. Res., (in press).
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Investigations

In the last few years, we established the software and communications to 
assemble recordings of distant earthquakes from up to 1500 short-period vertical- 
component stations across North America. With this very large aperture array, 
we are currently probing the deep structure of the Earth, investigating the crust 
and mantle beneath California, and examining the earthquake rupture process. 
In addition, we have begun efforts to understand to properties of fault-zone 
guided waves, which may be the most sensitive probe of the internal structure of 
faults. We are continuing efforts to understand the effect of deep sedimentary 
basin on earthquake strong motions.

The papers summarized below have been the result of this past year's effort. 
In additional, 16 abstracts were presented at various meetings.

Results

Physics of earthquakes

J.E. Vidale, W.L. Ellsworth, A. Cole, and C. Marone, 1994. Variations in 
rupture process with recurrence interval in a repeated small earthquake, 
Nature, 368, 624-626.

H. Houston and J.E. Vidale, 1994. The temporal envelope of short-period 
radiation during deep earthquake rupture, Science. 265,771-774.

C.J. Ammon, T. Lay, A.A. Velasco, and J.E. Vidale, 1994. Routine estimation 
of earthquake source complexity: The October 18, 1992 Columbian 
earthquake, Bull. Seism. Soc. Am., 84,1266-1271.

J.E. Vidale, S. Goes, and P.G. Richards. Near-field deformation seen on 
distant broadband seismograms, in press, Geophysical Research Letters,.

Fault zone structure
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Y.-G. Li, J.E. Vidale, K. Aki, C. Marone, W.H.K. Lee, 1994. Fine structure of 
the Landers fault zone; segmentation and the rupture process, Science, 265, 
367-370.

Mantle structure

J.E. Vidale, 1994. A snapshot of whole mantle flow, Nature, 370,16-17.

J.E. Vidale, 1994. A mystery in the mantle, Nature, 371,288.

Effect of basins on strong motion

J. E. Vidale, The influence of basins on long-period ground motion 
amplitude and duration in the 1971 San Fernando earthquake, submitted 
to Annali di Geofisica.

A. Frankel, and J.E. Vidale, 1994. A three-dimensional simulation of seismic 
waves in the Santa Clara Valley, California, from an aftershock, p. 197-217, 
Loma Prieta Professional Paper, Strong Ground Motion Chapter.
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INTRODUCTION

The Benton Hills are the northeastern-most segment of Crowley's Ridge and 
are located at the head of the Mississippi Embayment in southeastern 
Missouri. Geologic mapping in the Benton Hills has shown them to be 
structurally complex with numerous faults and folds (Stewart 1942, Stewart 
and McManamy 1944, Johnson 1985, Harrison 1994, Harrison and Schultz 1994). 
At English Hill, along the southeastern escarpment of the Benton Hills, 
Stewart identified the English Hill Fault(s) and an associated graben where 
there is clear evidence of post-late Eocene (Plio-Pleistocene?) deformation 
and loess is faulted against Tertiary sediments with up to 10 m (30 ft) of 
displacement. Some other geologists have assumed Stewart's displaced loess 
is a result of landsliding not faulting.

Geomorphic relationships of drainage areas, drainage divides and stream 
profiles suggest that the Benton Hills have been truncated at their 
southeastern escarpment (Palmer and Hoffman 1993). Equal-sized alluvial fans 
along the southeastern escarpment of the Benton Hills derived from similar- 
sized drainage areas in the Hills are on top of different-aged, Ohio and 
Mississippi River terraces suggesting a recent date for the formation of the 
escarpment (Palmer and Hoffman 1993). The southeastern escarpment of the 
Benton Hills is also directly above a prominent lineament, which extends from 
northeastern Arkansas to the Illinois-Indiana border, shown on a magnetic 
anomaly map by Hildenbrand and Hendricks (1994).

A shallow, high resolution seismic reflection survey (Mini-Sosie) 
conducted collaboratively with the USGS last year at the English Hill site 
identified 11 or 12 faults in the subsurface along the 2.5 km (1.6 mi) long 
line. Several of these faults have been correlated with nearby mapped faults 
(Harrison, pers. comm.). The seismic profile did not image materials above a 
depth of about 75 m (250 ft), so the minimum date of fault movement could not 
be determined but faulting is present under the escarpment.

INVESTIGATIONS

The current investigations are still underway. They are aimed at trying 
to locate and date faulting at or very near the ground surface and to date
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the most recent movement. Surface geologic mapping, drilling, trenching and 
geophysical techniques are being used to accomplish this.

Seventy-one hand auger exploration holes 1 m (3 ft) deep and 29 machine 
drilled holes 2 m (6 ft) to 21 m (70 ft) have been completed. A 90 m (295 
ft) shear wave seismic reflection profile with 1.5 m (5 ft) geophone spacing 
was run, courtesy of James B. Harris of the Kentucky Geological Survey, in 
order to image as near to the ground surface as possible. Five 2 m (6.5 ft) 
wide trenches 24 m (80 ft) to 165 m (540 ft) long and 1 m (3 ft) to 7 m (23 
ft) deep were excavated up the escarpment. The trench walls were examined 
for evidence of faulting and the longest, deepest trench was logged. Mapping 
of surface exposures in adjacent erosion ravines is also being conducted and 
correlated with the trench exposures. Four ground penetrating radar profiles 
were run, courtesy of Nicholas Tibbs of the Southeast Missouri State 
University Department of Geosciences. Two profiles with different antennas 
were run in each of two trenches.

RESULTS

Date collection, compilation and analysis is still underway so final 
results are not available at this time. Preliminary results show that 
faulting extends to the ground surface where Tertiary and Cretaceous 
sediments are at the ground surface. Faulting of the Quaternary loess has 
not been demonstrated but fracture zones within the loess suggest tectonic 
movement. A .6 m (2 ft) thick gravel bed 2.4-3.0 m (8-10 ft) above the base 
of the loess indicates a high energy event occurred post-Sangamon and 
pre-Roxana. No evidence for deep-seated landsliding has been found although 
a small 2 m (6 ft) deep slump has been mapped. A 3 m (10 ft) thick fluvial 
interbedded gravel, sand and silt deposit that fines upward is present at the 
current stream divide. This fluvial deposit is probably post-Mounds and may 
be post-Sangamon. A high energy stream drainage is inferred from a 
no-longer-existing drainage source south of the present escarpment. This 
indicates significant post-middle Wisconsinan truncation of the southeastern 
escarpment which may be related to tectonic movement.
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INVESTIGATIONS

Using the method of Haines and Holt [1993] we determine the horizontal velocity 
gradient tensor associated with Quaternary deformation rates (Figure 1). This enables us 
to determine the role that individual structures are playing in taking up the plate motion. 
Strain rates associated with the active structures are determined within a uniform grid and 
modeled with continuous spline functions (Figure 2) in order to recover the velocity field. 
Velocities can be calculated within any frame of reference (Figure 3) and can be 
compared with expected plate motions (Figure 4) or geodetic observations. Geodetic 
observations can also be modeled or used as a constraint.

RESULTS

Preliminary results indicate that the geologic strain rates yield a motion of the Pacific 
plate relative to North America that deviates from the expected NUVEL-1A plate motion 
(Figure 4). This preliminary result is consistent with the findings of Humphreys and 
Weldon [1994]. The difference between the expected plate motion and the calculated 
motion could potentially be explained by compression offshore. We are also calculating 
the expected slip rates, with formal estimates in uncertainty, that will account for the full 
plate motion. Assuming that the slip is taken up seismically, the expected moment rates, 
partitioned as pure strike-slip and pure thrust components, are also calculated.

REPORTS PUBLISHED

Holt, W. E. and A. J. Haines, On the kinematics of California and New Zealand, Eos 
Transactions, AGU, 73, p. 588 - 589,1993.

Holt, W. E., The kinematics of southern California determined from the inversion of 
Quaternary strain rates, In preparation and to be submitted to Bulletin Seismological 
Society of America.
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Figure 1: Quaternary Faults from Jennings (1992) used to obtain strain rates shown in 
Figure 2.
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Figure 2: Average observed strain rate values within 0.5°x0.5° regions (fat shaded 
principal strain axes) obtained from Quaternary slip rate estimates. The predicted 
average strain rate values (solid principal strain axes) are obtained from continuous spline 
functions that are matched to the observed strain rate distribution in a formal least- 
squares inversion. Shaded regions (Pacific Plate and Sierra Nevada) are constrained to 
behave rigidly.
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Figure 3: Horizontal velocity field associated with the Quaternary deformation rates 
calculated relative to North America. Error ellipses are for one standard deviation.
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Figure 4: Motion of Pacific Plate relative to North America as provided by the estimated 
Quaternary slip rates. Also shown is the NUVEL-1A velocity vector (no error ellipse) 
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Investigations:

1. Faults showing evidence of Quaternary movement in the eastern Mojave Desert area 
within 50 miles of the proposed Ward Valley radioactive waste disposal site were compiled 
and summarized. These include newly discovered sites in the Needles and Topock areas 
where no young faults were previously known.

2. Two pairs of broad topographic troughs and swells 200- to 250-km long were studied 
along and north of the big bend of the San Andreas fault in the Mojave Desert. On the 
California l:750,000-scale geologic map the two WNW-striking, 45-km-wavelength 
troughs (Bristol-Danby and Lucerne-Dale troughs) appear as mostly Quaternary deposits, 
while the crests appear as mostly older bedrock units.

Results:

1. More than 15 small faults with known or suspected Quaternary movement are identified 
within 50 miles of the proposed Ward Valley radioactive waste disposal site in the eastern 
Mojave Desert.. These include faults in the Whipple Mountains area (Carr,1991), the New 
York Mountains (Miller and others, 1991), Chemehuevi Valley (Southern California 
Edison Company, 1974), Cadiz Lake playa (Bassett and others, 1959; Howard and Miller, 
1992), and lineaments in Bristol Lake playa (Kupfer and Bassett, 1962; Sugiera and 
Sabins, 1980). Two newly discovered north-striking vertical faults cut Pleistocene fluvial 
deposits near Topock, and a newly discovered normal fault near the Needles airport dips 
gently northeast and cuts alluvium assigned to the Pleistocene.

The Bristol-Danby Trough (Thompson, 1929; Bassett and Kupfer, 1964; Gardner, 1980; 
Glazner, 1981) lies at the eastern boundary of the eastern California shear zone (Dokka and 
Travis, 1990). Tectonic analysis suggests several reasons to suspect that tectonic activity 
in the trough is continuing or geologically young. These include stratigraphic evidence 
from drill holes that faulting has deepened the Bristol Lake basin in Quaternary time 
(Rosen, 1989; Jachens and Howard, 1992), the existence of several Quaternary faults 
along the flanks of the trough (Bassett and others, 1959; Howard and Miller, 1992), 
projected alignment of deep parts of the trough with tectonically active Death Valley, and a 
steeper gradient of tributary Ward Valley near the trough than upstream. Holocene deposits 
cover much of the trough and could conceal evidence of Pleistocene faults.
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These results were presented in an informal report:
Howard, K.A., 1994, Seismicity and tectonics, in Wilshire, H.G. and 9 others, Ward 

Valley proposed low-level radioactive waste site, Presentations made to the National 
Academy of Sciences review panel, July 7 to 9 and August 30 to September 1,1994, 
Needles, California, September, 1994, Chapter 12,10 p.

2.K. A. Howard and W.D. Stuart (1992) tentatively interpreted two sets of topographic 
waves along and north of the eastern Big Bend of the San Andreas fault as regional 
neotectonic buckle folds induced by horizontal NNE compression of the Mojave block. 
Thrust and reverse faulting accentuates structural relief of the waves.

Previous neotectonic analyses of the Mojave desert have focused largely on sets of strike- 
slip faults that segment the Mojave block like a sliced loaf of bread. We contend that the 
buckled waves and oblique shear of these smaller slices both represent manifestations of 
the regional stress and strain regime in the Mojave block. The historic Palmdale bulge is 
even broader.

The 45-km wavelength may be controlled by thickness of a folded layer of granitic 
continental crust. The folded layer may be 7-10 km thick if analogy can be made to scale 
modeling of buckled oceanic lithosphere in the Indian Ocean (Bull and others 1992). This 
thickness matches that of the seismically active brittle upper crust in the Mojave block.
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Investigations Undertaken and Results

During 1994, much of the work on this project involved response to the 
Northridge earthqauke in several forms. First, measurements performed within 
days to months following the event were analyzed and modelled. This work has 
been reported already (USGS & SCEC, 1994), and further work is in progress. A 
paper will be presented at the Fall AGU meeting special session on Northridge, 
and submitted to the BSSA Special Issue on the Northridge earthquake. Initial 
results were posted on internet within 9 days after the earthquake. Current best 
estimates of displacements at 45 GPS stations are now openly available through 
mosaic and anonymous ftp. Second, I have collaborated with Ross Stein on 
performing extensive post-earthquake measurements with FEMA funding, using 
results of those measurements to further refine the earthquake source model.

Third, the main new effort of this project during 1994 was the expansion of 
continuous GPS monitoring across the Los Angeles Basin in cooperation with 
NASA (JPL) and SCEC (Scripps, MIT and UCLA). After the Northridge 
earthquake, this project received supplemental funds to establish up to 11 new 
continuous GPS stations in the Los Angeles region. Through our collaboration 
with other agencies and university groups, a total of about 25 continuous GPS 
stations will be established by spring 1995. At this time, four of the new stations 
are operational, monumentation has been completed at 8 of the sites, and 2 of the 
non-operating sites are fully prepared for equipment installation. We are 
awaiting award of contract on the hardware, and completing site preparation 
work at this time. We have established a cooperative project with Los Angeles 
County to monitor deformation of Pacoima Dam in near real-time with 
continuous GPS (and digital broad-band seismic equipment). The USGS office in 
Pasadena will be made a downloading and data analysis center, and data will be 
incorporated with the real-time earthquake information system here.

In addition, we have continued the other aspects of our monitoring work, 
including transfer of operations and upgrading of several creepmeters along the 
Coachella Valley segment of the San Andreas fault (in conjunction with Kerry 
Sieh at Caltech and Roger Bilham at Univ. of Colorado).
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Element II

1) Continued our interpretation efforts in the East Bay Region with particular 
emphasis on the Hayward and Calaveras Faults and the Livermore Valley and 
San Pablo Bay. Our new gravity data set is essentially complete in these areas 
and is of a quality to effectively complement the detailed magnetic data available. 
Complimentary structural pictures emerging from the potential field 
interpretations and the detailed geologic mapping of Brabb, Jones, and the 
Berkeley graduate students in the area immediately east of the Hayward and 
Silver Creek faults promise to reveal much about the young faulting history of this 
area, including significant thrusting. Analysis of the shallow anomalies 
produced by the disruption of young magnetic sandstones in the Livermore Valley 
should help delineate buried faults in an area notably poor in outcrops. A better 
understanding of the relationship between the active Calaveras Fault and the 
older faults with which it apparently coincides may help explain other active 
faults whose microseismicity seems to deviate from the fault as defined by 
lithologic contrast.

2) Determined depth to pre-Tertiary basement in the northwestern San Francisco 
Peninsula based on an inversion of gravity data.

3) Determined the intermediate-depth crustal structure of the California Coast 
Ranges, with a focus on the San Francisco Bay area.

4) Collected new gravity data in San Francisco Bay area to address problems 
related to location and structure of concealed faults.

5) Designed and contracted for new aeromagnetic survey of south San Francisco 
Bay and vicinity with funds from a number of programs. This survey will fill in 
the last remaining hole in the greater San Francisco Bay area with aeromagnetic 
data conforming to modern standards of line- spacing, flight height, and data 
quality. The survey will address problems of the mud faults beneath the bay, the 
northern Hayward Fault, the northern San Gregorio Fault, stratigraphy and 
structure in the Cenozoic rocks of the east bay, possible channels for 
contamination into the bay, Franciscan geology of the San Francisco Peninsula, 
and general problems of wedge tectonics in the Bay area.
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6) Began an interpretation of the relationship between magnetic anomalies, Coast 
Range ophiolite slabs, and mud faults beneath San Francisco Bay. Preliminary 
efforts included modeling the Hunters Point anomaly, searching for disruptions 
and truncations of magnetic bodies that could indicate faults, and establishing the 
spatial relationship between the mud faults and magnetic sources.

Results Obtained
1) Magnetic data from the Great Valley and adjacent Coast Ranges in the Bay 
area indicate westward continuation of Great Valley basement beneath the 
Franciscan Complex rocks at least as far west as the Hayward Fault, and possibly 
to the San Andreas Fault. The basement appears to be cut by the Hayward Fault 
at mid-crustal depth. This interpretation has important implications regarding 
the geologic evolution of the eastern Bay region in terms of tectonic wedging, and 
concerning the numerous and varied models for the plate boundary in the Bay 
area. Specifically, the interpretation argues against a major decollemont at or 
above the basement surface along which to accommodate Late Cenozoic 
compression, and suggests that the major 6-sec reflector seen by the BASIX 
seismic work may be Great Valley basement.

2) Depth-to-basement map of the northwestern San Francisco Peninsula based on 
an inversion of gravity data suggests a thick young sedimentary section northeast 
of the San Andreas Fault in the South San Francisco-Colma area, one that could 
reach a thickness >1 km along the fault where it passes out to sea.

3) A new detailed gravity map of the central Hayward Fault shows a strong 
gravity high near San Leandro. Comparison of the map with Jim Lienkaemper's 
detailed map of the fault trace and with magnetic data suggests that the local 
fault position is influenced by detailed structure within the Coast Range ophiolite 
(CRO) exposed along the fault. The fault appears to be deflected by a large block of 
mafic CRO (gravity high west of fault) and displays a right step-over southeast of 
the gravity high. The gravity high corresponds to a change in slip rate along the 
fault, may correspond to the north end of slip during the 1868 earthquake, and 
may reflect a geologically identifiable asperity in the fault zone. Magnetic data, 
although of limited quality in this area, indicate that highly magnetic, low density 
ultramafic (?) rocks of the CRO lie east of the fault in this area, suggesting that 
internal structure within the CRO may be an important local control of the fault 
position. New, detailed magnetic data being collected this year will complement 
these new gravity data and will form the foundation for a detailed examination of 
the 3-dimensional relationship between the Hayward Fault and the Coast Range 
ophiolite.

4) New gravity data collected in the central and southern San Francisco 
Peninsula indicate that:

a) the Pilarcitos Fault, a former strand of the San Andreas Fault system, is 
nearly vertical in the vicinity of San Carlos, and that the sliver of Permanente 
Terrane of the Franciscan Complex caught between the Pilarcitos and San 
Andreas Faults extends to mid-crustal depth as a steep-sided block.
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b) the Monta Vista Fault zone, a zone of southwest-dipping reverse faults in 
the Cupertino/Saratoga/Los Altos area and associated with the San Andreas 
Fault, is clearly expressed by both gravity and magnetic anomalies. These 
anomalies permit the Monta Vista Fault zone to be traced from its exposure in the 
Los Altos area southeast toward Los Gatos through a developed area where it is 
mostly concealed beneath alluvium.

5) Many of the strong aeromagnetic anomalies in the east Bay are caused by 
magnetic sedimentary rocks, especially in the Livermore Valley and adjacent 
areas. The fact that sedimentary rocks are magnetic opens the possibility that the 
magnetic data can be used to define folds and faults that affect the young 
sedimentary deposits, and can contribute to the effort to identify active folds and 
blind thrusts in the S.F. Bay area.

6) Initial results from examining the relationship between the mud faults beneath 
San Francisco Bay and the magnetic anomalies indicative of possible fault zones 
in the basement rocks suggest that the spatial correlation between the mud faults 
and the magnetic sources may not be as good as first thought. Many of the 
mapped faults lie considerable distances from the magnetic sources. The 
relationship between the mud faults and basement fault zones will become clearer 
as the validity of the individual faults is re-examined and the new magnetic data 
come in.

Reports Published
1. Anonymous, 1994, Gravity point value data base for greater San Francisco Bay 
area available on Anonymous FTP. To access this file, ftp to mojave.wr.usgs.gov, 
logon as anonymous-password 'y°ur id', cd to pub/sfbay, and copy files 
bayarea.grav and gravity .info.

2. Jachens, R.C., 1994, Aeromagnetic map of the Stockton 1:100,000 
quadrangle, California: U.S. Geological Survey Open File Report 94-613, 1 
sheet, scale 1:100,000 (descriptive text).

3. Jachens, R.C., Griscom, Andrew, and Roberts, C.W., Regional extent of 
Great Valley basement west of the Great Valley, California: Implications for 
extensive tectonic wedging in the California Coast Ranges: (submitted to 
Journal of Geophysical Research).

4. Jachens, R.C., Roberts, C.W., and Griscom, Andrew, 1993, Tectonic 
framework of California based on a merged aeromagnetic data base: 
Transactions American Geophysical Union, v. 74, p. 221.

5. Roberts, C.W., and Jachens, R.C., 1993, Draped aeromagnetic map of 
California A new tool for regional structural and tectonic analysis: 
Transactions American Geophysical Union, v. 74, p. 379.

453



II

San Andreas Fault 
Northern Gabilan Range Drill Site Geophysics

9380-10107

Robert C. Jachens
U.S. Geological Survey MS 989

345 Middlefield Road
Menlo Park, CA 94025

Tel. (415) 329-5300, FAX (415) 329-5133,
E-Mail jachens@fourier.wr.usgs.gov

Element II 

Undertaken
1) Conducted gravity survey in vicinity of San Andreas Fault along the northern 
Gabilan Range, California, at one of two candidate locations for a proposed 3-km 
deep drill-hole to investigate the shallow structure, properties, and conditions of 
an active fault zone.

2) Designed and awarded a contract for a new aeromagnetic survey of the 
northern Gabilan Range site intended to trace the distribution at depth of the 
magnetic Etchegoin sandstone, especially along its contact with the granitoids of 
the Gabilan Range. These data should provide an independent test of whether the 
contact between the Cretaceous granitoids of the Gabilan Range and the Cenozoic 
sedimentary rocks (the geologic San Andreas Fault) dips to the southwest under 
the Gabilan Range as implied by the gravity data.

Results Obtained
1) With substantial help from Seth Stiles (a volunteer) new gravity data have been 
collected at critical locations along the San Andreas Fault at the candidate site. 
Modeling of these data support the earlier interpretation by Pavoni based on 
gravity data farther north that the Cretaceous granitoid-Cenozoic sedimentary 
rock contact dips steeply southwest along the northeast side of the Gabilan Range. 
This contact coincides at the surface with the trace of the active San Andreas 
Fault but apparently conflicting interpretations based on gravity data and 
seismicity suggest that the two may not coincide at depth. Resolving this 
apparent discrepancy will be an important part of the site characterization 
studies.

none
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ABSOLUTE DATING of PREHISTORIC EARTHQUAKES by TREE-RING
ANALYSIS in CALIFORNIA

Award No.: USGS 1434-93-G-2367

Gordon C. Jacoby
Tree-Ring Laboratory

Lamont-Doherty Earth Observatory
Palisades, New York 10963

Phone: 914 365 8616
FAX: 914 365 3046

e-mail: druid@lamont.ldeo.columbia.edu

Program Objective II-5 

1. San Andreas Fault (near San Francisco)

Studies of the effects of the 1906 earthquake on coast redwoods 
reveal the effects of the event in the annual tree-ring record. At two 
locations we have identified specific effects of the 1906 event and at a 
third site we hypothesize that an effect seen in a tree core from an old 
stump may be due to a prehistoric earthquake.

Plantation is a ranch just south of the primary study area near 
Gualala, California. It is one of the few locations where uncut old-aged 
trees grow on and near the fault zone. We took increment cores from 14 
trees near the fault and detected definite of the 1906 event in the rings 
of 5 of the trees and possible effects in five others. Two of the trees 
were unworkable due to decay or anomalous growth. One tree is locally 
called the "split" or "earthquake" tree. It was reported on by LaMarche 
and Wallace in 1972. A small part of the tree was actually split off and 
slightly displaced by the 1906 earthquake. The displacement here is 
about half a meter. There are other traces of the 1906 rupture in the 
vicinity so this is only part of the total 5 meter displacement 
estimated for this area. Redwoods are known for their ability to regrow 
from stumps or damaged areas. In this case the part of the split portion 
regrew where the cambial layer survived and has now covered over one 
end of the knob. Six cores were taken from this tree and split knob. Core 
1 A went through the outer years into the original pre-1906 growth 
rings. The ring widths show a substantial increase and reaction wood (a 
response to tilting after the 1906 damage. Core 1 1 B went completely 
through the split knob and shows the typical curved callus growth 
covering over the damaged area. It was deliberately taken close to the 
end of the split section. The innermost ring of this core is partial 1906
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growth. This growth ring does not necessarily date the damage but it 
does show that the damage had to occur before much of the 1906 
growing season was over. The other end of the core shows that it took 
until 1930 before regrowth reached that spot of the split. Trees PROS, 
PROS, PR09 and PR13 show definite damage due to the 1906 earthquake. 
Among all these trees is an abrupt increase in the variability of ring 
widths between trees and cores. This variability indicates unusual 
trauma causing widely varying growth response.

We also found 1906 damage in a redwood tree on the Kelly- 
Thompson Strawberry Ranch near Watsonville, California and 
documented the effects of the 1906 earthquake on Douglas fir 
[Pseudotsuga menziesii (Mirb.) Franco] at two locations. Since we have 
not found any old-aged Douglas fir that would be of use in our 
paleoseismic studies in this area, further study of this species was 
given lower priority.

The results of the analog studies described above indicate that in 
addition to severe trauma, disturbance by earthquake accelerations and 
displacement can produce varying effects in the annual rings on 
different sides of the same tree. That is the ring widths can be 
diminished on one side and enlarged on the other. If several cores or 
radii are measured from one tree, the result of these types of disruption 
of the normal growth pattern' is to increase the standard deviation and 
thus coefficient of variation of the ring widths for a few to many rings 
after the event. In the extreme case growth rings can be missing on the 
damaged side of the tree. Insertion of zeros to account for the missing 
rings also increases the coefficient of variation for those years. The 
resulting time series of standard deviations for the ring-width indices 
for multiple cores from one tree or for several disturbed trees would 
show an unusually large increase beginning at the time of disturbance.

A large number of samples were taken in 1989 and 1991. The best 
samples are from along the fault at two locations near Gualala, 
California. At the first location the fault appears to be concentrated 
within a single, well-defined trace. A small creek drainage was offset 
approximately three times the estimated displacement of about 5 
meters for this area due to the 1906 earthquake. A second location is 
about 2 km north of the offset creek area. Several samples from here 
are beside sag ponds or appear to be directly on the or very near the 
surface rupture. All of these samples have now been surfaced and ring 
widths of several radii measured. The resulting data are now being 
analyzed for clues to possible seismic disturbance.

