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SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA
T.V. McEvilly, P. Johnson, M. Antolik, R. Clymer
Seismographic Station, University of California, Berkeley, CA 94720

and .
E. Karageorgi, R. Nadeau, J. Peterson
Earth Science Division, Lawrence Berkeley Lab, Berkeley, CA 94720

Phone: 510-642-4494 (TVM), FAX: 510-486-5686, E-Mail: tom @seismo.berkeley.edu
Award 14-08-0001-G2160; Program Element: I1.7

INTRODUCTION

Two programs of seismic wave analysis continue: Earthquake recording with the high-resolution seismic network
(HRSN), begun in December, 1986, and controlled-source monitoring with HRSN begun in June, 1987.

The HRSN (Figure 1) consists of ten, 3-component, borehole seismometers surrounding the 1966 Parkfield
epicenter. The data-acquisition system features digital telemetry with 125-Hz bandwidth and 16-bit resolution, and
can operate in external-trigger (i.e., controlled-source) or event-trigger (earthquake) modes. Low-gain recorders
with similar parameters, on loan from the IRIS PASSCAL instrument pool, are operating at five of the sites in
parallel with the telemetry system. Network characteristics are summarized in Karageorgi et al., 1992.

INVESTIGATIONS
1) Microearthquakes.

Local microearthquakes of magnitude about -0.5 to about +1.8 are routinely recorded on scale by the high-gain,
telemetered system, extended to near M3 at the five low-gain sites. Studies are underway in source scaling, failure
processes, fault zone structure, and material properties within the Parkfield nucleation zone.

Using advanced inversion techniques which make use of the high frequency content of the microearthquake data, we
have developed 3-dimensional P- and S-wave velocity models for the area (Michelini and McEvilly, 1991). These
models provide a map of fault zone structure at a scale of about 1 km, and have resulted in a substantial
improvement in hypocenter location precision. Relocation of all events using the 3-D velocity model has revealed
the highly clustered nature of Parkfield earthquakes (Nadeau ez al., 1994a,b). The cluster locations expose the fine
structure of the fault-zone failure process (Figure 2). The individual cluster events, coherent to SO Hz and beyond,
also provide sequences of repeated near-identical sources throughout time with which to observe changes in wave
propagation properties in the fault zone.

2) Controlled-source monitoring with HRSN.

From June, 1987 through December, 1994, the HRSN has been illuminated 50 times with S-waves of three
polarizations at seven source positions throughout the study zone, using a shear-wave Vibroseis source, in an on-
going, long-term monitoring program (Figure 1). This includes special recordings during and after the M4+
earthquake sequences and associated alerts of 1992 and 1993. Analysis techniques to view changes in travel time,
attenuation, S-wave polarization and frequency content in large amounts of data have been developed and are
applied to the entire data set. We have discovered and continue to monitor significant anomalies in travel time and
frequency content occurring in a zone south of Middle Mountain.

This work was reviewed by Karageorgi, et al., 1992. Data reduction is accomplished at the Center for
Computational Seismology (CCS) in the Earth Sciences Division of the Lawrence Berkeley Laboratory (LBL).

DATA COLLECTED

We have nearly completed the considerable task of putting the 1987-1994 microearthquake data base into a
consistent and correct format (R.N., J.P., T.V.M.). Problems with pick consistency, channel assignments,
amplitudes, time code interpretation, data gaps, and format have been dealt with. The data set at L.B.L. is archived
in SEGY format. The final results are to be placed on the Berkeley régional mass-store in the first half of 1995. A
total of approximately 4500 events are presently in the archive.

Three vibrator data sets have been collected and the data reduced in this project year. Data after routine processing
(edit, stack, correlation, gather by source site) are archived in SEGY format on magnetic tape.
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RESULTS
Earthquake Studies:

Event analysis: Local Parkfield events are now picked and located with the 3-D model within a month of
occurrence. This effort is presently current through November, 1994.

Characterization and Analysis of Microearthquake Clustering (R.N): Using a modification of the similar event
characterization method of Aster and Scott, 1993, we have characterized event similarity for the 1987-92 Parkfield
HRSN data set, and established our definition of similar event clusters at Parkfield. Results (Figure 2) show that
63% of the earthquakes occur in a relatively sparse distribution of small clusters estimated to be less than 20 meters
in radius. Within these clusters, virtually identical small earthquakes occurred with a regularity that can be
described by the statistical model used previously in forecasting large characteristic earthquakes. Sympathetic
occurrence of microearthquakes in nearby clusters was observed within a range of about 200m at communication
speeds of 10 to 100 cm/s. The rate of earthquake occurrence increased significantly during the study period, as did
the ratio of deep to shallow events, but the fraction of clustered events decreased (Figure 3). This work is reported
in a paper recently accepted for publication by Science Magazine(Nadeau et al., 1994b).

Coda Q Study: A detailed study of temporal variation of coda Q in the Parkfield region using clustered events,
cooperative with R. Aster of the New Mexico Institute of Technology, has been completed and submitted to BSSA
(Antolik, et. al, 1994). The method of Aki and Chouet (1975) was applied to 21 of the event clusters spanning a
seven year period. The high degree of similarity between clustered earthquakes at Parkfield permit extremely stable
estimates of the spectral ratio, and thus it is possible to tightly constrain the variations of coda Q. Results preclude
any variation in Q! outside of 5 parts in 104 at the 95% confidence level.

Temporal Variations in Fault-Zone Properties: We are presently searching for clusters with the greatest similarity
of waveforms. We will then continue to search for temporal variations in travel time, polarization, and attenuation
(Nadeau et al., 1994c¢).

Seismicity Studies: A study of the role of fault-zone fluids in microearthquake clustering at Parkfield has been
submitted to JGR (Johnson and McEvilly, 1994). The data are consistent with a model in which microearthquake
clusters and confined sequences occur in localized cells of fluctuating elevated pore-fluid pressure that occupy only
1-2% of the fault surface but account for most of the microseismicity. These cells may be imbedded in a fault zone
that is stronger in the less active intercellular regions.

Controlled-Source Studies (EK):

The final working data sets for analysis are "time gathers": one source into one receiver gathered across calendar
time, producing 720 files, each containing, at present, 50 similar traces on most paths. The time gathers are then
examined for variations in waveform parameters.

Most displays show only seasonal variations in various properties (travel time, amplitude, spectral properties), due to
very near-surface moisture changes under the vibrator (Clymer and McEvilly, 1981).

However, paths in the vicinity of source site 2, south-west of the 1966 epicenter, show a prominent travel-time
anomaly that began in mid 1988, and continues through late 1994 (Figure 4). There was a prominent change of
character in 1993, but previously anomalous paths remain anomalous, and stable paths remain stable. Temporal
variations in travel time appear to correlate with significant seismicity features, such as the larger events in 1992 and
1993. Variations in frequency spectra and polarization angle also correspond to the significant seismicity features.

Analysis of the data from a two-dimensional source array at source site 2 provides estimates of the horizontal
slowness and azimuth of the anomalous phases, defining the mode of propagation. Regardless of the path
orientation, P and S phases appear to be redirected, leaving the source preferentially toward the north-west.
However, later phases tend to leave the source in a south-south-east direction. Anomalous arrivals fall in both
categories. The apparent velocities of the later phases are relatively high, implying steep incidence ant deep
propagation for the anomalous waves.
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PARKFIELD NETWORK AND SEISMICITY
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Figure 1. Location map showing the Parkfield borehole seismometer network (open
triangles) and microearthquake seismicity (dots) for 1987 to mid-1994. The closed

circle near site MMN marks the epicenter of the 1966 Parkfield earthquake.

dotted line is the San Andreas fault trace.
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Figure 2. Sections through the 3-D velocity model for Parkfield showing the 294 cluster locations (large dots),
background seismicity (small dots), 1966 main shock (large square) and recording stations (small triangles) projected
on to the fault plane. The upper rectangle is in plan view, the rectangle directly below is a cross section along the

San Andreas fault, and the smaller rectangle to the left is a cross section perpendicular to the fault. Vp contours and
Vp/Vs anomaly location (dashed contour) are shown.
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CHANGING SEISMICITY at PARKFIELD
1987 - 1993
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increased substantially over the 1987-1992 period, while the fraction of the total that
are clustered events decreased through the analysis period. The fraction of the total
activity deeper than 5 km increased significantly. The mode of slip in the fault zone
is changing, involving more earthquakes in the deep nucleation zone. -Lower) Two-
month seismicity (two-month moving window, moved in one-month increments).
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BAY AREA DIGITAL SEISMIC NETWORK

T.V. McEvilly, R.A. Uhrhammer, P. Johnson, R. Clymer,
Seismographic Station, Dept. of Geology & Geophysics and
Earth Sciences Division, Lawrence Berkeley Laboratory
University of California, Berkeley, CA 94720
510-642-4494 (TVM); 510-486-5686 (FAX), tom@perry.berkeley.edu

Award 14-08-0001-G2122; Element I1.7
Goals

The purpose of the Hayward Fault Network (HFN) in the San Francisco East Bay is to provide high resolution, high
frequency (1000 samples per second), wide dynamic range (24-bit digitization), 3-component, on-scale seismic data
for earthquakes of magnitude 0 < M < 7.0 for detailed studies of the Hayward fault. From our experience managing
the Parkfield High-Resolution Network, with similar dimensions to the HFN, we believe we can accomplish this
goal even in a noisy urban environment, given carefully designed sensors and deep borehole emplacement.

The HFN is a joint effort with the USGS. The network as envisioned will consist ultimately of 24-30 stations, 12-
15 each north and south of the San Leandro seismic gap, managed respectively by UCB and USGS. Other sites are
being drilled by the State of California Transportation Department (CALTRANS) and instrumented by the Lawrence
Livermore National Laboratory (LLNL) at the major Bay Area bridges. Sensors designed and constructed at
UCB/LBL are being installed in the entire network. Recording and telemetry equipment will differ between north and
south, but the resulting data will be shared in near real time and archived with CALNET data in common format at
the Northern California Earthquake Data Center at Berkeley, also operated jointly by UCB and the USGS, and will
thus be made promptly available to the research community.

Six-component borehole sondes, with three channels of acceleration and three of velocity, were installed in 1993 in
four holes of opportunity at depths of up to 600 feet along the northern Hayward fault. Identical downhole sensor
packages were provided to Malcolm Johnston of the USGS for colocation in dilatometer boreholes on the southern
Hayward fault, and to Larry Hutchings at LLNL for installation in boreholes drilled by CALTRANS at three piers of
the Dumbarton bridge. Site information is specified in Table 1.

The central data acquisition and control platform is a SPARCstation10, already in place. The Quanterra field
recorders, once installed, will communicate with the central computer over 38 kb ADN phone lines. There will then
be central event detection and other network controlling decision-making.

The HFN data will also be available in real-time to Project REDI (Rapid Earthquake Data Integration). REDI is
being developed at UCB to provide clients with near real-time information on significant earthquakes from on-line
analysis of telemetered signals from northern California seismographic stations.

1994 Accomplishments

Station Operation. During the past fiscal year we have operated the network of four borehole seismometers on
the northern Hayward fault that were installed in 1993. As a temporary system, RefTek Model 72-A07 24-bit event
recorders borrowed from the UCB Seismographic Station and Lawrence Berkeley Laboratory have operated
independently at each site, recording on DAT tape. The central-site acquisition and control workstation
(SPARCstation 10) reads the DAT tapes from the field recorders.

At site BRIB, the sensor cable was recently irretrievably damaged down-hole (while trying to install another
instrument). One of the new sondes (described below) will be installed at this site.

New Seismometer Installations. We have had several sensor failures in the original sondes. The sonde at the
UC Stadium (site UCSB) was retrieved and cut open: Water had clearly penetrated the sensors. Subsequently, we
convinced Wilcoxin Research to produce a hermetically sealed version of their accelerometer, we re-engineered the
sonde, purchased heavy-duty, deep-submersion cable, and filled the sonde with an improved epoxy potting material.

The accelerometers also failed at site BBEB, at the east end of the Bay Bridge in Oakland (Figure 1). It will be
replaced with one of the new Bay Bridge installations described below, probably BBE2 on Yerba Buena Island.

With funding support from the Electric Power Research Institute (EPRI), the USGS, and LLNL, several of the new
sondes are being constructed. One has been installed at HFN site UCSB. The others are being installed
cooperatively with LLNL in holes of opportunity being drilled into bedrock under San Francisco Bay by the
CALTRANS Bridge Safety Program. The first three have been used already at the Oakland-San Francisco Bay Bridge
(Figure 1, sites with prefix "BBE"). In the short term, recording there will be accomplished with LLNL RefTek
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event recorders. The remaining sondes will be installed at the Carquinez, Richmond-San Rafael, and San Mateo
bridges.

