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BOREHOLE VELOCITY MEASUREMENTS AND GEOLOGICAL CONDITIONS AT 
THIRTEEN SITES IN THE LOS ANGELES, CALIFORNIA REGION

by 
James F. Gibbs, John C. Tinsley, David M. Boore, and William B. Joyner

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

velocity and geologic data at locations of strong-ground motion in earthquakes (e.g. Gibbs, 
et al., 1999), has investigated thirteen additional sites in the Los Angeles, California region. 
The sites are shown in Figure 1 and listed in Table 1, which gives references to information 
regarding the strong-motion data.

Of the thirteen sites, seven were located near existing strong-motion stations that 
recorded the Northridge California earthquake of January 17, 1994. These stations are: 
Brentwood VA (BVA), ETEC (RD7), Obregon Park (OBG), Receiver Station East (RSE), 
Sylmar Converter East (ESC), Wadsworth VA North (WVAN), and Wadsworth VA South 
(WVAS).

The boreholes at the other six sites were drilled for various reasons. Colton Interchange 
East (COE) and Colton Interchange West (COW) were drilled at the intersection of 
interstate highways 110 and 1215, by the California Department of Tranportation, for 
installation of a seismic array to monitor seismic activity in the area of the highway 
overpass structure. Potrero Canyon #3 (POTS) was drilled for ROSRINE (a consortium 
for the collection and dissemination of information on subsurface material properties: 
see http://geoinfo.usc.edu/rosrine) to obtain site response data and to add borehole 
instruments. Tarzana (TAR) was drilled by California Division of Mines and Geology 
strong-motion program to add downhole instruments when it became necessary to relocate 
the free-field Tarzana strong-motion station. Water Treatment Plant (WTP) was drilled as 
a cooperative project between the USGS and City of Long Beach for a detailed (continuous 
core) geologic study and to install borehole instruments for a deep (approximately 
440 meters) seismic array. In collaboration with the above organizations the USGS 
has made velocity measurements at these sites prior to installation of the borehole 
instruments. Finally, Sylmar Converter East #2 (ESC2), was drilled for the USGS to 
provide information on local variations in shear-velocity that might explain differences in 
damage to electrical equipment during the 1994 Northridge earthquake.

GEOLOGIC AND GEOPHYSICAL LOGS
Generalized logs of earth materials underlying the drill sites were prepared from (1) 

logs of cuttings that were noted during drilling, (2) "undisturbed" samples obtained using 
a Pitcher sampler (which provided glimpses of the materials encountered at depth), and (3) 
a suite of geophysical logs (spontaneous potential, resistivity, caliper, and natural gamma 
ray logs; these logs are not included in this report) obtained prior to installing and grouting 
the casing in the borehole. From these logs we can delineate the thickness and character 
of materials penetrated. Electric logs enable findings to be extrapolated to other parts 
of the basin and to other basins in southern California. Physical properties noted in the 
abbreviated descriptions include: depth, color, texture or lithology of alluvial deposits, 
probable geologic age, and correlation with regionally mapped geologic units.
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Figure 1. Regional map showing the locations of boreholes (plus symbols) included in 
this report. Locations of roads shown are approximate.
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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 m 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 offset was 4 meters at all sites except at the array sites 
where offsets varied from 2.5 to 5.0 meters depending on available space.

Downhole measurements were made at 2.5 m intervals (starting at 2 meters depth) 
with a three-component geophone clamped to the casing by an electrically-activated lever 
arm. A second three-component geophone was placed on the surface 5 to 10 m from the 
shear source for recording an on-scale reference trace (useful for amplitude studies and 
timing verification). The data were recorded on diskettes using a 12-channel recording 
system.

At four sites some of the P- and S-wave signals could not be interpreted because 
of interference from noise caused by nearby sources. At the COE and COW sites the 
noise was due to the heavy traffic on the freeway interchange. On the east side of the 
interchange the fast-moving truck traffic was less than 15 meters from the borehole and 
caused ground motions at frequencies very near those of the signal. As a result, the COE 
P-wave signal was lost to the noise at depths below 45 meters. Although the S-wave 
signals were noisy below 45 meters depth, the signal times could be picked with reasonable 
accuracy (±2   5msec) over the entire depth of the borehole. On the west side of the 
interchange (COW) the heavy traffic was slightly farther from the borehole resulting in 
lower frequency noise that affected the S signal more than P. The P-wave signals were 
good, but below 60 meters the S-wave data were noisy making time-picks less certain. The 
ETEC borehole (RD7) was drilled to monitor ground water and the top 9 meters were 
cased with 10.5m (26.7cm) inside diameter steel casing. The first useable data point was 
obtained at 9.5 meters for P and at 12 meters for S. The velocity for the depth range for 
which data were missing represents an average velocity over the depth range. Below 9 
meters the borehole is uncased exposing the mostly competent rocks of the Chatsworth 
formation. At Long Beach Water Treatment Plant the hole extended to a depth of 440 
meters but unfortunately, local noise sources made it impossible to pick reliable P- and 
S-arrival times at depths below 100 meters.

