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Digital Recordings of Aftershocks of the October 17, 1989, Loma Prieta,
California, earthquake: Santa Cruz, Los Gatos, and surrounding areas

by David Carver, K.W. King, Edward Cranswick, D.M. Worley,
Paul Spudich, and Charles Mueller

INTRODUCTION

On October 17, 1989, a magnitude 7.1 M, earthquake occurred beneath the southern Santa Cruz
Mountains near Loma Prieta, California. The Loma Prieta earthquake was the largest earthquake
in northern California since the great San Francisco earthquake of 1906. This was one of the
nation’s most costly disasters with 61 confirmed fatalities, 3,100 injuries, more than 10,000 people
left homeless, and property losses and recovery costs estimated at $5.6 billion by the California
Office of Emergency Services. Eleven portable digital seismographs were deployed in the epicentral
region from October 18, 1989, through January 16, 1990. A total of 161 aftershocks were recorded
by three or more seismographs. The instruments were moved frequently so that 101 different
recording sites were occupied for varying lengths of time. This report is intended to serve as a
user’s guide to the Loma Prieta aftershock data that we recorded.

The field effort was divided into five study areas: Santa Cruz, Rebecca Ridge in the Santa Cruz
Mountains, Los Gatos, the Watsonville-Salinas area, and Robinwood Lane near Summit Road in
the Santa Cruz Mountains (fig. 1). Each of these experiments is described in more detail below.
Generally, our intent was to record seismic ground motion to determine relative site response to
ground shaking between several nearby locations.

This report includes five appendices which facilitate use of the data from the study areas. The first
four appendices include a list of the station locations; a list of the aftershocks recorded by three or
more stations showing which stations recorded them; and a listing of the HYPO71 event summary
cards for each of the aftershocks. Seismograms are included in the appendices for each aftershock
recorded by three or more stations. The fifth appendix is an example of an event as it is
represented in the data set on the CD-ROM.

INSTRUMENTATION AND FIELD PROCEDURE

Each seismograph station consisted of a Sprengnether DR-200 (any use of trade names is for
descriptive purposes only and does not imply endorsement by the USGS) portable, self-triggering,
digital recorder equipped with an S-6000 triaxial seismometer. The operating characteristics of this
seismograph package have been described in detail by Carver and others (1986).

The S-6000 seismometers are velocity transducers. Their nominal response characteristics are:
natural frequency of 1.7 Hz, damping coefficient of 0.6, and an effective motor constant of 1.18
v/cm/s. Calibration of each individual component was performed each time recording tapes were
changed. The DR-200 internal calibration routine consists of a positive and a negative 0.05 v
constant current pulse followed by a positive and a negative 2.5 v constant current pulse. After the
field effort, we performed a relative calibration of all of the seismometers. The seismometers were
buried in a rectangular grid with 10-cm spacing between their casings. Four small explosions were
detonated 100 m away at two different azimuths. Spectral ratios of the resulting seismograms
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indicated that the response of the horizontal components varied less than 10 percent and two-thirds
of them varied less than 6 percent in the frequency band of 5-25 Hz. We believe that this
experiment gives a good indication of the precision of the DR-200-S-6000 seismograph system as
it was installed in the field. The record headers in the data set reflect the instrumental constants
specified by the manufacturer corresponding to each seismometer component.

The DR-200 recording parameters were set up the same way for almost all installations. The
recording parameters used by the seismograph at the time of an event are written in the event
header. Signals were high pass filtered at 0.2 Hz and low pass filtered (anti-alias) at 50 Hz with a
7-pole Butterworth filter. Sampling was done at 200 samples per second per channel. Gains were
almost always x10. The 12-bit gain-ranged A/D has four gain levels (three steps) with a
magnification of four (2 bits) per step and has an ideal dynamic range of 18 bits (however, we have
processed only the most significant 16 bits). Seismograms are clipped above 0.43 cm/s.

The trigger algorithm was a simple short-term average versus long-term average (STA/LTA). Both
of the horizontal channels were required to exceed a 6 or 9 dB signal-to-noise ratio before an event
was recorded. This algorithm has been found to work well in seismically noisy urban enviconments.
The pre-event memory was set at 6.8 s, but since many triggers were on S-waves the actual pre-P-
wave arrival time was often only about 3.6 s. Total duration of recording varied from 20 to 40 s.

. Most seismometer placements were buried with the top of the case being visible. This allowed

k4

frequent checks to insure that the seismometer was level. LP5 was the only sensor found outside

level specification on day 015. When site conditions prohibited burial of the seismometers, they
were epoxied to a concrete pad (such as a garage floor). Seismometers were always oriented with
channel 2, the North-South component, aligned with magnetic North. All of the seismometers were
wired such that the North-South components had reversed polarity; that is, north motion would

. yield a negative voltage (downward trace). The amplitude polarity was reversed during post-

processing so that north motion vields the more conventional positive signal.