Recording/Telemetry Equipment. Five Quanterra Model Q4124 data platforms have now been delivered,
equipped with a new operating system (called Ultrashear) especially developed for HFN to meet the needs of a
centrally-controlled network. The major addition is full two-way communication between the remote units and the
central computer, via 38.4 kb ADN phone lines. Recording parameters can be changed remotely without disrupting
the remote station's operation. Network triggering and data recovery are controlled by the central computer. Further,
the platforms feature four, 24-bit 1000 sps data channels, and multiple data streams. The innovations appear to be
quite attractive, and may be implemented in the Quanterra recorders of the Berkeley Digital Seismic Network.

One of the new Quanterra platforms was recently installed at site UCSB, with one of the new sondes (described
above), and the first ADN phone service to the central computer. First indications are that all components are
operating well. Figure 2 shows the M5 Parkfield earthquake of December 20, 1994, as recorded with the new
equipment at UCSB.

TABLE 1. Hayward Fault Network Station Information

Site Latitude Longitude Surface Elevation Instrument Depth
(degN) (deg W) (meters) (m)
Northern sites (UCB):
BBEB 37.821596 122.329751 -30.8 . 1829
UCSB 37.871947 122.251676 94.7 167.6
RFSB 37.916080 122.336104 -27.3 91.4
BRIB 37.918863 122.151695 222.2 108.8

Southern sites (USGS):

GARS 37.645448 122.011278 339.5 120.6
CHAS 37.743318 122.096570 225.5 118.5
MILS 37.540266 121.887595 3435 155.3
SUNS 37.642966 121.940231 499.2 123.5
COYS 37.562894 122.096694 -23.1 136.8

Dumbarton Bridge (LLNL/USGS/EP|

PIER1 37.4976 122.1289 -31.3 0, 71.6, 228.0
PIER27 37.5056 122.1156 -31.3 182.9
PIER44 37.5106 122.1114 -31.3 0, 62.5, 157.9

Pier E2 (Y.B. Is) 37.8140 122.3589 -28.6 61.9

Pier E7 ? ? -39.6 135.2

Pier E17 37.82065 122.33631 -35.9 159.7
Notes:

+All coordinates are with respect to WGS84 Datum (equivalent to NAD83). To convert to the NAD27 datum,
corrections are +0.000069 deg latitude (8m), and -0.001083 deg longitude (95.2m)

Elevations are height above WGS84 ellipsoid. To convert to mean-sea-level elevation, add 31.4m.

*Locations of UCB and USGS sites were obtained by GPS survey (carrier phase), accurate to better than 1 m..

*Dumbarton Bridge and Bay Bridge E2 Locations are from 7.5' topographic maps, accurate to £15m.

*Bay Bridge E17 location is by real-time differential GPS measurement, accurate to +5m

*UCB site BRIB is colocated with USGS dilatometer site RRCS.

*The east and west ends of the Dumbarton Bridge are equiped with sensors at three depths. The deepest instrument
at all three sites is 100 feet into bedrock.
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Figure 1. Hayward Fault Digital Network.
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Element: II.1

Geologic and tectonic framework, Mendocino Triple Junction
5-9540-70420
R. ]J. McLaughlin
U. S. Geological Survey, Branch of Western Regional Geology, MS 975
345 Middlefield Road, Menlo Park, CA 94025
8 (415) 329-4945; Fax No: 8 (415) 329-4936

INVESTIGATIONS UNDERTAKEN:

(1) Continue digitization in ARC/INFO and preparation of interpretive texts for
publication at 100 K scale, maps of geology and structure of the onshore-offshore
Mendocino Triple Junction region

(2) Write report on structural implications of Miocene marine accretionary prism
rocks exposed onshore immediately north of Cape Mendocino.

RESULTS:

(1) Geologic maps of the Cape Mendocino and Eureka 100 k quadrangles and
adjacent offshore area, along with structure sections and text were returned to senior
author (McLaughlin) for revision following technical review. Report is to be
forwarded to BWTR in December 1994.

(2) The Geology of Garberville 100 k quadrangle was digitized and underwent
editing by authors (McLaughlin, Blake, Irwin). Structure sections are to be
constructed and the quadrangle submitted for technical review in January, 1995.

(3) A composite map of geology and seismicity of the offshore and onshore Cape
Mendocino region was derived from the digital Cape Mendocino, Eureka, and
Garberville 100 k quadrangles. Earthquakes were color-keyed by depth, and
magnitudes keyed by symbol size. Map was produced in cooperation with D.
Oppenheimer and M. Magee and presented as part of a poster session in October
1994 GSA National Meeting.

(4) In collaboration with other U. S. G. S. co-authors and with K. Aalto and G.
Carver, Humboldt State University, wrote and submitted to Tectonics, paper on
uplifted and deformed Miocene accretionary prism north of Cape Mendocino.

REPORTS PUBLISHED:

Aalto, K. R, Carver, G. A., Dunklin, T. (Geology Dept., Humboldt State University,
CA), Barron, J. A, Sliter, W. V., and McDougall, K., Uplifted Neogene
accretionary wedge, Humboldt County, CA: Abstracts with Programs,
Geological Society of America, v. 26, no. 2, p. 33.
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Magee, Marion (Stanford), McLaughlin, R. J., and Oppenheimer, D. (U.S. G. S,,
Menlo Park), 1994, Relationship of recent onshore and near-shore seismicity to
the structural framework of the Mendocino Triple Junction: Abstracts with
Programs, Geological Society of America, v. 26, no. 7, p. A146.

Submitted for publication consideration in Tectonics: Aalto, K. R., McLaughlin, R.
J., Carver, G. A., Barron, J. A., Sliter, W. V., and McDougall, K., Uplifted
Neogene margin, southernmost Cascadia-Mendocino Triple Junction region,
California: 13 manuscript pp., 12 figs. - with journal 11/94.
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THE ROLE OF MEAN DEPTH OF BACKGROUND SEISMICITY
IN RUPTURE INITIATION

Award Number 1434-94-G-2388
Stephen R. McNutt and Max Wyss

Geophysical Institute
University of Alaska Fairbanks
903 Koyukuk Drive
P.O. Box 757320
Fairbanks, AK 99775-7320

phone: (907) 474-7131, fax: (907) 474-5618, email: steve@deus.gi.alaska.edu

Program Element II.2

INVESTIGATIONS UNDERTAKEN

We are studying the mean and quartile depths of the seismicity within and near the source
volumes of moderate and major earthquakes in California and Alaska. It has previously
been shown that the pattern of increased mean depth of seismicity preceded the ruptures
of some mainshocks along the San Andreas fault system. We are developing the tools to
test for this pattern for a larger number of cases. We are also integrating the mean depth
work with other ongoing work to evaluate systematic errors and completeness of
earthquake catalogs.

We developed several tools as part of the Matlab-based software package ZMAP (Wiemer
and Zuniga, 1994). ZMAP has been developed at the Geophysical Institute UAF to
investigate seismicity rate changes as a function of space, time, and magnitude. Since these
questions are closely related to changes in mean depth, we added tools to ZMAP that
expand the analyses to address changes in mean depth.

We are now able to interactively (1) decluster a catalog and work with either the complete
catalog, the declustered catalog or just the clusters (2) display mean depth curves for
selected areas (3) calculate the significance of mean depth changes based on one or more
statistical tests, and (4) display mean depth and mean depth changes as a function of space
and time.

RESULTS

Results were sparse while we were in the stage of developing the necessary research tools.
Nevertheless, we have made a preliminary study of seismicity preceding three earthquakes
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in central California to date: 1975 Coyote Lake (ML=5.9), 1984 Morgan Hill (ML=6.2),
and 1989 Loma Prieta (ML=7.0). We used the catalog for 1967-1994 from the Northern
California Earthquake Data Center. Loma Prieta data are given below as an example.

A map of seismicity prior to the Loma Prieta earthquake is shown as Figure 1. The
polygon outlines the approximate rupture area which was also our search area for possible
depth anomalies. A depth versus time plot for seismicity prior to the mainshock is shown
as Figure 2. Note the cluster of deep pre-shocks at the right of the figure. Both figures 1
and 2 display only hypocenters with vertical errors of 1.5 km or less. We studied the depth
error distribution and found that approximately 80 percent of the events had depth errors
of 1.5 km or less. We somewhat arbitrarily chose 1.5 km as an error cutoff to preserve
resolution. The distribution of depth errors (Fig. 4) is approximately log normal. Depth
error does not appear to be a function of depth (Fig. 4), but we found that depth error
decreases as a function of magnitude (Fig. 5). Presumably this occurs because larger
earthquakes have more impulsive arrivals.

We plot mean depth as a function of time in Figures 6 and 7 using two different window
lengths. For each case the deepest mean depth occurs at the right edge of the plot and
includes the pre-shocks and foreshocks to the Loma Prieta mainshock. The standard error
bars on the plots are large, however, and we will be using additional statistical tests to
measure the significance of these possible depth anomalies as we complete our analyses.

We have also made significant progress in identifying changes in the reporting
characteristics in earthquake catalogs, by developing a method by which we can measure
the degree of stretching (or compression) that the magnitude scale may have undergone as
a function of time (Zuniga and Wyss, 1995). Times of magnitude shifts or stretches signal
times of changing procedure in the data analysis or in the network configuration. If
apparent changes in mean depth should be found at times of inadvertent magnitude scale
changes, it would be likely that the depth changes are also not real. Thus, we will check
the stability of the reporting of earthquakes for any times at which we may find changes in
the average depth, using our new tools for this purpose.

The question of how to assess the correlation of a mainshock with a proposed precursor
anomaly has also been addressed (Wyss, 1995; Wyss and Allmann, 1995). We propose a
statistical estimate of the performance reliability of a precursor, in an area of
heterogeneous probability for mainshocks. The problem we may face is the following: We
may wish to test whether observed instances of increased mean depth correlate with
nearby mainshocks by chance, or whether these are cases of precursors connected to the
mainshocks, in an area where the probability of a mainshock occurring varies strongly as a
function of space. We designed and tested a method which will take into account a
different local probability for each target area, and then estimates the probability that in n
attempts m successes (correlations) were observed.

Now that the software tools have been developed, we will complete the temporal analysis
of the 15-20 moderate and major earthquakes listed in our proposal. Using the new ZMAP
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features, we will also undertake spatial analyses that were not identified in our proposal,
but which we feel may be equally important. We note that a six month extension was
granted for this work.

REPORTS PUBLISHED

Wiemer S. and R. Zuniga, ZMAP - a Software Package to analyse Seismicity, EOS,
Trans. Amer. Geophys. Union, Vol. 75, No. 44, p. 456, 1994

Wyss, M., Inaccuracies in seismicity and magnitude data used by Varotsos and coworkers,
Geophys. Res. Lett., 22, submitted, 1995.

Wyss, M., and A. Allmann, Probability of chance correlations of earthquakes with
predictions in areas of heterogeneous seismicity rate: the VAN case, Pageoph,
143, submitted, 1995.

Zuniga, R., and M. Wyss, Inadvertant changes in magnitude reported in earthquake
catalogs: Influence on b-value estimates, Bull. Seism. Soc. Amer., 85, submitted,
1995.
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Figure 1: Map of the seismicity prior to the Loma Prieta (ML= 7.0) earth-
quake. The epicenter location is marked by a star. The polygon indi-
cates the approximate rupture area. All events with a depth error
smaller 1.5 km in the period 1.1. 68 to 16.10.89 are shown.

-2

Depth (km)

Time (years)

Figure 2: Seismicity in the rupture area outlined in Figure 1 as a function of
time and depth. Note the deep foreshocks prior 1o the Loma Prieta main-

shock.
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Figure 3: Histogram of depth
error for all earthquakes shown
in Figure 1. The distribution is
approximately log normal.

Figure 4: Plot of the depth error
as a function of depth for all
earthquakes within the rupture
area (Figure 1). No correlation
between depth and depth error
can be observed.

Figure 5: Plot of the depth error
as a function of magnitude for
all earthquakes within the rup-
ture area (Figure 1). Depth
error and magnitude show an
inverse correlation.
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NEHRP, Element II

Experimental Tilt and Strain Instrumentation

9960-12126

C.E. Mortensen
Branch of Earthquake Geology and Geophysics
U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025
(415) 329-4856
Program Element 11

Investigations

1. There are currently 159 Data Collection Platforms (DCP's) that transmit a variety of data to
the Direct Readout Terminal (DROT) and the backup Direct Readout Ground Station (DRGS)
in Menlo Park. Seventy-five of these DCPs transmit data at 10-minute intervals on two
exclusively assigned random channels, which are being utilized under a special agreement
with NESDIS. The remainder of the DCPs report at standard 3 or 4-hour intervals as
assigned by NESDIS. This system transmits data from all types of low-frequency
instruments including dilatometers, creepmeters, strainmeters, water-level meters,
magnetometers, tiltmeters, and related measurements. One of the first DCP's installed has
been in continuous operation, with no repairs and little maintenance, for more than 3700
days. Maintenance of this network will be transferred to another project in FY 95.

2. Networks of tiltmeters, creepmeters and shallow strainmeters have been maintained in
various regions of interest in California. A network of tiltmeters located at seven sites
monitors crustal deformation within the Long Valley caldera. Roger Bilham of the University
of Colorado and Jon Beaven of Lamont-Doherty installed a very long baseline tiltmeter in
Long Valley. This project provided three DCP's to collect the data and return it to Menlo Park
via GOES satellite. We also monitor the data received to keep track of deformation within the
caldera, comparing results frequently with the USGS tiltmeter array.

