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BOREHOLE P- AND S-WAVE VELOCITY AT THIRTEEN SITES
IN SOUTHERN CALIFORNIA

by
James F. Gibbs, David M. Boore, John C. Tinsley, and Charles S. Mueller

INTRODUCTION
The U.S. Geological Survey (USGS), as part of a program to aquire seismic velocity

data at locations of strong-ground motion in earthquakes (e.g. Gibbs, et al., 2000), has
investigated thirteen additional sites in the Southern California region. Of the thirteen
sites, twelve are in the vicinity of Whittier, California and one is located in San Bernardino,
California.

Several deployments of temporary seismographs were made after the Whittier
Narrows, California earthquake of 1 October 1987 (Mueller et al., 1988). A deployment,
between 2 October and 9 November 1987, was the motivation for selection of six of the drill
sites. Temporary portable seismographs at Hoover School (HOO), Lincoln School (LIN),
Corps of Engineers Station (NAR), Olive Junior High School (OLV), Santa Anita Golf
Course (SAG) and Southwestern Academy (SWA), recorded significant aftershock data.
These portable sites with the exception of Santa Anita Golf Course were co-sited with
strong-motion recorders.

Stations at HOO, Lincoln School Whittier (WLB), Saint Paul High School (STP),
Alisos Adult School (EXC), Cerritos College Gymnasium (CGM), Cerritos College Physical
Science Building (CPS), and Cerritos College Police Building (CPB) were part of an array
of digital strong-motion stations deployed from “bedrock” in Whittier to near the deepest
part of the Los Angeles basin in Norwalk. Although development and siting of this new
array (patially installed at the time of this writing) was generally motivated by the Whittier
Narrows earthquake, these new sites (with the exception of HOO) were not part of any
Whittier Narrows aftershock deployments. A similar new digital strong-motion site was
installed at the San Bernardino Fire Station during the same time frame.

Velocity data were obtained to depths of about 90 meters at two sites, 30 meters
at seven sites, and 18 to 25 meters at four sites. Lithology data from the analysis of
cuttings and samples, was obtained from the two 90-meter deep holes and from five of
the shallower holes to supplement the velocity interpretation. The two 90-meter boreholes
(SB1, CPB) have been instrumented with borehole seismometers for continuous monitoring
of earthquake activity (Rogers, et al., 1998). No drill samples or cuttings were obtained
from the other six sites but driller’s logs were scanned for major changes noted there. The
velocity models at those sites were interpreted using only the measured data and major
changes in the driller’s log as noted above.

The sites are shown in Figure 1 and listed in Table 1, which gives references to
information regarding the strong-motion data. Several hundred strong-motion records
of the main-shock were written by this moderate size earthquake (ML = 5.9) making it
important from a scientific and engineering prospective (Brady et al., 1988, Shakal et al.,
1988).
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Figure 1. Regional map showing the locations of boreholes (triangles) included in this
report. Inset shows the locations of the Cerritos College boreholes at an expanded scale.
Locations of roads and cities are approximate.
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Table 1. Site names, three letter codes, and coordinates using the North American
Datums of 1927 (NAD27) and 1983 (NAD83).