For detection of unusual growth disturbance in fault-zone trees 
we need to have a control chronology of normal undisturbed growth for 
comparison. The abandoned logs from previous logging on a ridge a few

456



II

kilometers northeast of the sites mentioned above have been worked 
into the regional control chronology. These logs yielded full sections 
with good circuit uniformity for most of the rings. These sections 
served to strengthen the control chronology as a dating reference for 
the fault-zone samples and were also important contributors to a 
control chronology of undisturbed redwood growth. We made more 
progress in crossdating between the logs, modern trees, and some of the 
fault-zone trees. The preliminary control chronology extends from the 
present back to 361 AD. This date is reinforced by a radiocarbon date 
for the center of the oldest control tree, WFF17. Calibration of the 
radiocarbon date of the central 60 rings of the oldest tree indicates the 
center of mass for the radiocarbon sample is about 400 AD. The tree- 
ring date is well within one sigma error.

There is a definite reduction in growth in one redwood sample 
taken in 1993 from Grizzly Flat near Watsonville, California. A 
radiocarbon date for the wider rings just before the abrupt decrease in 
ring widths is 1670 AD (+/- 30). Although the tree-ring sample is not 
absolutely dated to calendar year, the disturbance in growth for this 
tree located right on the San Andreas fault is obvious and the 
disturbance is placed in time by the radiocarbon date. This date is in 
agreement with some radiocarbon dates from trench studies by D. 
Schwartz at this same location.

2. Cascadia Subduction Zone (CSZ): Mad River Slough and Eel River

We crossdated root portions from nine different trees submerged 
at Mad River slough near the Mendocino Triple Junction at the southern 
end of the CSZ. Among the samples at Mad River slough one can see that 
the deaths or end of final cell formation took place over 4 growing 
seasons. Trees, having no central nervous system, often do not die all 
over at once. If growth hormones and carbohydrates reach a cambial 
site, with appropriate temperatures, cell division can persist until 
these substances are exhausted. Even within one tree there can be 
several years difference in when cell division stops at different parts 
of the tree. The closely-spaced death of these trees indicates a rapid 
subsidence event leading to their deaths (Jacoby et al. 1994). 
Radiocarbon dates for the Mad River roots indicate the outer rings to be 
about 1700 A. D. Thus far we have not been successful in crossdating 
these specimens with living-tree series to produce a calendar date.

Samples from drowned trees at nearby Eel River have been 
analyzed but results indicate they are not the same age as the Mad River 
trees. Further tree-ring and radiocarbon analyses are underway. The Eel 
River samples are of much better quality than the Mad River samples.

457



II

There is much better agreement between samples and trees. The Eel 
River roots have much less distortion than the Mad River samples. There 
are higher correlations between the ring-width variations of the Eel 
River roots. These sites are important parts of the larger question of 
major subduction zone earthquakes in the CSZ.

Reports:

Jacoby, G. C., Carver, G. and Williams, P. L. 1993. Tree deaths 
and Earthquakes in the Cascadia Subduction Zone, (abst.) EOS Oct. 
1993 Fall AGU Meeting, p. 199.

Jacoby, G. C., Carver, G. and Wagner, W. S. 1994. Tree-ring and 
plant evidence of rapid subsidence at Mad River slough, Humboldt 
Bay, CA about 300 years ago near the southern end of the Cascadia 
subduction zone. Geology (in press).
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Tree-Ring Dating of Coseismic Coastal Subsidence in the Pacific
Northwest Region

Award No.: USGS 1434-94-G-2471

Gordon C. Jacoby 
Tree-Ring Laboratory 

Lamont-Doherty Earth Observatory 
Palisades, New York 10963 

Phone: 914 365 8616 
FAX: 914 365 3046 

e-mail: druid@lamont.ldeo.columbia.edu

Program Objective II-5

The purpose of this project is to use the high resolution 
capabilities of annual tree-ring analysis to determine whether some 
or any of the subsidence events documented along the Cascadia 
Subduction zone around 300 years ago may have occurred at the same 
time. These events are interpreted as being due to earthquake(s). 
Simultaneous occurence would imply a large devastating event; 
differing times would mean several smaller, less damaging events.

Efforts were made to try and assemble information from 
previous tree-ring sampling and observations of subsided trees and 
remnants of trees along the coastal areas from northern California 
to Vancouver Island, Canada. Dave Yamaguchi, Brian Atwater and 
Boyd Benson were extremely helpful in aiding this effort. All 
specimens from these previous samplings and new sampling in the 
spring of 1994 made up a considerable amount of material for 
analysis. All were measured, dated and examined for evidence of 
disturbance and/or crossdated to determine the time of death.

The primary sampling sites are the Copalis River, Willapa Bay 
and Columbia River (Figure 1) with reconnaissance sampling at other 
sites ranging from the Tofino area on Vancouver Island to the 
Coquille River in southern Oregon. We have crossdated some material 
between Copalis River and Willapa Bay.

There are three categories of samples. 1. Trees that were 
killed by submergence and drowning. 2. Trees that were damaged by 
possible temporary inundation or partial burial but survived. 3. 
Newly established trees on recently deposited alluvium or post the 
estimated time of the most recent subsidence event. Unfortunately, 
the majority of samples were in the third category. In 1994 forty 
one new trees were sampled. All of the total of 134 trees and 38
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roots were processed and thus far we have successfully dated 18 of 
the cores from living trees that are old enough to be considered 
survivors (300 years or older). The primary target event is the most 
recent event placed about 300 years BP or 1700 AD according to 
radiocarbon measurements.

We have dated 24 of the 38 roots. Only 4 of them have calendar 
dates and extend back to 1700. The 12 roots from Bay Center are 
crossdated relative to each other but not to calendar years yet. 
Continuing analysis will more accurately determine relative death 
dates but preliminary results indicate all deaths within a few years 
of each other.

In the survivor trees we are using the coefficient of variation 
for ring widths as well as actual changes in individual tree samples 
to identify times of disturbance. At a given site, trees tend to vary 
somewhat coherently in response to year-to-year climate variations 
with competition and other individual factors adding noise to this 
general response. A disturbance event will cause some trees to 
change growth rate according to the individual tree location and 
damage. The amount of disagreement in ring-width variation for 
each year is expressed in the coefficient of variation for rings 
widths of that year. These two parameters, ring width change in 
individual trees and coefficient of variation among trees form the 
basis of interpretation.

Dating and analyses of what we presume to be survivor trees 
indicate a change in ring width and increase in coefficient of 
variation in the early 1700's for some trees growing at the Copalis 
River and Willapa Bay locales. These analyses are ongoing and 
results from samples in hand should be achieved early in 1995. The 
interpretation of the onset of disturbance is complicated by trees 
reserving growth substances and utilizing them in the following 
year's growth. It is the onset of unusual growth and not the most 
damaged, usually narrowest, ring that must be identified. The early 
1700's timing is encouraging as it fits within previous radiocarbon 
dating of subsidence trees.

The field location and collection of samples is greatly aided by 
other geologists working in the region who have suggested locations 
where trees and subsidence are in evidence.
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Instrument Development and Quality Control 

9930-01726

E. Gray Jensen
Branch of Seismology

U.S. Geological Survey
345 Middlefield Road - Mail Stop 977

Menlo Park, California 94025
Voice: (415) 329-4729 Fax:(415) 329-5163

E-mail: gjensen@andreas.wr.usgs.gov

Investigations
This project supports other projects in the Office of Earthquakes, Volcanoes and Engineering 

by designing and developing new instrumentation and by evaluating and improving existing 
equipment in order to maintain high quality in the data acquired by the Office. Tasks undertaken 
during this period include construction and deployment of digital seismic telemetry units, 
participating in the development of new realtime seismic event picker and maintaining the 
Seismic Group Recorder system, among other things.

Results
An array of 12 digital seismic telemetry (DST) field stations was completed and has been 

installed to monitor volcanoes in Hawaii. Monitoring continued on the four units that have been 
deployed in the San Francisco Bay area. Two units have been operating in Alaska. These units 
have been telemetering 16-bit seismic data as much as 600 kilometers via radio and microwave 
links. Work is continuing on real-time merging of digital and analog telemetered data, as well 
as improving dynamic range and bandwidth.

A system to replace the RTF realtime seismic picker, dubbed Earthworm, is under 
development. This project has been providing support services for the Earthworm development, 
including building filters and special circuits needed as accessories to the A/D. Field tests of 
high-speed (38.4 Kbaud) telemetry radios for use with the, Hay ward Fault digital network were 
performed. Modifications have been ordered for improved performance. A new voltage- 
controlled-oscillator board was designed and built for use in retransmitting seismic data. One 
hundred are currently under construction. A modification was designed for the RTF which 
permits easier programming of station list updates.

The 190-unit Seismic Group Recorders were used in seismic refraction experiments in the 
Las Vegas area and the Los Angeles area (LARSE). This project supported these operations with 
instrument maintenance, enhancement and field support. Five Master Clock III precision 
chronometers were completed in time for the LARSE experiment and similar clocks were 
installed in the eight new blasters used for detonation of explosive charges in the experiments. 
Maintenance and repairs were made to two digital seismic monitoring arrays in Parkfield.
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SEISMIC LANDSLIDE HAZARD MAP OF LOS ANGELES REGION

Randall W. Jibson
Edwin L. Harp

Branch of Earthquake and Landslide Hazards 
U.S. Geological Survey

Box 25046, MS 966 
Denver, Colorado 80225

Jibson: (303) 273-8577, Fax 273-8600, jibson@gldvxa.cr.usgs.gov
Harp: (303) 273-8557, Fax 273-8600, harp@gldvxa.cr.usgs.gov

NEHRP/SC/I.2,II.A, & II.B

Investigations Undertaken

The 1994 Northridge earthquake triggered tens of thousands of landslides over a 10,000- 
km2 area. These landslides destroyed dozens of houses, blocked roads, disrupted pipe and power 
lines, blocked streams, and generated dust that triggered an epidemic of valley fever that caused 
three fatalities. The area of greatest landslide concentration was the Santa Susana Mountains, an 
area of extreme landslide susceptibility on the edge of the developed metropolitan area. Many 
parts of the Santa Susanas are slated for residential development, and development pressure there 
will continue to increase as the metropolitan area expands. Landslides also caused considerable 
damage in parts of the Santa Monica and San Gabriel Mountains. The investigations being 
conducted in this project are twofold:

1. Document in detail landslides triggered by the Northridge earthquake. This involves 
field and airphoto mapping of landslides over a broad area and characterization of 
landslide types and distribution. The initial product will be an open-file digital map 
showing landslide locations and types. This will be followed by a formally published 
map accompanied by detailed analysis and narrative describing landslide types and 
distribution with respect to strong shaking, bedrock and surficial geology, and 
topography.

2. Produce a GIS seismic landslide hazard map of the Los Angeles 1:100,000 sheet. The 
landslide inventory described above will be used to calibrate a seismic landslide hazard 
model that will be applied to the Los Angeles 1:100,000 sheet. The model will 
combine data on material strength, slope steepness, and strong ground motion to 
predict seismic landslide displacement using Newmark's sliding block analysis. 
Displacements generated will then be used to estimate the probability of slope failure in 
each cell of the GIS model.

As the project progresses, contact is being maintained with experts in the private consulting 
community, geologists with the state geological survey, and county geologists and planners to 
assure the final product meets the needs of the end users.
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Results

We have mapped the precise locations and shapes of more than 10,000 individual 
landslides. This has involved extensive fieldwork and detailed examination of U-2 photography 
taken the day of the earthquake. Landslide locations have been digitized in ARC/INFO and, and 
the computer-generated inventory map will be released digitally as well as in paper form. This 
landslide inventory is nearly complete and will most likely be released in January 1995.

For the hazard mapping effort, digital elevation models (DEM"s) have been purchased for 
the affected area to plot contours and calculate slope. Arrangements are proceeding to acquire 
digital geology for use in the hazard analysis. Also, strong-motion parameters (Arias intensities) 
are being calculated as strong-motion records become available for use in a dynamic analysis 
related to developing susceptibility and hazard categories.

Reports Published

Harp, E.L., Jibson, R.W., Keefer, O.K., and Wilson, R.C., 1994, Landslides triggered by the 
January 17, 1994, Northridge California earthquake Implications for future hazards 
[abstract]: Geological Society of America, Abstracts with Programs, v. 26, no. 7, 
p. A-217.

Jibson, R.W., Harp, E.L., Keefer, O.K., and Wilson, R.C., 1994, Landslides triggered by the 17 
January 1994 Northridge, California, earthquake: Japan Landslide Society, Landslide 
News, no. 8, p. 7-10.

Jibson, R.W., Harp, E.L., Keefer, D.K., and Wilson, R.C., 1994, Landslides triggered by the 17 
January 1994 Northridge, California, earthquake: Earthquakes and Volcanoes, U.S. 
Geological Survey [in press].

Jibson, R.W., Harp, E.L., Keefer, O.K., and Wilson, R.C., 1994, Landslides triggered by the 1994 
Northridge earthquake [abstract]: Southern California Academy of Sciences, Annual 
Meeting, Proceedings, Irvine, California, p. 10.

Jibson, R.W., Harp, E.L., Spiegel, R.A., Hajjeh, R.A., Schneider, E.E., Marshall, G.A., and Stein, 
R.S., 1994, Landslides can be hazardous to your health [abstract]: An outbreak of 
coccidioidomycosis (valley fever) caused by landslides triggered by the 1994 Northridge, 
California earthquake: Geological Society of America, Abstracts with Programs, v. 26, 
no. 7, p. A-318.
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TILT, STRAIN, AND MAGNETIC FIELD MEASUREMENTS

9960-10146, 9960-11146, 9960-12146, 9960-15146

M. J. S. Johnston, R. J. Mueller, G. D. Myren 
Branch of Earthquake Geology and Geophysics

U. S. Geological Survey
Menlo Park, California 94025

E-mail mal@thebeach.wr.usgs.gov
415/329-4812

Investigations
[1] To investigate the mechanics of failure of crustal materials using data from both 

deep borehole tensor and dilational strainmeters and near surface strainmeters, 
tiltmeters, and arrays of absolute magnetometers.

[2] To develop physical models of incipient failure of the earth's crust by analysis of 
real-time records from these instruments and other available data.

Results
[1] BOREHOLE STRAIN ARRAY IN CALIFORNIA

A network of 23 borehole strainmeters along the San Andreas fault zone and in 
the Long Valley Caldera continues to be monitored and maintained (Figure 1). All 
instruments are installed at depths between 117-m and 324-m and all are between 1- 
km and 5-km from the the surface trace of the fault. High frequency dilatometer data 
in the frequency range 0.005 Hz to 100 Hz are recorded on 16-bit digital recorders 
with least count noise less than 10r11 . Low frequency data from zero frequency to 
0.002 Hz are transmitted through the GOES satellite to Menlo Park, CA, using a 16-bit 
digital telemetry system. At the USGS in Menlo Park the data are displayed in "almost 
real time" and are continuously monitored with detection algorithms for unusual 
behavior. Least-count noise is about 5*10~12 for the on-site digital recordings, and 
about 2*20~n for the satellite telemetry channels. Earth strain tides, strain transients 
related to fault creep and numerous strain seismograms from local and teleseismic 
earthquakes with magnitudes between -1 and 6 have been recorded on these instru 
ments. Static moments and total earthquake moments are determined from the co- 
seismic strains and total strain changes observed with the larger events.
[2] TRANSIENT DEFORMATION DURING TRIGGERED SEISMICITY 

FROM THE JUNE 28, 1992, Mw =7.3 LANDERS EARTHQUAKE AT LONG 
VALLEY VOLCANIC CALDERA, CALIFORNIA.
Continuous records from a borehole strainmeter and a long baseline tiltmeter in 

the Long Valley caldera (Figure 2) provide critical insights into the origin of at least 
one episode of minor seismicity in volcanic regions triggered by the June 28, 1992, 
M£ 7.3 Landers, California, earthquake. A strain transient reaching a peak of 0.25 
microstrain occurred in the few days following the Landers event and decayed over the 
next 20 days. A tilt perturbation during the same time reached a peak amplitude of 0.2 
microradians. These signals correspond approximately in time to the primary seismic 
moment release across a 50 km2 region of the south part of the caldera at depths 
between 2 and 10 km. Corresponding strain transients in 5-km geodetic lines across 
the south caldera are not apparent above the 95% confidence limits of about 0.4
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microstrain in daily sampled data during this same period. These data rule out models 
involving single localized inflation sources within the upper crust beneath the caldera, 
including that responsible for the current rapid inflation of the resurgent dome. They 
also preclude models involving aseismic slip on single strike-slip or normal faults in 
the caldera. A single source in the form of a relaxing magma body at a depth of 50 
km beneath the caldera can account for the deformation data, but whether the small 
stress changes are sufficient to drive the triggered seismicity is not clear. An alternate 
possibility involves distributed deformational sources triggered by the passage of the 
10 microstrain peak amplitude surface waves from the earthquake. This distributed 
deformational source could result from either rupturing of overpressured fluid or gas 
chambers commonly encountered in volcanic regions or from advective gas overpres 
sure during release of gas bubbles in hydrothermal or magmatic fluids.
[3] NEAR-SILENT EARTHQUAKES ON THE SAN ANDREAS FAULT NEAR 

SAN JUAN BAUTISTA, CALIFORNIA, DECEMBER 10-15, 1992.
Moderate sized near-silent earthquakes ware recorded on a small network of three 

borehole strainmeters near San Juan Bautista, California, from December 10 to 
December 15, 1992. The events had an associated earthquake swarm, an "aftershock" 
sequence and 3.7 mm of surface creep several days later. Fault parallel shear and dila 
tational strain changes of 1.1 microstrain and 0.1 microstrain were observed starting 
about 0700 UT on a borehole tensor strainmeter installed about 1.2 km from the San 
Andreas fault near San Juan Bautista while dilatational strains of 0.65 microstrain and 
0.15 microstrain were observed on two borehole dilatometers, five kilometers to the 
northwest at distances of about 1 km and 7 km from the San Andreas fault starting at 
about 0730 UT on December 11, 1992. Three magnitude 3 events occurred at 0512, 
0729, and 0804 on December 11 and these were followed by two magnitude 3.7 and 
numerous smaller events from 1553 UT on December 12. These seismic events form 
an approximate donut shape with a diameter of about 5 km from 3 km to 8 km 
beneath the strainmeters. Surface creep started late on December 14 and continued 
until December 18. Initial quasistatic modeling indicates aseismic moment release for 
the events was about 1016 Nm, equivalent to a magnitude 4.7 earthquake. The total 
moment release for all the seismic events was an order of magnitude smaller. We use 
forward quasi-static modeling to estimate the physical parameters of the slow events. 
Examination of the strain time histories leads us to model the sequence as 3 slow 
events; one has duration of several days and the other 2 are relatively short (minutes 
and hours). The very slow event can be modeled as non-uniform slip over some 60 
km2 of fault, with 6 mm of right-lateral slip together with an additional 1.3 cm of slip 
over about a quarter ,of that patch. The first of the sub-events requires a smaller 
amount of slip similarly distributed, but with a much shorter time scale. The remaining 
sub-event has a more complicated time history and can be approximately satisfied by 8 
cm of slip on a 2 km2 patch of fault on which the rupture propagates slowly upward. 
Initiation of all 3 sub-events is closely correlated with the larger earthquakes. Our 
inferred slow slip distributions correspond with the area which experienced increased 
seismicity during this time interval. In particular, that part of the fault which experi 
enced most of the earthquakes, including the larger ones, also had the greatest slow 
slip. Such slow earthquakes are very difficult to detect: deformations decrease with 
the cube of distance from the source and surface displacements are usually much too 
small to be detected by geodetic techniques. Here we have unambiguous detection of 
large slow earthquakes rupturing the fault down to a depth of 5   8 km, and these 
slow ruptures occurred in the same location that experiences earthquakes up to ML = 
5.2.
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[4] CONTINUOUS BOREHOLE STRAIN BEFORE, DURING AND AFTER 
THE JAN 17, 1994, M6.7 NORTHRIDGE, CALIFORNIA, EARTHQUAKE.
High precision strain was observed before, during, and after the 12:30 UT Jan 17, 

1994, M6.7 with borehole dilational strainmeters in the Devil's Punchbowl (PUBS) 
and at Pinon Flat (PCIA) 74 km and 196 km respectively, from the Northridge epi 
center. These instruments operate at a sensitivity of better than a nanostrain. Precursive 
strain or changes in strain rate from days to seconds prior to the earthquake are not 
apparent at the nanostrain level in the duta from the closest instrument. Offsets in the 
regional strain field, generated by the earthquake, were observed at PUBS (21 nanos 
train extension) and at PCIA (7 nanostrain compression) (see Figure 3) with marginal 
signals on instruments at greater distances (=260 km) in the Parkfield area. These few 
data are insufficient to solve for the location and physical parameters of the earth 
quake, but by also using the measured displacement changes in the epicentral area 
(courtesy of the many groups making geodetic measurements), we are able to invert 
for a source model consistent with all available observations of crustal deformation. 
The source model obtained indicate a moment of l.lxlO19 Nm on a fault that has a 
strike and dip of about N113°E and 46° down to the south, respectively. The rupture 
surface has a length of 9.1 km, a width of 12.7 km and extends downward from a 
depth 6.0 km. The onscale straingram at PUBS indicates peak dynamic strains in 
excess of 10 microstrain occurred during the first 20 seconds of the earthquake at this 
location. Ground displacement spectra calculated from these broadband borehole strain 
data indicate a corner frequency of about 1 Hz.
[5] NUCLEATION SIZE OF MODERATE EARTHQUAKES AND KINEMAT 

ICS OF THE SAN ANDREAS FAULT IN CALIFORNIA FROM SUBMI- 
CRO HZ TO 30 HZ STRAIN MEASUREMENTS
Popular views of the earthquake nucleation process and fault kinematics have 

included suggestions of: 1) non-linear deformation prior to rupture in regional-scale 
"preparation zones" of earthquakes, 2) strain redistribution by "crustal block interac 
tion", 3) propagating aseismic slip waves, and 4) variation in the material properties of 
near-fault materials with time and location. In contrast, submicro-Hz to 30 Hz high- 
resolution strain through many moderate earthquakes in California and Japan indicate: 
1) short-term non-linear precursive strains greater than nanostrain rarely occur in the 
eventual epicentral region prior to rupture, 2) fault patches that initiate large scale 
failure are apparently less than a few hundred meters in size, 3) strain redistribution 
from earthquakes is transmitted largely elastically through the complex geology and 
fault geometry in these regions, 4) aseismic slip at depth is apparently largely uniform 
in time at seismogenic depths but episodic in the near-surface material, and 5) material 
properties are invariant on timescales of days to years. Only one unambiguous exam 
ple of a deep slip episode (slow earthquake?) with aftershocks and subsequent surface 
rupture has been detected. These results are supported by near-field continuous strain 
data during more than 50 recent events on the San Andreas and associated faults with 
magnitudes ranging from 7.3 to 4.5 and continuous strain records during numerous sur 
face fault slip episodes. Similar events in Japan have similar characteristics. The 
apparent small size of the rupture initiation moments compared to the total earthquake 
moments suggests that there is no scaling of the nucleation process with earthquake 
magnitude. The basic failure process thus apparently involves rupture nucleation and 
runaway. High pore pressure fluids may be associated with this process but pore pres 
sure redistribution must also be limited in extent. Detection of rupture nucleation 
apparently will require these highly sensitive and stable instruments be installed even 
closer to the hypocenters of large earthquakes.
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[6] MAGNETIC FIELD OBSERVATIONS IN THE NEAR-FIELD OF THE 
JUNE 28, 1992 ML 7.5 LANDERS, CALIFORNIA, EARTHQUAKE.
Two continuously operating proton magnetometers, LSBM and OCHM, at dis 

tances of 17.3 km and 24.2 km, respectively, from the epicenter of the June 28, 1992, 
Mw 7.3 Landers earthquake, recorded data through the earthquake and its aftershocks. 
Seismomagnetic offsets of -1.2+0.6 nT and -0.7+0.7 nT were observed at these sites. 
In comparison, offsets of -0.3±0.2 nT and -1.3±0.2 nT were observed during the July 8, 
1986 ML 5.9 North Palm Springs earthquake which occurred directly beneath the 
OCHM magnetometer site. The observations are generally consistent with seismomag- 
netic models of the earthquake in which fault geometry and slip have the same form as 
that determined by either inversion of the seismic data or inversion of geodetically 
determined ground displacements produced by the earthquake. There is no indication 
of diffusion-like character to the magnetic field offsets that might indicate these effects 
result from fluid flow phenomena. There are no indications of enhanced low- 
frequency magnetic noise before the earthquake at frequencies below 0.001 Hz.
[6] COSEISMIC AND TRIGGERED FAULT SLIP NEAR PAJARO GAP, 

CALIFORNIA DURING AND FOLLOWING THE 1989 MSUBL7.1 LOMA 
PRIETA EARTHQUAKE
Deformation along a 15 Km segment of the San Andreas fault, from the southern 

end of the October 18, 1989 Loma Prieta earthquake rupture, has been measured with 
an 11 station geodetic network since 1981. Line lengths ranging from 4 Km to 10 Km 
are measured with laser ranging equipment using end point meteorology. This limits 
the precision to between 6 mm and 12 mm. Two surveys conducted 7 years prior to 
the Loma Prieta earthquake and three surveys in the 2.5 years after the earthquake 
show clear coseismic and postseismic displacement along this segment of the San 
Andreas fault. When our data are compared with displacements predicted by other 
models of coseismic slip, we find additional slip is required to fit our measurements 
near Pajaro Gap. Continuing postseismic displacements are observed in these data 
between February and October 1990. During this period the largest Loma Prieta aft 
ershock (Chittenden ML 5.4), and a major aftershock sequence, occurred beneath the 
geodetic network in April, 1990 along with increased shear and dilational strain on 
borehole strainmeters within the network and increased creep rate on the San Andreas 
fault. The observed Loma Prieta coseismic displacements cannot be explained by slip 
in the main rupture zone. Slip on an extension of the rupture zone at depth to the 
southeast along the San Andreas under the network, together with some triggered slip 
on the Sargent fault, are required to explain the geodetic data. The geometry of this 
slip is consistent with the occurrence of aftershocks in this region in the first month 
following the Loma Prieta earthquake. The postseismic changes are consistent with 
continued shallowing of slip on the San Andreas with time as indicated by increased 
rates of crustal strain and fault creep in the region.
[7] ELECTROKINETIC EFFECTS ASSOCIATED WITH CHANGES IN HIGH 