3.  Creepmeters located along the Hayward, Calaveras and San Andreas faults between Berkeley
and the Parkfield area are maintained in cooperation with the Fault Zone Tectonics project. A
shallow strainmeter is located near Parkfield, while observatory type tiltmeters and
strainmeters are sited at the Presidio Vault in San Francisco, and a tiltmeter is installed in the
Byerly Seismographic Vault at Berkeley. Data from these instruments are telemetered to
Menlo Park via the GOES satellite. These functions will be transferred to other projects in FY
95.

4. Water-level meters in wells located in Parkfield and the Mojavi region were maintained in
cooperation with the Water-level Monitoring Project. This function will be transferred to that
project during FY-95.

Results

1. Provided regional monitoring of crustal deformation (tilt) in the Long Valley caldera,
Mammoth Lakes, CA.

2. Conducted maintenance activities for various instrumentation arrays in Parkfield and
throughout the S.F. Bay region.
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NEHRP:PN--COMPONENT: 11.5
PALEOSEISMOLOGY OF COASTAL OREGON
9950-15133
ALAN R. NELSON

Branch of Earthquake and Landslide Hazards
U.S. Geological Survey, MS 966
Box 25046, Denver, CO 80225
(303) 273-8592; anelson @gldvxa.cr.usgs.gov

INVESTIGATIONS

The magnitude and recurrence times of past great earthquakes along the Cascadia continental
margin are important issues in seismic hazard assessment in the U.S. Pacific Northwest. Some
argue that the most recent subduction-zone earthquake had a magnitude of 9 (e.g., plate-
boundary rupture >500 km long), similar to the 1964 earthquake in Alaska, and that such an
event is typical of the Cascadia subduction zone. Others, citing analogies with historic
earthquakes in other suduction zones, suggest that a segmented margin with more frequent
magnitude 8 earthquakes (e.g., 100-to-300-km-long ruptures) is more plausible. Recurrence
times are also uncertain, with some scientists arguing for average repeat times for M>8
earthquakes of 300 years, and others pointing out that evidence for more than two great
earthquakes in the past few thousand years is not widely documented. High-precision 14C
dating of trees killed by sudden subsidence at four coastal sites do not rule out an earthquake
rupture that may have extended from central Washington to Humboldt Bay, California, about
A.D. 1690-1710. Our more recent study of correlative buried soils, which we dated with the
means of eight marsh-plant AMS 14C ages, does not rule out synchronous subsidence at seven
sites along 440 km of the Oregon and Washington coast. Such ages are consistent with either a
magnitude 9 earthquake or a series of magnitude 8 earthquakes after A.D. 1650.

The question of whether or not the most recent subduction-zone earthquake was a giant
earthquake of magnitude 9, as well as the magnitude and recurrence of earlier earthquakes, is
difficult to address because so little paleoseismological work has been completed in the southern
half of the Cascadia zone. Precisely dated trees in Humboldt Bay are 530 km south of the
nearest other site with dated trees. The only site with precisely dated marsh plants in central and
southern Oregon is on the Coquille River, 260 km north of Humboldt Bay. Most
paleoseismicity studies along the Cascadia margin have focused on the extensive marshes in
northern Oregon, southern Washington, or in the Humboldt Bay region. Such marshes are not
found along the steep, rocky coast of the southern part of the subduction zone. Furthermore, the
paleoseismic record in the southern Cascadia forearc may be more complex than the record
farther north because the active fold and thrust belt extends on land in this region—coseismic
uplift or subsidence of coastal sites in the belt may or may not be synchronous with great
earthquakes on the plate boundary.

To deal with the question of the magnitude of the most recent great earthquake and to begin
to decipher the complex paleoseismic record of southern Oregon we are taking a new approach
in a cooperative study with colleagues in California (Harvey Kelsey, Humboldt State) and
Oregon (Eileen Hemphill-Haley, PMG)—one that emphasizes field mapping and precise dating
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of tsunami deposits and accompanying land-level changes in adjacent but contrasting
environmental settings. Unlike earlier work in more northerly marshes, we will collect
independent types of evidence of great earthquakes in both brackish-water estuaries and nearby
freshwater coastal lakes. An important aspect of the tsunami investigation will be estimating the
inundation level (a crude measure of tsunami magnitude) of the most recent and possibily earlier
tsunamis. Through detailed stratigraphic and laboratory studies we hope to answer the
following questions:

* Did the tsunami generated by the most recent great earthquake in southern Washington
and northern Oregon also strike the southern Oregon coast?

* How large was this earthquake; in other words, how far south in Oregon did coseismic
land-level changes extend and what was the inundation level of its attendant tsunami?

* How can deposits from local or regional tsunamis be distinguished from the deposits of
large storms or floods in southern Oregon?

* Did locally generated tsunamis accompany older great earthquakes in southern Oregon?

* Were the older tsunamis as large as the most recent one?

* Did parts of the coast abruptly rise or fall during any of these earthquakes?

* What is the relation of the timing of older earthquakes to those inferred from the tidal-marsh
records of northern Oregon, southern Washington, and the Humboldt Bay region?

RESULTS

Results from the initial lake-coring phase of the project suggest tsunami deposits from
repeated great earthquakes may be preserved in low-lying lakes along the southern Oregon coast.
From a platform suspended between two canoes, we collected 2-to-6-m-long cores from two or
three sites in each of four coastal lakes between Cape Blanco and the Coquille River using a
Livingston piston corer. Several small rivers that cross this coastal plain flow into lakes at their
downstream ends where sandy barriers block their mouths. We selected lakes with different
water-level elevations, surface areas, barrier heights, distances from the coast, and drainage
basin sizes along a 40-km segment of coast to see how these factors affect the recoverable
sediment record. Most cores could be pushed 2.5-3.0 m into lake sediment before bottoming in
unconsolidated medium to coarse sand. These sites were on the oceanward side of the lake, yet
far enough from lake-shore dunes to minimize the deposition of wind-blown sand.

The stratigraphy in three of the four lakes (Floras, Croft and Bradley Lakes) consisted of
silty clay and clayey gyttja interrupted by sandy intervals. In all lakes, lacustrine sediment
apparently overlies dune sand (2-4-ka) that predates the rise of the lakes to their current levels.
Sediment in the two deeper lakes (Floras Lake and Bradley Lake) consisted of well-laminated
silty clay and clayey gyttja; some of these laminae may be varves. Water at these core sites is
deep enough (10 m) that bottom waters do not turn over seasonally. The anoxic, possibly
saline, bottom water apparently prevented bioturbation, which would disturb sediment laminae.

In most cores, the sandy intervals that may be tsunami deposits are capped by woody debris
consisting of detrital leaves, conifer needles, fragments of herbaceous and woody plant roots,
and sticks. AMS 14C ages on some of the most fragile materials (those least likely to be
reworked), such as the deciduous tree leaves in cores from Bradley and Floras Lakes, provide
ages for the times of sand deposition in each core. The five ages obtained so far suggest unusual
events of sand deposition at about 0.3 ka, 1.0 ka, and 1.6 ka (e.g., Fig. 1). The youngest and
oldest times of sand deposition match the ages of the two most widespread buried marsh soils
farther north in Oregon that have been inferred to record regional coastal subsidence during great
earthquakes.
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The two Bradley Lake cores (B and C on Fig. 1) show three periods of sand deposition,
which correlate between cores. Angular clasts of well-laminated lacustrine clay are enclosed in
the middle sand, indicating that flow velocities were fast enough to erode the lake bottom prior to
sand deposition. Core B did not penetrate totally through the third (deepest) sand, but the
complete recovery of this interval in the more distal core (C) shows it was deposited during four
sediment pulses. Each pulse consists of medium sand fining upward to very fine sand or silty
sand. The period between pulses was apparently too short for silt to settle out of the water
column and form laminae before the next pulse occurred. Preliminary diatom analysis shows
that core C sediments are dominated by freshwater diatoms, but that there was an incursion of
rare but well preserved planktonic marine diatoms just above the sand at 84 cm. The occurences
of these delicate planktonic species in samples overwhelmingly dominated by lake species
suggests the diatoms were washed into the lake. If a tsunami carried the sand into the lake, it
must have reached an elevation of at least 8 m (Fig. 1).
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Figure 1. Simplified stratigraphy in two cores from Bradley Lake showing AMS 14C ages
and correlation of three sand beds labeled events A, B, and C. The elevation of
Bradley Lake is 5.5 m and the dune that forms the west edge of the lake is about 5 m
high. A tsunami capable of depositing sand in the lake would probably have had a

runup elevation of at least 8-10 m.
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Element II: Evaluating Earthquake Potential

The San Gregorio fault is the largest fault in the San Francisco Bay area whose slip rate and
recency of activity are unknown. The fault is the primary structure west of the San Andreas fault
in central California. The fault lies primarily offshore but comes onshore at two locations: Point
Afio Nuevo and Seal Cove. The San Gregorio fault clearly deforms and offsets late Pleistocene
marine terraces. Based on these offset terraces, Weber and Lajoie (1979) reported a right lateral
slip rate of 6 to 16 mm/yr. Recently collected offshore seismic reflection data, however, suggest
that the San Gregorio fault may be part of a family of west-vergent listric thrust faults. These
two disparate interpretations have significantly different implications for the role of the San
Gregorio fault in the tectonic setting of the San Francisco Bay area. Kelson and others (1992)
assumed a right-lateral slip rate of 7£1 mm/yr for the San Gregorio fault, which fits well with the
rate of relative plate motion in the Bay area. Lettis and others (1994) interpreted the San
Gregorio fault to be the northern part of a near-coastal system of strike-slip faults including the
San Simeon and Hosgri faults to the south.

In the Seal Cove-Half Moon Bay area, the San Gregorio fault is morphologically well expressed
by a sharp east-facing escarpment. The relative sense of vertical movement is up-on-the-west,
which is inconsistent with the interpretation of west-vergent thrust or reverse faulting for the San
Gregorio fault.

We selected a site with high potential for revealing the character of late Holocene deformation on
the San Gregorio fault in James Fitzgerald Marine Reserve. At this location, the fault transects a
prominent archaeological site on a gently sloping to flat bluff-top near the modern sea cliff. The
archaeological site is offset by the fault providing an excellent opportunity to constrain the late
Holocene slip rate and timing of most recent activity on the fault.

Our preliminary studies at the site included detailed mapping, hand auger borings, archaeological
test pits, and a paleoseismic trench. Based on an array of 130 shallow borings at 5- to 1-m
spacing, the northern margin of the archaeological site appears to be offset right laterally
approximately 9 to 11 meters. We use this offset margin as a piercing line from which to
measure fault slip rate. The perimeter of the site was defined by the presence or absence of
"midden" debris: shell, bone, chert and other artifacts from prehistoric coastal human
occupation. Borehole samples were collected at 10- to 20-cm intervals within the organic
horizon. Samples containing a qualitatively determined 5% or greater midden concentration
were interpreted to be within the boundary of the site. Midden debris of less than 5%
concentration was interpreted to be on the site fringe, largely influenced by on-going bioturbation
and erosion. Radiocarbon age estimates from shells and the artifact assemblage within the
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midden suggests the presence of a Middle Period component (1 to 2 ka).. The range of slip rate
offered from these preliminary age estimates is about 4.5 to 11 mm/yr on the northern onshore
reach of the San Gregorio fault. We hope to refine this slip rate based on further detailed study
of the archaeological site.

Three active traces of the San Gregorio fault were identified in our paleoseismic trench
excavated near the southeast boundary of the archaeological site. The fault traces appear to
bound a small graben containing ponded middle Holocene alluvial deposits. The ponded
deposits have been deformed by multiple surface rupturing earthquakes. At least two events
have occurred since inception of cultural deposition at the site, as evidenced by displacement of
midden-bearing strata. Preliminary data suggest that the most recent event occurred
approximately 650 years ago.
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Element II: Evaluating Earthquake Potential

Introduction

The purpose of our studies (1990-present) at the Archae Camp site at Fort Ross along the
Sonoma Coast in northern California is two-fold: (1) develop an independent record of past
earthquakes on the northern San Andreas fault, including the timing of past earthquakes and
average slip rate for the late Holocene; and (2) develop and refine techniques related to the
application of archaeology to paleoseismology. At Archae Camp, we are addressing the issues of
(1) the history of surface-rupturing events on the North Coast segment of the San Andreas fault;
(2) the relationship of the 1906 event (e.g., amount of slip) with past events; (3) the character of
other fault parameters (e.g., slip rate, slip per event); (4) the application of archaeological
techniques to paleoseismic studies; and (5) the segmentation of the North Coast segment of the
San Andreas fault.