A portable master clock was used to determine seismograph clock corrections. Each day the drift
of the master clocks (typically less than 2 ms per day) was calculated by comparison with a GOES
satellite standard time signal. The seismograph clocks were compared each day with the master
clocks, and clock corrections for both the seismograph clocks and the master clock were recorded.
The major exception to this routine came during the first few days of the program. During those
days, a combination of WWYV radio- and telephone-transmitted standard time signals were used to
set the master clock. It was later proven that these time sources had variable time delays from
UTC due to propagation path effects. Also, during the first few days the master clock failed
nonlinearly. For these reasons, time is not well-determined before October 30, 1989 (Julian day
303).

Final clock corrections to the event-trigger times were made in the event headers by first correcting
the seismograph clock corrections for master clock drift. The appropriate seismograph clock
correction was then derived by linear interpolation between the two clock corrections closest to the
trigger time. This procedure yielded corrected event trigger times that are estimated to be accurate
to within +10 ms of UTC. The typical operation procedure was to install a station and start the
internal clock automatically with a pulse from the master clock. Thus, the clocks started with a time
correction of zero. The stations were visited daily to change recording tape (if necessary), check



the system operation, and determine the seismograph’s clock drift. Notes were taken in the field
and later entered into the computer so that the time corrections could be computed.

FIELD OPERATIONS

Deployment of 11 portable digital seismographs began the day after the mainshock in Santa Cruz,
California. During the next 14 days, we installed seismographs at 43 sites (fig. 2). Since our main
research objective was to characterize site response in Santa Cruz, sites were chosen that would best
differentiate ground motion on the major lithologic units within the city. Also during the first few
days after the mainshock, a subarray of three seismographs was installed at the Moss Landing
Power Plant, and three other seismographs were collocated with strong motion accelerographs at
Salinas, Halls Valley, and Saratoga. These recording sites are shown in figure 1 and they are
included in Appendix A since they were operated contemporaneously with the Santa Cruz sites.

A major subexperiment (Cranswick and others, (1990)) in Santa Cruz was an 11-station array,
approximately 3-1/2 km long, across the downtown area in the flood plain of the San Lorenzo River
(fig. 3). Accurate time determinations were critical for this experiment because travel times
between the array stations were short so clock corrections were determined twice daily for this
array.

On November 4, 1989, we moved all 11 seismographs to the Rebecca Ridge study area in the
mountains north of Santa Cruz (fig. 4). At several locations in the Santa Cruz Mountains, houses
built on ridge crests were much more severely damaged than those constructed nearby but lower
on the ridge. This observation raised the question as to whether or not topographic amplification
of the seismic waves could have influenced damage patterns. At Rebecca Ridge, seismographs were
installed along the ridge crest, down the hillside, and on bedrock in the streambeds on both sides
of the ridge. The maximum elevation difference was 252 m between station REB at the top of the
ridge and station IRW on the banks of the San Lorenzo River. The Rebecca Ridge station
locations, associated earthquake data (recorded at three or more sites), and associated seismograms
are shown in Appendix B.

Another site-response experiment was conducted at Los Gatos, where 11 seismographs were
installed throughout the city from November 10, 1989, to November 18, 1989, and then again from
December 8, 1989, to December 17, 1989. The surficial geology of Los Gatos is not well known;
therefore fieldwork was accomplished without the aid of geologic maps. Sites were selected that
were representative of various surficial geologic units, and they also cover the severely damaged
areas of town. During the second effort in December, an L-shaped array was installed that centered
on the most severely damaged downtown area of Los Gatos. Station locations, and associated
earthquake hypocenters (recorded at three or more sites) and their seismograms are shown in
Appendix C.

An array of seven seismographs was installed in the Watsonville-Salinas area at sites where
liquefaction occurred during the mainshock (fig. 1). The instruments ran unattended from
November 20, 1989, through December 16, 1989. No time corrections were possible for this array
because the batteries had been discharged by December 16. The station locations, and the

associated earthquake hypocenters (recorded at three or more sites) and associated seismograms
are included with the Los Gatos data in Appendix C.
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On December 18, 1989, we installed a very closely spaced array in the Summit Road area about 3
km southeast of the Hester Creek Church at Robinwood Lane (fig. 6). Again the instruments ran
unattended and the batteries discharged. Because of this, time is not reliable for the earthquakes
recorded in December and early January. After January 9, 1990, the clock corrections were
determined daily. The Robinwood Lane array was another attempt to gather data showing
topographic amplification of ground shaking. Two seismographs were installed on top of the ridge
where several modern houses had been severely damaged. Five other seismographs were
painstakingly installed at about 10- to 30-m intervals over the side of the hill. There was a 109-m
elevation difference between LP0 of the bottom and LR6 at the top of the ridge. Care was taken
to insure that the seismometers were buried in the same lithologic unit and at depths that exhibited
about the same degree of weathering. The sites were later surveyed so that the locations are
precisely known, at least relative to each other. For the Robinwood Lane station locations, the
recorded aftershocks by three or more seismographs and their seismograms are shown in
Appendix D.