PORE PRESSURE COMPARTMENTS IN FAULT ZONES - APPLICA 
TION TO THE LOMA PRIETA ULF EMISSIONS
We have determined the electric and magnetic fields generated during failure of 

faults containing sealed compartments with pore pressures ranging from hydrostatic to 
lithostatic levels. Exhumed fault studies and strain measurement data limit the possi 
ble size of these compartments to less than 1 km in extent. Rupture of seals between 
compartments produces rapid pore pressure changes and fluid flow and may create 
fractures that propagate away from the high pressure compartment, along the fault 
face. Non-uniform fluid flow results from pressure decrease in the fracture from crack 
generated dilatancy, partial blockage by silicate deposition, and clearing as pressure 
increases. The direct consequences of this turbulent fluid flow are associated transient 
magnetic signals caused by electrokinetic, piezomagnetic, and magnetohydrodynamic
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effects. Models of these processes for fault geometries with 1 km high pressure com 
partments show that electrokinetic effects are several orders of magnitude larger than 
the other mechanisms. The electrokinetic signals produced by this turbulent flow are 
comparable in magnitude and frequency to the magnetic signals observed prior to the 
ML 7.1 Loma Prieta earthquake of 18 October 1989 provided fracture lengths are less 
than 200 m.
[8] DIFFERENTIAL MAGNETOMETER ARRAY IN CALIFORNIA

We investigate crustal generation of local magnetic fields and their relationship to 
strain and seismicity in the Parkfield region and in southern California. The network 
consists of 9 stations which are all sampled synchronously every 10 minutes and 
transmitted with 16-bit digital telemetry to Menlo Park, CA through the GOES satel 
lite. Data are monitored daily with particular attention to the seven stations operating 
in the Parkfield region of central California and the three stations operating in the 
Long Valley caldera. At these latter sites a magnetic field anomaly first became obvi 
ous in late 1989 and in continuing to the present in concert with anomalous 2-color 
geodetic strain measurements and spasmodic swarms of minor earthquakes.
[9] USING SATELLITE TELEMETRY FOR NEAR REAL-TIME MONITOR 

ING OF SEISMIC EVENTS AND STATUS OF PORTABLE DIGITAL 
RECORDERS.
Near real-time monitoring of seismic events and status of portable 16-bit digital 

recorders has been established for arrays near Parkfield, Mammoth Lakes and San 
Francisco, California. This monitoring system provides seismic event identification 
(rough location and magnitude) and a cost effective means to maintain arrays at near 
100% operational level. Principal objectives in the design of this telemetry system 
have been portability and low cost. The system has been developed to utilize portable 
digital seismic recorders (GEOS-General Earthquake Observation System) and portable 
data collection platforms (DCP) for the Geostationary Operational Environmental 
Satellite (GOES) telemetry system. Data are transferred asynchronously from the 
GEOS seismic system through a microprocessor controlled interface every 10 minutes. 
The interface stores, determines priority, converts, and synchronously transfers these 
data to a Sutron Corp. Model 8004 DCP for transmission through the GOES satellite 
telemetry system. Event parameters include trigger time, peak amplitude, time of peak 
amplitude and event duration. Instrument configuration parameters, transmitted at sys 
tem start up time and every 24 hours, include recording parameters, trigger parameters, 
GEOS software version, clock reference and location parameter. Instrument status 
includes battery voltage, number of events and percentage of tape usage. These data 
are transmitted as appropriate to the U.S. Geological Survey satellite downlink and 
computers located in Menlo Park, California where they are processed and displayed.
[10] ANOMALOUS ULF SIGNALS AT PARKFIELD DURING DECEMBER 

1993 AND JANUARY 1994
Following observations of unusual ULF signals during the 1989 M7.1 Loma 

Prieta earthquake, two ULF monitoring stations were installed at Parkfield in 1991. 
The two sites are located about 5 km apart on Haliburton and Varian Ranches, respec 
tively. Most signals seen by these stations are generated in the upper atmosphere, and 
generally the data at these, and other stations, track well. In December 1993 and Janu 
ary 1994, unusually signal levels occurred at 0.01-10 Hz initially at both stations but 
only at Haliburton after December 10, which were 10-30 dB higher than normal. To 
provide independent verification, proton precession magnetometers (0.1 nT sensitivity) 
covering the frequency range from DC to 0.05 Hz were deployed at the two ULF sites 
and a third site near a nearby permanently recording magnetometer on December 16. 
Although the proton and ULF instruments measure total magnetic field and NS com 
ponent rate respectively, comparable amplitude time histories at Varian agree. Noise 
power at all proton sites agree and generally agree within 5 dB with Varian ULF noise
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power in the overlap frequency band. ULF noise power at Haliburton is 20-30 dB 
higher and appears to be generated by aliasing of higher frequency noise spikes of 
local but not of instrument or tectonic origin. The Haliburton noise level gradually 
decreased after January and is now back to normal. The origin of the anomalous sig 
nals remains a mystery.
[11] RESPONSE OF LONG VALLEY CALDERA TO THE Mw =7.3 LANDERS, 

CALIFORNIA, EARTHQUAKE
Of the many sites in the western United States responding to the 28 June 1992 

Landers earthquake (M=7.4) with remotely triggered seismicity, only Long Valley cal- 
dera is monitored by both seismic and continuous deformation networks. A transient 
strain pulse and surge in seismicity recorded by these networks began within tens of 
seconds following arrival of the shear pulse from Landers. The cumulative strain and 
number of triggered earthquakes followed the same exponentially decaying growth rate 
(time constant 1.8 days) during the first six days following Landers. The strain tran 
sient, which was recorded on a borehole dilatometer at the west margin of the caldera 
and a long-base tiltmeter 20 km to the east, peaked on the 6th day at #approx 0.25# 
ppm and gradually decayed over the next 15 to 20 days. The absence of a clear strain 
signal exceeding 0.4 ppm in data from the two-color geodimeter deformation lines, 
which span the central section of the caldera, indicates that the strain transient cannot 
be due solely to pressure changes in the concentrated pressure source 7 km beneath 
the central part of caldera that accounts for most of the uplift of the resurgent dome 
since 1980. The triggered seismicity occupied the entire seismogenic volume beneath 
the caldera. Focal mechanisms, the frequency-magnitude distribution, and the spatial 
distribution of the triggered earthquakes are typical of other swarms in Long Valley 
caldera. The cumulative seismic moment of the triggered earthquakes through the first 
two weeks after the Landers earthquake corresponds to a single M=3.8 earthquake, 
which is too small by nearly two orders of magnitude to account for #> ~0.25# ppm 
peak amplitude of the observed strain transients. Evidently the strain transient 
represents the dominant response mode, which precludes direct triggering of local 
earthquakes by the large dynamic stresses from Landers as an important process here. 
Conditionally viable models for the triggering process beneath the caldera include 1) 
the transient pressurization of magma bodies beneath the resurgent dome and Mam 
moth Mountain by the advective overpressure of rising bubbles, 2) a surge in fluid 
pressure within the seismogenic zone due to upward cascading failure of isolated com 
partments containing super-hydrostatic pore fluids, 3) relaxation (fluidization) of a par 
tially crystallized magma body in the deep crustal roots of Long Valley magmatic sys 
tem, or 4) aseismic slip on mid-crustal faults. Only the deep, relaxing-magma body 
satisfies all the strain observations with a single deformation source. This model admits 
the possibility that large, regional earthquakes can trigger the episodic recharge of the 
deep roots of crustal magmatic systems.
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Investigations:

Continuous Monitoring of Seismic Energy Release Associated with the 1994 Northridge 
earthquake

Result:

We have developed a method to continuously monitor long-period signal recorded 
with TERRAscope stations. We divided a continuous long-period (LP) TERRAscope 
record (1 sps) into a series of overlapping time windows, each 30 min long with 10 min 
overlap, and computed the spectrum over a frequency band of 0.0005 to 0.1 Hz. The 
result is shown as a time-frequency plot (spectrogram) for each station-day.

Figure 1 shows the result for the Pasadena TERRAscope station for a time window 
from January 17 to 18,1994, which includes the 1994 Northridge earthquake (Mw=6.7). 
Our objective is to see whether there was any slow deformation in the epicentral area of the 
Northridge earthquake just before it. Many recent studies demonstrated that slow 
precursory slip, if any occurs, is very small, probably less than 1 % of the mainshock in 
terms of seismic moment (e.g. Johnston et al. 1989,1990,1994; Agnew and Wyatt, 
1989; Linde and Johnston, 1989). Modelling studies using velocity weakening constitutive 
relations predict that such precursory changes on time scales of minutes are very small, less 
than 1 % (in moment) of the main shock (e.g. Tse and Rice, 1986; Lorenzetti and Tullis, 
1989). However, some precursory slow slip has been reported for the 1960 Chilean 
earthquake (Kanamori and Ciper, 1974; Kanamori and Anderson, 1975; Cifuentes and 
Silver, 1989), the 1944 Tonankai earthquake (Sato, 1970,1977; Mogi, 1984) and the 1989 
Macquarie ridge earthquake (Dirnle et al., 1993). In particular, the levelling data before the 
Tonankai earthquake suggest a precursory tilt of as large as 30% of that of the mainshock 
for a few hours before the mainshock. This result is one of the very bases of the Japanese 
short-term prediction program. Unfortunately the data are very limited for both the Chilean 
earthquake and the Tonankai earthquake. Also, Kedar et al. (1994) saw no direct evidence 
for the precursor for the Macquarie ridge earthquake. Hence whether such slow precursory 
deformation occurs under certain circumstances or not is presently unresolved. 
It is thus important to investigate into such precursory deformation for other earthquakes.

Figure 1 shows the spectrogram for the mainshock of the 1994 Northridge 
earthquake and many aftershocks recorded at Pasadena (epicentral distance=35 km). The 
window position is adjusted so that the origin time of the mainshock is at the beginning of 
the time window that includes the mainshock. All the aftershocks with M>4 are clearly 
seen over the entire frequency band. Most aftershocks with M>3.8 are also seen, but those 
with M<3.5 can be seen only at periods shorter than 20 sec. For the time period before the 
earthquake, no event can be identified at long-period, except an event at about 8:00 AM on 
January 17. This event exhibits only long-period energy, and its spectral pattern is 
different from that of the aftershocks. In a way, it has the characteristics of slow
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Annual Technical Report 
1434-93-G2287

Title: Earthquake and Seismicity Research Using SCARLET and CEDAR
Investigators: Hiroo Kanamori
Institution: California Institute of Technology
Address: Seismological Laboratory, California Institute of Technology,
Pasadena, California 91125
Telephone number and E-mail address: (818) 395-6914,

hiroo@ seismo.gps.caltech.edu 
Program Element: 1.1

Investigations:

1. Moment tensor inversions for local earthquakes using surface waves recorded at 
TERRAscope stations

2. Source complexity of the 1994 Northridge earthquake and its relation to 
aftershock mechanisms

Results:

1. We have already reported on this project; now we have completed the study and the 
result is summarized in a paper to be published in the Bulletin of the Seismological Society 
of America.

We have developed a method to determine moment tensors for local earthquakes 
using short-period (10-50 s.) surface waves recorded at TERRAscope stations. To correct 
for the substantial lateral variations in crustal structure we applied phase corrections to the 
data using a regionalized phase velocity model. We have determined moment tensors for 
over 180 events in the last three years in Southern California for magnitudes as small as 3.2 
and as large as 6.5. The results are consistent with those obtained from first-motion data as 
well as other waveform inversions. When continuous data telemetry from the stations 
becomes available this method can yield moment-tensors for earthquakes in Southern 
California and adjacent regions within minutes after the occurrence of an event. Our results 
confirm the relation between log MO (seismic moment) and ML (local magnitude) obtained 
by an earlier study.

2. We studied the source process of the 1994 Northridge earthquake and the 
mechanisms of its aftershocks. To study the source complexity of the mainshock, we 
inverted the P and SH waveforms recorded by the IRIS and IDA/IRIS networks, using the 
method of Kikuchi and Kanamori (1992) in which the rupture is represented by a series of 
discrete subevents with varying mechanisms. The waveforms show that the rupture 
consisted of several subevents with about two seconds in between. Our best solution 
consists of three subevents with the first two having very similar mechanisms viz. 
134/42/114 (strike/dip/slip) and the third event slightly different, 126/43/128. However, 
we found that this difference in mechanism is not significant and we subsequently modelled 
the earthquake using a single mechanism, 130/42/116. The first subevent occurred at a 
depth of about 19 kilometers, followed after 2 seconds by the second and largest subevent 
at a depth of 17 kilometers and the third subevent again two seconds after the second at a 
depth of about 13 kilometers. The total moment from the body-waves of this sequence 
amounts to about 1.14xl026 dyne.cm (Mvv=6.7) with a source duration of seven seconds. 
The depths of these subevents explain the lack of any surface rupture. Furthermore, the 
upward propagation of the subevents is consistent with the depth of the hypocenter and the
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distribution of the aftershocks which are shallower and more northerly than the mainshock 
hypocenter. The aftershocks were analyzed using data from the TERRAscope network. 
We inverted short-period surface waves to determine the moment tensor for events with 
Mw > 3.5, which amounts to over 60 events. The aftershocks can be grouped into three 
regions based on the mechanisms; the eastern part of the aftershock zone, where we find 
thrust events with mechanisms very similar to the main event, a central area with 
predominantly strike-slip events and an area to the west where we find oblique thrust 
events but with more northerly P-axes than in the eastern region. This distribution 
suggests that the fault system on which the Northridge earthquake occurred is segmented, 
and that the extent of the Northridge rupture is controlled by a change in geometry of the 
fault. We find a high stress-drop for the Northridge mainshock.

Publications:

Thio, H. K., and H. Kanamori, Moment tensor inversions for local earthquakes using 
surface waves recorded at TERRAscope stations, in press, Bull. Seismol. Soc. Am., 
1994.

Thio, H. K., and H. Kanamori, Source complexity of the 1994 Northridge earthquake and 
its relation to aftershock mechanisms, to be submitted to Bull. Seismol. Soc. Am., 
1994.
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PALEOSEISMIC EVALUATION OF THE 
EAST FRANKLIN MOUNTAINS FAULT ZONE, EL PASO, TEXAS

Grant No. 1434-94-G2382 
AGRA Job No. E93-4149

Jeffrey R. Keaton

AGRA Earth & Environmental, Inc.
125 Montoya Road, El Paso, Texas 79932

(915) 585-2472; Fax (915) 585-2626
E-mail: 74503.1060@compuserve.com

Program Element: II.5 

Investigations Undertaken

Geomorphic mapping of an area approximately 12 km long and 1.5 km wide along the eastern 
flank of the Franklin Mountains in the northern part of El Paso, Texas, was conducted to 
identify locations where the East Franklin Mountains fault could be exposed by shallow 
trenching. Numerous discussions have been held with representatives of the City of El Paso 
in order to secure permission to excavate trenches for the study. An archaeological survey 
of the selected trench sites and access routes has been performed. Trenching will be done 
as soon as final permission is obtained from the City and archaeological clearance has been 
granted. Trenching is anticipated to occur in mid-December 1994.

Results

The geomorphic model used as a basis for mapping in the project area was developed at the 
Desert Project (Gile and others, 1981) near Las Cruces, New Mexico, about 50 km to the 
north. The geomorphic features in the project area appear to be explained reasonably well 
using the general geomorphic framework of the Desert Project. The elements of the 
geomorphic model consist of Dona Ana alluvium (> 400 ka), Jornada I alluvium (400 to 250 
ka), Jornada II alluvium (150 to 25 ka), Isaack's Ranch alluvium (25 to 12 ka), and Organ 
alluvium (12 ka to present). Topographic position, relative degree of soil development, and 
induration were the primary features used to correlate surfaces in the study area with the 
Desert Project geomorphic framework. Evidence has been found supporting subdivision of 
Jornada I into an older Jornada la and a younger Jornada Ib, and Jornada II into an older 
Jornada Ha and a younger Jornada lib. Where Jornada lib and Isaack's Ranch alluvium cannot 
be distinguished, they are mapped together. Similarly, where Isaack's Ranch and Organ 
alluvium cannot be distinguished, they are mapped together. Work by Machette (1987) 
inferred a Holocene age of most recent displacement because of a scarp in Isaack's Ranch 
alluvium. Current mapping indicates that the alluvium at that location probably is Jornada II 
and, therefore, the scarp would be late Pleistocene in age.
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Fault scarps are distinct and well preserved along the East Franklin Mountains fault. Two 
trench sites were selected; one across a faulted Jornada II surface, and one across a nearby 
projection in apparently unfaulted Isaack's Ranch/Organ alluvium. Colluvial wedge stratigraphy 
will provide the basis of interpretation of slip history in the faulted Jornada II deposits. 
Excavation deep enough in the apparently unfaulted Isaack's Ranch/Organ alluvium to expose 
faulted Jornada II deposits will be attempted. This will provide a basis for interpretation of slip 
history in the younger sediments, and the age of the youngest displacement in this area.

The amount of time and effort required to secure access permission for trenching was severely 
underestimated. The land where trenching is planned is under control of the El Paso Public 
Service Board, and is located near the boundary of Franklin Mountain State Park. Detailed 
plans of equipment access, trench geometry, and stockpile location were required to be 
developed and presented at several levels of city government. The study area presently is 
undeveloped, but residential development is encroaching from the southeast. The land 
currently is part of a wilderness-development buffer zone. Some members of the City Council 
were concerned that the research trenches would be the first step in urbanization of an area 
that many woul.d like to remain undeveloped. Cactus plants must be removed and 
transplanted; this will be done by volunteers from the community. Archaeological resources 
must be protected; this will be done by avoidance. An archaeological survey had to be 
commissioned; it was paid for with research funds.

Reports Published

No reports have been published as of November 1994. The 90th Annual Meeting of the 
Seismological Society of America will be held on the campus of the University of Texas at El 
Paso on March 22-24, 1995. An abstract will be prepared for this meeting; abstracts are due 
in January 1995. Other reports will be prepared as appropriate as soon as possible.

References

Gile, L.H., Hawley, J.W., and Grossman, R.B., 1981, Soils and geomorphology in the Basin 
Range area of Southern New Mexico - guidebook to the Desert Project: New Mexico Bureau 
of Mines and Mineral Resources Memoir 39, 222 pp.

Machette, M.N., 1987, Preliminary assessment of paleoseismicity at White Sands Missile 
Range, southern New Mexico: Evidence for recency of faulting, fault segmentation, and repeat 
intervals for major earthquakes in the region: U.S. Geological Survey Open-file Report 87-444, 
46 pp.
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Multiple Late Holocene Earthquakes Along the Reelfoot Fault, 
Central New Madrid Seismic Zone

U.S. Geological Survey
National Earthquake Hazards Reduction Program 

FY94 Award Number 1434-93-G-2293

K.I. Kelson, G.D. Simpson, C.C. Haraden, and W.R. Lettis
William Lettis & Associates, Inc., 1000 Broadway, Suite 612, Oakland, CA 94607 

(510) 832-3716, fax (510) 832-4139, e-mail: wla@netcom.com

R.B. Van Arsdale
Department of Geological Sciences, University of Memphis, Memphis, TN 38152

(901) 678-4356, fax (901) 678-2178

Program Element I: Understanding the Earthquake Source

Investigations

Because of the potential for widespread strong ground motions generated by future earthquakes 
within the New Madrid seismic zone (NMSZ), identifying specific seismogenic sources and 
evaluating their paleoseismic behavior is required to assess seismic hazards in the central United 
States. In particular, assessing the number and timing of paleoearthquakes within the seismic 
zone and along specific potential seismogenic sources is a critical step in evaluating seismic 
hazard. The primary purpose of this research is to refine the number, timing, and recurrence of 
late Holocene tectonic deformation along the Reelfoot fault in northwestern Tennessee, and thus 
to provide paleoseismologic information on a specific seismogenic source within the central 
NMSZ.

Investigations conducted during 1994 included excavation of three shallow trenches and 
collection of shallow-borehole data from a site along the Reelfoot scarp about 2 km north of 
Reelfoot Lake in northwestern Tennessee. This site near Proctor City is between sites previously 
excavated by Russ 1 and Kelson and others2 . Analysis of aerial photography and field 
reconnaissance also was conducted along the northern extension of the Reelfoot scarp in 
westernmost Kentucky. The investigations summarized herein were conducted from March 
through June, 1994, and data were analyzed and integrated with previous results during July 
through September, 1994.

^Russ, D.P., 1982, Style and significance of surface deformation in the vicinity of New Madrid, Missouri: U.S. 
Geological Survey Professional Paper 1236-1, p. 95 -114.
2Kelson, K.I., VanArsdale, R.B., Simpson, G.D., and Lettis, W.R., 1992, Assessment of the style and timing of late 
Holocene surficial deformation along the central Reelfoot scarp, Lake County, Tennessee: Seismological Research 
Letters, v. 63, no. 3, p. 349-356.
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Results

Our investigation of the Proctor City site provides data on the style of surficial deformation 
associated with the Reelfoot fault as well as data on the number and timing of late Holocene 
paleoearthquakes on the fault. These data enable estimation of late Holocene earthquake 
recurrence. Trenches and shallow boreholes show that the scarp morphology mimics the style of 
near-surface deformation of fluvial strata. Fluvial deposits identified via trenches and boreholes 
across the scarp define an 8-m-high, east-facing monocline and show that the majority of near- 
surface deformation along the Reelfoot scarp is accommodated via folding rather than faulting. 
The base of the scarp coincides with the up-dip projection of a west-dipping reverse fault 
interpreted from shallow seismic reflection data and contemporary microseismicity3 . We 
interpret that the scarp is a fault-propagation fold developed over this fault.

Deposits exposed in the three trenches provide evidence of multiple late Holocene earthquakes 
along the Reelfoot fault. Two trenches exposed a linear graben on the upthrown side of the 
scarp. In addition to down-dropped fluvial sediments, the graben is associated with fine- to 
medium-grained sand that was extruded onto an existing scarp during an AD 1811-12 event. 
The trench exposures and 19 radiocarbon age-estimates from displaced and undisplaced 
sediments provide evidence of three episodes of deformation along the Reelfoot fault within the 
past approximately 2,400 years. We estimate that these earthquakes occurred at about AD 900, 
about AD 1400, and AD 1812. Based on the likely age ranges for each earthquake, our best 
estimate of recurrence for deformation along the Reelfoot scarp is 450 + 50 years. These results 
compare well with the interpretations by Russ 1 of two pre-1811 events in the past approximately 
2000 years, and by Kelson and others2 of an episode of surficial deformation between about AD 
1380 and 1450.

Based on several trench exposures at the Proctor City site and the sites studied by Russ 1 and 
Kelson and others2, each of the late Holocene earthquakes had a slightly different style of 
deformation. The third-most-recent event produced a small graben a few tens of centimeters 
deep in the hanging wall of the reverse fault. The second-most-recent earthquake produced 
about 1 m of throw in the graben, as well as folding along the up-dip projection of the reverse 
fault and development of the scarp. These relations suggest that graben development increased 
through time concomitant with growth of the monocline, or that the events are of different 
magnitude. Lastly, the 1811-12 events produced abundant liquefaction, prominent folding of 
fluvial strata along the scarp, and minor faulting in the graben.

Analysis of aerial photography and field observations conducted during this study show that the 
scarp extends to the northwest of its previously mapped location2. In westernmost Kentucky, 
there are possibly as many as three fluvial geomorphic surfaces formed by the Mississippi River 
that have different amounts of vertical separation, suggesting repeated late Holocene uplift of the 
Tiptonville dome. Continuation of the scarp along this more northwesterly course suggests that 
it is at least 27 km long and extends from the southern end of Reelfoot Lake, across the 
Mississippi River, and perhaps into southern Missouri directly west of the town of New Madrid. 
If so, the Reelfoot fault crosses the Mississippi River at three locations. If surface deformation 
occurred along the Reelfoot fault during the mb7.2 New Madrid earthquake of 23 Jan 1812, uplift 
along the scarp may have been responsible for historical accounts of "waterfalls" and "upstream 
flow" along the river immediately following the earthquake.

^Chiu, J.M., Johnston, A.C., and Yang, Y.T., 1992, Imaging the active faults of the central New Madrid seismic 
zone using PANDA array data: Seismological Research Letters, v. 63, p. 375-393.
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Reports Published

Kelson, K.I., Simpson, G.D., Haraden, C.C., Lettis, W.R., VanArsdale, R.B., and Harris, J.B., in 
review, Multiple late Holocene earthquakes along the Reelfoot fault, central New Madrid 
seismic zone: Submitted to Journal of Geophysical Research-Solid Earth, September, 1994.

Kelson, K.I., Simpson, G.D., Haraden, C.C., Lettis, W.R., VanArsdale, R.B., and Harris, J.B., 
1994, Multiple Holocene earthquakes along the Reelfoot fault, central New Madrid seismic 
zone: in Proceedings of the Workshop on Paleoseismology, U.S. Geological Survey, Open 
File Report 94-568, p. 92-93.

Kelson, K.I., Simpson, G.D., Haraden, C.C., Lettis, W.R., VanArsdale, R.B., and Harris, J.B., 
1994, Multiple Holocene earthquakes along the Reelfoot fault, central New Madrid seismic 
zone: Geological Society of America Abstracts with Programs, v. 26, no.7, p. 189.

Kelson, K.I., and VanArsdale, R.B., 1994, Holocene surficial deformation associated with the 
Lake County uplift, northwestern Tennessee: Geological Society of America Abstracts with 
Programs, v. 26, no. 3, p. 20.

VanArsdale, R.B., Kelson, K.I, Simpson, G.D., Lumsden, C.H., and Harris, J.B., 1994, Northern 
extension of the Reelfoot scarp, Kentucky and Missouri: Geological Society of America 
Abstracts with Programs, v. 26, no.7, p. 189.

Previous Related Publications

Kelson, K.I., VanArsdale, R.B., Simpson, G.D., and Lettis, W.R., 1992, Assessment of the style 
and timing of late Holocene surficial deformation along the central Reelfoot scarp, Lake 
County, Tennessee: Seismological Research Letters, v. 63, no. 3, p. 349-356.

Kelson , K.I., VanArsdale, R.B., Simpson, G.D., and Lettis, W.R., 1993, Late Holocene episodes 
of deformation along the central Reelfoot scarp, Lake County, Tennessee: Proceedings, 1993 
National Earthquake Conference: Earthquake hazard reduction in the central and eastern 
United States: Central United States Earthquake Consortium, Memphis, v. 1, p. 195-203.
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Holocene Slip Rate and Recurrence of the Northern Calaveras Fault 
at Leyden Creek, Eastern San Francisco Bay Region

U.S. Geological Survey
National Earthquake Hazards Reduction Program 

FY94 Award Number 1434-93-G-2338

Keith I. Kelson, Gary D. Simpson, William R. Lettis, and Colleen C. Haraden
William Lettis & Associates, Inc. 