DETERMINING 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-
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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. 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. This was an iterative process conducted by the team of authors 
of this report. The process continued until the team was satisfied that the interfaces were 
consistent with the borehole seismic data as well as the geological and geophysical logs. 
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 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 cr, 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 cr), 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 a were small and were only in a few layers.

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, velocity profiles with a generalized geologic log, 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.

6



S Velocity (m/sec)

0 200 400 600 800 1000
VJ

10 :

20-

30 :

-

^40-
CD*->
o>
£50 :

Q.
<D
Q 60-

70 :

80-

-

90 : 

-inn J

' "i
h.

_i  ~ 
i i

ii'-- 

WTP

1

L T~.~~""I
--I--T---T

""tr"] 1    
TAR 1 - '
IAhl | | POTS

1
i i

1 COE | COW

»--. _J

!!____,
i !

Figure 3. S-wave velocity models shown on the same figure for comparison.



200

S Velocity (m/sec) 

400 600 800 1000
o-

20 :

30- 

-w 40 :
o> ;

£.50-

Q.
0)
0 60-

70- 

80 :

90 : 

inn

1,1,1,1r:-if",
4."

1 |
t j

ESC2 [_

L,

J

WVAN

,

i

1
i

1

1
t  

i

i

1,1, ,1,1,

WVAS

RSE

_,
OBG

i

Figure 4. S-wave velocity models shown on the same figure for comparison.



0 200 400

S Velocity (m/sec) 

600 800 1000 1200 1400 1600

0^

-

1 U

20 :

30 :

^40-
CD
4  '

Q)

§50 :>- ' \j\j
sz. i
Q.

D 60 :

70 :

80-

90- 

inn

.1.1. . i i
' L 1i i

u
'* --<!

1 

1

ESC

i
i 
i 
i 
i

BVA

, I , i , I , I i I i I i I , I , I , i , I

i

1
i

1
i

1
i   "I

j
i

RD7 j
i

[
|

r    '

............. i
i 
j

i    i
  i

i

Figure 5. S-wave velocity models for sites ESC, BVA, and RD7.



0 500

P Velocity (m/sec) 

1000 1500 2000 2500 3000

u

 

10-

_

20-
~

-

30 :
_

-

r4o :
i! "

1 50^
' 

)J 60-

70 :

80 ~

90 :

mn-

H   ~
i -

7 ~ ~ ~ i

 TAR |
H

'

t   1
'

r~
i

COE,

1
1

WTP

1 POTS
T 1

" -i        

1

COW

 

Figure 6. P-wave velocity models shown on the same figure for comparison.

10



P Velocity (m/sec) 

500 1000 1500 2000 2500 3000

u

ID-

20 -

30 -_

-w 40-
<D »  '
<D
£50-
 »  ' 
D.
<D
0 60-

70-

80 :

90- 

inn

u-.   
1 !ibr   n - i

1 
1               1
L _ .

RSE [

WVAN

WVAS

1

ESC2

OBG 
=1. ...........

Figure 7. P-wave velocity models shown on the same figure for comparison.

11



0

P Velocity (m/sec) 

500 1000 1500 2000 2500 3000 3500 4000 4500

u
-

10-

20 :

^Cl ou

^40-
 1  1

^

Q.
CD
Q 60-

70 :
-

80 J

90 : 

inn

 ---..I
IL
i
,.-___-___-_._

BVA ESC

--]

1

1

i 
jL_.

j
RD7 !

1
i

i

1
i

1
i

i

j
i

i 
i
i
i
i
i

Figure 8. P-wave velocity models shown on the same figure for comparison.