Our research program on the northern San Andreas fault involves concurrent archaeological and
paleoseismic investigations (Noller and others, 1993). The archaeological study provides the
means to palinspastically reconstruct the boundaries and subzones of an archaeological site,
thereby providing estimates of cumulative slip over specific time intervals. Paleoseismic
trenching provides data to assess fault location and estimate the number of large-magnitude
earthquake events during the same time interval. By combining the results of these approaches
we can deduce the average slip per event and determine whether the northern San Andreas fault
only breaks in 1906-size events (i.e. characteristic recurrence model) or also breaks in smaller
magnitude events (i.e. poisson recurrence model).

Study Area
The Archae Camp site at Fort Ross State Historic Park was selected as the location for this study

on the basis of: (1) documented surface rupture and offset during the 1906 San Francisco
earthquake (Lawson and others, 1908), including a fence offset by 3.7m during the 1906 event
that is still present at the site; (2) a prominent, well-defined archaeological site lies astride the
1906 rupture trace; (3) surface rupture during 1906 was concentrated on a single strand through
the archaeological site; (4) the local prehistoric record of human occupation spans the past 5,000
to 8,000 years, providing a potential paleoseismic record of earthquakes on the San Andreas fault
since the middle Holocene; (5) the site is located halfway between two other detailed
paleoseismic study sites on this segment of the San Andreas fault (90 to 100 km to Olema and
Point Arena, respectively); and (6) the archaeology of the site has been studied previously.
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Methods

Paleoseismic trenches were excavated by backhoe across the San Andreas fault to reveal the
subsurface character of the fault and the deformation of adjacent bedrock, sediment and soil
units. Exposed structural and stratigraphic relations were logged and described.

We are currently testing the applicability of archaeological techniques to the definition of
temporally constrained piercing lines across faults. Potential piercing lines we are assessing at
Fort Ross include the archaeological site boundary, features within the archaeological site
complex (e.g., house structures), and gradients in the concentration of artifacts (e.g., chipped
stone refuse) or phosphorous (e.g., bone and human waste). Ages of the offset ethnostratigraphic
units are based on (1) radiocarbon age estimates on charcoal and buried soil; (2) obsidian-
hydration age estimates on obsidian artifacts; and (3) the local archaeological chronology.

Trench Investigations

At this location, the fault zone consists of a single trace expressed by a single southwest-facing
topographic scarp, linear troughs, ridges, and closed depressions. The depressions are filled in
part by sediment shed from the scarp across the fault trace and in part by colluvial deposits from
the opposite slope, and ponded sediment. We excavated four parallel trenches across the San
Andreas fault at Archae Camp. The trenches expose structural relations and displaced strata that
enable us to assess the number and timing of late Holocene surface ruptures at the site. Three of
the trenches (ACT-1, -2, and -3) extend from the main archaeological site, across the fault scarp
and into the linear depression southwest of the fault. The fourth trench (ACT-4) was excavated
across a prominent "mole-track" near the offset fence. Trenches ACT-1 and ACT-2 were
excavated in 1991 across the fault. A third trench (ACT-3) is located within the swale about 15
m upslope of trenches ACT-1 and ACT-2. Both trenches ACT-3 and ACT-4 were excavated in
September 1994.

Event Recognition and Dating
On the basis of stratigraphic and structural relations exposed in the four trenches, we currently

identify six and possibly seven late Holocene surface-rupture events on the North Coast segment
of the San Andreas fault at Archae Camp. Distinct surface-rupture events are defined on the
basis of distinct upward fault terminations, scarp-derived colluvial deposits, fissure fills, and
cross-cutting stratigraphic relations.

We currently are working out the sequence of events exposed in the new trenches, ACT-3 and
ACT-4. Trench ACT-3 displays four distinct fault splays or groups of splays that are each
truncated by a distinct colluvial unit. Each of these upward fault terminations is interpreted to
represent a single surface-rupturing event. We are currently describing this trench and working
on sampling of materials for dating. Trench ACT-4 displays a "flower-structure" that truncates
colluvial units on a northeast-facing hillslope near the offset fence. The "mole-track” of the 1906
event is still evident in the upper trench profile. Events are recognized by truncated colluvial
deposits and a fault-scarp derived colluvial wedge. As with Trench ACT-3, we are currently
describing this trench and working on sampling of materials for dating.

Archaeological Investigations

The archaeological phase of our study focuses on the Archae Camp site (California registered
site no. CA-SON-670), an areally extensive, multi-component archaeological deposit. Previous
archaeological excavations show that the 4000 m? site was continuously occupied by Native
Americans for more than 3,000 years. The site is located on a wide, side-hill bench between the
fault and Fort Ross Creek, and is transected by and offset along its western margin by the fault.
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Archae Camp Stratigraphy
The Archae Camp site has had repeated prehistoric occupations of significant duration. The

deepest excavated levels at the site contain artifacts dating to the Middle Archaic (3,000 - 1,000
B.C.)(Stillinger, 1975; Lightfoot and others, 1991), although Lower Archaic period (6,000 -
3,000 B.C.) occupations have not been ruled out. Archaeological materials are dominantly stone
artifacts, including shouldered lancelote points and other projectile points, bifaces, choppers,
fire-cracked rocks, and net weights. Bone, shells, and other faunal material are rare at this site.

The Archae Camp site consists of a long-use-duration midden deposit that drapes over and down
the southwest-facing fault scarp, and is limited to an approximate 50-m width along and parallel
to the northeast side of the fault. The concentration and age-distribution of buried obsidian
artifacts in the main site adjacent to the fault show a relatively confined locus of Upper Archaic
site materials encompassed by a wider distribution of Lower and Upper Emergent artifacts. The
artifact concentrations are truncated on the southwest by the fault. Historic surficial site
materials extend into the adjacent swale, across the 1906 rupture of the fault.

Cultural materials are concentrated at restricted locations and depths in the swale west of the
main site. The southeastern boundary of this concentration is coincident with that of the main
site. Thickness of artifact-bearing strata within the swale increases to the northwest, well beyond
the main site. Northwest along the swale, at the latitude of the northern margin of the main site,
the swale strata contain cultural materials buried at a depth of about 50 cm. The assemblage of
artifacts in this unit are of Upper Archaic to Lower Emergent affinity.

Farther to the northwest, a relatively deeply buried deposit of older obsidian and chert lithic
artifacts is present at depths of 70 to 120 cm. This concentration of materials is bounded on the
northeast by the fault and extends more than 10 m to the southeast from the fault. Along the
fault, the swale site extends about 23 m farther to the northwest of the northern margin of the
main site. Obsidian artifacts in this concentration have hydration-rind thicknesses indicative of
Middle to Upper Archaic, and Lower Emergent periods. Scattered older artifacts were recovered
farther to the north end of this concentration.

The archaeological materials within the swale, especially those located tens of meters northwest
of the main site, are interpreted to represent offset archaeological detritus from the main site.
Through successive displacement events during the past 2,500 years on the fault, the swale
deposits containing the artifacts were displaced northwestward from the main archaeological site.

Matching Offset Archaeological Sites
We use cultural materials of the Archae Camp site to define piercing lines across the fault. Our

approach to mapping these piercing lines involved (1) defining the limit of contiguous site
materials and (2) 1dent1fym0 unique features within the site boundarles With the former method,
the site boundary was determined by excavation of test pits and boreholes at selected locations
through the site. For the latter method, we established an orthogonal array of excavations and
mapped piercing lines on the basis of several key indicators, including the density of index
artifacts and the limit of the anthropic soil horizon.

Matching of piercing lines across the fault is made on the basis of correlating age and assemblage
of artifacts of the main site with artifacts southeast of the fault. Because the two sites provide at
least two pairs of piercing points to match, there is a high potential for measuring the amount of
slip along the fault since the time of inhabitation.
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Slip-Rate Estimates
We estimate rate of slip along the northern San Andreas fault by measuring the distance that the

cultural materials of the swale deposits have been offset from the main site. Our preferred
piercing lines across the fault are defined (1) (in map view) by the northwestern boundaries of
these two Lower Emergent archaeological units, and (2) (in the plane of the fault) by the loci of
Middle to Upper Archaic artifacts within the northwestern part of the main site and the swale.
The northwestern site boundary is chosen because it represents the leading edge of the
distribution of cultural artifacts, and because the southeastern boundaries of the extent of cultural
materials on either side of the fault are poorly constrained.

On the basis of data obtained from the surface and subsurface excavations, we prepared a plot of
the distribution of artifacts adjacent to the fault. The maximum possible range of projections of
the northwestern site boundaries to the fault result in a resolution of less than five meters . Using
our preferred northwestern boundaries, this site component has been offset by about 23 m.
Radiocarbon and obsidian-hydration age estimates provide an age range of A.D. 620 and 800 for
the deposits containing the artifacts, thus yielding a preliminary slip rate of 17-19 mm yr-1.

In a fault-parallel section we have plotted the distribution of artifacts and their concentration
within two meters of the fault. With this projection, a single concentration of Middle to Upper
Archaic artifacts is present on either side of the fault, except that they are displaced right-laterally
by 26 m. These artifacts are included in a younger unit estimated to 1,150 to 1,330 years old,
providing a preliminary slip-rate estimate of 19-22 mm yr-!.
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The purpose of this project is to determine where prehistoric
earthquake shaking has been strong enough to cause liquefaction, as
evidenced by the formation of liquefaction-induced features. The
threshold magnitude for significant liquefaction is about M 6.
Relict liquefaction-induced features normally take the form of
sand- or sandy gravel-filled dikes and sills. These features
commonly are preserved in abundance in the geologic record.

Field searches for relict liquefaction features were conducted
mainly in two regions during 1994: (1) the states of Ohio and
Illinois in the central U. S., and (2) the states of Oregon and
Washington in the Pacific Northwestern U. S.

CENTRAL U. S.

Background

Illinois, Indiana, and Ohio have had many small and slightly
damaging earthquakes during the 200 years of historic record. Large
parts of these states have extensive alluvial lowlands, which range
in age from late Wisconsinan to modern. The alluvium is commonly
sand~-rich, and the ground-water table has been high throughout much
of the Holocene. Altogether, the region has many places that have
been conducive to formation of liquefaction features during the
previous several thousand years. Sediments conducive since early
Holocene time are much less common, but still occur in many
widespread locales; the valleys are so wide that the laterally
cutting streams have not had the opportunity to remove the dikes.

The approach to locating dikes has been to search eroding
banks of streams. During the previous three years, hundreds of
prehistoric dikes have been found in southern Indiana and Illinois;
evidence for a very strong earthquake (M about 7.5) about 6,100
years ago, centered near the Wabash River of Indiana-Illinois, has
been found (Obermeier et al., 1993; Munson et al., 1994). In
addition, evidence for several other prehistoric earthquakes has
been found in the southern half of Indiana (Munson et al., 1994)
and the southern one-third of Illinois (Obermeier, unpublished
data). The Indiana earthquakes are reasonably constrained in terms
of ages and epicentral regions. In Illinois, though, much more
work is required.

West-central Ohio has had at least 40-felt earthquakes since
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1875, centered about the town of Anna. The largest of these, in
1937, had an estimated magnitude of 5.5. This magnitude is about
the same as the largest historic earthquake in the Wabash Valley of
Indiana-Illinois, where evidence for many prehistoric earthquakes
exceeding magnitude 5.5 has been found. Thus, there seemed the
possibility that much larger prehistoric earthquakes had struck
near Anna.

vestigations and Results

More than 50 km of stream banks throughout southwestern
Illinois and central Illinois were searched from a canoe. Many
dikes have been located through the Kaskaskia River valley. All
the largest dikes have ages of thousands of years. Some have
widths exceeding 30 cm. Some large dikes are within 40 km of St.
Louis, Missouri. A few of the smaller dikes may have originated
during the 1811-12 New Madrid earthquakes, but the majority are
probably at least mid-Holocene in age on the basis of severity of
weathering of sediment in the dikes and radiocarbon ages of source
sediments. Field evidence to support an earthquake origin of the
dikes is very strong.

I was also involved in investigation of dikes discovered by
researchers of the Illinois State Museum, who are funded by a grant
from the NEHRP program. Most of the combined effort was in central
Illinois at a site on the Sangamon River. At this site there are
dikes exceeding 30 cm in width that probably formed in early
Holocene time. Preliminary field evidence to support an earthquake
origin appears strong.

In western Ohio, more than 100 km of stream banks were
searched in the vicinity of the town of Anna. A canoce was used to
search portions of the Auglaize, Great Miami, Stillwater, and st.
Mary's Rivers and Loramie Creek. Portions of the Scioto and Little
Scioto Rivers in north- central Ohio were also searched, as were
widely scattered sand and gravel pits which contained thick
glaciofluvial deposits and had high water tables. The amount and
quality of outcrop was generally not very good; still, there was
adequate outcrop to express some confidence that the region has not
experienced an earthquake above magnitude M 7 the past several
thousand years. However, the paucity of outcrop did not exclude
the possibility of earthquakes of lower magnitudes.
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southwestern Illinois: (abstract) 1994 GSA Annual mmeeting,
Seattle, p. A-190.

PACIFIC NORTHWESTERN U. S.