1000 Broadway, Suite 612, Oakland, CA 94607 
(510) 832-3716, fax (510) 832-4139, e-mail: wla@netcom.com

Program Element I: Understanding the Earthquake Source

Investigations

The Calaveras fault is a major, northwest-striking component of the San Andreas fault system 
and is a significant potential seismic hazard to the heavily populated eastern San Francisco Bay 
region. Information on geologic slip rate and earthquake recurrence is required to assess seismic 
hazards associated with the 48-km-long northern Calaveras fault, which extends from Calaveras 
Reservoir on the south to about the town of Danville on the north. The fault traverses a heavily 
populated area in the eastern San Francisco Bay region, and has not had a large-magnitude 
earthquake in more than 130 years. To obtain data on the number, timing, and recurrence of 
large-magnitude paleoearthquakes, we conducted paleoseismologic investigations at Leyden 
Creek, which crosses the fault 1.4 km north of Calaveras Reservoir. The objectives of this 
research are to assess the Holocene slip rate and earthquake recurrence along the northern 
Calaveras fault. This information provides direct input for estimating time-dependent 
probabilities of large earthquakes on the northern Calaveras fault and contributes to the 
understanding of the rates of strain accumulation along the fault. In addition, this research 
provides preliminary data on the rupture segmentation of the fault.

This research builds on previous work by Kelson and others 1 on the Holocene behavior of the 
northern Calaveras fault at Leyden Creek. This second phase of research was designed to further 
constrain the Holocene slip rate on the fault and the timing of late Holocene surface-faulting 
earthquakes. During the two phases, we interpreted aerial photography of the site vicinity, 
delineated late Quaternary deposits and landforms at the site, and conducted subsurface 
investigations that included six exploratory trenches, 28 small-diameter boreholes, and 2 large- 
diameter boreholes. Data developed during both phases provide: (1) an evaluation of Holocene 
slip rate based on the amount of offset and age of a buried paleovalley margin, and (2) an 
assessment of the number and timing of surface ruptures based on the recognition and dating of 
displaced and undisplaced fluvial and colluvial deposits.

kelson, K.I., Lettis, W.R., and Simpson, G.D., 1992, Late Holocene paleoseismic events at Leyden Creek, northern 
Calaveras fault: in California Division of Mines and Geology Special Publication 113, p. 289-298.
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Results

The northern Calaveras fault at Leyden Creek is marked by a prominent west-facing scarp and 
the juxtaposition of serpentine on the east against Cretaceous sandstone and siltstone on the 
west. At the site, five fluvial terraces are preserved on the western (upstream) side of the fault. 
On the eastern (downstream) side of the fault, the creek flows through a narrow bedrock canyon. 
This canyon constricts the modern valley and has constrained the location of former late 
Pleistocene and Holocene paleovalleys. The borehole data show that the margin of a buried 
bedrock valley west of the fault trends nearly perpendicular to the fault and is offset 54 + 5 m in 
a right-lateral sense from the narrow bedrock canyon. Based on radiocarbon ages for alluvial 
sediments pre-dating and post-dating this paleovalley margin, we estimate an age of 11 + 1 ka 
for the valley margin and a Holocene slip rate of 5 + 1 mm/yr for the fault at Leyden Creek.

Five trenches excavated across the fault provide information about the style and timing of 
deformation at this site. Slickensides show that the most-recent sense of movement was 
predominantly lateral with a minor component of down-to-the-west separation, which is 
consistent with the west-facing fault scarp and the net slip vector derived from the offset valley 
margin. Multiple displaced scarp-derived colluvial deposits are interpreted as results of five to 
six episodes of surface rupture within the past 2,600 years. Twenty-one radiocarbon samples 
from scarp-derived colluvium and interfingered alluvial deposits suggest an average interval 
between surface-rupture events of 450 ± 50 years. We postulate that the most-recent earthquake 
at Leyden Creek likely occurred between 1670 (the minimum age of the youngest faulted 
deposit) and about 1830 (when the population of the eastern San Francisco Bay region was 
sufficient to record a large earthquake).

The Leyden Creek site lies adjacent to or within a 1.5- to 3.0-km-wide, 7-km-long releasing 
double bend at Calaveras Reservoir that may act as a rupture-segment boundary between the 
southern and northern sections of the Calaveras fault. Surface-rupture events at Leyden Creek 
may therefore reflect earthquakes along either the southern end of the northern Calaveras fault, 
or the northern end of the southern Calaveras fault, or both.
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Investigations:
The project estimates the recurrence and quantitative hazard from ground shaking 

from large earthquakes near the island of Hawaii. M 7+ earthquakes on the flanks of 
the Volcanoes cause damage by shaking and have the potential for triggering catas 
trophic submarine landslides and tsunamis. Through studies of seismic structure and 
contemporary seismicity, we attempt to evaluate the short term potential of a M7 
earthquake on Kilauea Volcano's South Flank and the relation between the flank and 
Loihi submarine Volcano. The project also publicizes the current seismicity and long 
term earthquake hazard with an interactive computer accessible to the public. Our 
work utilizes the 52 station seismic network operated by the Hawaiian Volcano Obser 
vatory with funding from the volcano hazards program.

To study the three-dimensional seismic structure of Kilauea's South Flank and 
Loihi Volcano, a high resolution active-source seismic data set was collected in Febru 
ary, 1994, in a cooperative study with NSF scientists from the Scripps Institute of 
Oceanography and the University of Hawaii. Over 200 km of seismic shot line were 
collected over the submarine portion of Kilauea's south flank using a 4-element marine 
source fired every 100-150 m to ocean-bottom instruments, sonobuoys, and a 6-channel 
seismic streamer in the ocean, and to the USGS/HVO permanent seismic network sup 
plemented with 3 portable stations.

Results:
(1) Intensity 5 earthquakes are common on Hawaii Island and include several histori 
cally damaging M7 earthquakes, especially the M~8 great Kau earthquake of 1868 
(figure 1). Large earthquakes in south Hawaii generally do not occur on faults that 
break the surface, but on often near-horizontal buried faults. The volcano flanks move 
seaward on a basal fault at 9-13 km depth. The seismic hazard on the active southern 
sides of Kilauea and Mauna Loa Volcanoes is comparable to that on the San Andreas 
Fault and the Gulf of Alaska. Historic earthquakes (since 1823) and the best HVO 
catalog (since 1970) indicate recurrence intervals of M8 events similar to the 1868 Kau 
earthquake of 120-190 years. The peak acceleration which has a 90% probability of 
not being exceeded in 50 years exceeds 1.0 g on the south sides of both volcanoes 
(figure 2).

489



II

21°N

20°N-

19°N-

158°W 157°W 156°W 155°W

Figure f. Moderate to large earthquakes with felt reports since 1823. The most destructive 
was the great 1868 M 7.9 Kau earthquake (Modified Mercalli intensity XII). Open symbols 
are estimated locations from historical accounts. Symbol size scaled to maximum intensity.

40' -

30' -

201 -

10' -

40' 301 20' 10' 155- 60' 

Peak ground accelerations (in g) for a 50 year exposure time with a 90% probability of not being exceeded.

490



-2-

(2) Research done in collaboration with J Dieterich has documented recent periods of 
seismic quiescence in the epicentral region of the 1975 M7.2 Kalapana earthquake. 
We have continued to analyze seismicity patterns in the Kalapana region of the south 
flank of Kilauea in greater detail to establish additional characteristics of earthquakes 
there. A manuscript which describes our work has been submitted to Geophysical 
Research Letters.
(3) During FY 1994, the CUSP ISAIAH (Information on Seismic Activity In A Hurry) 
real-time automatic earthquake analysis system was installed at HVO. Preliminary 
locations are typically available within 40 seconds of the event. For large earthquakes, 
an alarm module sends electronic mail to responsible officials. To provide better and 
more timely information on large Hawaiian earthquakes, HVO began in July, 1994, to 
send ISAIAH earthquake information to the NOAA/Pacific Tsunami Warning Center 
on Oahu, whose responsibility is to provide rapid location and evaluation of potentially 
tsunamigenic earthquakes in Hawaii.
(4) We have completed the first stage of establishing automated magnitude determina 
tions for our CUSP on-line system. This is based on the coda duration magnitude. 
We have begun compilation of a data set to re-establish and improve amplitude magni 
tude estimation based on the digital data collected and analyzed with the HVO CUSP 
system. Much of this work is tied to upgrades in our field instrumentation and estab 
lishing and updating calibration information for new equipment.
(5) Version 1.0 of an Interactive Display of Earthquake Activity (IDEA) was com 
pleted for Amiga computers at HVO and Menlo Park. The computer display is con 
trolled by a touch screen. It is designed both for monitoring of near real-time seismi 
city by scientists and education of the public in a museum or public location. Several 
maps, cross sections, time series plots, plots of catalog data from prior years and 
time-lapse animations are available.
(6) Preliminary data reduction and playback of the different types of seismic data from 
the active-source seismic experiment are being compiled for an Open File Report. 
Preliminary playbacks of the HVO network data show clear arrivals on the majority of 
stations out to 40-50 km range. Rays at these ranges sample the lowermost crust and 
upper mantle and will provide a seismic image of the postulated decollement, which is 
thought to be the source area for large earthquakes and the surface on which the south 
flank is sliding. Laura Kong has submitted a proposal, Hawaii Crustal Imaging Exper 
iments, to NEHRP for support to analyze this data set.
(7) Documentation of the marked increase since 1984 in Loihi Volcano earthquake 
swarm seismicity and its possible relationships to volcano flank tectonism and magma- 
tism, was begun. Data from the HVO catalog data were assembled and an overview 
presented at the 1994 SSA Meeting. To better constrain the earthquake hypocenters, 
we collected active source seismic data over Loihi's summit and rift zones (see above) 
in order to derive a realistic velocity structure for use in relocating the HVO- recorded 
seismicity.
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Investigations

The objective of our study is to use geologic and geophysical data from the submerged 
Cascadia forearc to investigate the nature and extent of forearc deformation, and to relate this 
deformation to the problem of great earthquakes in Cascadia. We are using a regional approach to 
the collection and integration of data, combined with field investigations of critical areas from 
which we can collect detailed tectonic information, and also ground-truth remotely-sensed data.

In May 1994, we installed a raster-based Geographical Information System (GIS), called 
ERDAS Imagine 8.1, on our UNIX workstations. With this system, we can integrate and 
visualize many different types of data in order to see the spatial relationships among them. We 
have created a GIS database containing much of the available geologic and geophysical data for the 
Cascadia forearc. In the early phases of this project, we focused on basic mapping of the 
submarine system using available and concurrently gathered data from related research programs. 
We now have the ability and sufficient data to begin to apply the collective geological and 
geophysical database to the problem of great earthquakes in Cascadia.

We have generated a gridded topographic/bathymetric dataset that covers the Oregon portion of 
the margin from east of the Cascade Range to the abyssal plain. We used all available land and 
marine data at maximum resolution to produce a complete, high resolution 2D surface. This data 
allows us to study the morphology of the margin in a single dataset that will be extended to 
California and Washington in the coming year. In collaboration with the University of New 
Brunswick, we are using and assisting in development of a 3D software package that allows real- 
time fly-throughs of this surface data. The surface data can also be combined with any geophysical 
or geologic datasets for 3D analysis.

In September 1994, we conducted a NO A A Undersea Research Program (NURP)-sponsored 
sidescan/submersible cruise using a high-resolution AMS 150 kHz sidescan sonar and the 
submersible DELTA on the northern Oregon and southern Washington continental shelf. This 
region is located within the Washington Study Corridor, the subject of a collaborative NEHRP- 
USGS Deep Continental Studies Program investigation of the structure of the Cascades subduction 
zone and volcanic arc, mentioned as a Regional Focus in RFP Announcement 8064. We mapped 
several active Holocene normal, flexural-slip, and strike-slip faults to determine their role in the 
deformation of the shelf and adjacent coastal region. (The NURP program is a complementary
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marine data acquisition program running concurrently with our NEHRP research program 
described herein.)

We recently gained access to a proprietary industry dataset of high-resolution migrated 
multichannel seismic reflection profiles in the Washington Study Corridor through the cooperation 
of the Minerals Management Service. The entire dataset of closely space lines, covering the entire 
Cascadia system, will greatly improve our ability to map and understand the structural geology of 
the forearc region.

Results

L Active Strike-Slip Faults of the Abyssal Plain and Accretionary Wedge

Using combinations of high-resolution AMS 150 kHz and SeaMARC-lA sidescan sonar, 
swath bathymetry, seismic reflection profiles and submersibles, we have surveyed in detail nine 
suspected zones of oblique strike-slip faulting on the abyssal plain, continental slope and shelf off 
Oregon and Washington (Figures 1, 2a). In our 1990-1992 studies of the Cascadia subduction 
zone, we mapped three left-lateral strike-slip faults which cut both the Juan de Fuca and North 
American plates, extending from the abyssal plain to the upper slope-outer shelf region 
(Goldfmger et al., 1992). During 1993, six new left-lateral strike-slip faults were discovered, 
three in Washington and three in southern Oregon, totaling nine left-lateral faults. The six faults 
mapped in Oregon and three in Washington strike 298° to 283°, with obliquity to the margin 
increasing to the south. Mapped lengths of the nine faults range from 40 to 95 km (Goldfinger, 
1994). The faults are often expressed in swath bathymetry as irregular ridges composed of en 
echelon folds, and sigmoidal bends of throughgoing accretionary wedge folds. SeaMARC-IA 
sidescan records of these structures reveal steep scarps cutting accretionary wedge folds and 
commonly show straight traces, reversals of vertical separation, and left-lateral horizontal offsets 
of submarine channels and other crossing structures.

Of the nine oblique strike-slip faults in the Cascadia subduction zone, five occur on both the 
Juan de Fuca and North American plates, crossing and offsetting the deformation front. In seismic 
reflection and sidescan records they offset eastward thickening trench deposits left-laterally from 
2.0 to 5.5 km and extend 8 to 18 km seaward into the abyssal plain (Goldfinger, 1994). At least 
one fault apparently cuts the subducting plate based upon vertical separation of the basaltic crust 
and modeling of the associated magnetic anomaly (Appelgate et al., 1992). Five of these 
Quaternary faults range in age from 600 to 300 ka and have an average calculated slip rate of 5.5 to 
8.5 mm/yr (Figure 1; Goldfinger, 1994). Latest Pleistocene/Holocene slip rates for two of these 
faults range from 5 to 12 mm/yr based upon the left offset of submarine channels in sidescan 
images and the age of channel development (Goldfinger et al., 1992; Goldfinger, 1994; Goldfinger 
et al., in press). Four oblique faults are mapped solely on the North American plate and also 
exhibit a left slip (e.g., see Figure 5). Several additional oblique faults are inferred, off northern 
Washington and southernmost Oregon, based upon interpretation of free-air gravity anomalies on 
the continental slope.

2. Active Strike-Slip Faults of the Continental Shelf and Slope

One of the major left-lateral strike-slip faults, the 110-km long Daisy Bank fault, is best 
expressed adjacent to a structural uplift called Daisy Bank, on the upper slope and outermost shelf 
(Figures 1, 2b). Sidescan imagery shows this fault is a wide structural zone, within which Daisy 
Bank is a large horst uplifted between two strands of the main fault. The main fault zone is 5-6 
kilometers wide northwest of Daisy Bank, widening around the oblong bank, then narrowing to a 
single strand to the southeast. Multiple scarps are evident, with both up to-the-north and up-to- 
the-south strands occurring in close proximity southeast of the bank. Northwest of the bank, two 
main strands are evident, both up to the north, which is the same sense of motion observed on the
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abyssal plain. Typical strike-slip morphology is evident in sidescan imagery and also at outcrop 
scale from the submersible. The traces of the multiple strands of the fault are straight, implying a 
near vertical fault. Reversals of vertical separation along strike, a characteristic common only to 
strike-slip faults, are well imaged at many locations. Probable drag folding of Tertiary strata, with 
a left-lateral sense of motion, is visible southeast of the bank in sidescan images. This supports 
the evidence for left-lateral motion inferred for this fault through stratigraphic offset on the abyssal 
plain and structural offsets mapped on the upper slope (Goldfinger et al., 1992a; Goldfinger et al., 
in press). Individual scarps observed from DELTA range in height from tens of centimeters to 47 
m. The main scarp is a steep (25°-50°) debris covered slope. Carbonate deposition and active 
faulting were observed at most locations along the Daisy Bank fault. Spectacular carbonate 
chimneys, donuts, and slabs, derived from the venting of methane-rich fluids along active fault 
zones, are located within 100-150 m of the fault traces (Figure 3). The carbonate slabs are often 
broken and disrupted like a parking lot excavated by a bulldozer. This pattern of disruption 
appears tectonic in nature (as opposed to observed fishing trawl disruption), since it only occurs 
adjacent to major fault zones. We speculate that this breakage occurs during the high ground 
accelerations accompanying large earthquakes.

From the DELTA submersible, we traced one of the Daisy Bank scarps into an area of low 
relief and flat-lying Holocene mud deposition. In this area, we found a fresh scarp striking 290° 
across the unconsolidated mud. This fresh break averages 0.5 m in height, dips steeply south with 
its south side up, and offset cohesive grey late Pleistocene clays as well as the overlying 
unconsolidated olive-green Holocene muds (Figure 4). This sharp change in sediment color is 
radiocarbon dated at about 12,000 ka (Barnard and McManus, 1973), indicating Holocene motion 
on the fault. Continuous color video images and still photographs show that the scarp probably 
represents multiple late Pleistocene events, indicated by abrupt vertical changes in oxidation color 
of the Pleistocene clay, and corresponding abrupt upward increases in bioturbation by animals 
inhabiting the scarp face. At the outcrop scale, we observed both right- and left-stepping en- 
echelon morphology, although left-stepping was dominant. Dominant left steps suggest a 
compressional component of motion along the Daisy Bank fault, also suggested by the 80-90° 
south dip observed on this segment of the fault. While we could identify the major traces of the 
fault zone in sidescan sonar images, the most compelling and detailed evidence of recent faulting 
was obtained with DELTA.

3. Forearc Deformation, Interplate Rupture Geometry, and Great Earthquakes

The occurrence of great subduction zone earthquakes has been linked to properties of the 
subduction system such as convergence rate, plate dip, and plate age. On the basis of comparison 
of subduction parameters such as plate age and convergence rate, investigators have inferred that 
the Cascadia subduction zone is comparable to other subduction zones where great M >8.2 have 
occurred in historic times. Recent analyses of subduction zone earthquakes show that forearc 
rheology and convergence rate are important controls on the generation of great earthquakes in 
oblique subduction settings (McCaffrey, 1992, McCaffrey, 1994). Significant rates of arc-parallel 
forearc deformation are negatively correlated with M >8.2 earthquakes in subduction zones 
worldwide, regardless of obliquity of subduction. The Oregon and Washington Cascadia forearc 
is undergoing a significant degree of along-arc deformation in the form of oblique strike-slip 
faulting and folding described above (Figures 1, 2, 5). The cumulative extension of the forearc by 
the nine strike-slip faults we have mapped is similar to the total arc-parallel component of plate 
convergence, and thus the Cascadia forearc may be fully strain partitioned. Thermal constraints 
(Hyndman and Wang, 1993) suggest that the position of the locked plate interface underlies the 
submarine forearc traversed by the extensive oblique deformation we have mapped. We therefore 
infer a direct connection between the zone of interplate coupling and the observed shearing of the 
forearc. The highly deformed and strain-partitioned nature of the Cascadia submarine forearc 
suggests that Cascadia is unlikely to generate earthquakes greater than magnitude 8.2 because the
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forearc is not capable of storing the required elastic strain energy (Goldfinger, 1994, McCaffrey 
and Goldfinger, in revision). We are continuing to investigate the connection between forearc 
deformation and great earthquakes in collaboration with Rob McCaffrey of Rensselaer Polytechnic 
Institute.

We are also investigating the connection between rupture zone geometry and the generation of 
great earthquakes. Using the same thermal constraints suggested by Hyndman and Wang (1993), 
we are trying to improve estimates of potential rupture area through the addition of structural data 
from the accretionary wedge. We can then compare this estimate of Cascadia seismogenic zone 
geometry to data on rupture widths and lengths from great circum-Pacific earthquakes of this 
century. Preliminary comparisons suggest that rupture length is moderately dependent on 
downdip width of the locked zone, and that the aspect ratio of the seismogenic plate boundary has 
an empirical upper limit. If correct, this may allow us to estimate the maximum likely rupture 
length for a Cascadia interplate earthquake.

4. Outreach Programs

We have produced a 20-minute video summarizing much of the above information about the 
Cascadia subduction zone, as well as basic information about the mechanics of subduction 
earthquakes, that is available for teaching purposes. We expect to collaborate with a Sea Grant 
outreach initiative in which a version of this video could be produced specifically for the public.

We have established a World Wide Web server in our mapping facility from which anyone 
with Internet access can download our Oregon-Washington Neotectonic Map. This map was 
published in 1992, but is constantly revised as our mapping project continues, and the latest 
version is made available on the server. The map is available in a variety of formats for MAC, 
DOS, and UNIX platforms. We also have created topographic/bathymetric grids for Oregon at 
100 m and 300 m grid spacing. These grids utilize all available land and marine data at maximum 
resolution, and cover Oregon from 121° W to 126° W, 42° N to 46° N. Information on obtaining 
these grids and derived shaded relief maps of the Cascadia margin (e.g., Figure 5) is on the server. 
The URL (Universal Resource Locator) for this service is http://pandora.oce.orst.edu. These data 
and products can also be obtained by anonymous ftp to pandora.oce.orst.edu in the pub directory.
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Figure 1. Map of Quaternary and Pliocene structures of the Oregon and Washington continental margin. For 
simplicity, only faults and anticlines are shown. Western edge of continental shelf is shown by the dash-dot line. 
Western edge of Siletzia terrane is shown by the dashed line. Abbreviations for WNW-trending left-lateral strike-slip 
faults, from north to south: NNF = North Nitinat fault; SNF = South Nitinat fault; QCF = Quinault Canyon fault; WF = 
Wecoma fault; DBF = Daisy Bank fault; ACF = Alvin Canyon fault; HSF = Heceta South fault; CBF = Coos Basin 
fault; TRF = Thompson Ridge fault. Slip rates for five of the left-lateral strike-slip faults are given, in mm/year. Major 
depocenters (stipple pattern): WB = Willapa basin; AB = Astoria basin; NB = Newport basin; CBB = Coos Bay basin. 
Major submarine banks: NHB = Nehalem Bank; HCB = Heceta Bank; CQB = Coquille Bank.
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Figure 2. SeaMARC 1A sidescan sonar images of two left-lateral strike-slip faults on the Oregon/Washington continental margin, (a) 2 km swath along 
the North Nitinat fault, Washington continental margin, abyssal plain. See Figure 1 for location. The uneven texture at the west end of the image is a mud 
volcano. At the center of the image is the base-of-slope channel, (b) 5 km swath along the Daisy Bank fault, Oregon continental margin, at Daisy Bank. 
See Figure 1 for location.
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Figure 3. Video from DELTA submersible shows a carbonate chimney formed by fluid venting on 
an active strand of the Daisy Bank fault. Chimney is about 40cm in diameter. The chimney's 
hole is occupied by a fish. Extensive carbonate deposition characterizes active faults on 
the Oregon continental shelf. These dense carbonates produce high backscatter patterns 
in sidescan images which are used to trace the active fault zones, in particular where only 
horizontal separation occurs (i.e., no vertical scarps).
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Figure 4. Video from Delta submersible shows a recent scarp on a subsidiary fault to the Daisy Bank fault. The scarp is up 
to the south, with a maximum height of -1 m. A thin layer of Holocene olive-gray clay is cut by the fault. The underlying late 
Pleistocene gray clay is exposed in the fault scarp. This constrains the age of the fault to be post-12,000 years B. P. White 
dots are 20 cm apart.
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Figure 5. This image shows the topography of the central Oregon continental margin, 
and west-central Oregon, looking east from the abyssal plain. The bathymetric and 
topographic data were combined from several sources, and are shown with a grid 
spacing of 100 meters. The accretionary wedge is cut by a series of WNW-trending 
left-lateral strike-slip faults, including the Heceta South and Heceta Bank faults. Where 
the Heceta South fault cuts the deformation front, a large slump (8 km across) has slid 
from the first thrust ridge of the accretionary wedge. The left-lateral faults accommodate 
some of the oblique convergence between the Juan de Fuca and North American Plates.
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Investigations undertaken

1. Cooperated with the Geophysical Institute of the University of Alaska (GIUA) and the 
USGS National Earthquake Information Center (NEIC) in the operation of the Alaska Earthquake 
Information Center (AEIC) in Fairbanks. The AEIC is responsible for recording and analyzing 
Alaskan earthquake data and disseminating earthquake information and advisories to government 
agencies and to the public. As part of AEIC, continued lead role in collection and analysis of 
data from the high-gain short-period seismograph network extending across southern Alaska from 
the volcanic arc west of Cook Inlet to Yakutat Bay, and inland across the Chugach Mountains.

2. Cooperated with the Branch of Igneous and Geothermal Processes, the GIUA, and the 
Alaska Division of Geological and Geophysical Surveys in conducting the seismic activities of 
the Alaska Volcano Observatory (AVO). Under this program, we have principal responsibility 
for monitoring the seismicity of Redoubt and Spurr, the recently active northern Cook Inlet 
volcanoes.

3. Cooperated with the Branch of Earthquake and Geomagnetic Information and the GIUA 
in operating 13 strong-motion accelerographs in southern Alaska, including 11 between Icy Bay 
and Cordova in the area of the Yakataga seismic gap.

Results (October 1993 - September 1994)

1. For the time interval October 1993-September 1994, AEIC processed more than 7,000 
event triggers, of which 4,310 were caused by earthquakes in southern and central Alaska 
(Figures 1 and 2). Thirteen of these earthquakes had magnitudes of 4.5 or greater. The largest, 
a 5.7 ML (5.4 mb, NEIC) shock on April 25, was located 70 km southwest of Anchorage (near 
61.8°N, 151°W) at a depth of 50 km. This event was felt widely throughout southern Alaska, 
with MM intensity V reported in Anchorage and intensity II as far as Fairbanks. The focal 
mechanism determined from P-wave first motions is compatible with normal faulting on a nearly 
vertical plane striking north-northeast, which is typical for events in the Wadati-Benioff zone 
(WBZ) of the subducted Pacific plate beneath southern Alaska. However, the aftershock 
sequence - 22 events of magnitude 1.5 to 2.3 within 24 h - was unusually strong for a WBZ
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source. Another shock of note is a 4.1 ML shock (4.1 mb) located 10 km deep beneath the 
southern Kenai Peninsula (near 59.8°N, 150°W) which has a well-constrained focal mechanism 
showing almost pure normal faulting on either of two moderately dipping, NNW-striking planes. 
This observation is consistent with previous studies of recent seismicity in this area which 
indicate that the shallow crust above the interplate thrust is in tension (Stephens and others, 
1982). An unusual crustal shock of magnitude 4.3 ML (4.0 mb) was located near 61°N, 140.2°W 
in an area devoid of mapped Neogene and younger faults (Figure 1). Among other features of 
note is the moderate level of shallow seismicity east and northeast of Kodiak Island where a belt 
of NE-trending submarine faults of Quaternary age is mapped. No unusual seismicity patterns 
were noted in and around the Yakataga seismic gap. Two new stations, one three-component and 
one single-component vertical, were installed near Anchorage to help investigate the nature of 
persistent seismicity associated with the fold and thrust belt of northern Cook Inlet.