DATA SET DESCRIPTION

A total of 2,926 three-component digital seismograms was recorded from October 18, 1989, through
January 16, 1990. All seismograph triggers have been included in the data set, regardless of whether
or not they could be associated with a located earthquake. The calibration records made at the
beginning of most tapes are also preserved in the data set.

The original data cassettes recorded by the seismographs were played into an IBM-compatible PC
using software called OL V200 that was written by Leland Bond for the University of Washington.
The data on the PC were then transferred to a micro-Vax computer via PC-link where it was
converted to a compact block-binary (DR-100) format. Each single-component file consists of a 512

byte header followed by data blocks. There is one real leader block (128 four-byte real), followed
by one or more integer data blocks (256 two-byte integer).

Appendix E is a printout of an example data file as it is written on the CD-ROM disk. Each
seismic record is stored as a separate file, whose name is a unique 13-character string constructed
from the trigger time (UTC), component, and station name. Characters 1-3 represent day of year
(001-366), characters 4-5 = hour (00-23), characters 6-7 = minute (00-59), character 8 = second
code (A-T, where A = 0.000 - 2.999, B = 3.000 - 5.999, ... T = 57.000 - 59.999), character 9 is the
component code (4 is vertical-component velocity, 5 and 6 are North-South and East-West
horizontal component velocity, character 10 is ".", and characters 11-13 are the three-letter station
names. The binary data files have been converted to ASCII for distribution on a CD-ROM optical
disk (compact disk - read-only memory). The file names on the CD have been shortened from the
nine characters described above to eight characters by substituting a letter for the two-digit hour
code (A = 00, B = 01, ... X = 23) to make them PC compatible. The CD-ROM has been written
using the ISO-9660 standard and is available by contacting:

Open-file Services

U.S. Geological Survey, MS 517
Denver Federal Center
Denver, CO 80225
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Fig. 1. Map of central California showing coastline, faults, mainshock, mainshock rupture
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Fig. 2. Map of the Santa Cruz, California, study area showing seismograph station locations, and

general surficial geology (adapted from Clark, 1981).
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Santa Cruz Flood Plain Array
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Fig 3. Top: Geologic map of Santa Cruz, California, (adapted from Clark, 1981). Note the nine
seismograph station locations across the terrace/flood plain/terrace and the two
rock sites to the northwest.
Bottom: Idealized cross-section along the downtown array which is divided into two
parts, the dotted line along the rock sites and the terrace/flood plain/terrace line, and
plotted at different horizontal and vertical scales.
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APPENDIX A. Santa Cruz and contemporaneous station data
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Santa Cruz and contemporaneous seismograph station locations. The sensor column

is used to indicate whether the seismometer was buried or glued, as described in the text.
The geology column indicates the geologic unit that the station was located upon as
indicated on the map by Clark (1981). Quaternary alluvium is listed as Qal; Quaternary
marine terrace deposit is Qm; Tertiary Purisma formation is Tp; Mesozoic or Paleozoic
shists are Sch; Mesozoic or Paleozoic marble is M; station geology unknown is Unk.

Coordinates are referenced to the 1927 North American Datum.
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STA

ALM
B8AR
BAS
BES
BLA
CAB
cBL
CcE2
CED
CEN
Co1
DIC
EFF
ESC
EST
FRE
GIL
HAL
HIG
HIL
HLU
HOL
KAL
KEY
KIN
LAU
LAV
Lo2
LOE
MAI
MAY

NO8
NPA
PAC
ROS
SAL

SBR
SHE
TRE
WAL
WAS

LATITUDE
(N)
+36:57.29
+36:58.87
+36:58.26
+36:59.18
+36:58.07
+36:48.29
+36:58.32
+36:58.09
+36:58.12
+36:58.46
+36:48.29
+36:58.79
+36:58.56
+36:58.62
+36:58.78
+36:48.12
+36:59.41
+37:20.28
+36:58.80@
+36:58.78
+36:58.89
+36:58.48
+36:58.73
+36:59.13
+36:57.83
+36:58.16
+36:58.23
+37:900.02
+37:00.93
+36:57.86
+36:58.67
+36:57.45
+36:58.23
+36:58.78
+36:58.40
+36:58.76
+36:40.26
+37:15.30
+36:58.31
+36:58.33
+36:57.95
+36:58.08
+36:58.190

LONGITUDE ELEYV.