Background

Coastal Washington has been almost devoid of historic
earthquakes. The only occurences have been scattered small events.
Atwater (1992) estimated that great earthquakes have occurred twice
the past two thousand years on the basis of geologic evidence for
episodes of sudden coastal submergence. One episode took place
about 300 years ago and less constrained evidence indicates another
episode took place 1,400 to 1,900 years ago. The earthquakes were
interpreted to have originated by subduction of the oceanic plate
(Juan de Fuca) beneath the continental plate (North American). To
test the great earthquake hypothesis, I initiated a search for
relict liquefaction features.

In 1991 the search was mainly in coastal Washington, in the
Chehalis and Humptulips River valleys. No definitive liquefaction
evidence was found that could be associated with subduction
earthquakes, although dikes probably from other tectonic sources
were discovered. Therefore in 1992 a search was initiated in the
Columbia River valley, and numerous dikes associable with the
subduction earthquake of 300 years ago were found. Fieldwork in
1993 extended the region of previously discovered dikes in the
Columbia River valley and in the Chehalis Valley. In 1994 the field
effort was extended into the Willamette Valley in Oregon. Purpose
of searching that valley was based on proximity to the coast; the
valley is centered about 80 km from the coast and therefore should
have been close enough to the seismic source to record strong
shaking from great subduction earthquakes, providing that
liquefiable sediments were present.

Investigations and Reports

The search in 1994 centered on the Calapooia River, located
about 10 to 30 km east of the town of Corvallis. This river was
selected because of the abundance of moderately thick, clean sands
that have been laid down in the region. About 30 km of the river
was searched from a canoe. At least 6 km of fresh outcrop was
exposed.

Small dikes of probable earthquake-liquefaction origin were
discovered at seven widely scattered sites. All dikes penetrate
host sediments that are nearly identical in terms of stratigraphy
(a weathered clay overlain by a thick silt). Therefore, all dikes
are suspected to have formed at the same time. The dikes are
highly weathered near their tops, so the dikes could not have
formed during the earthquake of 300 years ago, and probably not
during any earthquake 1,400 to 1,900 years ago. A local seismic
source is plausible, but inadequate outcrop has been searched to
define the pattern of dike sizes and thereby a source region.

Samples of sand were collected at widely spaced sites as a
means to estimate relative density of sands that occur along the
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Calapooia River. Thereby a lower 1limit of shaking can be
calculated for liquefaction of the sands. Prof. S. Dickenson of
Oregon State Univ.is doing the relative density measurements.

Results of a preliminary engineering study to assess the
strength of seismic shaking in the Columbia River valley during the
subduction earthquake of 300 years ago are given in U. S. Geol.
Survey Open-File Report 94-589.
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Introduction

Fluctuations of resistivity are monitored with telluric currents in Parkfield. The array
uses grounded telephone lines as dipoles (Figure 1). The analysis was discussed in Park [1991].
We look at daily fluctuations of the telluric coefficients relating Dipoles 1 through 6 to the
reference dipoles of Dipoles 7 and 8. Thus, we are looking at relative variations, rather than
absolute ones. Changes in the telluric coefficients are directly related, albeit through the
response of a complex, heterogeneous earth, to changes of resistivity.

Discussion of Data

Results of the analysis for 1994 for Dipoles 1 through 6 are shown in Figures 2 through
7. The fluctuations of the telluric coefficients are projected onto directions perpendicular (P1
in each frame in Figures 2-7) and parallel (P2 in each frame) to the San Andreas fault. As a
measure of data quality, the coherency (bottom plot in each frame) between the observed and
predicted signals on each dipole is shown. A coherency of 0.998 is equivalent to a fractional
noise level of 6%. These projections are further smoothed with a nine day running average
which is weighted by the inverse of the square of the coherency (which is a measure of the
relative noise). The error bars for each daily point are standard errors calculated from this
running weighted average. Based on fluctuations of the projections for all of 1988 and 1989,
standard deviations for the daily projections were calculated. The 95% confidence intervals
(approximately 2¢) are shown with dashed lines in Figures 2 through 7.

There are several gaps in the data that are due to system problems or noise levels above
the level required to yield a coherency of 0.998 or better. Traditionally, the latter problem is
manifested on Dipoles 2, 5, and 6 and is due to noise from the electrode at Lc (Figure 1). Gaps
on all of the dipoles during the first 80 days of the year and between days 300 and 325 are due
to an intermittent noise source on the telephone line to Hr resulting from precipitation. The
other major gap in the data occurred between days 210 and 232 on dipoles 2, 5, and 6 due to
telephone line problems on the line to Lc. All other gaps are the result of noisy data.

Significant deviations can be identified in one of two ways. First, points which lie
outside the 95% confidence intervals can be significant.  Second, fluctuations with
nonoverlapping error bars may be important. For example, the only significant variations seen
so far this year occurred on dipole 4 (Figure 5) between days 180 (June 29) and 207 (July 26)
and between days 238 and 280 (August 26 - October 7). Both of these fluctuations are
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particularly important because they occur on a dipole that has been very stable for the past 6
years. Hence, a fluctuation of 1% is a large variation for dipole 4. Note that these fluctuations
are also very clear in the unsmoothed projections (Figure 8). This dipole terminates on a
pressure ridge of the San Andreas fault near Harlan Ranch and straddles a portion of the fault
zone just south of Parkfield (Figure 1). Simulation of the observed signal with a 3-D resistivity
modeling program is planned for the near future. At this time, we have no explanation for this
signal because other monitoring arrays in the region did not observe any temporally coincident
anomalies.

Other Results

Analysis of formal errors for the processing used to generate the projections shown in
Figures 2-8 has been completed, and these errors are usually smaller than the scatter in the
projections between adjacent days. Tentatively, this result suggests that the scatter is not due
to noisy data as we had assumed. Another possible source of scatter is a bias from the
polarization of the magnetic source. Variations in preferential polarization from day to day may
result in slightly different daily estimates of the telluric coefficients. More stable results are
obtained if daily projections are smoothed as shown in Figures 2-7. This smoothing may
effectively eliminate any bias due to source polarization. We are currently testing if this is the
source of the scatter, and will modify the processing accordingly if needed.

Conclusions

Two significant fluctuations have been seen on a normally stable dipole in the past year.
These fluctuations were small (1-2%), and lasted from 27 to 42 days each. They were not
accompanied by any unusual signals on other monitoring arrays or by seismic activity. Three-
dimensional resistivity modeling will determine whether realistically small changes of resistivity
could result in the observed fluctuations.

Reports Published

Park., S.K., Seismoelectromagnetic effects, Invited review paper for 12th Induction Workshop,
August 7-13, 1994, Brest, France, 41 ms. pgs.
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Figure 1 - Telluric monitoring array in Parkfield. Electrodes are marked with dots and
electronically created dipoles are shown with lines.
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Figure 2 - Residual analysis for Dipole 1 for 1994. The first plot is the projection of the
residual on the major eigenvector with a scale of +2% to -2% and the second is the
projection on the minor eigenvector with a scale of +5% to -5%. Coherencies are
between the signal predicted using the telluric coefficients and the measured signals are
shown between .998 and 1.000. 95% confidence intervals are shown with dashed line
on the projection plots.
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Figure 3 - Residual analysis for Dipole 2 for 1994. See caption of Figure 2 for explanation.
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Figure 4 - Residual analysis for Dipole 3 for 1994. See caption of Figure 2 for explanation.
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Figure 5 - Residual analysis for Dipole 4 for 1994. See caption of Figure 2 for explanation.
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Figure 6 - Residual analysis for Dipole 5 for 1994. See caption of Figure 2 for explanation.
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Figure 7 - Residual analysis for Dipole 6 for 1994. See caption of Figure 2 for explanation.
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Figure 8 - Unsmoothed projections for Dipole 4 for 1994. Error bars for the projections are
determined from noise levels estimated with the coherency which are propagated through the

analysis procedure. Note that the scatter between daily projections is larger than the errors.

+2%
=
B
[ =% omgmes £ Pe p e o %en meme S Cemfiagsh, e anfe s Bt
=
-2%
+57
- .t =
e Gttt Ala c ettt pten e Temeapt O geegtt Sa gyt el
= = *
-5¥
1.00 [ eo “vo R Ot eA T e %AoovA A°A°°°°°
. M ¢ o & ¢ ® : o
.998
194 12294
DIPOLE 4 SMOOTH= 1
+2%
=
m;ﬁ_ﬁ@%ma%igﬁ%#n T . B PO T e
B = n a® @
@ r By B
2% m @
+5%
’wog.“_'._:....;&.—,;u..“‘m-wbmﬂ‘;‘—..a“..‘,-. .’n..‘. ) w_“—. — “ ) - ‘a‘-‘u—ﬁ—t. rve .-..n
-S4 :
1.00 Ao o - STt Ciaaas = Ty x s AR A REAAAO00 T R MR aan s s o
® © ®
®
®
. 998
12384 2u48y
DIPOLE 4 SMOOTH= 1
+20
&, = -
et § S Ges P S A, o GRS
m B -E =8 Ea-
1 - " =t . e :
-2 i o
+57
a - - -~ -~ . *
.4_-‘2“"“““5""“ P e AR R A Y fass .“x - P
E
=57
1. UO v°vwe 4 6\:0\700000 oo o & - & . oveeioe o ° &Y oQo 009 69 00
.998 R M
24534 32594

DIPOLE W SMOOTH= 1

619



11

Post-seismic fault creep on the Foothills thrust system
following the 1989 Loma Prieta earthquake

Grant # 1434-94-G-2447

Program Element II

David D. Pollard
Department of Geological and Environmental Sciences
Stanford University
Stanford, CA 94305
415 - 723-4679
dpollard @pangea.stanford.edu

Roland Biirgmann and Paul Segall
Department of Geophysics
Stanford University
Stanford, CA 94305
415 - 723-5485
roland @pangea.stanford.edu

Problem

Following the 1989 Loma Prieta earthquake, we repeatedly measured relative
displacements along two profiles across the San Andreas fault system using the Global
Positioning System (GPS). The observed horizontal displacement rates within a radius of
~20 km from the epicenter differed significantly from those measured in the two decades
preceding the earthquake. Fault parallel velocities significantly exceeded those measured
between 1970 and 1989. More surprisingly, the GPS data indicate convergence normal to
the San Andreas fault and leveling data show a zone of uplift near Loma Prieta (Biirgmann
et al., 1990, 1993). The site velocities in excess of the secular rates can be explained by a
combination of aseismic reverse slip on a fault in the Foothills thrust belt northeast of the
San Andreas fault and strike-slip on the Loma Prieta rupture (Biirgmann et al., 1992,
1993). Savage et al. (1994) argue that a model involving deep shear below the Loma Prieta
rupture and post-seismic collapse of the rupture zone fits the Loma Prieta profile data.

Distinguishing between these models is critical for assessing seismic hazard in the
region, since these faults may be capable of producing M6-7 earthquakes close to the
densely populated Santa Clara valley. There is abundant evidence that the Foothills thrust
system was active through the Quaternary as indicated by offset young alluvial deposits and
soil horizons (McLaughlin, 1990). Biirgmann et al. (1994) find that average slip rates of 2-
3 mm/yr are required on the underlying thrust system to achieve the ~1 mm/yr uplift rates
suggested by their analysis of geologic, geomorphic and geodetic data.

Investigations
The existing network geometry did not permit a unique determination of fault-slip
geometry and slip rate as only few benchmarks (7 sites) were affected by the post-seismic
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anomaly. In April and May of 1994 we reoccupied a 26-station GPS network near the
epicenter that was last surveyed in March and April of 1990 by the National Geodetic
Survey (NGS) and Stanford University to better define the source of the post-seismic strain
anomaly. The NGS data from 1990 were collected with TI-4100 instrument whereas our
group employed Trimble 4000 SDT receivers. In 1994 Trimble 4000 SSE receivers were
used to occupy the network. At the same time, the Crustal Deformation project of the
U.S.G.S. reoccupied the two San Andreas crossing profiles using Ashtech LD-XII
receivers. The data were analyzed with the Bernese version 3.5 GPS processing software.

Results

Figure 1 shows total displacements between 1990 and 1994 of sites within ~30 km
from the epicenter. The displacement vectors and their 95% error ellipses are shown
relative to site LP1_ on Loma Prieta peak.

The results indicate that anomalous contraction is centered northeast of the San Andreas
along the Foothills thrust belt. Slip on the modeled thrust fault should cause uplift in the
hanging wall, with maximum uplift located near Loma Prieta, which subsided by about 10
cm during the earthquake.

1990 - 1994

- VN, \\\\)\\)\
Scale (5 cm) \\ AN \\\\\ D
— \N o A

Figure 1. Total displacements between 1990 and 1994 from GPS measurements near the Loma
Prieta earthquake rupture. Note the contraction northeast of the San Andreas fault.
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These rates greatly exceed geologic estimates of long-term uplift (Biirgmann et al.,
1994). Significant post-seismic vertical displacements in the area are not apparent in the
GPS data, but may be masked by the ~ 3 cm error associated with 1990 GPS height
measurements. The data help constrain the location and magnitude of post-seismic creep.
Future work will focus on formally inverting the combined data set for time-dependent slip
on actively creeping fault planes.
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Investigations

Results
1.