2. The use of composite focal mechanisms to infer the stress orientation within the 
subducting Pacific plate was tested with artificial data and the results compared to the FMSI 
stress inversion method (Gephart and Forsyth, 1984). For the distribution of stations in southern 
Alaska and for the variety of mechanisms occurring within the WBZ, the T- and P-axes derived 
for the composite solutions are closely aligned with the least and greatest principal stress 
directions if more than about 2,000 first motions are included. The composite mechanism 
approach is a useful adjunct to FMSI because it provides greater spatial resolution of the stress 
orientation in regions such as southern Alaska where only a small fraction of earthquakes have 
well-constrained single-event mechanisms.

In the WBZ extending from beneath Prince William Sound (PWS) to below Cook Inlet 
the least compressive stress trends W-E to NW-SE and plunges subparallel to the local dip of the 
WBZ (Lahr and others, 1994b). The relation between the orientation of the greatest compressive 
stress and the plate geometry is more varied. Beneath northern PWS and northern Cook Inlet, 
the orientation is nearly normal to the upper surface of the plate. To the south, beneath the 
western Kenai Peninsula and southern Cook Inlet, the greatest compressive stress is subhorizontal 
and trends N-S.

3. Page and others submitted a manuscript to Geology that presents a seismotectonic model 
for east-central Alaska to explain the occurrence of magnitude 7.2-7.3 earthquakes in the Interior. 
Geologic and seismic data (for example, see Figure 1) reveal a set of parallel, active, strike-slip 
faults in east-central Alaska between the Denali and Tintina fault systems. The faults strike 
northeast to north-northeast, at a high angle to the bounding dextral fault systems, and exhibit 
sinistral slip. The authors hypothesize that this set of faults divides the crust into elongate blocks 
that are rotating clockwise in response to northerly compression resulting from Pacific-North 
American plate convergence, and suggest that these faults have produced most of the large 
historical earthquakes in east-central Alaska between the Alaska Range and the Yukon River.

4. The responsibility for routine network operations has been shifted from Menlo Park to 
Fairbanks in conjunction with stationing of John Lahr at the Geophysical Institute. Beginning 
with January, 1994, all routine analysis, data quality control, submission of data to NEIC, and 
cataloging are being conducted at the AEIC in Fairbanks. A multi-PC/Sun computer data- 
acquisition system to replace the aging, high-expense Masscomp computers at the AEIC has been
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designed and implemented. The PC's in the system run PC-SEIS, a program modified by John 
Rogers from the IASPEI software XDETECT to address the specific needs of a large network. 
The new system continuously digitizes and stores on DAT tapes 155 analog and 35 digital 
channels of data. Event detection is based on 127 channels; the remaining channels, both analog 
and digital, are automatically added to the event directories within a few minutes of the end of 
each triggered event. Calibrations from the 78 components using USGS A1VCO field units are 
detected, stored, and processed routinely to keep track of battery voltage, system gain, and other 
parameters. Final testing is now under way and the new system is expected to go on-line on 
January 1, 1995.

5. The USGS participated in a two-day Workshop on Seismic Hazard Preparedness that was 
held at the Geophysical Institute in April 1994. In conjunction with this workshop, a wooden 
model with flexible oceanic plate was designed and built to help illustrate and explain the 
relationship between sea floor spreading, magnetic stripes, transcurrent faults, subduction, 
volcanoes, and earthquakes. At the USGS Menlo Park Open House a poster and computer-based 
display illustrated the seismicity and tectonics of Alaska. A working wooden model was 
designed and built to illustrate the block-rotation hypothesis for the origin of large earthquakes 
and sinistral faulting in central Alaska. A lecture was given to about 150 people on the 
Northridge earthquake and possible implications for Alaska at the EERI Northridge Earthquake 
Technical Briefing held on May 23, 1994, in Anchorage. A paper on earthquake potential in 
Alaska was presented at the Applied Technology Council/USGS Special Session on Regional 
Earthquake Potential in the United States at the Fifth U.S. National Conference on Earthquake 
Engineering in July 1994.

6. SMA records with calibrations but no earthquake signals were recovered from thirteen 
sites, of which all but three were operating. All SMA sites were operational upon departure. 
The three failures were due to defective batteries, and all batteries of this type were removed 
from service.
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Figure 1. Shallow earthquakes (depths above 30 km) from October 1993 to September 1994 located by AEIC in southern and central 
Alaska. Solid lines show Neogene and younger faults after Plafker and others (1994), and heavy dashed contour indicates 
approximate extent of Yakataga seismic gap.
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Figure 2. Earthquakes from October 1993 to September 1994 located at depths of 30 km and greater by AEIC in southern and central 
Alaska. Most of these events occurred within the subducted Pacific plate. PWS - Prince William Sound. Other map features 
are labelled in Figure 1.
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Investigations

1. Landers ruptures:
The original goal of this project was to map surface ruptures produced by the 
1992 Landers earthquake on aerial photographs (l:2.4k to l:6k), to rectify and 
merge the resultant images using computer techniques, to field check the 
resultant rupture maps, and to publish a strip map at l:12k of the rupture 
pattern. However, owing to dispersal of budgeted OE for overhead expenses 
(space, etc.) this project could not be completed as proposed. Consequently, a 
more modest goal of completing a l:100k map of horizontal slip based on early 
field work was adopted.

2. Vertical crustal deformation in the San Francisco bay region:
Following the Northridge earthquake a CONCERT working group was organized 
to assess the seismic hazard from active folding and blind thrusting in the bay 
region. As part of this effort, a collaborative study with Robert Simpson and 
Dave Oppenheimer was initiated to investigate the style and rates of vertical 
crustal deformation in the San bay region using computer-based geomorphic 
analysis.

3. Electron-spin resonance (ESR) dating of Quaternary marine shells:
A broadly applicable dating technique that covers the last million years is badly 
needed for studying Quaternary tectonics. The goal of this study is to help fill this 
need. Tracy Furutani (University of Washington, previously USGS) completed a 
study investigat-ing the feasibility of dating Quaternary marine shells by the 
Electron-Spin Resonance (ESR) technique. This study was initiated and partially 
funded by the USGS Coastal Tectonics project.

4. High-precision Argon 40-39 dating of rhyolitic tephra in Mono Basin, California: 
The Argon 40-39 laser-probe dating technique holds considerable promise for 
directly dating Holocene volcanic materials. However, the lower age limit of the 
technique has not been established. To address this problem a collaborative study 
was initiated with Derek York and Yanshao Chen (University of Toronto) to
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analyse sanidine from 24 independently dated (36ka to Ika) rhyolitic tephra 
deposits in Mono Basin.

Results

1. Landers ruptures:
Slip data acquired during field investigations immediately following the Landers 
earthquake were not collected systematically. Consequently, coverage is not 
uniform and some field measurements cannot be reasonably interpreted. The 
reliable data yield relative displacements, which can be used to construct 
displacement profiles of the main, overlapping fault strands. Summing these 
profiles across the entire rupture zone yields an overall profile of lateral 
displacement.

2. Vertical crustal deformation in the San Francisco Bay region:
The ratio of fault-normal to fault-parallel interplate motions is roughly 1:10 in 
the San Francisco Bay region, in marked contrast to a 1:2 ratio in the Transverse 
Ranges of southern California. This contrast suggests that the seismic hazard 
from thrust-type earthquakes is roughly five times lower in the San Francisco 
region than in the northern Los Angeles basin, where the recent Northridge 
earthquake caused fifteen billion dollars in structural damage. However, the six 
billion dollars in damage caused by the Loma Prieta earthquake demonstrates 
that the hazard from thrust-type earthquakes is still considerable in the San 
Francisco Bay area. To asses this hazard, a CONCERT working group was recently 
organized to study active folding and blind thrusting in the San Francisco Bay 
region. As part of this effort, a collaborative study of the general geomorphology 
of the bay area was initiated with Robert Simpson and Dave Oppenheimer. The 
goal of the study is to define the broad, active structures of the area using 
generalized topography derived from computer analysis of l:250k DEM data. In 
active tectonic belts such as the California coast ranges relative topographic relief 
generally reflects relative vertical crustal uplift during Quaternary time. In turn, 
the uplift reflects crustal thickening produced by earthquake-induced folding and 
related thrust faulting. The generalized topography of the area reflects the broad, 
active folds expressed in a few places by coseismic and interseismic deformation. 
Topographic profiles across the northwest trending mountain ranges in the bay 
area reveal relative uplift and subsidence of the structural blocks between strands 
of the San Andreas fault system. Upwarped Tertiary and Quaternary sediments 
along the flanks of some these ranges reflect the time and rate of broad folding 
between the fault strands. Longitudinal profiles of the range crests reveal the 
structural lows and highs within each structural block, and collectively reveal 
the broad structural low occupied by the bay and the drainage from the Central 
Valley. Previous drainages, such as the wind gaps at Pacheco Pass and Pajaro Gap, 
are progressively higher to the southeast, suggesting that the bay area structural 
low is migrating northwestward, possibly in the wake of the triple junction.
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3. Electron-spin resonance (ESR) dating of Quaternary marine shells:
Vertical sequences of emergent marine terraces cut into coastal slopes along 
much of the Pacific Coast of the conterminous United States reflect vertical 
crustal movements in this tectonically active region. Dating these terraces yields 
rates of tectonic uplift and fault displacement. Unfortunately, there is no widely 
applicable dating technique that covers the probable age range of the terraces, 
roughly lOOka to Imy. In the past decade, however, Electron-Spin- Resonance 
(ESR) dating of fossil marine shells in Japan and Europe has shown promise of 
covering this broad time span. Accordingly, a study was initiated within the 
USGS Coastal Tectonics Project to assess the feasibility of dating fossil marine 
shells from emergent marine terraces along the Pacific Coast of the United States 
and Central Chile. Tracy Furutani, formerly with the project, expanded the study 
into his Phd dissertation at the University of Washington. A major impediment 
to testing this or any other new technique is that there are few independent dates 
that can be used for evaluation and calibration of new techniques. This 
shortcoming notwithstanding, Furutani's study produced encouraging results. 
The effective age range of the technique appears to be Holocene to Mid 
Pleistocene, roughly 0 to 900ka, with the error estimates of 7 to 20 percent for ages 
greater than lOOka.

4. High-precision Argon 40-39 dating of rhyolitic tephra in Mono Basin, California: 
Until recently volcanic materials younger than about 50ka could not be dated 
directly. The newly developed Argon 40-39 laser-probe dating technique, 
developed by Derek York at the University of Toronto, yields reasonable dates on 
sanidine down to about lOka. But, because this technique has not been evaluated 
in a controlled experiment, its accuracy and its lower age limit are not known. A 
dating project using sanidine from rhyolitic tephra in Mono Basin, California 
was recently initiated with Derek York to address these uncertainties. Around 
the margins of Mono Lake twenty rhyolitic tephra deposits derived from the 
nearby Mono Craters occur in lake sediments ranging from 36ka to 12ka in age, as 
determined by radiocarbon analyses of algal tufa and ostracodes. In Crooked 
Meadow, 15km southeast of Mono Lake, twenty-two rhyolitic tephra deposits, 
also derived from the Mono Craters, occur in peat deposits ranging from Ilka to 
Ika in age, as determined by radiocarbon analyses on peat. These forty-two 
indirectly dated tephra deposits yield a virtually complete eruptive history of the 
Mono Craters over the past 36ka. Twenty four of deposits yield sanidine grains 
suitable for laser dating. If the initial laser-probe results are promising, carbonate 
or peat samples from beneath each tephra deposit will be dated by the accelerator 
radiocarbon technique at the University of Toronto to improve independent age 
control of the tephra deposits. All carbonate and peat samples for this phase of 
the project have been collected and prepared. Results from this project have 
many potential applications beyond testing the reliability of the Argon 40-39 
technique. For example, the history of eruptions from the Mono Craters and the 
history of fluctuations of Mono Lake over the past 36ka will be more firmly 
established. No USGS funds or time have been used on this project.
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Investigations
Two-color geodimeters are used to survey, repeatedly, geodetic networks within 

selected regions of California that are tectonically active. This distance measuring 
instrument has a precision of 0.1 to 0.2 ppm of the baseline length. Currently, crustal 
deformation is being monitored within the south moat of the Long Valley caldera in 
eastern California, across the San Andreas fault at Parkfield, California, at three loca 
tions near Palmdale, California on a section of the San Andreas fault that is within its 
Big Bend region, and at two locations near Pinon Flat, California. Periodic comparis 
ons with other other two-color geodimeters are conducted both at Parkfield and at 
Mammoth Lakes. These intercomparisons measurements serve as a calibration to moni 
tor the relative stabilities of these instruments.

Results

1. Parkfield
Frequent measurements of length of 17 baseline are made for a geodetic network 

near Parkfield, California (Figure 1). Approximately one-half of these baselines strad 
dle the San Andreas Fault along the segment that last ruptured in 1966. The data from 
these baselines are shown in Figure 2. This data are contaminated by both systematic 
dilatations due to drift in the instrument and localized displacements of monuments 
due to ground swelling from the seasonal rainfall. Computer routines have been writ 
ten to remove systematic dilatations which can be compared with the periodic calibra 
tion measurements using the Parkfield based, two-color geodimeter and the portable, 
two-color geodimeter.

To address the issue of monument stability, we made arrangements with Frank 
Wyatt of UC San Diego to install additional monuments at two sites which have exhi 
bited large seasonal variations. We have selected MIDE and POMO (Figures 1 and 2). 
The monument consists of 5, 10 to 15 meter long, 2.5 cm dia pipe where 4 of the 
pipes are installed into drill-holes oriented at 45° angles with respect to the ground's 
surface, and the fifth pipe is vertical. All 5 pipes are welded together at a point 1
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meter above the ground to establish rigidity. The results of monitoring the lengths of 
these two pair of baselines are shown in Figure 3 and show that these new monu 
ments, termed MIDA and POMM attenuate the seasonal variations. The residual varia 
tions observed with the new monuments are likely due to localized displacement of the 
central monument.

To test whether localized displacement of the central instrument monument is 
responsible for the variations in the new baselines, MIDA and POMM, and other base 
lines within the Parkfield network, we have adjusted the data using least squares esti 
mates of the displacement of the central monument, CARR. Examination of 5 years of 
data spanning the 1989 to 1994 interval show that the accounting for the displacement 
of CARR yields a significant reduction in noise on these baselines.

Reduction of baseline noise from 
displacement of central monument, CARR

BASELINE

MIDA 
BUCK
NORM
HUNT
TURK
MASON
HOGS
LANG
POMM

Baseline 
length 

km

4.65 
2.90
1.06
2.72
2.16
6.27
5.00
4.08
5.60

Nominal 
precision 

mm

0.63 
0.46
0.33
0.44
0.40
0.81
0.67
0.57
0.74

Standard Deviation 
about a linear trend in mm 

No displacement With displacement 
of CARR of CARR

1.87 
1.68
1.46
1.26
1.31
1.64
1.44
1.05
3.11

0.63 
0.61
0.39
0.65
0.53
0.95
0.75
0.99
0.81

2. Southern California
With nearly 14 years of geodetic measurements at Pearblossom, it is worthwhile 

to examine both the line-length changes and inferred strain changes from this 12 base 
line network that straddles the locked section of the San Andreas fault. Using power 
spectral techniques shown in Figure 4, we can observe that the line-length variations 
are composed of 2 components; a frequency independent part that reflects the 0.12 
part-per-million precision of the two color geodimeter and; a frequency dependent part 
that scales with f~2 and is approximately equal to 0.75mm/yr°-5 . In addition, we have 
used simulated line-length change data with appropriate partition of the error budget 
between random walk monument noise and white noise due to the actual precision of 
the instrument and compute strain changes as we would normally process real data. 
We conclude that most of the inferred strain changes from real data that appears 
significant when compared to a white is actually a result of random walk noise in the 
geodetic monuments. We will need to modify the data correlation matrix to include 
non-diagonal terms in the inversion for strain.

3. Northern California, SF Bay
We now have two sets of observations of a network shown in Figure 5 that strad 

dles the junction between the Hayward, Calaveras, and Mission Faults.

515



II

5. Publications
Langbein, J., D. Dzurisin, G. Marshall, R. Stein, and J. Rundle, Shallow and peri 
pheral volcanic sources of inflation revealed by modeling two-color geodimeter 
and leveling data from Long Valley, Caldera, California, 1988-1992. submitted, J. 
Geophys. Res.
Roeloffs, E., J. Langbein, The earthquake prediction experiment at Parkfield, Cali 
fornia, Rev. of Geophysics, 32, 315-336, 1994.
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Two-color Geodimeter Network at PARKFIELD

36* OO 1

35° 50' -

CANN
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HOGS

MASON

239° 30' 239* 40'

FIGURE L A map showing the locations of baselines measured at Parkfield using a 
two-color geodimeter. Measurements using the common station at CARR are made 
approximately 3 times each week.
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FIGURE 'L Plot of two-color geodimeter data for measurements of line-length changes 
using the common station at CARR at Parkfield.
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FIGURE ^ Comparison of line-length changes between 2 pairs of baselines. The base 
lines MIDE and POMO use old style monuments to 2 meter depth and their neighbor 
ing baselines, MID A and POMM use deeply anchor monuments to 10 meter depth. 
The data show that the deeply anchored monuments have less seasonal variations.
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FIGURE 4. A power density spectrum of one of the baselines in the Pearblossom net 

work.
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FIGURE 5. A map showing the location of baselines near Mission Ffesfc wed *Q detect 
strain accumulation at the junction of the Hayward and Calaveras faufr&.
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Parkfield Prediction Experiment

9960-72246

John Langbein

Branch of Earthquake Geology and Geophysics
U.S. Geological Survey 

345 Middlefield Road MS/977 
Menlo Park, California 94025

(415) 329-4853 
email: langbein@shasta.wr.usgs.gov

Program element II

Investigations
This project coordinates the different experiments at Parkfield run by both USGS and 
non-USGS investigators. Some of the experiments are focused on the prediction in the 
short-term of the next Parkfield earthquake. Other experiments will document pre- 
seismic, the co-seismic, and post-seismic events. Both data from seismicity and from 
deformation are examined for significant events. This project has been examining the 
formal rules used in either calling an "alert" or "status-level".

Results

1. Significant Signals
The table summarizes the events in the past 1.75 years that meet established criteria to 
be called either an "alert" or "x-level status". For purposes of semantics, low-level 
signals which meet the "C" and "D" levels are called "status-levels", and the larger 
signals which meet the "A" and "B" levels remain as "alerts".

2. A-level alert of November 1993
In mid-November 1993, the Parkfield earthquake experiment had its second A-level 
alert where we advised the CA. Office of Emergency Services of a significant likely- 
hood of a M6 earthquake at Parkfield. Figure 1 shows the location of the M4.8 earth 
quake that triggered this alert and its spatial relation with the previous A-level earth 
quake and the 1966 M6 mainshock.

4. Publications
Roeloffs, E., J. Langbein, The earthquake prediction experiment at Parkfield, Cali 
fornia, Rev. of Geophysics, 32, 315-336, 1994.
National Earthquake Prediction Evaluation Council (NEPEC) Working Group, 
Earthquake research at Parkfield, California, 1993 and beyond; Report of the 
NEPEC working group to evaluate the Parkfield Earthquake experiment, US Geo 
logical Survey Circular, 1116, 1994.
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Table. 1993 Parkfield alerts.

Date
930212 
930215 
930216
930304 
930304
930313 
930313 
930316
930403 
930406 
930408 
930412 
930416
930502
930531

930715
930804
930812
930822 
930823 
930827
930927 
930929
931017
931110 
931113 
931114 
931115 
931118 
931122 
931126 
931130 
931201 
931204 
931205 
921205 
931206
931230

Location
Middle Mtn. 
Middle Mtn. 

Simmler
Middle Mtn. 
Middle Mtn.
Middle Mtn. 

Parkfield 
Parkfield

Middle Mtn.

Middle Mtn. 
Middle Mtn. 
Middle Mtn,
Middle Mtn.
Middle Mtn.

Middle Mtn.
Slack Canyon
Middle Mtn.
Middle Mtn. 
Middle Mtn. 
Middle Mtn.

Gold Hill 
Middle Mtn.
Middlt Mtn.
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn. 

NW of Middle Mtn. 
Middle Mtn. 
Middle Mtn. 
Middle Mtn.
Middel Mtn.

Description
Earthquakes 
Earthquake 
Earthquake

Creep 
Water Well
Earthquake 

2-color 
2-color

Earthquake

Earthquake 
Earthquake 

Creep
Earthquake

Creep

Earthquake
Earthquake
Earthquake
Water Well 
Earthquake 
Earthquake
Earthquake 
Water Well

Creep and water
Earthquake 
Earthquake 
Earthquake 
Earthquake 
Earthquake 
Earthquake 
Earthquake 
Earthquake 
Water well 
Earthquake 
Earthquake 
Earthquake 
Earthquake

Creeo

Size
MT.l 
M2.5 
2.5

0.6mm 
12.6cm
M3.5

M4.4

M2.9 
M>2.4 
0.7mm
M3.1
<lmm

M1.8
M2.5
M1.5

-6.5cm 
M1.2 
M1.9
M3.5 
4.7cm
1.5mm
M1.6 
M2.8 
M4.8 

2 events M>1.5 
2 events M>1.5 

M1.5 
M1.6 

2 events M>1.5 
-10.6cm 

M2.3 
Ml.l 
M1.6 
M1.7
1.2mm

Level
n
C 
D
D 
D
B 
D 
D
B 
D 
C 
C 
D
C
C

D
D
D
D 
C 
D
C 
D
D
D 
C 
A 
C 
C 
D 
D 
C 
C 
D 
D 
C 
C
D

Comments
2 events in 72hrs

at XMM1 
familar combo

Same loc. as 921026 
net contraction 
continuation

2 km shallower than 921020 
step-down from B

2 events 
at XMM1

2 events >0.5 in 1 hour 
at XMD1 & XMM1

PKF region

minor creep xmdl 
2 events and combo rule

XMR1

within 1km of 66 event

combines with eq. 

combine with 921204 event

XMD1

Note. Right lateral creep, water level rises, and compressive strain are positive.
1993 Combined Alert Totals: 1 A alert 2 B alert, 14 C alert, 20 D alerts.
Total alerts since beginning experiment: 2 A alert 4 B alert, 49 C alerts, 116 D alerts.
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Table. 1994 Parkfield alerts.

Date
940104
940125
940128
940211
940215
940224
940301
940408
940420
940427
940531
940710
940801
940901
940907
941005
941 107

Location
Middle Mtn.
Middle Mtn.

Gold Hill
Middle Mtn.

Parkfield
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.
Middle Mtn.

Description
Earthquake
Earthquake
Earthquake
Earthquake
Earthquake

Creep
Earthquake

Creep
Earthquake

Creep
Earthquakes
Water level

Creep
Creep

Earthquake
Water level

Creep

Size
M1.5
M1.5
M2.5
M2.1
M2.7

0.7mm
M2.1

0.6mm
M2.5
I.imm
M1.3
13cm

0.8mm
0.7mm
M3.3
5cm

I.imm

Level
D
D
D
D
D
D
D
D
C
D
D
D
D
D
D
D
D

Comments

too shallow for C
XMM1 and water drop

XMM1

XMD1 and water drop
2 events >M1

0.4mm creep xmdl
XMM1
XMD1

at 4km depth

20ns change, too

Note. Right lateral creep, water level rises, and compressive strain are positive.
1994 Combined Alert Totals: 0 A alert 0 B alert, 1 C alert, 16 D alerts.
Total alerts since beginning experiment: 2 A alert 4 B alert, 50 C alerts, 132 D alerts.
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This plot shows the seismicity associated with the two A level alert 
events in October 1992 and November 1993. This year's event is 
closer to the 1966 hypocenter than last year's event. The new 
seismicity in this plot stays within the aftershock pattern defined in 
the first few housrs after the largest event. The magnitude of 
today's A level event is from 4.7 (USGS, NCSN) to 5.0 (UCB 
synthetic W-A). This plot is complete until 9311151423. UT.

Andy Michael, USGS

October 1992 to Nov 15 '93 1H23 UT
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RAPID QUANTIFICATION OF EARTHQUAKE FAULTING IN THE WESTERN U.S.

Award* 1434-94-G-2442

P.I.: ThorneLay

University of California, Santa Cruz

Earth Sciences Department
Earth and Marine Science Building, UCSC
Santa Cruz, CA 95064

Phone: 408-459-3164
Fax: 408-459-2127
e-mail: thorne@earthsci.ucsc.edu

Program Element: II

Investigations Undertaken:
Under this project, source parameters of moderate to large size (Mw > 4.5) earthquakes in 

the western United States from 1992 to 1994 were determined by point-source moment tensor 
inversion of complete long-period (T > 35-50 s) ground motions recorded at regional distances (1° 
- 12°). Stable long-period signals are obtained by lowpass filtering records from the very broad 
band seismometers recently deployed in several networks in western states (TERRAscope, 
operated by Caltech; BDSN, operated by U.C. Berkeley; and IRIS-University Stations). These 
filtered signals are dominated by fundamental mode Rayleigh and Love waves, which have very 
simple waveforms due to the limited dispersion on the short paths to regional stations. Since long- 
period motions are relatively insensitive to the attenuation model and crustal structure used in the 
inversion, they provide robust constraints on the seismic moment and faulting geometry as long as 
adequate azimuthal coverage is available.

Comparisons of solutions for 21 events with results of other regional and teleseismic wave 
inversions were made to assess the model dependence and uncertainties of our Regional Centroid- 
Moment Tensor (RCMT) solutions. RCMT inversion has limited source depth resolution for 
shallow crustal events, but the focal mechanism and seismic moment determinations prove quite 
stable over a range of source depths in the crust, as well as over a range of crustal propagation 
models. Simultaneous waveform inversion of shorter period body wave signals can improve the 
source depth resolution. By applying path corrections for heterogeneous crustal structure, shorter 
period surface wave energy can also be inverted, allowing the methodology to be extended to 
lower magnitude regional events as well. The RCMT procedure requires minimal signal 
processing, only a sparse broadband network, and a simple laterally homogeneous propagation 
model, thus it can readily be automated and applied in near real-time to events in the magnitude 
range from 4.5 to 7.5 distributed over an area as large as the western U.S.. We are presently 
collaborating with broadband array operators in Mexico, Japan, and Alaska to implement our 
methodologies in their local routine analysis of regional faulting.