12



ACKNOWLEDGMENTS

We could not have completed these studies without the assistance of many individuals 
who helped us to gain access to the sites, assisted with utilities clearances and granted 
permission to conduct the studies. These people include Michael Lambert and John 
Fitzgerald of the Veterans Administration (Brentwood and Wadsworth VA Hospital sites); 
Ron Tognazzini and Jeffrey Owen of the Los Angeles Department of Water and Power 
(Receiving Station E and both East Sylmar Converter sites); Eric Hipley and Cliff Roblee 
of the California Department of Transportation (Colton East, Colton West); Jamison 
Steidl of the University of California, Santa Barbara (Obregon Park); Anthony Shakal and 
Vladimir Graizer of the California Division of Mines and Geology (Tarzana); Kendall S. 
Robinson, Michael W. McDowell and Neil Mukherjee of the Rocketdyne Division of Boeing 
Corporation (ETEC, RD-7); Daniel Ponti and Eric Reichard of the USGS for facilitating 
access to the Long Beach Water Treatment Plant FOQUS core hole through their contacts 
at the City of Long Beach. Robert Nigbor, Robert Steller, and Alexander Jack supplied logs 
of boreholes and related geophysical data from sites explored jointly with the ROSRINE 
(Resolution of Site Response Issues in the Northridge Earthquake) consortium and Pacific 
Gas and Electric (Potrero Canyon 3). Drilling and sampling services were provided by 
California Department of Transportation (Colton sites and Obregon Park); California 
Division of Mines and Geology (Tarzana); and the U.S. Geological Survey (Steve Crawford) 
at the Water Treatment Plant.

We also thank Robert Westerlund of the U.S. Geological Survey for his help 
with the S- and P-wave velocity logging and Ronald Porcella of the U.S. Geological 
Survey for assistance with obtaining peak ground motion parameters at Northridge 
earthquake sites. All ROSRINE data are available on the ROSRINE web site at: 
[http://geoinfo.usc.edu/rosrine].

13



REFERENCES

Boatwright, John, Porcella, R., Fumal, T., Liu, Hsi-Ping, 1986, Direct estimates of shear 
wave amplification from a borehole near Coalinga, California: Earthquake Notes, v. 
57, p. 8.

Gibbs, James F., Tinsley, John C., Boore, David M., and Joyner, William B., 1999, 
Seismic velocities and geological conditions at twelve sites subjected to strong ground 
motion in the 1994 Northridge, California, earthquake: a revision of OFR 96-740, U.S. 
Geological Survey, Open-File Report 99-446, 142p.

Lindvall Richter Benuska, 1994, Processed LADWP power system strong- motion records 
from the Northridge, California Earthquake of January 17, 1994: Los Angeles Division 
of Water and Power, LRB No. 007-027.

Liu, Hsi-Ping, Warrick, Richard E., Westerlund, Robert E., Fletcher, Jon B. and Maxwell, 
Gary L., 1988, An air-powered impulsive shear-wave source with repeatable signals: 
Bull. Seism. Soc. Am. v. 78, p. 355-369.

Porcella, R.L., Etheredge, E.G., Maley, R.P., and Acosta, A.V., 1994, Accelerograms 
recorded at USGS national strong-motion network stations during the Ms = 6.6 
Northridge, California, earthquake of January 17, 1994: U.S. Geological Survey, Open- 
File Report 94-141, 100 p.

Shakal, A., Huang, M., Darragh, R., Cao, T., Sherburne, R., Malhotra, P., Cramer, C., 
Sydnor, R., Graizer, V., Maldonado, G., Petersen, C. and Wampole, J., 1994, CSMIP 
strong-motion records from the Northridge, California, earthquake of January 17, 
1994: California Div. of Mines and Geology, Report No. OSMS 94-07.

Trifunac, M.D., Todorovska, M.I., and Ivanovic, S.S., 1994, A note on distribution of 
uncorrected peak ground accelerations during the Northridge, California, earthquake 
of 17 January 1994: Soil Dynamics and Earthquake Engineering, 13(3), p. 187-196.

14



APPENDIX A 

Detailed Results



UNITED STATES
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY

BEVERLY HILLS QUADRANGLE
CALJFORNIA-LOS ANGELES CO. 