Post-earthquake investigations of ground deformation following the 1994 Northridge
earthquake (9960-11426).

Paleoseismic investigations of ground fractures in Potrero Canyon and Granada Hills
produced by the Northridge earthquake (9960-11426).

Historical re-evaluation of 1906 surface faulting in the southern Santa Cruz Mountains in
light of the 1989 Loma Prieta earthquake (9960-12426).

The Northridge earthquake of January 17, 1994 produced no evidence for primary surface
rupture. Nevertheless, this was a very important earthquake geologically. Although the
observed zones of ground deformation are localized, and the displacements are small,
permanent ground deformation in these areas was responsible for a significant amount of
structural and infrastructure damage. If there is a lesson to be learned from the Northridge
earthquake, it's that even concealed faults can produce concentrated zones of surface
displacements and that small amounts of ground deformation, regardless of the origin, poses a
significant hazard in an urban setting. In order to understand the nature of these features, this
project led the effort in coordinating USGS post-earthquake investigations concentrated on
large scale mapping and shallow subsurface investigations in Granada Hills and in Potrero
Canyon.

In Granada Hills, at the northern edge of the San Fernando Valley, an E-W trending zone
approximately 5 km long and several hundred meters wide contains a complex array of
pavement cracks, extensional graben, contractional deformation in the form of pavement humps
and tented sidewalks, and laterally offset curbs. This zone occurs along the surface projection of
the concealed Mission Hills fault and nearly abuts the westernmost end of the surface rupture
zone produced by the 1971 San Fernando earthquake. It is associated with a significant amount
of building and infrastructure damage. In many instances, the ground deformation has displaced
foundation slabs and caused spectacular ruptures of water and gas mains. Over most of the zone,
the cracks appear to be surficial and resulted from decoupling of the pavement from the ground
below; nearly all of the observed compressional deformation appears to be the result of
pavement decoupling and pounding of curb and sidewalk slabs during strong shaking.
Significant deformation in natural ground is dominantly extensional and appears to be
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localized within Holocene alluvium in a region approximately 1 km in length, centered just
north of the intersection of Balboa Blvd. and Rinaldi St., and also within Miocene bedrock
about 1/2 km west of 1-405. Extensional graben oriented both NE-SW and NW-SE exhibit
vertical displacements of as much as 20 cm; some of these zones overlie buried stream channels.
The deformation zone is also characterized by extension of as much as 60 cm, with the principal
extension direction generally following the local topographic gradient (downslope). Several
N-S and E-W streets in the vicinity of Balboa Blvd. show lateral offsets of as much as 30 cm;
detailed surveys of laterally offset streets suggest that deformation extends no more than
perhaps 6-15 m below the surface. Post-earthquake surveying has also not revealed any
evidence of afterslip in this zone. Strong ground shaking, resulting in lurching and differential
compaction, appears to be the principal cause of the ground cracks in Granada Hills. However,
the localization of the zone above the Mission Hills thrust suggests that the ground failures
may be a response to seismic focusing or tectonic deformation associated with the fault.

Normal faults and associated minor thrust faults are observed on the margins of alluvial
fill in Potrero Canyon, an E-W trending valley, located along the north flank of the Santa
Susana Mountains. Ground deformation in this valley appears to be the cause of nearly two
dozen ruptures in a 12” natural gas pipeline and numerous waterline breaks. The south-dipping
thrust faults observed here occur at the approximate surface projection of the causative fault,
which lead to speculation that these features may represent primary rupture. Our
investigations indicate that primary faulting did not occur here. The dominant displacements
in Potrero Canyon occur on a series of discontinuous high-angle normal faults that flank both
the north and south margins of the valley and extend for approximately 3 km. A few localized
occurrences of sand blows in the valley fill indicate that liquefaction has also occurred. The
geometry of these extensional fissures suggest that the alluvial fill has subsided toward the
valley center as much as 60 cm and shifted westward (downstream). These displacements
probably result from lurching and differential settlement due to strong ground motions,
although we cannot yet rule out the possibility that the fractures may in part be related to
secondary bending-moment or flexural-slip faulting in response to coseismic folding of the
underlying bedrock. Small, low angle, south-over-north thrust faults, with displacements
typically less than 15 cm, occur on the south margin of Potrero Canyon only and are commonly
found a few meters north of the normal faults. Trenches reveal that many of these features are
surficial and detach at the base of the surface soil, although others appear to join with or cut
the high-angle faults and may trend into underlying bedrock. No afterslip has been observed.
Additional zones of normal faults at the mouth of Tapo Canyon, 6 km to the west, and bedding-
plane reverse (possible flexural-slip) faulting in the Saugus Fm. at Stevenson Ranch , 8 km to
the east, suggest that this earthquake may have produced a zone of fault-related warping
along a significant portion of the north flank of the Santa Susana Mountains.

In addition to the two regions we have studied in detail, intense zones of pavement cracks,
spalled and extended curbs, and tented sidewalk slabs have also been observed within a 25
square km area of Northridge and Reseda, in the epicentral region. Most of these features
appear to be shaking related damage from pavement and slab decoupling, but several
extensional grabens that displace natural ground have been reported from this region. At
present, we have not been able to discern any pattern to these displacements consistent with
tectonic deformation. The region is considered to have a high liquefaction potential, but there
is little evidence of widespread liquefaction in this area. One possible explanation for this
deformation zone is that it resulted from dry compaction of buried stream channel and alluvial
fan deposits that contain loosely consolidated sands.

Paleoseismic investigations in both Potrero Canyon and Granada Hills have been ongoing
since shortly after the earthquake. Two trenches across the normal faults on the south side of
Potrero Canyon show evidence of at least two prior displacement events; the most recent of
which occurred about 1000 years ago. Some of the minor fissures observed in the alluvium do
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trend into the underlying Pico Fm. bedrock where they form small N-dipping shear zones
oriented subparallel to bedding, but we have not yet been able to expose bedrock below the
principal zone of fissuring. Whether tectonic or shaking-induced, these trenching
investigations should provide the elapsed time, or recurrence interval since the last time this
area has experienced comparable ground motions.

In Granada Hills, three trenches have been excavated and logged across a significant zone
of tension cracks that cross Balboa Blvd.. These trenches, which are cut into late Holocene
sheet wash and alluvial channel sediments, show that the 1994 displacements across the
fractures decrease with depth. This relationship indicates that slip did not propagate to the
surface from depth, but rather, the cracks formed by compaction or differential shear within
the surface soil mass. There is some suggestion of a prior displacement event deep in one of the
trenches, but the evidence for a prior earthquake in the exposed section is not compelling,.
Pending additional radiocarbon control, it appears that this exposed section may be too young
to have experienced the last earthquake recorded in Potrero Canyon.

3. Our historical investigations in of the 1906 earthquake in the Santa Cruz Mountains area
continued in 1994 with investigations of the Wrights tunnel deformation. The abandoned
Wrights railroad tunnel, which was built across the San Andreas fault zone, was offset and
damaged during the 1906 earthquake. A plot produced following the 1906 earthquake showing
post-earthquake measurements made in the tunnel has been interpreted as evidence of a broad
(1.5 km) zone of tectonic deformation beneath Summit Ridge. We believe, however, that this
interpretation is incorrect. The plot of the tunnel shows deformation measured from a reference
line, the significance of which is not explained either on the published figure or in the
accompanying discussion. Our research reveals that the engineers who constructed the plot
assumed that the tunnel portals had not been offset relative to each other. If they were correct,
then the reference line represents the original alignment of the tunnel and the broad zone of
deformation implied by the plot could not have been tectonic; any tectonic deformation across
the fault zone would have offset the portals, even after elastic rebound is taken into account. If,
as we believe, there was tectonic offset across the fault in 1906, the reference line must represent
the new alignment of the portals after reconstruction and the apparent broad zone of
deformation becomes an artifact of the difference between the old and new tunnel alignments.
We have modeled the position of the deformed tunnel, assuming tectonic offset on a 10-km-deep
fault in an elastic half-space, and find the model to be in excellent agreement with the
measurements recorded on the plot. We find that offset across the entire fault zone was 1.7-1.8
m, and that distributed deformation of between 0.2-0.7 m (based on 1906 measurements of
between 1.1 m and 1.5 m on the principal fault plane) was confined to within only a few hundred
m of the main fault. This implies that surface fractures reported on the crest of Summit Ridge in
1906 (and, by analogy, in 1989) did not significantly deform the tunnel, and may not be of
significant tectonic origin.

Reports

Hecker, S., Ponti, D. ], Garvin, C. D., and Hamilton, J. A., in press, Characteristics and origin of ground
deformation in Granada Hills and Mission Hills during the January 17, 1994 Northridge
earthquake: in Seiple, R., ed., California Division of Mines and Geology Special Publication.

Hecker, S., Ponti, D. J., Garvin, C. D., Sharp, R. V., Hamilton, J. C., Powers, T. J., Fumal, T. E., Rymer,
M. ], Prentice, C. S, Cinti, F. R,, and Schwartz, D. P., in press, Ground deformation in Granada
Hills and Mission Hills resulting from the January 17, 1994 Northridge earthquake: U.S.
Geological Survey Open-File Report.
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Investigations undertaken:

This study tests a hypothesis that the locus of the contemporary New Madrid seismic zone
corresponds to a segment of the Cambrian Reelfoot - Rough Creek-Rome rift system that had a
unique cross-sectional geometry when compared with other parts of the 1000-km-long Cambrian
rift system. The hypothesis was based on my reconnaissance examination of available seismic
reflection data, and alternative interpretations (relative to those published by McKeown and
others, 1990) for some key reflection profiles across the Blytheville arch. Previous workers have
recognized that the Cambrian Reelfoot rift provides structural control, in some sense, for the
contemporary New Madrid seismic zone, but the precise nature of this structural inheritance is not
clear (Hamilton and McKeown, 1988). I am undertaking an extensive examination of conventional
seismic reflection and other subsurface data to investigate the regional along-strike variation in the
geometry (rift segmentation) of a 400-km-long part of the Cambrian rift system in Arkansas,
Missouri, Tennessee, Kentucky and Illinois. The goal of this project is to provide a detailed
understanding of inherited structural control of the New Madrid Seismic Zone, through an
enhanced understanding of the three-dimensional geometry of the Cambrian rift.

Results:

Analyses of seismic reflection data and a review of drill hole data have resulted in minor
modifications of the original hypothesis, while confirming its fundamental aspects. The
preliminary hypothesis was that the geographic pattern of New Madrid seismicity is controlled by
the presence of a medial Cambrian graben (now "inverted" by late Paleozoic reverse faulting), and
by the along-strike transition from this medial graben to a half-graben style that characterized
adjacent Cambrian rift segments to the southwest and northeast. Instead, the reflection data show
that a regional alternating-half-graben style continued through the entire Reelfoot-Rough Creek-
Rome rift system, and that in the vicinity of the Blytheville arch there was a deep narrower medial
graben superimposed on this broad half-graben pattern.

An anomalous thickness (up to 6.1 km) of Cambrian clastic sediment accumulated in this 20-
km-wide medial graben. I interpret late Paleozoic thrust or reverse fault inversion of this graben to
form the Blytheville arch. This interpretation is based on a well-defined footwall cutoff of near-
basement reflections, and contrasts with the diapiric inversion proposed by McKeown (1990).
Taylor and others' (1991) biostratigraphic work in deep wells shows a normal Cambrian
stratigraphic section in the Blytheville arch, rather than the disrupted section that would be
predicted by the diapiric model.

Major Cambrian accommodation zones bounded the southwest and northeast ends of the

medial Cambrian graben (in northeastern Arkansas and southeastern Missouri - northwestern
Tennessee, respectively; fig. 1). Reflection profiles near the southwest end of the RFR (eastern
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Arkansas, western Tennessee)show an along-strike change in Cambrian rift geometry, from one
dominated by a medial graben to one of simple half-grabens that appear to change tilt direction
along the rift axis with no pronounced axial thickening. The present depth to basement in these
half-grabens may be as great as 9 km. The accommodation zone at the northeast end of the medial
graben is not well-imaged by reflection data.

Knowledge of the contemporary regional stress field (Zoback, 1992) and precise location of
earthquakes (Chiu and others, 1992) implies that the northeast trending arm of seismicity that
corresponds to the trend of the Blytheville arch (fig. 1) represents dextral strike-slip faulting, and
the northwest-trending, southwest-dipping zone of seismicity that crosses the north end of the
Blytheville arch represents reverse faulting. In the context of the present study, the northeast
trending zone of strike-slip seismicity may be inherited from the intensely faulted deep medial
graben. The northwest-trending zone may be inherited from the Cambrian accommodation zone
that bounded the northeast end of the Cambrian medial graben. According to this interpretation,
the northernmost part of the New Madrid Seismic Zone, which trends northeast (fig. 1), is
localized along a half-graben-bounding border fault, northeast of the part of the rift that contains
the deep medial graben. Thus, the New Madrid epicentral pattern may be inherited from a very
specific along-strike transition in Cambrian rift geometry. Unfortunately, seismic data are not
available in the Cambrian rift immediately northeast of the New Madrid Seismic Zone. However,
in the area of the dogleg bend that links the Reelfoot rift and Rough Creek graben (fig. 1), the
rifting style is clearly one of alternating half-grabens without a medial graben (Potter and others,
in press).