Station StaCode Lat:NAD27 Long:NAD27 Lat:NAD83 Long:NAD83

Cerritos College Gymnasium CGM 33.88663 -118.09329 33.88664 -118.09419

Cerritos College Physical Sci. Bldg. CPS 33.88589 -118.09698 33.88590 -118.09788

Cerritos College Police Bldg. CPB 33.88212 -118.09680 33.88213 -118.09770

Corps of Engineers Station * NAR 34.03219 -118.05225 34.03220 -118.05315

Hoover School * HOO 33.98491 -118.02889 33.98492 -118.02979

Lincoln School * LIN 34.09043 -118.09305 34.09044 -118.09395

Lincoln School Whittier WLB 33.98535 -118.04061 33.98536 -118.04151

Los Alisos Adult School EXC 33.89559 -118.08428 33.89560 -118.08518

Olive Junior High School * OLV 34.10073 -117.97409 34.10074 -117.97499

San Bernardino Fire Station SB1 34.10534 -117.28201 34.10535 -117.28289

Santa Anita Golf Course SAG 34.13096 -118.03074 34.13097 -118.03164

South Western Academy * SWA 34.11533 -118.13046 34.11534 -118.13136

St. Paul High School STP 33.95158 -118.05369 33.95159 -118.05459

* Strong-motion accelerograph located near borehole (see location maps in Appendix A).
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P - AND S-WAVE TRAVEL-TIME DATA
Shear waves were generated at the ground surface by an air-powered horizontal ram

(Liu, et al., 1988) striking an anvil at either end of an aluminum channel 2.3 meters
long. The ram was driven first in one direction and then in the other to generate pulses
of opposite polarity. A switch attached to the shear source triggered the recorder and
established the reference for the timing of arrivals. P -waves were generated by striking a
steel plate with a sledge hammer. The recorder was triggered by a switch attached to the
handle of the sledge hammer. P - and S-wave sources were offset from the borehole (same
horizontal distance but different locations) to minimize the effect of waves traveling down
the grout surrounding the casing. The source offsets varied from 2 to 4 meters depending
on available space and depth of the borehole. Shallow holes (30 meters or less) were offset
2 or 3 meters.

Downhole measurements were made at 2.5-meter intervals at ten locations and at
2-meter spacing at three of the shallower boreholes. The measurements were made by
moving a three-component geophone to each depth and clamping it to the casing by an
electrically-activated lever arm. A second three-component geophone was placed on the
surface near the shear source used to verify timing of the triggered recorder. The data
were recorded on diskettes using a 12-channel recording system.

VELOCITY PROFILES
The procedure for determining velocities is summarized in Figure 2. Because the

orientation of the downhole geophone could not be controlled when moving from one
depth to the next, the azimuth of the horizontal geophones relative to the source was
unknown and changed with depth. To minimize the effects of those changes, the horizontal
components were rotated to the direction that maximized the integral square amplitude
within a time interval containing the shear wave (Boatwright et al., 1986). P - and S-wave
first-arrival times were determined from the time series displayed at each depth on a 20-
inch computer screen. The P -wave arrival-time was obtained from the vertical trace, and
the S-wave arrival-times were obtained from the average of the rotated horizontal traces
for ram strikes in opposite directions. The arrivals were timed to the nearest millisecond,
probably a realistic precision for clear arrivals uncontaminated by noise.

A trial set of layer boundaries was chosen for the S-wave model, based on the lithologic
descriptions and geophysical logs at the two sites (CBP, SB1) where geologic information
was available. At five sites (CGM, CPS, EXC, STP, WLB) simplified lithology, determined
from drill cuttings, was used to supplement the velocity determinations. At the remaining
six sites (NAR, HOO, LIN, OLV, SAG, SWA) the velocity models were determined without
the benefit of lithology or electric logs. The travel-time data were fit in a least-squares
sense by a model made up of constant velocity layers, taking into account refraction across
the interfaces between layers. The travel times were weighted by the inverse of an assigned
normalized variance. A normalized standard deviation of 1 was assigned to the clear
arrivals and values up to 5 were assigned to the others. The residuals were examined, and
layer boundaries were added, if necessary, to reduce large residuals or to remove systematic
trends in the residuals. The P -wave travel time data were analyzed initially with the set
of layer boundaries finally determined for the S-wave data. Layer boundaries were then
added if needed to fit the data and deleted if not needed. Commonly, an additional layer
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Figure 2. Flow-chart outlining the data processing and steps in the interpretation.
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boundary corresponding to the top of the zone of water saturation was needed to fit the
P -wave data.