7.5 MINUTE SERIES (TOPOGRAPHIC)

Wadsworth VA North

Wadsworth VA South

SCALE 124000
o 1 MILE

100C 1000 2000 3000 4000 50OO 6000 7000 FEET

1 KILOMETER

Figure A-l. Site location map for the borehole at Brentwood VA Hospital. The ac- 
celerograph is located approximately 40 meters from the borehole.
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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 in 
dicated by the inverted triangles. Time picks with assigned weight of 5 are shown with 
unfilled triangles.
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Figure A-3. Vertical component record section. Approximate P-wave arrivals are indi 
cated by the solid circles.
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Figure A-4. Time-depth graph of P-wave and S-wave picks. Line segments show the 
hinged-least-squares fit to the data points.
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GEOLOGICAL SURVEY
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Figure A-6. Site location map for the borehole at Colton Interchange East. The 
boreholes at this site will be instrumented at several depths and at the surface to monitor 
future seismic activity.
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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 indi 
cated by the inverted triangles. Time picks with assigned weight of 4 or 5 are shown with 
unfilled triangles.
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cated by the solid circles. Lost signal to the noise at 47 meters depth.
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Figure A-ll. Site location map for the borehole at Colton Interchange West. The 
boreholes at this site will be instrumented at several depths and at the surface to monitor 
future seismic activity.
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Figure A-12. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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indicated by the solid circles. Early triggers of the recorder occured at depths 77 and 
84.5 meters. A correction factor was applied by timing the difference between a normal 
reference trace and the early triggered reference trace.
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UNITED STATES
DEPARTMENT OF THE INTERIOR 

GEOLOGICAL SURVEY

CALABASAS QUADRANGLE
CALIFORNIA 

7.5 MINUTE SERIES (TOPOGRAPHIC)
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Figure A-16. Site location map for the borehole at ETEC (RD7). The accelerograph 
is located approximately 90 meters from the borehole.
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Figure A-17. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles. These measurements were made in an existing borehole 
used to monitor ground water. The top 9 meters of the borehole are cased with 10-inch 
diameter steel casing, so that our first usable data point was obtained at 12 meters depth 
in the uncased portion of the hole in fairly competent rock of the Chatsworth formation.
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Figure A-21. Site location map for the borehole at Obregon Park. The borehole is 
located approximately 10 meters from the accelerograph.
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Figure A-22. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-23. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles.
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Figure A-24. Time-depth graph of P-wave and S-wave picks. Line segments show the 
hinged-least-squares fit to the data points.
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Figure A-26. Site location map for borehole Potrero Canyon #3 near the center of the 
valley. No permanent strong-motion instruments were located at this site.
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Figure A-27. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-28. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles.
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Figure A-29. Time-depth graph of P-wave and S-wave picks. Line segments show the 
hinged-least-squares fit to the data points.
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Figure A-31. Site location map for the borehole Receiver Station East. The borehole 
is located approximately 140 meters from the strong-motion accelerograph.
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Figure A-32. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-33. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles.
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hinged-least-squares fit to the data points.
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Figure A-36. Site location map for the borehole Sylmar Converter East. The borehole 
is located approximately 5 meters from the strong-motion accelerograph.
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Figure A-37. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-41. Site location map for the borehole Sylmar Converter East #2. This site 
was drilled for geologic information.
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Sylmar Converter East #2

Figure A-42. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-43. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles.

73



0

0

ID-

0)

30-

I 40H 
Q

50-

60-

70

0.05

Time (sec) 

0.1 0.15 0.2
i

Sylmar Converter East #2

0.25

Figure A-44. Time-depth graph of P-wave and S-wave picks. Line segments show the 
hinged-least-squares fit to the data points.
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Figure A-46. Site location map for the borehole at Tarzana (top of hill near residence). 
A borehole seismic array is being installed at this location by California Division of Mines 
and Geology.
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Figure A-47. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-48. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles.
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Figure A-49. Time-depth graph of P-wave and S-wave picks. Line segments show the 
hinged-least-squares fit to the data points.
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Figure A-51. Site location map for the borehole at Wadsworth VA North. The borehole 
location is about 5 meters from the strong-motion instrument.
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Figure A-52. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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BEVERLY HILLS QUADRANGLE
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Figure A-56. Site location map for the borehole at Wadsworth VA South. The borehole 
location is about 12 meters from the strong-motion instrument.
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Figure A-57. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles.
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Figure A-58. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles.
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Figure A-61. Site location map for the borehole Long Beach Water Treatment Plant.
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Long Beach Water Treatment Plant

Figure A-62. Horizontal component record section (from impacts in opposite direc 
tions) superimposed for identification of S-wave onset. Approximate S-wave time picks are 
indicated by the inverted triangles. The seismic noise level at this site is extreemly high 
due in part to operation of the treatment plant,(mostly pumps), overhead powerlines, and 
nearby freeway traffic. Although data were taken to 230 meters depth the noise obliterated 
the signal at approximately 100 meters making the deeper data uninterpretable.
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Figure A-63. Vertical component record section. Approximate P-wave arrivals are 
indicated by the solid circles. Early tiggering of the recorder occured at seven depths 
shown by the open-circles. A correction was applied to the early triggered arrivals by 
measuring the difference in time between the reference traces.
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Figure A-64. Time-depth graph of P-wave and S-wave picks. Line segments show the 
hinged-least-squares fit to the data points.
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APPENDIX B 

Poisson's Ratios
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