Reports from this study:

Potter, Christopher J., 1993, Along-strike variations in the structure of the Reelfoot - Rough Creek
rift system -- Implications for New Madrid seismicity (abs.): Geol. Soc America Abs. Prog., v.
25, no. 6, p. A-409.

Potter, Christopher J. and Drahovzal, James A., 1994, The regional configuration of the
Cambrian Reelfoot-Rough Creek-Rome rift system (abs.) , in Ridgley, J.L., Drahovzal, J.A,
Keith, B.D., and Kolata, D.R., eds., Proceedings of the Illinois Basin Energy and Mineral
Resources Workshop, U.S. Geological Survey Open File Report 94-298, p. 34-35.

Potter, C. J., Goldhaber, M.B., Heigold, P.C., and Drahovzal, J.D., in press, Structure of the
Reelfoot - Rough Creek rift system, Fluorspar Area fault complex, and Hicks Dome, southern
Illinois and western Kentucky -- new constraints from regional seismic reflection data: U. S.
Geological Survey Professional Paper 1538-Q, 50 ms. pages, 7 figs., 1 plate.
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Figure 1: Generalized diagram showing the along-strike variation of structural patterns within the Reelfoot - Rough Creek rift system,

The contemporary New Madrid seismic zone is shown in dark stipple; the Cambrian Reelfoot - Rough Creek rift system is
shown in a lighter stipple. RR, Reelfoot rift; RCG, Rough Creek graben; BA, Blytheville arch. Horizontally ruled pattern
denotes parts of the rift system characterized by major half-grabens with alternating directions of polarity. Diagonally ruled
pattern denotes the part of the Reelfoot rift characterized by a deep medial graben superimposed on broad alternating half-

graben geometry. The transitions between diagonal ruling and horizonatal ruling represent accommodation zones in the
Cambrian rift.
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INVESTIGATIONS:

During FY 1994 we: 1) acquired high-resolution seismic reflection data across a
fault zone in the New Madrid, Missouri area that was suspected to have caused the
"waterfalls" during one of the 1811-1812 earthquakes; 2) developed a new model to
explain the geometry and history of faults in the Puget Sound region; and 3) tested our
ability to determine the response of near-surface materials to seismic energy using a
controlled seismic source.

RESULTS:

New Madrid. The most exciting part of our New Madrid work was the acquisition of two
high-resolution seismic reflection profiles across the southward projection of a fault
believed to have caused the "waterfalls" seen on the Mississippi River during the 1811-
1812 earthquake sequence. Examination of existing data led us to develop a thrust-fault
model for motion on the north-trending, central segment of the New Madrid seismic zone
(Pratt, 1994). The model predicts that a north-trending thrust fault should reach the
surface near and south of the town of New Madrid, Missouri, and indeed four seismic
reflection profiles that cross the feature show a fault zone with about 40 m of up-to-the-
west vertical motion.

Our new data crossed the southward projection of the fault zone to test whether it
continued or shifted to the west to form Reelfoot scarp, as we suspected. Surprisingly, the
new data imaged a fault zone with the opposite sense of vertical displacement (Odum and
others, 1994). We have either delineated a second fault or detected a change in apparent
offset in the original fault. Further profiling in FY 1995 should resolve the issue and test
the validity of our current model for rupture of the 1811-1812 fault zones.

Puget Sound. Initial interpretation of the 845 km of industry seismic reflection data that
we purchased last year has led to a radically new interpretation of the faults in the Puget
Lowland area. Our interpretation is that the Seattle fault and other northwest-trending
structures are part of an extensive thrust sheet that is moving northward. The work has
produced the first comprehensive model for the geometry and formation of crustal faults
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in the region, which allows for estimates of the total shortening, slip rates, and rupture
planes for earthquakes in the region. The results are described in a paper that has been
submitted to Tectonics (Pratt and others, submitted; Pratt and others, assorted abstracts).

In addition to interpreting the seismic reflection data, we have undertaken potential
field modeling and forward modeling of the thrust sheet motion. The potential field work
has demonstrated that the major gravity anomalies in the Puget Lowland area result from
changes in the depth to the Crescent Formation caused by thrust structures. The boundary
element modeling of the thrust sheet motion is providing initial estimates of the
partitioning of strain between different fault strands and predicting topographic effects
from hypothetical earthquakes rupturing specific faults (Stephenson and Pratt, 1994). The
modeling will eventually be used to estimate the effects of future earthquakes and to better
define the faults that ruptured during past events.

Site Response. We undertook a pilot study to see whether we could determine the near-
surface site amplification of seismic waves by near-surface materials. The intent is to
develop a quick, reliable way of mapping the expected shaking levels during a future
earthquake throughout a city or other critical area without waiting to passively record
aftershocks or other earthquakes.

The technique, tried in the city of Santa Cruz, CA, used weight drop and elastic
wave generating devices to put measured amounts of seismic energy into the ground. The
resulting ground motion, which should vary according to the near-surface impedance
structure, was measured on low-frequency seismometers in a radial array placed around
the source. Initial results show a correlation between measured ground motion and the
site amplification measured at the same sites during aftershocks of the Loma Prieta
earthquake (Williams and others, 1994). Analysis is continuing, but it is hoped that the
technique eventually will be useful for estimating the amount of shaking that a building
should be able to withstand if built at a specific site.

REPORTS PUBLISHED:

Papers:

Odum, J.K., Luzietti, E.A., Stephenson, W.J., Shedlock, K.M., and Michael, J.A., High-
resolution shallow seismic-reflection surveys of the northwest Reelfoot rift boundary
near Marston, Missouri, USGS Professional Paper, in press.

Park, S.K., Pendergraft, D., Stephenson, W.J., Shedlock, K.M., and Lee, T.C., Deliniation
of intrabasin structure in a dilational jog of the San Jacinto fault zone, Southern
California, Geology, in press.

Pratt, T.L., How old is the New Madrid seismic zone?, Seismological Research Letters,
September, 1994.

Stephenson, W.J., Rockwell, T.K., Odum, J.K., Shedlock, K.M., and Okaya, D.A.,
Seismic reflection and geomorphic characterization of the onshore Palos Verdes
fault zone, Los Angeles, California, Bulletin of the Seismological Society of
America, in press.

Williams, R.A., Luzietti, E.A., and Carver, D.L., High-resolution seismic imaging of
Quaternary faulting on the Crittenden County fault zone, New Madrid seismic zone,
northeastern Arkansas, Seismological Research Letters, in review.
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NEHRP IL.5
Investigations

1) Geological investigations of the San Andreas and related faults in northern California to
determine timing of prehistoric earthquakes and average Quaternary slip rates. 2) Historical
investigations of the behavior of the San Andreas fault in the Loma Prieta region in 1906. 3)
Work towards production of a map showing recently active traces of the San Andreas fault along
the San Francisco peninsula. 4) Investigations of the Septentrional fault in the Dominican
Republic to determine timing of prehistoric earthquakes and slip rate.

Results

1) Studies of excavations at sites along faults of the San Andreas system in northern California are
being pursued to determine timing of prehistoric earthquakes and fault slip rates. Excavations
across the North Coast segment of the San Andreas fault near Manchester, California, exposed
a sequence of faulted fluvial deposits. Radiocarbon dates on charcoal samples collected from
these deposits will constrain the age of an associated offset fluvial terrace riser, allowing
estimation of a minimum slip rate for this fault segment. Radiocarbon dates will also constrain
the age of one prehistoric earthquake at this site Sites with high potential for yielding
paleoseismic and slip-rate information are being evaluated along the peninsula segment of the
San Andreas fault. A test excavation at a site in Portola Valley failed to provide any useful
paleoseismic data; this preliminary excavation has ruled this site out as a candidate for further
study. Additional sites are being evaluated.

2) Historical investigations of the 1906 earthquake in the Loma Prieta area allow comparison of the
effects of the 1906 earthquake in this region with the effects of the 1989 earthquake. In this
region in 1906, as in 1989, many large ground cracks occurred in the Summit Road and
Skyland Ridge areas. Three specific localities in the Summit Road area were documented well
enough in 1906 to make detailed comparisons with 1989: 1) the Wright's tunnel, 2) the Morrell
Ranch, and 3) the Blacksmith shop at Burrell. Interpretation of newly discovered and previously
known documents related to the Wright's tunnel show that, contrary to common belief, offset of
the tunnel was not distributed over a broad zone. Analysis of the 1906 tunnel data shows that
1.7-1.8 m of offset occurred across a relatively narrow San Andreas fault zone. Left-lateral
offset was documented (off the main trace of the San Andreas fault) across two fractures in
1906 near the Morrell ranch; newly discovered historical documents verify that these are the
same two fractures that ruptured with smaller amounts of left-lateral offset in 1989. The
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fractures in 1906 were longer and more damaging. A significant fracture was photographed in
front of the Blacksmith shop at Burrell in 1906. Historical research shows the exact location of
this fracture and shows that nothing comparable occurred here in 1989. Virtually no surface
rupture occurred along the San Andreas in 1989; careful study of historical documents strongly
suggests that surface rupture did occur in 1906, though none of the reported values of offset is
reliable. This historical research has added to the understanding of 1906 ground rupture in the
Loma Prieta region. These studies indicate that fault behavior in 1989 was significantly different
than in 1906, but that off-fault ground ruptures were similar, but larger, in 1906.

3. A collaborative project (with Tim Hall of Geomatrix and Bob Wright of Harlan-Tait) to produce
a digital strip map showing recently active fault traces along the San Francisco peninsula has
been initiated.

4. The Septentrional fault is located offshore of Puerto Rico and represents a significant seismic
hazard to the island. Studies along the Septentrional fault on shore in the Dominican Republic,
west of Puerto Rico, have yielded data constraining the date of the most recent earthquake along
the major North American-Caribbean plate-boundary fault. The most recent earthquake occurred
between 760 and 840 years ago. The amount of slip produced by this earthquake was
determined: about Sm of left-lateral and 2m of vertical slip, suggesting this earthquake was >
M7.5. Evidence for earlier earthquakes was collected; the timing of these events will be
constrained by the results of radiocarbon dating of samples now in progress. In addition, offsets
of about 40m and 55m were measured on stream terrace risers that cross the fault. Radiocarbon
dates of the terrace sediments, now in progress, will allow estimation of the slip rate of the
Septentrional fault.

Reports

Prentice, C.S., and Ponti, D.J., 1994, The Wrights tunnel is NOT an example of a broad shear
zone: a re-examination of the documentation of the tunnel deformation associated with the
1906 earthquake, [abs.]: EOS, v. 75, no. 16, p. 343.

Prentice, C. S., Mann, P, Pena,, L. and Burr, G., 1994, Timing and size of the most recent
earthquake along the Central Septentrional fault, Dominican Republic, in Prentice, C.S., et al.,
eds., Proceedings of the Workshop on Paleoseismology, USGS Open-File Report 94-568,
pp. 158-160.

Prentice, C.S., Schwartz, D.P., and Yeats, R.S., eds., Proceedings of the Workshop on
Paleoseismology, USGS Open-File Report 94-568, 210 p.
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Program Element I

Investigations Undertaken

The objective of this research is to develop three-dimensional models of interseismic
deformation that can explain crustal deformation data obtained from geodetic studies of the
Cascadia subduction zone. These data show that vertical deformation in the Coast Ranges
of Oregon, Washington, and northern California is not consistent with any simple 2-D
model of deformation due to a locked subduction zone thrust fault (e.g., Savage, 1983),
and they imply that coupling in Cascadia is highly non-uniform (Mitchell et al., 1994). In
order to investigate first-order effects of 3-D fault geometry (e.g., a finite-length locked
zone), we have applied a straightforward analytical model of a buried rectangular fault to
vertical leveling and tide-guage data along the southern segment of the Cascadia margin. A
very simple model, with strong seismic coupling between the Mendocino Triple Junction
and the central Oregon coast, explains the geodetic data remarkably well. Comparing our
model uplift rates to geological observations of rapid coastal subsidence events (Atwater,
1987; 1992; Clarke and Carver, 1992; Kelsey et al., 1993), we infer a plausible repeat time
of about 200-300 years for earthquakes of magnitude My, >8.5 along this segment of the
Cascadia subduction zone. The next logical phase of this investigation is to apply similar
modeling techniques to the horizontal strain data from several geodetic networks, which,
although more sparse than the vertical data, will provide important consistency checks on
the proposed model of main thrust segmentation.

Results

A tectonic map of the Cascadia subduction zone is shown in Figure 1. First-order
leveling data and tide-guage data from the coastal region have been analyzed and published
by Mitchell et al. (1994). These data, which span a time period of more than 60 years,
demonstrate that almost the entire Cascadia coastline is being uplifted from the Mendocino
Triple Junction (MTJ) in northern California to the Olympic Peninsula in Washington.
Although we attributed this uplift to strong interseismic coupling on the main thrust fault,
we also concluded that a zone of weak coupling exists in the region surrounding Newport,

Oregon (~44-46° N latitude). Here we use a simple 3-D dislocation model of a locked
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thrust fault segment between the MTJ and central Oregon to explain the uplift data from the
southern portion of Cascadia.