(w)

-122:902.53
-122:03.18
-122:901.08
-122:921.25
-122:01.82
-121:46.99
-121:59.66
-122:01.50
-122:01.50
-122:01.89
~121:46.90
-122:02.89
-122:90.52
-122:01.94
-122:02.26
-121:46.12
-122:00.47
-121:42.84
-122:02.18
-122:01.94
-122:02.51%
—-122:02.20
-122:92.61
~122:00.58
-122:02.77
-122:01.32
-122:91.23
-122:903.37
-122:03.37
-122:901.28
-122:91.07
-122:901.58
~-122:03.09
-122:01.58
—~122:21.48
-122:02.39
-121:38.52
-122:00.54
-122:00.76
-122:92.33
-122:02.17
-122:01.93
-122:91.64

(M)
012
112

. 004

212
006
022
012
003
003
005
020
111
018
039
079
003
952

978
974
082
029
979
028
226
202
202
243
243
214
ee7
013
073
004
203
081

218
027
020
0a7
205

SENSOR

Buried
Buried
Glued

Buried
Buried
Glued

Glued

Buried
Buried
Buried
Glued

Buried
Buried
Glued

Buried
Buried
Buried
Glued

Buried
Buried
Buried
Buried
Buried
Buried
Glued

Buried
Buried
Buried
Glued

Buried
Buried
Glued

Buried
Buried
Buried
Buried
Glued

Glued

Buried.-

Glued

Buried
Buried
Buried
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GEOL.

x

8992958595588%

£8883488°%
-— T - —

Qal
Qal

unk
unk

Qal
Qal

ADDRESS

407 Almar Ave., Santa Cruz

Barn off G. Coolidge Dr., S. Cruz
313 Barson St., Santa Cruz

126 Plymouth St., Santa Cruz

223 Blackburn St., Santa Cruz
Cabinet, Moss Landing Control Room
738 Cable St., Santa Cruz

121 Cedar St., Santa Cruz

295 Cedar St., Santa Cruz

809 Center St., Santa Cruz

Floor, Mcss Landing Control Room
224 Dickens Way, Santa Cruz

126 Effey St., Santa Cruz

119 Escalona Or., Santa Cruz

621 Highland Ave., Santa Cruz
Free Field, Moss Landing Power Sta.
116 Gilbert Ct., Santa Cruz

SMA at Grant Park, Halls Valley
548 Highland Ave., Santa Cruz

139 Hillcrest Terrace, Santa Cruz
1504 Laurent St., Santa Cruz

125 Hollywood Ave., Santa Cruz
112 Kalkar Dr., Santa Cruz

215 Keystone St., Santa Cruz

1722 King St., Santa Cruz

SE corner Laurel & Front, S. Cruz
195~111 Barson St., Santa Cruz
Lick Instrument Lab. UCSC

SMA at Lick Instrument Lab. UCSC
315 Main St., Santa Cruz

224 May Ave., Santa Cruz

137 Monterey St., Santa Cruz

340 Nobel Dr., Santa Cruz

2117 N. Pacific Ave., Sante Cruz
Pacific Ave. @ Soquel, S. Cruz
721 Highland Ave.

SMA at John & Work St., Salinas
SMA at Aloha Ave., Saratoga

. 239 Branciforte Ave, Santa Cruz

122 Sherman St., Santa Cruz
154 Trescony St., Santa Cruz
116 Walti St., Santa Cruz

333 Washington St., Santa Cruz



List of aftershocks recorded by three or more seismograph stations at Santa Cruz

and contemporaneous stations. Aftershock records were identified by a computer algorithm
that found multiple triggers in a 13 s sliding-time window. Earthquakes are listed by the
start time of the earliest associated record (day, hour, minute are characters one through
seven in the filename). Records (for a given three letter station code) are indicated by the
corresponding second-bin character, i.e., character eight in the filename - A = 0.000 - 2.999,

B = 3.000 - 5.999, ..T = 57.000 - 59.999.

The computer algorithm also extracted hypocenter information for associated

earthquakes from U.S. Geological Survey summary files. The hypocenter data were
provided by D. Oppenheimer and are listed in HYPO71 format. We used versions of the
summary files that were current at the time of writing this report in September 1990.
These hypocenters will be refined during the lifetime of this report and are provided here
only to help readers make preliminary correlations between earthquakes and seismograph

recordings.
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Seismograms of aftershocks recorded at three or more stations in Santa Cruz and at
contemporaneous stations. Each seismogram plotted has been limited to 22 s, although the
actual records may be longer. Three components are plotted for each station that recorded
the aftershock. The traces are identified on the right by station name and component. Al
is the vertically oriented component; A2 is horizontally oriented North; A3 is horizontally
oriented East. The peak velocity (expressed in cm/s) of the trace is shown in the left
margin. All traces for each event are plotted at the same scale. Time proceeds from left
to right and the numbers indicated are seconds from the time of the first sample of the

record.
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