An additional detailed analysis of the 21 September, 1993 Klamath Falls earthquake 
sequence in Oregon was undertaken in collaboration with researchers at the University of 
California, Berkeley. A variety of waveform analysis methods was applied to the 
mainshock/aftershock sequence, for events ranging in size from Mw = 3.8-6.0. An empirical 
Green function inverse method was applied to estimate kinematic source parameters of the two Mw 
= 6.0 mainshocks. Both events were found to have ruptured northwestward on adjacent segments 
of the Lake of the Woods system of normal faults. The two mainshocks abut in the vicinity of a 
10°-20° clockwise rotation of the fault system, which may have initially acted as a barrier, 
preventing a larger through-going event.
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Results:
The Regional Centroid Moment Tensor (RCMT) procedure is the regional counterpart to the 

teleseismic CMT method used by Harvard, as it involves moment tensor inversion of long-period 
seismic waveforms stabilized by simultaneous relocation of the epicenter and a centroid time shift. 
The basic theoretical framework for such moment tensor inversions is unchanged from the CMT 
development. The theoretical seismograms are computed by either normal mode summation or 
wavenumber integration, and various source velocity models have been considered. Regional 
long-period (T > 35-50 s) ground motions such as in Figure 1, are dominated by Pn/and 
fundamental mode surface waves. The overlap of body wave phases and fundamental mode 
surface waves in the filtered regional waveforms complicates a separate windowing of body waves 
and surface waves, as in teleseismic CMT inversions, so complete long-period ground motions are 
inverted in RCMT. Three component recordings are used to exploit the radiation patterns of 
Rayleigh and Love waves and the relative excitation of long-period surface waves and body 
waves.

The data going into the inversion are bandpass filtered VBB displacement records of 10-15 
minute duration from BDSN, TERRAscope and IRIS/University stations for western United States 
earthquakes with Mw > 4.5. Earthquakes with Mw > 5 excite seismic periods longer than 50 s well 
above noise levels, so a lowpass filter with this cut-off is usually used, although for events larger 
than magnitude 7 it is useful to filter more heavily. Recordings at distances up to 1500 km span 
less than 7 wavelengths for T > 50 s so that effects of dispersion, attenuation and focusing are 
relatively small. Therefore accurate simulation of regional long-period waves can be achieved even 
with laterally homogeneous velocity models as simple as a layer over a halfspace. Smaller 
magnitude earthquakes (Mw = 4.5-5.1) can be analyzed using somewhat shorter periods (T > 35 s) 
without requiring a detailed crustal model by restricting to stations within 300 km of the 
earthquake. Given the numerous VBB stations available in the western U.S., we select the highest 
quality waveform data, eliminating noisy traces, and retaining about 4-6 well distributed stations to 
ensure stable inversions. Adequate sampling of the Love and Rayleigh wave radiation patterns is 
critical to obtaining a stable solution. Inclusion of additional stations is straightforward, but 
typically has little effect on the solutions.

Errors in origin time, earthquake mislocation, effects of source finiteness, and inaccurate 
velocity model cause phase misalignments between observed and point-source synthetic 
seismograms, complicating accurate estimation of the moment tensor with time domain inversion 
methodologies. The Centroid Moment Tensor (CMT) inversion strategy effectively reduces phase 
misalignments by combining the inversion for moment tensor with an optimization of "centroid 
location", which includes epicenter and origin time. RCMT inversions using the PREM model 
typically yielded epicentral relocations of 5-15 km and positive origin time shifts of 8-12 s, with 
the time shifts being fairly uniform throughout the region. These systematic biases result from the 
21.4 km thick crust and 3 km thick water layer in PREM, which is a poor approximation to the 
shallow structure in the western United States. The origin time shift absorbs most of the phase 
misalignments caused by using the PREM model while the epicentral relocations are relatively 
unimportant in the inversion optimization given the low frequency signals that are used. Of course 
it is not necessary to use PREM, and we have now incorporated more realistic regional crustal 
models.

For the applications in this project, we omit optimization of epicentral location, based on an 
analysis of the stability of our long period inversions for various crustal models and focal 
mechanisms, but we still optimize the centroid time by cross correlation of waveforms or 
waveform envelopes. Source depth is estimated by searching over trial depths, as in most 
inversion methods. We use a wavenumber integration method to construct the complete regional 
synthetics, since it is cumbersome to compute complete normal mode data sets for various crustal 
models. For all of the earthquakes studied we perform RCMT inversions using three models; 
WUS, SC and PREM. Model WUS, developed from phase velocity measurements of surface 
waves through the western U.S (Charles Ammon, personal communication, 1993), and model SC 
(developed in Southern California) differ in average crustal velocities by 5%, but nonetheless result
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in very comparable moment tensor solutions and variance reductions. Model PREM, with a 
thinner crust than WUS and SC, results in somewhat poorer waveform fits although the best- 
fitting focal mechanisms are very similar to those obtained with WUS and SC. The effects of the 
velocity model on the estimates of source depth and seismic moment can be best understood by 
considering inversion results for the various models.

Inversions for a selection of 21 earthquakes in 1992-1994 (Table 1) are considered. These 
events are well-distributed throughout the western United States, range in magnitude from 4.5 to 
6.6 and have variable mechanisms (Figure 2). Examples of the waveform fits achieved for two of 
the larger events in the Western U.S. in the last two years are shown in Figure 3. The simple 
long-period signals can be very well modeled and give good resolution of the source parameters 
without the need for detailed crustal structure information on each path (which is not available for 
most paths). Solutions from other regional wave inversion methods and the Harvard teleseismic 
CMT solutions for the larger earthquakes are available for comparison. In general, we find (Figure 
4) quite good agreement in the overall focal mechanism geometry between the results of different 
methods. Many of the isolated cases of significant disagreement have been investigated and can be 
attributed to poor signal quality, limited azimuthal coverage, or other limitations that may apply to 
either all or specific methodologies. We have analyzed in the detail the relative estimates of source 
depth and seismic moment, finding that scatter of around 5 km in source depth and 50% in seismic 
moment exist between different methods (Figure 5). The results of the RCMT method are 
generally intermediate, and appear to be particularly stable due to the excellent quality of the data 
used in each inversion. We use model WUS for most events, but model SC is used for some 
southern California events (Table 2).

Preliminary results have been obtained using regional short-period phase velocity tomography 
models to develop path specific corrections, which are introduced into the waveform inversion. 
This appears to hold promise for enabling inversion of periods as short at 10-20 s in the RCMT 
procedure, as long as a suitable phase velocity model is available. We have also performed 
simultaneous inversion of the long-period information and windowed broadband shorter-period 
body wave signals, such as Pnl, which has the potential to improve both source depth and focal 
mechanism resolution. Work on these areas is continuing.

The work described here has been submitted for publication in two articles:

Ritsema, J., and T. Lay, Long-period regional wave moment tensor inversion for earthquakes in 
the Western United States, J. Geophys. Res., submitted August 18, 1994.

Dreger, D.S., J. Ritsema, and M. Pasyanos, Broadband analysis of the 21 September, 1993, 
Klamath Falls earthquake sequence, Geophys. Res. Lett., in press, 1994.
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St George-Utah at ANMO

Broadband
A = 675 km
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Figure 1. Vertical (Z), radial (R), and transverse (T) component recordings of the St. George, 
Utah earthquake at station ANMO (Albuquerque, New Mexico). Top: Broadband displacements. 
Bottom: low pass (T > 50 s) filtered displacements.
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Western United States earthquakes 1992-1994

Figure 2. Focal mechanism and epicentral location of earthquakes studied.
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PFO

Event 10: Eureka Valley, 17 May 1993

COR

100 200 300 200 400

0 200 400

Time since origin time (s)

o 200 400 
Time since origin time (s)

o
ANMO

Depth = 10 km 
M0=9.910 7Nm

stations: COR.BKS.PFO.TUC.ANMO 
variance reduction: 91.7 %

Event 21: Eastern Idaho, 3 February 1994
COR

200 300 200 400

0 200 400 
Time since origin time (s)

o Depth = 4 km 
Mg=4.21017Nm

0 200 400

Time since origin time (s)

stations: COR.YBH.CMB.PAS.TUC.ANMO 
variance reduction: 81.0 %

Figure 3. Waveform fit (dotted lines) to observed (solid lines) vertical (Z), radial (R) and 

transverse (T) component waveforms of events 10 and 21. Waveforms are analyzed at 

T > 50 s. Best fitting source mechanism is given below the waveform fit.
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Comparison of focal mechanism
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Figure 4. Comparison of best double couple focal mechanisms obtained with method 1 (RCMT), 
method 2 (time domain body waveform inversions by Doug Dreger), method 3 (short-period 
surface wave spectral inversions by Mike Pasyanos), method 4 (short-period surface wave spectral
inversions by Hong-kie Thio), and method 5 (Harvard CMT).
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Figure 5. a. Comparison of source depth estimates from methods 1, 2, 3, 4, 5, PDE depths, and 
depths estimated by teleseismic body waveform modeling (see Figure 4 for definition of methods). 
Arrow highlight significant discrepancies, b. Comparison of seismic moments relative to RCMT 
(solid horizontal line). The dotted line represents an estimated 40% seismic moment uncertainty 
for RCMT.
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Microearthquake Data Analysis 

4-9930-10053

W. H. K. Lee
U.S. Geological Survey
Branch of Seismology

345 Middlefield Road, Mail Stop 977
Menlo Park, California 94025

(415)329^781

Investigations

The primary focus of this project is the development of state-of-the-art computation for analysis of 
data from microearthquake networks. For the past twelve months I have been involved in:

(1) Northridge Aftershocks. Shortly after the January 17, 1994 Northridge, California earthquake, a dense 
seismic array was deployed to study the site response in the Northridge area using the aftershocks as natural 
sources and also explosives and a shear wave generator as artificial sources, three sites were occupied: 
Tarzana, VA Hospital, and Potrero Canyon. We found large variations of ground motion on scale of tens of 
meters, especially at Tarzana. The processed data were released in May, 1994, in Lee et al. (1994), and were 
used in papers presented in (Spudich et al, 1994, Lee et al. 1994, and Spudich, Hellweg and Lee, 1994).

(2) San Francisco Bav Faults. A search of San Francisco Bay Faults using on-shore high-resolution 
seismic imaging along the San Mateo Bridge, Foster City, California was conducted in collaboration with 
R. D. Catchings and M. Rymer. A paper summarizing the preliminary results is given by Catchings et al. 
(1994). The high-resolution seismic imaging was conducted using a PC- based seismic system designed by 
me.

(3) Site Response in Santa Cruz. I also provided a PC-based seismic system to Williams et al. (1994) to 
conduct site response study in Santa Cruz, California.

(4) Landers Fault Zone Studies. A joint experiment with the Southern California Earthquake Center was 
conducted to study the Landers Fault Zone using a dense seismic array designed by me. Some results of 
this study have been published in Li et al. (1994a; 1994b).

(5) Design ant,} ympVfncptatioD of a Prototype Earthquake Warning System for Taiwan. Under a 
cooperative program between USGS and the Taiwan Central Weather Bureau, a prototype earthquake 
warning system has been implemented. A modern digital seismic network with rapid response time (10-20 
sec after an earthquake occurred) was installed in the Hualien area of Taiwan by Nanometrics of Canada 
under my supervision. At the same time, Quanterra is under contract to supply three broad-band digital 
seismic stations of our specification. The Hualien network and the broad-band stations have been in 
operation since summer of 1994. We are now testing the reliability of hardware and software.

(6) Training Course on PC-Based Seismic Systems. A one-week training course on how to design, 
implement, and operate PC-based seismic systems was conducted by me in October, 1994. The course was 
attended by over 30 seismologists from seven countries, including about 10 professors.

Reports

(1) Lee, W. H. K., (1994). A project implementation plan for an advanced earthquake monitoring system 
in Taiwan, Report submitted to the America Institute in Taiwan, 89 pp., May 1993; U. S. Geological 
Survey Open-File Report, 94-004, 89 pp.

(2) Lee, W. H. K., White, D. H., Harlow, D. H., Rogers, J. A., and Spudich, P., (1994). Digital 
Seismograms of selected aftershocks of the Northridge earthquake recorded by a dense seismic array on 
February 1 1, 1994 at Cedar Hill Nursery in Tarzana, California, U. S. Geological Survey Open-File 
Report, 94-234, 78pp.
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(3) Spudich, P., Harlow, D., Lee, W. H. K., Rogers, J., and White, R., (1994) . Strong site effects 
observed at the Tarzana accelerograph site using aftershocks of the 1994 Northridge, California earthquake: 
Implications for microzonation (Abstract), SSA 94 Program for Northridge Abstracts, No. 55.

(4) Lee, W. H. K., Catchings, R. D., Gibbs, J. F., Spudich, P., and White, R. A., (1994). Observations 
of Northridge aftershocks and artificial sources in Tarzana, California, using a dense seismic array 
(Abstract), EOS, V75, No. 44, p. 167.

(5) Spudich, P., Hellweg, M., and Lee, W. H. K., (1994). Directional site resonances and topographic 
effects observed at the Tarzana accelerograph site using aftershocks of the 1994 Northridge, California 
earthquake, (Abstract), EOS, V. 75, No. 44, p 167.

(6) Williams, R. A., Pratt, T. L., Cranswich, E., Carver, D. L., Worley, D. M., and Lee, W. H. K., 
(1994). Preliminary site response in Santa Cruz, California, using controlled seismic sources, (Abstract), 
EOS, V.75, No. 44, p. 447.

(7) Catchings, R. D., Kohler, W. M., Rymer, M., and Lee, W. H. K., (1994). A search for San Francisco 
Bay faults using on-shore high-resolution seismic imaging along the San Mateo Bridge, Foster City, 
California, EOS, V. 75, No. 44, p. 684.

(8) Li, Y. G., Aki, K., (1994a). Seismic guided waves trapped in the fault zone of the Landers, California 
earthquake of 1991, Journal. Geophys. Res., V. 99, p 11705-11722.

(9) Li, Y. G., Vidale, J. E., Aki, K., Marone, C. J., and Lee, W. H. K., (1994b). Fine structure of the 
Landers fault zone: segmentation and the rupture process. Science, V. 265, p. 367-370.
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Investigation of Stress Regimes and Crustal Fracturing in the Los 
Angeles Basin Based on Shear-Wave Splitting Data

1434-94-G-2462 
Program Element I

Yong-Gang Li
University of Southern California 

Southern California Earthquake Center
Los Angeles, CA 90089-0740

213-740-3556; Fax: 213-740-8801
e-mail: ygli@coda.use.edu

INVESTIGATION

Our investigation has two main objectives: 1. to map subsurface stress regimes in 
the Los Angeles basin and 2. to evaluate the crustal crack density beneath the basin 
using shear-wave splitting data. We also search for probable temporal changes of shear- 
wave splitting associated with major earthquakes in the Los Angeles basin and adjacent 
areas.

The Los Angeles basin is located at the juncture of the east-west trending 
Transverse Ranges and the northwest trending Peninsular Ranges (Figure 1), and is 
currently undergoing the N-S compression. It consists of a deep central basin, with folded 
and uplifted eastern, northern and southwestern flanks. The basin is filled with a thick 
section of Tertiary and Quaternary sedimentary rocks (up to the depth of 9 km in the 
central basin). The major Holocene surficial faults in the basin are the Newport-Inglewood 
fault and Whittier fault; both of them are strike-slipping at depth. The Santa Monica and 
Sierra Madre fault systems are northward dipping reverse faults. Many strands of these 
systems do not break the earth's surface, instead being draped with fault propagation 
folds. Thus, apparently the style of deformation in the basement beneath the Los Angeles 
basin may be distinctly different from that in the sedimentary section and cannot be easily 
inferred from near-surface observations.

Within this tectonic framework, the relatively high seismicity of the Los Angeles 
basin is characterized by scattered foci. Most of the large earthquakes in the basin area 
appear to be located below the sedimentary layers, with the maximum depth of the 
seismogenic zone at about 18 km. Recent major seismic events in the great Los Angeles 
basin area, including the 1971 M6.6 San Fernando, 1987 M5.9 Whittier Narrows, 1989 
M4.6 Montebello, 1990 M5.5 Upland, 1991 M5.8 Sierra Madre and 1994 M6.8 
Northridge earthquakes, attest the existence of active faulting in apparent response to 
regional N-S compression. This compression can be expected to preferentially open 
vertical microcrakes whose long dimensions are in the N-S direction.

Geological observations in various tectonic regimes demonstrate the existence of 
near-vertical planes of fluid-filled cracks which are aligned parallel to the direction of the 
maximum compressive stress as determined by macrostructural criteria. Microcracks are
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opened by crustal fluids and remain open in the direction of the least principal stress. 
Because of their small dimensions and low elastic stiffness, microcracks can, in principle, 
respond to changes in regional or local stress and strain. This relationship between 
microcracks and crustal fluids and their potential response to contemporary crustal stress 
and strain has been mentioned as an possible precursor of earthquake. A prominent 
feature of fracture-related rock is effective seismic anisotropy due to aligned fractures and 
microcracks. In the cracked medium, the shear wave is retarded if the shear displacement 
vector is normal to planes of weakness that exist for aligned microcracks. In contrast, the 
shear wave with displacement parallel to planes of weakness is advanced.

In the present research, we use shear-wave splitting data from earthquakes 
occurring beneath the Los Angeles basin to investigate the stress regimes and crustal 
fracturing at depth, and to search for evidence of temporal variations in shear-wave 
splitting associated with major earthquakes in the region.

RESULTS

We completed a systematic analysis of three-component seismograms from 
earthquakes occurring beneath the Los Angeles basin during a period from 1988 to the 
present. The data used in this study are recorded at ten three-component stations of the 
USGS/USC Los Angeles Basin Seismic Network which has seventeen stations in the 
basin and adjacent areas, including twelve three-component stations (Fig. 1, top). Most 
three-component stations are changed from single-component stations recently. Stations 
SCS, LNA and SAT are located in the sedimentary basin. Stations DHB, IPC, LCL and 
RCP are located along the Newport-Inglewood fault. Station PVP is located near the 
Palos Verdes fault. Station FLA is located in the vicinity of the Whitter fault. Station GFP 
is located on the border of the Santa Monica fault. DHB, FLA, LCL, PVP, SAT are 
borehole stations at depths of 415 m, 436 m, 98 m, 25 m and 396 m, respectively. SCS is a 
multi-station site in the campus of USC.

In this study, we examined seismograms from ~500 earthquakes occurring within 
shear-wave windows (Within the shear-wave window, the affect of S-P conversion at 
ground surface on shear-wave splitting observation can be avoided.) of ten stations using 
the ratio method for an objective analysis of shear-wave splitting data. This method is 
defined as the ratio of the total projections of particle displacements onto a pair of 
orthogonal axes in a time window between the two split shear wave arrivals. It is 
calculated as a function of azimuth on a plane perpendicular to the direction of wave 
propagation. The maximum ratio indicates the azimuth of the most linear particle motion. 
The results from three-component data recorded at site SCS during 1988 to 1993 have 
been reported in our paper (Li et al., 1994).

Fig. 3 and Fig. 4 show new results from a systematic analysis of the data recorded 
at ten stations. The data show 20 to 160 ms shear-wave splitting for earthquakes 
occurring at depths 5 to 20 km beneath the Los Angeles basin. Shallow events exhibit 
little splitting, while deeper events show progressively greater splitting with depth (Fig. 
2). The preferred polarization of the fast shear wave is either nearly in N-S which is 
consistent with the direction of the regional maximum horizontal compressive stress or in 
the direction of local subsurface fault strikes at station GFP and PVP (Fig. 1, bottom). We 
interpret that the shear-wave splitting is caused by liquid-filled crustal microcracks
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aligned in the N-S direction or macrofractures associated with the local faulting. The 
subsurface stress axes inferred from the shear-wave spitting data are consistent with 
results from geological mapping and fault plane solutions in the Los Angeles basin area. 
The shear-wave splitting observed in the Los Angeles basin area is ~2-8 ms/km, with the 
higher value at the north end of the Newport-Inglewood fault.

Ray-trace modeling (Li et al., 1994) indicates that observations of shear-wave 
splitting can be explained in terms of an anisotropic crust containing vertical cracks with 
the crack density of 0.03-0.06, with a higher crack density at the northwestern part of the 
Los Angeles basin. It infers the northwestern part of the basin is undergoing a higher 
stress level than the other part of the basin.

Shear-wave splitting data also show fairly rapid changes in delay times of the slow 
shear wave during the Montebello earthquakes of 1989 (Fig. 4), which occurred within 
the shear-wave window of station SCS. The delay time sharply decreased from 70 ms to 
less than 20 ms after the mainshock and then returned to the average level gradually. This 
rapid variation of shear-wave splitting might be resulted from stress-induced modification 
to crack geometry and changes in pore-fluid velocity near the source region. The aspect 
ratio of fluid-filled cracks might abruptly decrease in response to the local stress relaxation 
during the mainshock. We also observed somewhat changes of shear-wave splitting (~2 
ms/km) before and after the Northridge earthquake of 1994 at stations IPC, SCS and DHB 
which are located in the northwestern Los Angeles basin about 20 to 30 km away from 
the source region (Fig. 4). We plan to conduct a systematic examination of the data 
recorded by portable instruments deployed at San Fernando Valley before and after the 
Northridge mainshock for further understanding if the shear-wave splitting may be a 
possible earthquake precursor.

PUBLICATIONS AND REPORTS

Li, Y. G., T. L. Teng and T. L. Henyey, Shear-wave splitting observations in the Northern
Los Angeles basin, southern California, Bull. Seism. Soc. Am., V84, No. 2,307-323,
1994. 

Li, Y. G. and T. L. Henyey, Shear-wave splitting observations in the source area of the
Northridge, California, earthquake of 1994, Seis. Res. Lett., V65, No.l, Program for
Northridge Abstract, p!8, 1994. 

Li, Y. G. and T. L. Henyey, Observations of shear-wave splitting in source areas of 1992
Joshua Tree and Big Bear Earthquakes, EOS, Trans. Am. Geophys. Union, V73. No.
42, p382, 1992. 

Li, Y. G, Shear-wave splitting in the Los Angeles basin, California, in preparation.
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Fig. 1 Top: An overview of the Los Angeles basin and adjacent areas. The major surficial faults in 
this area are plotted by solid lines. Structure-contours on base of Reppetto formation, a lower 
Pliocene horizon (ca. 4.5 Ma) are plotted by thin lines with the contour interval of 2000 ft (adapted 
from Wright, 1991). Solid circles and triangles are three-component and single stations of the Los 
Angeles basin seismic network, respectively. Open triangles are stations of the USGS/Caltech 
southern California seismic network. Bottom: The map shows rose diagrams of polarizations of fast 
shear waves for earthquakes within shear-wave windows of ten three-component stations on the 
lower hemisphere out of 50°.
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Fig.2 Left: Horizontal components of seismograms from earthquakes within the shear-wave 
window of station SCS, and with increasing focal depths from 5.2 km to 18.2 km (from the top to 
bottom frame). Solid lines denote onsets of the fast shear waves while dashed lines denote onsets of 
the slow shear waves. Middle: Ratio diagrams corresponding to seismograms to left. Right: Plots 
of ratio vs. lag time for these events. The peak ratio corresponds to the time separation between two 
split shear-waves.
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Fig. 3 Left: Equal-area projections of polarizations of the fast shear waves from earthquakes 
within shear-wave windows of eight stations SCS, DHB, IPC, GFP, PVP, LCL, LNA and RCP 
(from the top to bottom frame). Middle: Equal-area projections of normalized time separations 
between two split shear waves from events within the eight shear-wave windows on the lower 
hemisphere out of 50°.
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Fig. 3 (Continue) Circles indicate the time separations normalized by hypocentral distances of 
events, radii of the circles are proportional to the length of the time separation. Right: Rose 
diagrams of polarizations on the lower hemisphere out of 5CP with the centers at these eight stations.
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distances for earthquakes within the shear-wave window of the corresponding station. The raypaths 
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Fig. 4 (Continue) Bottom frame: The plot of normalized time separations between two split shear 
waves from earthquakes having raypaths with incident angles to the station smaller than 38° versus 
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Montebello events are denoted by open circles. Arrows denote the occurrences of the Montebello, 
Upland, Sierra Madre, Joshua Tree, Landers, Big Bear Lake and Northridge earthquakes.

544



II
Slip History of San Andreas and Hayward Faults

9960-12376
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U.S. Geological Survey, 345 Middlefield Road, MS 977
Menlo Park, California 94025

jlienk@isdmnl.wr.usgs.gov; (415) 329-5642
Program Element n

Investigations

Determine slip rates and earthquake recurrence times on San Andreas and Hayward Faults. 
Compare rates of geologically determined surface slip to rates of historic creep and 
geodetically determined deep slip. Analyze effects of structural complexity and fault 
segmentation upon inferring recurrence from slip rate.

Results

1. Creep Rates, Hayward Fault. With two surveying teams from USGS and SF State 
University, we measured 33 Hayward fault arrays during a 5 day sweep in late Summer 
1994. We confirmed and revised the interesting results on creep rate for the initial 3 years 
(1989-1992) of precision monitoring of about 20 arrays established for observing afterslip 
expected in the next major earthquake on the Hayward Fault [Lienkaemper, Gatehouse, and 
Simpson, 1993]. Creep rate along most of the fault since the 1989 Loma Prieta Earthquake 
(LPE) until summer of 1992 averaged only 70 ± 10 percent of the long-term rate. At the 
southeast end where long-term rates have been about 9 mm/yr right-lateral, the post-LPE 
creep rate continues until December 1993 at 0-2 mm/yr left-lateral. This reversal in the 
direction of creep rate is a predictable effect of modelled static stress changes and can be 
expected to continue for at least another year at our southernmost array. From central 
Fremont northward, creep rate has at most sites returned to normal (where long-term rate is 
5-6 mm/yr ), but at some sites creep is still retarded (where long-term rate is 3.5-5 mm/yr). 
Detailed results and scientific summaries of these recent and other longterm creep 
investigations will become available next year in various written and digital formats.

2. Holocene Slip Rates, Masonic Site. This work was completed and submitted to a special 
paleoseismology issue of Journal Geophys. Res. (January 1996) [Lienkaemper and 
Borchardt, submitted]. Archival field logs were digitized and are available on optical disks 
for the cost of reproduction. A new paleoseismology site on the Hayward Fault, Montclair 
Park in Oakland, was permitted during this period and trenched during the next period. 
Results will be reported during next period.

3. Hayward fault, telemetered creepmeter siting and installation with R.G. Bilham and 
K.S. Breckenridge. We chose several sites for a 3-yr installation program that began in 
November-December 1993 with installation of the first device in southern Fremont using 
30-m deep concrete piers that will also be monitored for pier tilt. A second instrument has 
been in installed at Palisade Dr in Hayward and permitting for other sites is in progress.
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Reports

Lienkaemper, J.J., and G. Borchardt, submitted, Holocene slip rate of the Hayward 
Fault at Union City: [submitted to Jour. Geophys. Res.]