The data modeled are shown as open circles in Figure 2. Error bars represent an
estimate of about Imm/yr uncertainty in uplift rate characteristic of the processed leveling
data used by Mitchell et al (1994). Figure 2a shows a N-S run along the coastline, while
Figures 2b-e show E-W survey lines across the Coast Ranges. These data show (1) that
there is a general trend of landward tilting in the Coast Ranges (Reilinger and Adams,
1982) and (2) that coastal uplift attenuates as the MT]J is approached toward the south and
as Newport is approached toward the north.

Our 3-D model is illustrated in Figure 3. We assume that the Cascadia thrust dips at an
angle of about 119, as indicated by seismic studies in northern California (Verdonck and
Zandt, 1994) and southern Washinton (Weaver and Baker, 1988). We assume that

convergence occurs in the direction N659E at a rate of 45 mm/yr (Riddihough, 1984;
Demets, et al., 1990). We model a locked fault plane 465 km long along strike and 75 km
long down-dip, as indicated by the darker shaded region in Figure 3. The lighter shaded
region indicates a transitional continuation of this planar fault in which the slip deficit
decreases from the maximum (dark region) to zero (unshaded region) over a distance of
125 km. ,

The surface displacements are calculated from the analytical dislocation model of Okada
(1985) for a finite rectangular fault buried in an elastic half-space. Elastic strain is assumed
to accumulate at a constant rate due to a steady increase in the slip deficit along the locked
zone and transitional zones. The model shown is a "best fitting" model (L1 norm <0.4
mm/yr), derived by varying the dimensions of the locked and transitional zones in forward
models. The contours in Figure 3 give the calculated uplift rate in mm/yr, plotted "on-
land." The solid lines in Figure 2 give the model uplift rate at each survey point analyzed by
Mitchell et al. (1994), and it is readily seen that the model explains the main features in the
data: (1) The uplift is bounded to the north and south due to our choice of the dimensions
of the locked zone. (2) The general trend of landward tilting is predicted successfully,
along with the near-absence of tilting near Newport. Note that even though Arcata is near
the end of the locked region, it experiences a high uplift rate due to its proximity to the
trench.

The model presented is by no means unique, and additional model parameters could
obviously improve the fit. Also, we have so far ignored any transient behavior due to, e.g.,
viscous relaxation in the mantle. Nevertheless, the fit to the data is remarkable given the
simplicity of the model, and it reinforces our earlier conclusion that the uplift data imply a
distinct locked fault segment between Newport and the MTJ (Mitchell et al., 1994). The
model is also reasonably consistent with geological observations of rapid subsidence events
along the Cascadia coast. If it is assumed that about 0.5 meters of interseismic uplift is
required to produce geologically detectable co-seismic subsidence, then, given an
interseismic interval of about 200-300 years, our model can also explain a number of
observations: Observed rapid subsidence events in the South Slough of Coos Bay (Nelson,
1992), lack of subsidence events in eastern Coos Bay and northward at the Umpqua River
near Reedsport and at the Suislaw River near Florence (Nelson, 1992), rapid subsidence
events at Cape Blanco (Kelsey et al., 1993) and at Mad River Slough near Arcata (Clarke
and Carver, 1992). Our model explains this variability in terms of (1) the finite length of
the model locked zone and (2) the variation in distance between coastal sites and the
Cascadia trench (see contours in Figure 3).

If the entire fault segment modeled fails in a single event, with an interseismic interval
of 250 years, then the resulting seismic moment release is about 1.7x1029 dyne-cm and the
moment magnitude is My==8.8. If only one quarter of this zone ruptures, with the same
time interval, it would still result in a My =8.4 earthquake, with disastrous consequences
for coastal Oregon and northern California. Further tests of our model should result from
more extensive geological studies of the distribution and timing of rapid subsidence events
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along the Cascadia coastline. However, a test can also be perfomed using horizontal strain
data collected from several geodetic networks that span the region (e.g, MTJ, coastal
Oregon, Columbia River). In particular, the contour lines for uplift in Figure 3 imply a
"refraction” of the horizontal strain axes as one approaches the ends of the hypothesized
locked zone. Fortunately, new strain networks have been established in these regions that
are just beginning to yield high precision results (Mark Murray and Mike Lisowski, pers.
comms.), and we plan to use our 3-D model to address these new data.

Reports Published

Verdonck, D., 1994, Three-dimensional model of vertical deformation at the southern
Cascadia subduction zone, western United States, Geology, in press.

Verdonck, D., 1994, Seismic coupling and earthquake potential of the southern Cascadia
subduction zone, GSA Abstracts with Programs, 26, A-524.
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Figure 3: Contour map of uplift rates predicted by model for northern California and central
and southern Oregon. Contour interval is 0.5 mm/yr. To determine model prediction for
coseismic subsidence multiply uplift rate by earthquake repeat time (assuming complete
elastic rebound). Dark shaded region represents fully locked part of the subduction
interface. Light shaded area is transition region where slip deficit decreases from being
equal to plate convergence rate in fully locked region to zero in unshaded region.
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INVESTIGATIONS:

1. Finite element modeling of local stresses associated with dense rift
pillows in the lower crust beneath the New Madrid Seismic Zone (NMSZ).

2. Analysis of stress data in the NMSZ for comparison with modeling and
with other data for stable North America.

RESULTS:

1. We have modeled the state of stress around the NMSZ using both
linear and nonlinear viscoelastic finite element models to determine
whether the magnitude and pattern of stress produced locally by the support
of the rift pillow may significantly contribute to the total present-day stress
field and to the occurrence of intraplate seismicity. These models were run
for a loading time of 100 m.y. to account for any relaxation and transfer of
stress since the last reactivation of the rift in the mid-Mesozoic. Results
indicate that the nonlinear viscoelastic model with rheological stratification
based on composition and temperature agrees well with the observed
deformation within the seismic zone and with estimates of regional stress
magnitudes. The model predicts a maximum compression of 30 to 50 MPa
above the rift pillow in the center of the rift axis. Results of the modeling
indicate that stresses from the load of the rift pillow may still be present in the
upper crust even after 100 m.y., and thus play a significant role in present-day
seismicity and deformation of the NMSZ.

2. We have analyzed the available intraplate stress indicators for the
NMSZ, and found a 10°-20° clockwise rotation in the direction of Sy

max

(maximum horizontal compression) near the rift axis. If the magnitude of
local compression predicted by the nonlinear model produces this observed
clockwise rotation, the magnitude of regional compression is a factor of one
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to two times the magnitude of local compression and consistent with an
origin due to ridge push forces. The addition of the local stress associated
with rift pillow, however, results in an approximately 30% reduction in the
resolved maximum horizontal shear stress. Thus, while the stress associated
with the rift pillow can rotate the stress field into an orientation favorable for
failure, reduction in the resolved shear stress requires a separate mechanism
for strength reduction.

Reports:

Abstracts:

Zoback, M.L., M.D. Zoback, A.]. Crone, M.N. Machette, and R.M. Richardson,
Processes and Patterns of Intraplate Seismicity, Geol. Soc. Am. Abstracts with
Programs , 26 , A332, 19%4.

Papers:

Zoback, M.L., and R.M. Richardson, Stress Perturbation and Intraplate
Seismicity Associated with Ancient Continental Rifts, J. Geophys. Res. , in
review.

Grana, J.P., and R.M. Richardson, Tectonic Stress within the New Madrid
Seismic Zone, J. Geophys. Res. , in review.
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Investigations

The principal objectives of this project are to investigate the current state of deformation
within, and the structure of the crust and upper mantle beneath, the Adirondack Mountains of New
York. The current state of deformation will be assessed through a Global Positioning System
(GPS) geodetic experiment that will reoccupy monuments from surveys conducted 1, 39, 63, and
100 years ago. The structure of the crust and upper mantle will be investigated through the
analysis of teleseismic data collected from a year-long deployment of 4 broadband seismometers in
different parts of the Adirondacks. These seismic data will be used to determine the shear wave
velocity structure beneath the stations from receiver function analysis, and upper mantle anisotropy
from splitting of SKS arrivals, both of which will provide valuable clues about the existence (or
lack thereof) of any anomalously hot region beneath the mountains. Additional information about
the ambient stress field can be obtained from recordings of local and regional earthquakes .

To this point we have concentrated on tasks necessary for the field investigations, which will
commence in 1995. These tasks include (1) cataloguing and re-analysis of the triangulation
measurements of Verplank Colvin during the Adirondack surveys of the late 19th century, (2)
reconnaissance of summits in the Adirondacks for sites suitable for reoccupation by GPS
receivers, (3) cataloguing and re-analysis of the leveling line data taken across the Adirondacks in
1931, (4) reconnaissance of benchmarks from the 1931 leveling survey suitable for reoccupation
by GPS receivers, (5) identification of suitable areas for deployment of broadband sensors.

Results

1. We have recovered an appropriate subset of Colvin's observations from the archives of the
Department of Energy Conservation of New York and from the library of the New York State
Museum.

2. Several of Colvin's triangulation measurements have been re-analyzed to provide accurate
relative positions between summits in the Adirondacks.

3. Based on the data recovered, twenty of the summits identified as theoretically useful for
reoccupation were climbed and evaluated for appropriateness for further GPS work. Of the
summits reached by field parties, five are considered "ideal" (those with easily identifiable bench
marks and good horizon), another five had evidence of previous occupation but were not
unambiguous, and the remainder had no or poor evidence of previous occupation. Fortunately, the
five identified are in key locations and therefore can be used to carry out the proposed field work.

4. Site descriptions of all the bench marks occupied during the 1931 leveling campaign have
been obtained, and two areas, one at the edge of the Adirondacks, near Utica, NY, and one near
the high peaks, near Tupper Lake, were identified as potentially useful sites for reoccupation. A
preliminary reconnaissance trip to these sites turned up at least two monuments in bedrock that
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would be useful for further GPS measurements. An additional trip to record data at these sites will
occur in the near future.

5. Suitable areas for deployment of broadband sensors have been identified in the southeastern
(near Lake George) and northern (near the high peaks region) Adirondacks. Other sites in the
northwestern and southwestern regions are still under negotiation.

Ongoing Investigations

At this point we have done sufficient reconnaissance and other background work to begin the
collection of new data. Seismic and geodetic data collection will begin as soon as equipment from
the agencies involved (UNAVCO and IRIS) become available. In the meantime, we will continue
to re-analyze existing geodetic data sets and conduct further field reconnaissance.
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INVESTIGATIONS

1. The project collects digital ground water level data in Parkfield, Califor-
nia, as part of the Parkfield earthquake prediction experiment. Ground water
level data are also collected at two wells in the Mojave Desert in southern Califor-
nia.

2. The project investigates the hydrologic effects of earthquakes as well as
reports of hydrologic earthquake precursors.

RESULTS

Figure 1 is a map of the Parkfield, California ground water monitoring net-
work. A new site at Halliburton Ranch was added during FY1994. Figure 2
shows the data collected during FY1994. Of special interest are the earthquake-
related water level rises in the Bourdieu Shallow well at the northern end of the
network, shown in Figure 3. These water-level changes are too large to be attri-
buted to the static volumetric strain fields of the earthquakes that produced them,
and must be the result of dynamic stresses and strains carried by seismic waves.
The responses to earthquake of magnitude less than 5 suggest that seismic waves
with periods less than 10 seconds are involved in producing the water-level
response. The data demonstrate that sustained coseismic water level changes can
be produced at distances of several hundred kilometers from an earthquake.

Figure 4 is a map showing the locations of wells in the Mojave Desert, and
Figure 5 shows the data collected during FY1994. The Northridge earthquake
produced a coseismic water level drop in the Crystalaire well, shown in Figure 6.

Compilation was completed of an open-file report summarizing all known
hydrologic effects of the 1992 Landers, California earthquake. Figure 7 shows the
volumetric strain field of the earthquake, together with ground water observations
in southern California.

Project personnel responded to the Northridge earthquake by investigating
reports of post-seismic discharge changes and compiling data on other hydrologic
effects. Of particular potential importance is the report of a pre-earthquake
stream discharge increase in the Southern Pacific Spring in Millard Canyon. This
anecdotal report is considered potentially significant because it resembles reports
of pre-earthquake streamflow changes preceding the 1989 Loma Prieta, California,
earthquake, as well as a published report of a discharge increase preceding an
earthquake in Japan.
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Figure 2. (b) Water level records for Parkfield, plotted as in Figure 2(a).
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Figure 2. (c) Water level records for Parkfield, plotted as in Figure 2(a).
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Figure 2. (d) Water level records for Parkfield, plotted as in Figure 2(a).
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Figure 2. (e) Water level records for Parkfield, plotted as in Figure 2(a).
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well near Parkfield, California, marked to show earthquake-related changes follow-
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