Some of the dynamic Poisson’s ratios σ, calculated with initial velocity models,
resulted in ratios that were out of the accepted range of values (0.0–0.5). To obtain a
value in the acceptable range we made minor adjustments to the velocities using one or
more of the following procedures: repicking shallow arrivals (usually P arrivals because
small changes in P travel-times have greater effect on σ), adding a shallow layer, and/or
adjusting layer thickness to ensure that Poisson’s ratio was in the range 0.0–0.5. In most
cases the small changes were made in the P-wave velocities at shallow depths (for more
details see, Gibbs, et al., 1999). Overall, the changes in velocity required to produce
acceptable values of σ were small and were only in a few layers.

For example, at San Bernardino Fire Station several velocity models were tried to get
Poisson’s ratio into the accepted range. We were forced to average the P-wave velocity over
the top 8.5 meters to get the ratio from a negative value to a value of 0.04. The preferred
model in which the S-velocity follows the lithology (in general, the S-wave velocity is a
better indicator of lithology than P-wave velocity) is included in Appendix A.

SUMMARY VELOCITY PROFILES
Figures 3-5 show the S-wave velocity profiles determined from the borehole measure-

ments at the thirteen sites. The velocity profiles are plotted at the same scale for ease of
comparison. Figures 6-8 show the P -wave velocity profiles for the same sites as Figures
3-5, respectively.

DESCRIPTION OF APPENDICES
Appendix A contains for each site: a location map, S- and P -wave time-series records,

a time-depth plot, and tables giving arrival times and velocity values. The upper and lower
bounds on the velocity plots show approximate 68 percent confidence limits. The bounds
are not symmetrical because they are based on the inverse velocities in the layers. Appendix
B contains tables of P- and S-wave velocity models and the Poisson’s ratios obtained from
those models.
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Figure 3. S-wave velocity models shown on the same figure for comparison.
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Figure 4. S-wave velocity models shown on the same figure for comparison.
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Figure 5. S-wave velocity models shown on same figure for comparison.
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Figure 6. P-wave velocity models shown on the same figure for comparison.
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Figure 7. P-wave velocity models shown on the same figure for comparison.
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Figure 8. P-wave velocity models shown on the same figure for comparison.
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Figure A-2. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.

15



Cerritos College Gymnasium

D
ep

th
(m

)

30

25

20

15

10

5

0

Time (sec)
P-WAVE

0 0.05 0.1 0.15 0.2

Figure A-3. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-4. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-7. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-8. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-9. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
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Figure A-12. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-13. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-14. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-17. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-18. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-19. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-22. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-23. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-24. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-27. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-28. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-29. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-32. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-33. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-34. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-37. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.

64



Los Alisos Adult School

D
ep

th
(m

)

30

25

20

15

10

5

0

Time (sec)
P-WAVE

0 0.05 0.1 0.15 0.2

Oct 24, 2001
F:\EXC\EXCV.DT
F:\EXC\EXCV1.GRA

Figure A-38. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-39. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-42. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-43. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.

72



Time (sec)
D

ep
th

(m
et

er
s)

0

5

10

15

20

0 0.01 0.02 0.03 0.04

P

Oct 24, 2001

G:\OLV\OLVP.DT
G:\OLV\OLVPTIME

Time (sec)

Olive Junior High School

D
ep

th
(m

et
er

s)

0

5

10

15

20

0 0.01 0.02 0.03 0.04

S

Figure A-44. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-47. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-48. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-49. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-52. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-53. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-54. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-57. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-58. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-59. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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Figure A-62. Horizontal component record section (from impacts in opposite directions)
superimposed for identification of S-wave onset. Approximate S-wave time picks are
indicated by the hatch marks.
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Figure A-63. Vertical component record section. Approximate P-wave arrivals are
indicated by the dots.
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Figure A-64. Time-depth graph of P-wave and S-wave picks. Line segments are
straightline interpolations of model predictions at the observation depths. The times for
zero depth, not shown, are given by hoffset divided by the velocity in the uppermost layer
(see accompanying tables of velocities for specific values).
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