Lienkaemper, J.J., J.S. Galehouse, R.W. Simpson, and K.S. Breckenridge, 1993, 
Creep slowdown since the 1989 Loma Prieta earthquake (LPEQ) continues on the 
Hayward fault, California: EOS, Transactions, Am. Geophys. Union, v.74, 192.
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CRUSTAL STRAIN
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Investigations

The principal subject of investigation was the measurement and analysis of crustal 
deformation within tectonically active areas of the United States. Almost all measurements 
were made with Global Positioning System (GPS) receivers. All data was archived and 
reduced by personnel from the Crustal Strain project. In Table 1 we list the networks 
surveyed during FY 1994 along with details about the data collected by personnel from the 
Crustal Strain project.

In the San Francisco Bay Area, we surveyed a series of profiles, including one spanning the 
rupture zone of the Loma Prieta earthquake. We also observed our Farallon-Sierra arc. We 
carried out several studies in the East Bay, near the Hay ward fault. We re-surveyed several 
small-aperture networks spanning the Hayward fault. We also performed GPS surveys of 
alinement arrays put in by Jim Lienkaemper (USGS) and John Galehouse (San Francisco 
State University). In cooperation with Malcolm Johnston (USGS), Doug Myren (USGS), 
and Rich Clymer (U.C. Berkeley), we set GPS monuments near borehole strainmeters in the 
East Bay.

In southern California, we continued surveys of the Bessemer profile in order to monitor 
post-seismic strain diffusion after the Landers earthquake. We also surveyed several monitor 
networks, the Salton profile, and the Barstow and Garlock networks. Northridge dominated 
much of our southern California effort. In cooperation with Ken Hudnut, the Southern 
California Earthquake Center, JPL, the Scripps Institution of Oceanography, and various Los 
Angeles city and county agencies, we participated in GPS monumentation and observation.

In July 1994, we observed the Fallen/Excelsior and Mammoth networks. We re-surveyed 
our Pacific Northwest GPS networks just before the September 1, 1994 earthquake (M 7) on 
the Mendocino transform fault. In cooperation with Stanford University, we carried out a 
post-seismic survey in late September.

The Bay Area Regional Deformation (BARD) permanent GPS array continued to 
expand in 1994. The network is a cooperative effort between the USGS, University of 
California at Berkeley (Barbara Romanowicz, Rich Clymer), Lawrence Livermore (Shawn 
Larsen), Trimble Navigation (Brian Frohring), and Stanford University (Paul Segall, Jeff 
Freymueller). Table 2 shows the institution, start date, and receiver type at each BARD
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Table 1. Field Surveys FY 1994

Project

BARD
Bessemer Mine
S. Cal Monit
Geodolite/GPS
Loma-Monit
Geodolite/GPS
Geodolite/GPS
Small Nets + AA
Loma-Profile
Northridge Resp.
Northridge Resp.
Salton Profile
Northridge Resp.
Far allon- Sierra
Northridge Resp.
Garlock/Barstow
Tolay
Strainmeter Ties
NBay-Profile
GG-Profile
CBay-Profile
Profile-Ties
SBay-Profile
Loma-Profile
S. Cal Monit
Bessemer Profile
Northridge Resp.
Loma-GPS
Monterey-Profile
L.A. Monument
Fallon/Excelsior
Mammoth
Pacific Northwest
Mendocino Resp.

Program/Region

NEHRP-SF
NEHRP-SC
NEHRP-SC
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SC
NEHRP-SC
NEHRP-SC
NEHRP-SC
NEHRP-SF
NEHRP-SC
NEHRP-SC
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SF
NEHRP-SC
NEHRP-SC
NEHRP-SC
NEHRP-SF
NEHRP-SF
NEHRP-SC
Core
Volcano Hazards
NEHRP-PN
NEHRP-PN

Start
Date

91/09/12
93/10/05
93/10/07
93/10/26
93/11/02
93/1 1/03
93/11/23
93/12/07
94/01/1 1
94/01/19
94/02/01
94/02/03
94/02/14
94/02/28
94/03/14
94/03/17
94/04/06
94/04/12
94/04/18
94/04/21
94/04/25
94/04/28
94/05/02
94/05/05
94/05/09
94/05/15
94/05/17
94/05/31
94/06/01
94/06/07
94/07/06
94/07/26
94/08/08
94/09/13

Total

Finish
Date

Continuous
93/10/06
93/10/12
93/10/26
93/11/02
93/1 1/03
93/11/23
94/01/10
94/01/13
94/01/23
94/02/02
94/02/08
94/02/16
94/03/04
94/03/15
94/03/24
94/04/06
94/04/12
94/04/20
94/04/21
94/04/26
94/04/28
94/05/04
94/05/06
94/05/14
94/05/16
94/05/18
94/05/31
94/06/03
94/06/17
94/07/18
94/08/03
94/08/25
94/09/19

Peo
pie

5
5
3
5
3
4
5
5
5
5
5
5
5
5
7
3
4
5
5
5
5
5
5
4
5
5
5
5
5
6
6
5
5

Field
Days

2
6
1
1
1
1
8
3
5
2
5
3
5
2
7
1
2
3
1
2
1
3
2
6
2
2
1
3
9

11
7

15
5

128

Tra

vel
Days

1
1

2
1
1
1
1
1
1

1

1

2
2
2
3
2

23

Geod-
olite
Lines

2
5
2
2

11

GPS
Station
Days

13
30

3
6
4
4

43
15
33
16
33
12
26
14
26

6
9

19
5

12

17
14
26
15
11
7
7

63
53
97
33

672

Local
Ties

2

3
3
2
1
6
3
3

1

1
1

1
3

30

GPS
Sta

tions

9
11
28

3
6
4
4

43
15
14
13
24
12
17
13
20

6
9

17
5

12

15
13
26
15
10
6
6

54
44
73
24

571

Local
Sta

tions

2

1
3
3

1
4
3
3

1

1
1

1
1

25

station. Each institution maintains and downloads its receivers. USGS processes the data 
using JPL's precise orbits and GIPSY-OASIS software. UCB runs the data archive (Northern 
California Data Center).
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Table 2 

Bay Area Regional Deformation (BARD) Permanent GPS Array

Station Operated by Start date Receiver type

Briones UCB 09/03/1993 Ashtech Z-12
Chabot USGS 09/12/1991 Ashtech M-12
Columbia UCB 12/11/1993 Ashtech Z-12
Farallon UCB 02/03/1994 Ashtech Z-12
Molate USGS/Trimble 10/15/1993 Trimble 4000SSE
Nunes USGS/Trimble 10/15/1993 Trimble 4000SSE
Stanford Stanford 04/21/1994 Trimble 4000SSE
Tiburon UCB 06/18/1994 Ashtech Z-12
Winton USGS 09/12/1991 Ashtech M-12

GPS Data Reduction and Data Archives

We are able to process GPS data with Bernese (University of Berne), GAMIT (MIT and 
Scripps), and GIPSY-OASIS (JPL) software packages. Until 1993, we processed most data 
with the Bernese software. Mark Murray used GAMIT to process data from the Pacific 
northwest and Northridge (in collaboration with Ken Hudnut). In 1993 we began to process 
data with GIPSY-OASIS II. UNIX scripts, written at USGS, allow us to automate much 
of the processing. The BARD processing is almost completely automated. Various utilities 
allow us to combine solutions obtained with different software packages.

We are developing a UNIX database for easy data retrieval and inspection. As of December 
1994, raw and RINEX data files for 1991 through 1994 are on optical cartridges, and can be 
made available upon request. An index file for the raw data is available now, via anonymous 
FTP, in directory /pub/outgoing/gpsdata on the USGS machine andreas.wr.usgs.gov (IP 
130.118.4.120). This index gives campaign name, station name, 4-character code, raw and 
RINEX file names, start and end times, file length, sample interval, station position, receiver 
type, and comments for each raw data file. The index is complete for 1991 through 1994. 
We have also submitted our most recent data from southern California to the SCEC archive. 
Eventually all our data will be available via anonymous FTP from the USGS-UC Berkeley 
data archives. For more information, send e-mail to kwendt@isdmnl.wr.usgs.gov.

Results

1. Changes in Long-Term Extension Rates Associated With the Morgan Hill and Loma 
Prieta Earthquake in California

Frequent measurements since mid-1981 of the distances from a geodetic monument located 
about 100 km south-southeast of San Francisco to three monuments 30 to 40 km distant 
provide an unusually complete record of the deformation before and after two nearby 
earthquakes, the 1984 Morgan Hill (ML = 6.2) and 1989 Loma Prieta (Ms = 7.1) 
earthquakes. Except possibly for the first few months postseismic, the extension rates 
indicated by these measurements appear to be steady over the four or five years both 
preceding and following those earthquakes. However, the preseismic and postseismic rates 
differ significantly for at least one of the distances measured for each earthquake. The data
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over the four to five year postseismic records available are not adequate to demonstrate that 
the postseismic rates are relaxing back to the preseismic rates.

2. Geodetic Monitoring of the Southern San Andreas Fault, California, 1980-1991

Five geodetic arrays (10 to 40 km aperture) located along the San Andreas fault have 
been surveyed frequently (several times in most years) over the 1980-1991 interval to detect 
possible fluctuations in the deformation rate. In each survey of an array the distances between 
the same four to seven pairs of geodetic monuments were measured. The distances measured 
(with corresponding standard deviation) range from 8.4 km (3.4 mm) to 38 km (8.2 mm). 
The data are displayed as plots of measured distance as a function of time. Linear fits in 
such plots furnish a satisfactory representation of the data. That is, the scatter of the data 
about the linear fits is within the range expected for the estimated standard deviations 
in measurement. However, there are coherent low-amplitude (within the observational 
error) fluctuations apparent in some of the measured distances. Those fluctuations need 
not be tectonic effects but rather may be either random patterns or artifacts introduced 
by systematic drift in instrument calibration or wander of the geodetic monuments. We 
conclude that the measurements are consistent with steady deformation of the arrays over 
the 1980-1991 interval, and we find no convincing evidence in the data for fluctuations in 
the rate of deformation.

3. Strain Accumulation in Owens Valley, California, 1974~1988

Strain accumulation observed over the 1974-1988 interval in a 25 x 100 km aperture 
trilateration network spanning Owens Valley is adequately described by a strain rate that is 
uniform in space and time. The tensor strain rate components referred to a coordinate 
system with the 2 axis directed N18°W (parallel to the trend of the valley) and the 
1 axis N72°E are e'n = 0.042 ± 0.014//strain/yr, e'12 = -0.058 ± 0.007//strain/yr, and 
£22 = 0.002 ± 0.014//strain/yr; quoted uncertainties are standard deviations and extension is 
reckoned positive. Across the 25 km breadth of the network this amounts to 1.0 ±0.3 mm/yr 
extension normal to the axis of the valley, 2.9 ±0.4 mm/yr right-lateral shear across the axis, 
and no extension parallel to the axis. If the measured strain accumulation is attributed to 
slip on the deeper section of the Owens Valley fault with the uppermost 10 km of the fault 
locked, the observed right-lateral deformation would imply about 7 mm/yr right-lateral slip 
on the buried fault, much greater than the geologic estimate of 2 ± 0.5 mm/yr right-lateral 
secular slip (Beanland and Clark, 1994). Nor is the observed uplift profile across the valley 
consistent with continuing normal slip on just the deep segment of the Owens Valley fault; 
normal slip at depth on the Sierra frontal fault also seems to be required. The observed 
deformation across Owens Valley apparently implies processes more complicated than those 
represented by the conventional model of strain accumulation along a throughgoing fault.

The dislocation model of the 1986 Chalfant Valley earthquake just north of Owens Valley 
has been revised. Gross and Savage (Bull. Seismol. Soc. Am., 77, 306, 1987) originally 
proposed am oblique-slip mechanism, but leveling data that became available subsequently 
showed that no appreciable dip slip was involved. The revised model requires right-lateral 
slip on the main rupture and left-lateral slip on a conjugate plane (rupture plane of the 
principal foreshock).
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4. Interseismic Deformation Along the San Andreas Fault in Southern California

Eight trilateration networks located along the San Andreas fault in southern California 
have been surveyed 8 to 19 times within a 14 to 17 year interval between 1971 and 1992. The 
data, measurements of distances between the same 10 to 32 pairs of geodetic monuments 
within a network in each of the surveys, have been corrected for coseismic offsets from 
nearby earthquakes calculated from dislocation models. The corrected data, a total of 2027 
measurements, are displayed in the form of plots of measured distance versus time for each 
of the 167 lines measured. The hypothesis that the interseismic deformation is steady is 
tested by examining whether deviations from linear fits to the data in the plots are within 
the range expected for observational error. A significant deviation from steady deformation 
is found only for the network located near Palmdale, California. In that network, many 
of the measurements made in the survey of early 1982 deviate from the trend defined by 
the measurements in other surveys. The deviations are not of the form (fixed proportional 
error) one would generally expect from systematic survey error. If the survey of early 1982 
is excluded, the remaining data at Palmdale are consistent with steady deformation. Thus, 
the apparent strain event observed near Palmdale in 1982 was transient.

The data for each network were also analyzed by principal component analysis to represent 
the observed changes in line length as a superposition of individual modes:

where L{j is the length of the i line measured at the time £j, LI is the average length of

the i line, and Ajk Ck (tj) is the k mode. Each mode is described by a common time 
function Ck (tj) that is evaluated only at the times tj of the surveys, and the participation 
of each line in that mode is described by a constant amplitude AH* for that line. For all 
networks the deformation is largely described by the first mode, and the first-mode time 
function is essentially linear in time. That is, the deformation in each of the networks 
appears to be steady. Two anomalies in the accumulation of deformation were observed: 
In the network near Palmdale a transient strain event occurs in the second mode in early 
1982, and in the network within Cajon Pass fluctuations in the accumulation of deformation 
somewhat greater than would be attributed to measurement error were found. Although 
both anomalies are formally significant given the estimated measurement error, we are not 
confident that either anomaly is real. The principal conclusion is that the accumulation 
of interseismic deformation in the southern California trilateration networks is, within the 
precision of measurement, either steady or almost steady.

5. Strain Accumulation 1973-1994 Across the Nevada Seismic Zone

A trilateration network extending 200 km along the Nevada seismic zone (1915 Pleasant 
Valley, M=7.3; 1954 Dixie Valley, M=6.8; 1954 Fairview Peak, M=7.1; 1932 Cedar Mountain, 
M=7.2, earthquakes) has been surveyed six times since 1973, five times by Geodolite and 
most recently (1994) with GPS. The average annual principal strain rates measured by these 
surveys are shown in the table below.
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The strain rates are shown for two fault segments (Cedar Mountain and Fairview Peak) 

as well as for a historically unbroken segment (Stillwater Gap) between the Dixie Valley and 
Pleasant Valley segments. We have also calculated strain rates south of the Cedar Mountain 
fault segment into the Long Valley Caldera of eastern California (Excelsior network).

With the most recent survey the strain rates are well defined. They are very consistent from 
segment to segment with possibly more extension to the south. Moreover, the orientation of 
the principal axis of strain accumulation is relatively well defined (N52°W±5° extension). 
That orientation is consistent with that of the stress axes deduced by Zoback and Zoback.

Segment

Stillwater Gap 
Fairview Peak 
Cedar Mountain 
Moho 
Huntoon

Principle Strain Rates
//strain/yr

0.047±0.012 
0.034±0.010 
0.032±0.009 
0.058±0.009 
0.067±0.009

-0.027±0.012
-0.043±0.010
-0.026±0.009
-0.032±0.009
-0.036±0.009

Ext. Axis

N61°W±5° 
N61°W±4° 
N52°W±5° 
N60°W±3° 
N59°W±3°

6. The Bay Area Regional Deformation (BARD) Permanent GPS Array

As of December 1994, we routinely process data from nine BARD stations and three 
tracking stations (Goldstone, Vandenberg, and Quincy). Daily solutions show that offsets 
sometimes occur after equipment swaps, firmware changes, or electronic changes. This 
suggests that results from traditional surveys may be contaminated with such errors. For 
baselines between BARD stations, rms scatter about the best-fitting straight line (with 
offsets removed, if necessary) is typically 10 to 20 mm in the vertical, and 2 to 3 mm in 
length, north, and east. Baselines between BARD and Goldstone, Vandenberg, or Quincy 
have large outliers and non-linear features. This is clearly related to the precise orbits 
from JPL, since these features disappear when we re-process the data with precise orbits 
from other agencies. These problems are probably related to the onset of anti-spoofing in 
January 1994. However, problems appear only in baselines longer than 400 km, so we can use 
baselines between the BARD stations to estimate station velocities. The velocity solution 
(next page) shows 42 mm/yr across the entire array (Farallon to Columbia). The velocity 
vectors for Stanford, Molate, and Nunes appear anomalous. There are significant gaps in 
the time histories of these stations. Furthermore, station Stanford is on top of a building. 
However, the 95 percent error ellipses for these stations are sufficient large that the velocity 
vectors are consistent with the vectors from other sites. We rotated the velocity vectors into 
S35°E (fault-parallel) and S55°W (fault-normal) components, and used the S35°E velocities 
to estimate deformation across faults. The difference between Farallon and the weighted 
mean of Tiburon, Molate, and Winton provides an estimate of the deformation across the 
San Andreas fault. To estimate the deformation across the Hay ward fault, we used the 
difference between the weighted mean of Tiburon, Molate, and Winton and the weighted 
mean of Briones, Chabot, and Nunes . Finally, the difference between Columbia and the 
weighted mean of Briones, Chabot, and Nunes provides an estimate of the deformation across 
the Calaveras fault and the shear zone to the east. The table on the next page shows the 
results.
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Segment

San Andreas fault
Hayward fault
Calaveras fault + shear zone

S35°E velocity, mm/yr

22.2±0.7
4.7±1.1
15.2±1.7

38'

37"

Columbia A

123 1 122- 121' 120'

7. Regional Crustal Deformation Near Long Valley Caldera, California

We observe radial expansion and domal uplift across Long Valley caldera at average rates 
exceeding 30 mm/yr in the 1989-1993 interval. Fluctuations in the rate of deformation are 
apparent, with higher rates during the 1989-1990 and 1992-1993 intervals. We use Mogi 
point sources embedded in an elastic half-space to approximate the surface deformation 
produced by an inflating magma chamber. We use Monte Carlo techniques to find the 
locations and rates of expansion of one or two Mogi sources that will best reproduce the 
observed average rates of deformation. A single Mogi source 8 km beneath the center of 
the resurgent dome and expanding at a rate of of 0.014 km^/yr fits the data within the 
caldera, but underpredicts deformation observed outside of the caldera. We can fit the far- 
field data significantly better by adding a deep Mogi source. In the two source model, the 
shallow source is 4 km beneath the center of the resurgent dome and expands at a rate 
of 0.0036 kirr/yr and the deep source is 10 km southwest of the center of the resurgent 
dome at a depth of 31 km and expands at a rate of 0.09 km^/yr. The location and rate 
of expansion of the deep source is poorly resolved. Our results and the occurrence of long- 
period earthquakes (first detected beneath Mammoth Mountain by M. Pitt in 1989) suggest 
injection of magma beneath the resurgent dome and at depth below the southwestern edge 
of Long Valley caldera.

8. Strain Accumulation Along the Cascadia Subduction Zone

We combine observations from triangulation during the last century, Geodolite trilatera- 
tion during 1972 - 1989, and the Global Positioning System (GPS) since 1989 to determine
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present-day horizontal strain accumulation along the Cascadia subduction zone. All networks 
west of the Cascade Range show significant strain accumulation with maximum contraction 
nearly parallel to the direction of Juan de FucaNorth America plate convergence. Shear- 
strain accumulation from GPS recovery of historical triangulation networks is observed in 
coastal northern California, near the mouth of the Columbia river, and across the Strait of 
Juan de Fuca (0.16 ± 0.07, 0.09 ± 0.03, and 0.11 ± 0.03 //rad/yr, respectively). Nearly 
uniaxial contraction in the direction of plate convergence from Geodolite trilateration is ob 
served near Cape Mendocino, Seattle, and on the Olympic Peninsula (0.19 ± 0.03, 0.03 ± 
0.01, and 0.09 ± 0.03 mstrain/yr, respectively), and from GPS observations in southwest 
ern Oregon (0.07 ± 0.02 mstrain/yr). Networks within or east of the Cascade Range, near 
Mt. St. Helens and the Hanford Reservation, do not show measurable strain accumula 
tion. These deformation rates are consistent with a model proposed by Savage et al. (1991) 
for northwestern Washington in which the megathrust underlying the continental slope and 
outer continental shelf currently is locked but is free to slip farther landward. These re 
sults are consistent with a locked segment that extends along the entire subduction zone, 
which presumably will eventually rupture in one or more great thrust earthquakes. We have 
begun to survey some of the significant gaps between the networks to detect variations in 
strain accumulation, in particular along the central Oregon coast where lower rates of strain 
accumulation are suggested by leveling and tide gauge measurements.

9. Coseismic Displacements of the 1994 Northridge, California, Earthquake

The January 17, 1994 Northridge, California, earthquake permanently deformed the 
earth's crust by at least one centimeter throughout a 3,000 to 5,000 km area around the 
epicentral region. Displacements of 62 survey stations determined from Global Positioning 
System (GPS) observations made before and after the earthquake show that stations were 
uplifted by as much as 50 cm, and displaced horizontally by up to 20 cm. Modeling these 
displacement data, we have determined a uniform-slip model assuming a single rectangular 
dislocation embedded in a homogeneous elastic half space. The fault geometry and slip 
are estimated independent of seismological information using Monte Carlo optimization 
techniques that minimize the misfit between the observed and predicted horizontal and 
vertical displacements. The estimated slip vector is 2.6 m with a rake of 6° for the optimal 
fault model (dip=42°, strike 112°, down-dip width=13 km, along-strike length=10 km, 
centroid location=34.277°N; 118.570°W at 10 km depth), which extends from 5 to 14 km 
depth. The geodetic moment is 1.0 x 1026 dyne-cm. Displacements predicted by this model 
are generally in good agreement with geodetic observations in the epicentral region. Further 
modeling to determine the pattern of distributed slip indicates that a high-slip patch occurred 
up-dip and northwest of the main shock hypocenter, and that little slip occurred within the 
uppermost 5 km of the crust, consistent with the lack of surface rupture. In some areas, such 
as the Ventura basin, there is significant misfit to either model that does not appear to simply 
be caused by aftershocks. If the fault that ruptured during the Northridge earthquake has 
ruptured repeatedly in the past, the geomorphology of the region should mimic the coseismic 
deformation. The Northridge earthquake uplifted the Santa Susana range, in agreement with 
this prediction. However, it also uplifted the northern edge of the San Fernando valley, which
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suggests that post-seismic relaxation or slip on other faults may also contribute to the long- 
term patterns of uplift in the region.
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NEHRP Element II

PURPOSE OF PROJECT

This project is part of the larger "World Map of Major Active Faults", which is co-sponsored by the 
International Lithosphere Program (ILP) and co-chaired by Machette. The main goal of the 
NEHRP-funded project is to compile a digital map and accompanying computer database of active 
(Quaternary) faults and folds in the United States in order to extend the modern seismic record 
into past (i.e., Quaternary paleoseismic activity). Paleoseismic data are fundamental to 
understanding how strain is accumulated and released on faults and for improving the amount 
and quality of geologic input to seismic hazards analyses. The main project members are 
Michael N. Machette, Richard L. Dart, and Kathleen M. Haller.

INVESTIGATIONS

We are continuing to coordinate efforts on and compile data for the World, Regional (e.g., North 
American), and United States maps of major active faults in support of their new Global Seismic 
Hazards Assessment Program (GSHAP). Our involvement in this project began in mid-1992, but 
we are still enlisting technical experts from the United States and Mexico/Central and South 
America that are known to be both productive and knowledgeable, and which have strong national 
contacts. For the United States, the compilation will be supervised by the USGS in Denver, under 
the direction of this project. In addition, the USGS will assist compilers in the other regions with 
digitization and technical aspects of the data base.

Our strategy is to assemble a large body of data on Quaternary faults and folds in the U.S. 
Although many authors have compiled maps, few have taken the time to fully document their maps 
with supporting databases; thus, fault data in catalog form is relatively sparse. Overall, we 
suspect that there is existing catalog data for about 20 percent of the faults and folds in the U.S. 
About 75 percent of our time is spent on compiling data pertainent to the project.

RESULTS

1. During FY 94, we conducted several planning and progress meetings for the project. At the 1993 
AGU meeting in San Francisco, we held an initial meeting for the Caribbean and Central 
American maps of active faults, and were partly successful in gaining further commitments. 
The main problem here is the lack of ongoing research in active tectonics, particularly in Central 
America and parts of the Caribbean. During the year, we have been corresponding with project 
participants and plan to present draft versions of maps of the Caribbean region at the 1994 AGU 
meetng. At the Sept. 1994 ILP/USGS Paleoseismology Conference in Marshall, California, we 
discussed areas of responsibility for California (and other areas in the Western Hemisphere) and 
made some limited progress with gaining further commitments. The main problems with Cali 
fornia are the large number of faults and folds and the overwhelming amount of data that must be 
compiled (see also item 3). In addition, in Nov. 1993, we organized and chaired our first meeting 
for the Active Fault Map of Mexico. During the year, the Mexican group was organized by 
Fernando Ortega (UNAM) and they agreed to hold a second formal meeting of this group at the 
Mexican Geophysical Union in Nov. 1994. And finally, for the 1994 GSA meeting in Seattle in
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October, we organized a meeting to discuss the status of compilations for most of the western states, 
and to gain further commitments for the Pacific Northwest and Canada.

2. By the end of FY 94, we will have obtained satisfactory to excellent digital data for Quaternary 
faults in California, Nevada, Utah, the west half of Montana, east-central Idaho, west Texas, and 
the central U.S. (see Table 1). The California faults were scanned from a specially prepared 
version of Jennings' 1992 fault map (1:750,000 scale). This file has been edited and is being used 
by USGS personnel. However, we are revising these files to reflect changes made on the 1994 
version of Jennings' map (release data ca. Dec. 1, 1994). There is considerable concern at CDMG 
about release of their data, which they treat as proprietary; thus, the USGS and CDMG are 
discussing how and when such data can be released. The files for most other states come from 
sources within the USGS or from cooperative efforts with state geological surveys. In addition, we 
are acquiring new data for the 100-km region surrounding Yucca Mountain and for Oregon as a 
Oregon DOT-sponsored study.

3. Discussions are ongoing with Angela Jayko (USGS-Menlo Park) concerning research on 
active folds and blind thrusts in the San Francisco Bay region, which is being conducted by a 
CONCERT working group (under NEHRP). We are trying to assure that the CONCERT effort 
will directly interface with our larger project, and if this issuccessful we will promote cooperation 
on similar efforts that are underway in Southern California as a result of special Northridge 
earthquake funding. Jayko's group is helping modify our guidelines; although these were 
developed for faults, folds have special considerations in terms of rates of uplift, geologic setting 
(i.e., blind thrusts), and geomorphic expression.

4. We have tested our methods of digitization and data compilation for western Montana (where 
we had previous knowledge of faulting) and west Texas (where Collins and Raney have completed 
their work). At this point we are ready to "freeze" the input fields and start actual construction of 
the database structure in FoxPro. This aspect of the project involves a fair amount of 
programming, and we don't want to change the data input fields from this point on. The results of 
the Montana pilot study were presented at the 1994 GSA meeting in Seattle, and we received many 
favorable comments. In addition, preliminary versions of the California Nevada, and Utah fault 
maps were presented at the GSA meeting in Seattle. The response to these poster sessions indicates 
a high demand for the digital products, especially in on-line form such as over the Internet via 
World Wide Web. We anticipate further changes or considerations as to product release as we 
approach completion of the project in 1996(±). The Montana and Texas products are nearly 
complete, and we intend to submit the maps and text data for USGS review in late 1994.
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TABLE 1. Status of Quaternary fault data for the United States 
[Data quality: A, good; B, adequate; C, poor or nonexistent]

State/region Map and Type Database and Type Main Sources

Alaska

Arizona

California

Colorado 

Eastern U.S.

Hawaii 

Idaho

Mid-Continent 

Montana

Nevada

New Mexico 

Oregon

Texas (West) 

Utah

Washington 

Wyoming

A. Digital, 1994 (in prep.). 

A. Nondigital, 1986.

A. Digital, 1994 (in prep.) 
nondigital, 1984,1992.

B. Digital, ca. 1986. 

C. Uncompiled.

C. Uncompiled.

A. Digital for north half, 
1994 (in prep.).

A. Digital, 1994 (in prep.).

A. Nondigital, 1975,1984, 
1987; digital, 1994 (in 
prep.).

A. Digital, 1991; needs 
revision.

B. Part digital, ca. 1987.

A. Non-digital, 1992; 
digital, 1993,1994.

A. Digital, 1994 (in prep.).

A. Digital, 1993.

B. Non-digital, 1991.

B. Nondigital, 1975,1991, 
1994 (in prep.).

B. Text, unpub., 1985-94. 

A. Partial, text; 1983-85. 

B. Partial, text;1984,1994.

B. Partial, text; 1975,1980, 
1986.

C. Uncompiled.

C. Uncompiled.

A. Text, 1975,1994 (in 
prep.).

A. Text, 1994 (in prep.).

A. Text, 1975,1984,1994 
(in prep.).

B. Partial, 1994 (in prep.).

B. Partial; text, 1987,1994. 

B. Partial, text; 1992,1994.

A. Text, 1994. 

A. R-base, 1993. 

C. Uncompiled.

B. Text, 1975,1991,1994 
(in prep.).

Plafker and Gilpin 

Pearthree and Menges

Consortium (USGS, 
CDMG, and others)

Colman, Kirkham, 
Rogers, and USER

Amick, Talwani and 
Tuttle (?)

None

Hilt, Breckenridge, and 
Haller

Crone, Obermeier, 
Schweig, and others

Johns and others, 
Witkind, Haller, 
Stickney, and USER

Dohrenwend, Reheis, 
Piety, and Haller

Machette and Kelson

Pezzopane, Geomatrix, 
Yeats, and DOGAMI

Collins and Raney 

Hecker and Jarva 

Walsh and others

McCalpin, Pierce, and 
Case
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Earthquake Hazards Assessment for 
Northwestern Oregon.

Award * 1434-93-G-2324
I an P. Madin and Dr. Matthew A. Mabey

Oregon Department of Geology and Mineral Industries
800 NE Oregon St. # 28

Portland, OR 97232
ELEMENT II.4

Investigations

This project consists of 5 separate tasks. Progress on each is summarized 
below. Progress has been slow because one of the P.I.'s lost much of 1994 to a family 
medical crisis. The project has been extended to April 1995.

Task 1. Publication of the Damascus 1:24,000 quadrangle.
Largely complete. Print proofs are expected to be available on November 1,

1994.

Task 2. Publication of Charleston 1:24,000 quadrangle.
Map is ready to go to review. Will go to cartography department January 1,

1995.

Task 3. Publication of the Liquefaction map of the Portland quadrangle.
Complete, map is available as Oregon Department of Geology and Mineral 

Industries GMS-79.

Task 4. Shallow seismic profiling of potential Quaternary faults.
This task involved the purchase of seismic reflection hardware (geophones and 

cable) and software (Eavesdropper) and collection of seismic reflection lines across 
faults in Beaverton, Hillsboro and the northern Willamette Valley. Our strategy 
was to reoccupy industry seismic lines which positively identified faults at depths of 
hundreds of meters, to determine whether these faults extended into shallow 
Quaternary deposits. The ultimate goal is to identify targets for future trenching. 
Acquisition has been completed on 3 of the 4 proposed seismic profiles and they are 
currently being processed. Processing is nearly complete on two of the lines with no 
offset of bedding being immediately apparent in the deposits near enough the 
surface to be reached with a trench. The processing of the third line is not yet to a 
point where a preliminarily interpretation can be made. Refinement of the 
processing of all lines needs to be completed for final interpretation. The fourth 
profile is being offset to a street adjacent to the original oil industry seismic line due 
to steady, heavy traffic on the original street.

Task 5. Collection of shear wave velocity data through co-ops.
Complete. This funding was used in co-ops that resulted in collection of shear- 

wave velocity profiles from over 680 m of cone pentrometer sounding and over 1600 
m of purpose-drilled boreholes. The velocity data will be published in 1995 as a 
DOGAMI Open-File Report.
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Instrumentation to Improve the Washington Regional Seismograph Network 
1434-92-G-2195 S.D. Malone and R.S. Crosson, P.I.s

Geophysics Program
University of Washington

Seattle, WA 98195
(206) 543-8020

e-mail: sieve or bob@geophys.washington.edu 
Oct. 1, 1993 - Sept. 30, 1994

Investigations undertaken
This contract is for the purchase and installation of four new, high quality broad-band three- 

component digital seismograph stations as an addition to the Pacific Northwest Seismograph Net 
work (PNSN; see the report for Joint Operating Agreement 1434-92-A-0963). It also includes 
funding to develop software for recovering and integrating the broad-band data into our routine 
data analysis procedures. In addition to the four stations supported under this contract, a prototype 
station (LON), situated on the same pier as the DWWSSN station at Longmire WA (near Mount 
Rainier), has been operating since early 1993. By the end of the contract period, there will be a 
total of 10 high quality seismograph stations operating in the Pacific Northwest (5 operated by the 
PNSN, two by USNSN, one by IRIS/USGS ~ COR, and two by the University of Oregon; PIN 
and DBO).

Results
In addition to the LON prototype, three of the new stations are fully operational, and data 

from them are routinely merged with PNSN short-period data. Since July of 1993, we have 
recovered 5,400 broad-band data traces for 2,800 different events. Installation of the final station 
(with on-site recording) will be completed in early 1995 on Marrowstone Island, Washington. Fig 
ure 1 shows the current PNSN network configuration (both broad-band and short-period).

During this contract period, we upgraded two of the four installed broad-band three- 
component stations. All installed recorders now have GPS time-code receivers and 24 bits/sample 
dynamic range. Three of the stations (LON at Longmire, LTY at Liberty, and SSW at Satsop; all 
in Washington) time-stamp, digitize, and record data on-site. We recover selected broad-band data 
from these stations via phone lines using automated procedures that run late at night (to minimize 
long-distance charges). The fourth station, (TTW) near Tolt, Washington, also digitizes and time- 
stamps data on-site, but continuously telemeters data to the UW Seismology Lab where it is 
recorded as a continuous data stream. Individual events are extracted from the data stream and, 
with data from other broad-band stations (including COR, PIN, and DBO as well as LTY, SSW, 
and LON), are merged and archived with data from PNSN short-period stations. The broad-band 
event data are also translated to IRIS-SEED format and submitted to the IRIS Data Management 
Center for archive and distribution.

To allow broad-band data to be merged into the PNSN short-period data stream, the PNSN 
has modified both trace data and pickfile (phase arrival times) formats, and associated data- 
processing software. The new working trace data format (UW-2) allows us to accommodate data 
of varying durations, sample rates, start times, and formats (e.g., integer, floating point, etc.), is 
extensible without affecting existing processing programs, and is backward-compatible with our 
original (UW-1) format.
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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.

We are receiving data from the USNSN via VSAT and recording it continuously. We are 
currently developing software that will allow the USNSN data to be merged into our event data 
files. Eventually, the data from our continuously transmitting site (TTW) will be reformatted into 
USNSN format and transmitted to the National Seismic Network in Golden, CO via VSAT.

One of our students, Gia Khazaradze, has developed a technique to generate synthetic 
Wood-Anderson records from the broad-band data. This provides several independent measure 
ments of local magnitudes from the broad-band data, and should improve our ability to provide 
more robust magnitude estimates.

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.
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Figure 1. Locations of stations operating in the Pacific Northwest at the end of 1994. Short-period stations are shown by the 
"x" symbol, while broad-band stations are designated by the larger asterisks. The locations of volcanic centers are shown by 
triangles, and cities are indicated by white-filled diamond shapes. Most stations are operated by the PNSN, but station COR 
is operated by Oregon State University, and stations DBO and PIN are operated by the University of Oregon. The upper inset 
shows the eight regions in which different crustal velocity models are used to locate hypocenters (P, Puget Sound; C, Cascades 
S, Mt. SL Helens; N, northeast Washington; E, southeast Washington; O, northern Oregon; K, southern Oregon; and R, regional 
velocity model). The lower inset shows station locations in the vicinities of Mts. Rainier, St. Helens, and Adams.
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PALEOSEISMIC INVESTIGATION OF THE NORTH AMERICA- 
CARIBBEAN STRIKE-SLIP PLATE BOUNDARY, DOMINICAN REPUBLIC

Award Number: 1434-93-G-2341 

Paul Mann

Institute for Geophysics, University of Texas at Austin, 8701 Mopac Blvd.,
Austin, Texas 78759

Telephone: 512-471-0452; FAX: 512-471-8844; email: paulm@utig.ig.utexas.edu

NEHRPII.5 

Investigations undertaken

The Septentrional fault zone is the major left-lateral strike-slip fault 
separating the North America and Caribbean plates in Hispaniola (Fig. 1). 
Much of the active, 3000 km long left-lateral plate boundary is submarine or 
crops out in pre-Quaternary rocks that do not preserve a record of recent 
activity. However in northern Hispaniola (Dominican Republic), the 
Septentrional fault zone forms a prominent scarp in alluvium and provides 
an opportunity to study the Quaternary behavior of the plate boundary and to 
quantify the seismic hazard it represents to the densely populated islands of 
Hispaniola and neighboring Puerto Rico.

Collaborative work involving Mann, Carol Prentice (USGS/Menlo 
Park) and George Burr (NSF Accelerator Facility, Univ. of Arizona/Tucson) 
in 1994 consisted of three efforts: 1) continued analysis of trench data and 
radiocarbon dating of samples collected in 1993 from the Septentrional fault 
zone in the Cibao Valley; 2) improved mapping of fault traces in the western 
part of the Cibao Valley using aerial photographs and field observations; and 
3) integration of information gained from previous and ongoing fault trench 
work into the design of a new northeastern Caribbean GPS network funded by 
NSF.

Results

1) Continued analysis of fault data and radiocarbon dating. Trenching in 1991 
at site 91-2 revealed folded and faulted Holocene deposits that provide 
evidence for an earthquake on the Septentrional fault zone that occurred 
before 1260 AD (Prentice et al, 1993). In 1993, trenching at site 93-2 was carried 
out to better constrain the age of this event (Fig. 2). Evidence for this event 
included the folding of units 70 and below and the presence of a sand-blow 
deposit indicating paleoliquefaction. Radiocarbon dates on charcoal samples
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from this excavation (Fig. 3) confirm that this is the same earthquake as seen 
in trench 91-2 and this this earthquake occurred between AD 1150-1230 or 
about 760-840 years ago.

3-D excavation of a buried channel at site 93-2 showed that the AD 
1150-1230 ground-breaking earthquake on the central Septentrional fault zone 
was accompanied by about 5 m of left-lateral offset and about 2 m of vertical 
displacement (Fig. 4). This offset shows that the earthquake was large, >M7.5.

If all motion is concentrated on the central Septentrional fault and 
assuming the minimum predicted plate rate of 5 mm/yr, several meters of 
slip have accumulated in the 800±40 years since the last groundbreaking 
earthquake seen in our trenches. The absence of ground rupture in such a 
long period suggests a high earthquake potential for the Hispaniola-Puerto 
Rico segment of the North America-Caribbean strike-slip boundary.

2) Improved mapping of fault traces. Studies of aerial photographs and field 
mapping in 1993 revealed that the westward continuation of the fault 
trenched at 91-2 and 93-2 splays into an inactive, but geomorphologically 
prominent, northern branch striking 110 and a less conspicuous southern 
branch striking 100. Fault features are less pronounced or obscured along the 
southern branch because this area of the Cibao Valley is heavily sedimented 
by late Holocene fluvial sediments of the Yaque River. Discontinuous scarps 
of the southern branch align with the active submarine extension of the fault 
mapped with sidescan sonar along the northern margin of Haiti. Field 
studies of the northern branch of the fault show that its trace is covered at one 
locality by late Quaternary terrace and fan deposits and that stream channels, 
terraces and other marker features have not been disturbed by faulting. Based 
on these observations, we conclude that the southern branch is the more 
active strand and that that the northern branch has been abandoned. The 
southward shift of the fault trace has transferred a small sliver of the 
Caribbean plate to North America.

We are currently preparing maps of the fault scarps and fault-related 
features of the entire Septentrional fault zone including the two western 
strands.

3) Expansion of the Hispaniola GPS network. In May of 1994,11 GPS 
instruments were operated by DeMets, Mann, Calais, UNAVCO personnel 
and Dominican collaborators in the Dominican Republic as part of an 18 
instrument northeastern Caribbean plate regional network (CANAPE) 
funded by NSF (Ambeh et al., 1994). The network includes four "core" sites 
occupied in 1986 as part of one of the first regional GPS experiments. Data 
quality for both the 1986 and 1994 data is good and comparisons should yield 
the first direct measurement of the rate of Caribbean-North America plate 
motion through the island of Hispaniola. These rates will be used to better 
constrain our previous calculation for the amount of slip accumulation along 
the central Septentrional fault zone (Prentice et al., 1993).
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Four new benchmarks were built and surveyed in a north-south line 
crossing the area of the central Septentrional fault known from trenching not 
to have ruptured in 800±40 years. This line is part of a longer across-strike 
line that spans the entire island and is tied to stable sites on the North 
America plate in the Bahamas and Florida and to a presumably stable site 
Aves Island in the eastern Caribbean Sea.

References cited

Prentice, C. S., Mann, P., Taylor, F. W., Burr, G., and Valastro, S., 1993, 
Paleoseismicity of the North America-Caribbean plate boundary 
(Septentrional fault), Dominican Republic: Geology, v. 21, p. 49-52.

Ambeh, S., Saleh, J., Bilham, R., Kozuch, M., and 10 others, 1994, Caribbean 
GPS networks: Transactions of the American Geophysical Union, EOS, v. 75, 
p. 612.

Reports published

Prentice, C. S., Mann, P., Burr, G., and Pena, L. R., 1994, Timing and size of the 
most recent earthquake along the central Septentrional fault zone, 
Dominican Republic: in Prentice, C., et al., Proceedings of the Workshop on 
Paleoseismology, USGS Open-File Report 94-568, p. 158-160.

Mann, P., Prentice, C., Burr, G., and Pena, L. R., 1994, A splayed, late 
Quaternary trace of the North America-Caribbean strike-slip fault in northern 
Hispaniola and its seismotectonic implications: Transactions of the American 
Geophysical Union, EOS, v. 75, p. 611.
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Figure 1. Map showing location of 1991 and 1993 trench sites along the central 
Septentrional fault zone in Hispaniola. Inset A shows location of study area 
(black rectangle). Area of trench sites 91-2 and 93-2 on Cenovi fan burying the 
scarp of the Septentrional fault zone are shown in inset B.

567



II

NE
LOG TRENCH 93-2

SW

1m

Figure 2. Partial log of trench 93-2 on Cenovi fan (see Figure 1, inset B for 
location). Earthquake occurred when unit 70 was the ground surface. This 
event caused liquefaction of unit 65 and tilting of horizons 70-120. Upper 
units are unfaulted and fill in depression created by syncline.
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Figure 3. Stratigraphic column showing dendrochronologically-calibrated 
radiocarbon dates (2 sigma) of samples collected from trench 93-2. Note the 
relation of dated units to earthquake horizon indicated. Radiocarbon dates 
indicate that this earthquake occurred between AD 1150 and 1230. Age results 
from trench 93-2 are consistent with our earlier results from study of trench 
91-2 (Prentice et al., 1993).
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3-D EXCAVATION AT TRENCH 93-2

N

Figure 4. Schematic block diagram showing offset of buried Holocene 
channel deposit (stippled area) that was excavated using 3-D techniques to 
determine horizontal and vertical offset of approximately 2 and 5 meters, 
respectively. This offset occurred as the result of the earthquake of AD 1150- 
1230 and indicates that this event was a large (M7.5). Black bar shows location 
of exposure.

570



NEHRP Element II

ACTIVE MARGIN TECTONICS, PACIFIC NORTHWEST REGION
9960-13416

Patricia A. McCrory 
Branch of Earthquake Geology and Geophysics

U. S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

telephone: 415.329.5677
telefax: 415.329.5163 

pmccrory@isdmnl.wr.usgs.gov

Program Element

Investigations Undertaken:

The active Cascadia subduction zone is situated adjacent to densely populated areas in the 
Pacific Northwest region of North America mandating evaluation of its potential for generating 
damaging earthquakes. However, low ambient seismicity along most of the Pacific Northwest 
margin hampers evaluation of its seismic potential. The lack of large historic (>M7.5) earthquakes 
and several unique features of the Cascadia subduction boundary (e.g., minimal slab-pull forces 
driving megathrust earthquakes; conditions favoring ductile deformation of the overriding plate; 
partitioning of crustal strain reflecting segmentation of the margin) preclude using a simpler 
subduction system as a modern analog for modeling future seismic behavior. Because of the lack 
of such an analog, deciphering the record of recent tectonism offers one of the few means by 
which the seismic potential of the Cascadia subduction margin can be evaluated. This research 
project uses the record of cumulative Quaternary crustal deformation to provide a context in which 
to interpret the Holocene record of coseismic subsidence and the modern geodetic record of 
interseismic strain accumulation.

Several estuaries along the Cascadia margin record episodes of abrupt Holocene subsidence. 
A model of great megathrust earthquakes recurring about every 500 y is inferred from these 
subsidence records. However, the structural setting of many of these estuarine sites is unknown, 
making this inference of a megathrust source ambiguous. Regional geodetic data is consistent 
with a model of interseismic elastic strain accumulation above locked portions of the megathrust; 
however, geodetic results display a more complicated pattern of interseismic strain accumulation 
than the estuarine model postulates. In particular, these data show variations in uplift rates parallel 
to the margin which suggest a component of N-S contraction contributes to deformation of the 
margin. Also, the longer Quaternary geologic record onshore and subsurface seismic data 
offshore demonstrate that strain accumulation within the coastal zone is not entirely elastic. 
Oblique convergence between the Juan de Fuca plate and the overriding Washington margin is 
partially dissipated by internal deformation within the accretionary prism. Geodetic data together 
with Quaternary geologic data collected by this project suggest a more complex dynamic setting 
for deformation within this convergent margin and a more complex relationship between 
deformation and significant seismic events.

Previous project research focused on reconnaissance mapping of Quaternary deformation 
along 70 km of sea cliffs between Copalis River and Browns Point. This initial mapping 
established that although, in general, the 83-ka shore platform forming the sea cliffs has been 
gently uplifted and warped; several sites have undergone more intense folding and faulting. This
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style of intense localized deformation overprinted on modest regional deformation suggested the 
presence of active crustal structures deforming the coastal zone.

In FY 1994, project research focused on mapping the distribution of these young crustal 
structures and relating their activity to subduction-boundary dynamics. Quantifying the rates and 
style of crustal faults and folds addresses several key questions regarding seismic hazard along the 
Cascadia margin: (1) What mechanism(s) cause the Holocene subsidence events? (2) What 
seismic hazard is associated with N-S compression of the margin? (3) How is strain partitioned 
between ductile (aseismic) and brittle (seismic) rupture? Project research aims to quantify 
deformation rates over several time periods and to provide insights into the processes controlling 
modern rates of shortening, Holocene rates (past 10 ky), and Quaternary rates (past 500 ky).

Results

Data Collection. During FY 1994, this project continued field work aimed at documenting the 
style and recency of deformation at several sites along the coast. For example: (1) Langely ridge 
(Figure 1, Site A), just south of Copalis River, trends N65°E, is at least 9-km long, and rises 75 m 
above sea level. Field investigation of surface exposures reveal both steeply dipping glaciofluvial 
strata (up to 80° E) and several late Quaternary thrust faults with offsets ranging from 0.5 to 2.5 
m. Field data suggest an active ENE-trending fault-propagation fold beneath Langely ridge. FY 
1994 field work documented the distribution of young deformation along the ridge and attempted 
to collect charcoal for radiocarbon anaylses (unsuccessful to date) to constrain timing of the most 
recent slip. Quantifying the slip history of the primary thrust fault beneath Langely ridge is vital 
for resolving whether the sources of the Copalis River seismic events are megathrust sources, 
crustal sources or both. (2) Preliminary field investigation of steeply tilted glaciofluvial deposits 
(up to 65°E) adjacent to Quinault River (Figure 1, Site B) provides evidence of both young folding 
and thrust faulting. The pattern of folding and minor thrust faulting (offsets range from 0.2 to 0.5 
m) is consistent with an underlying fault-propagation fold trending NNW. This fault-propagation 
fold is part of a 100-km long thrust system which parallels the coast. (3) Completed a high 
resolution leveling survey across another part of the NNW-trending thrust system with evidence of 
Holocene movement (<2 mm/y) near the Raft River (Figure 1, Site D) (in collaboration with M. 
Lisowski and M. Murray). Raw data indicates a surveying error of 0.9 mm and preliminary 
corrections indicate minimal refraction error. Thus, a planned re-survey in FY 1997 should be 
able to document rates of ductile deformation across one of the Holocene structures in this area. 
This experiment is aimed at determining the relative contributions to ductile strain accumulation 
from (/) elastic strain along a locked megathrust and («') inelastic strain from crustal shortening.

Data Reduction. (1) Preliminary compilation of a coastal and nearshore structure map in 
central Washington in order to discern blocks with differing structural fabrics. (2) Initial 
comparison of the pattern of post-83 ka deformation of the shore platform with the pattern of 
modern geodetic deformation. (3) Initial geomorphic analysis of coastal central Washington in 
order to identify and evaluate active structures. (4) Preliminary reconstruction of Juan de Fuca 
plate with repsect to Washington margin during last 20 My (in collaboration with D. Wilson, U.C. 
Santa Barbara) in order to gain insight into how shortening associated with oblique convergence is 
distributed within the margin.

Research Results. Although the Cascadia subduction system has received increasing scrutiny 
in recent years, it is still unclear what portion of the 30 to 50 mm/y oblique convergence across the 
plate boundary is dissipated as aseismic deformation; what portion is locked along the megathrust; 
and what portion is represented by seismic deformation within the overriding crust. This 
information is crucial to understanding the relative frequency of megathrust and crustal

572



NEHRP Element II

earthquakes. The complex pattern of onshore and nearshore Quaternary structures within the 
upper crust is characterized by broad folds and tear faults trending ENE, overprinted on tighter 
folds also trending ENE and thrust faults trending NNW. The regional pattern of Quaternary 
subsidence in the Queets River and Grays Harbor areas and uplift in adjacent areas broadly agrees 
with the regional geodetic pattern of uplift. This coherence between late Quaternary deformation 
and modern interseismic deformation suggests that ongoing crustal shortening may result from 
coupling between the subducting Juan de Fuca plate and the accretionary rocks along the central 
segment of the Cascadia margin. These results also suggest that the Holocene estuarine- 
subsidence events along this portion of the margin may be partially controlled by ongoing 
deformation within major crustal structures. If some of these Holocene seismic events have a 
crustal source, the recurrence interval of great megathrust earthquakes needs to be reevaluated. 

A crustal structural source for any of the subsidence record in the Copalis-Grays Harbor- 
Willapa Bay area was previously rejected because of the lack of evidence for surface rupture that 
could account for coeval subsidence at sites 55 kilometers apart (Atwater, 1992, JGR). However, 
the lack of recognized surface rupture does not preclude a crustal source in a region of 
compressional tectonism. It is widely recognized that many active folds are cored by "blind" 
thrust faults which are capable of generating regional coseismic vertical displacements of 1 to 2 
meters (e.g., the Loma Prieta and Northridge earthquakes). In fact, the 7-m uplift of a Holocene 
terrace in Puget Sound is attributed to such a blind-thrust mechanism (Buckman el al., 1992, 
Science). The possibility of similar structures elsewhere in coastal Washington cannot be ruled out 
without additional study of deformed Quaternary deposits onshore and offshore.

Reports Published in FY 94

McCrory, P. A., Wilson, D. S., Ingle, J. C, Jr., and Stanley, R. G., 1994, Neogene geohistory 
analysis of Santa Maria basin, California and its relationship to transfer of central California to 
the Pacific plate: U. S. Geological Survey Bulletin 1995-J.

McCrory, P. A., 1994, Measuring the Earth's pulse, Spirit leveling: Quinault Natural 
Resources, v. 17, n. 2, p. 30-31.

McCrory, P. A., 1994, Quaternary crustal shortening along the Cascadia margin,
Washington [abs.]: Geological Society of America Abstracts with Programs, v. 26, n. 
7, p. 523.

McCrory, P. A., 1994, Late Quaternary thrust faulting along the Cascadia margin, 
Washington: Implications for partitioning of strain [abs.]: Eos Transactions, 
American Geophysical Union, v. 75, n. 44, p. 622.

McCrory, P. A., Wilson, D. S., Ingle, J. C., Jr., and Stanley, R. G., 1995, Neogene 
Transfer of Central California to the Pacific Plate: Evidence from Santa Maria Basin, 
California [abs]: American Association of Petroleum Geologists, Program & 
Abstracts, Pacific Section.
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Figure 1. Map showing generalized bedrock geology; location of field sites; 20- and 100-m 
bathymetric contours offshore. Barbs on upper plate of thrust faults; dashed lines, anticlines; 
dotted lines synclines. (Modified from Rau, 1973; 1975; 1979; 1980; Rau and MacFarland, 1982; 
Tabor and Cady, 1978; Wagner et al., 1986; Snavely, 1987; Snavely and Kvenvolden, 1989; Walsh et 
al, 1987; Orange et al, 1993)
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