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TIME-TERM ANALYSIS AND GEOLOGICAL INTERPRETATION OF SEISMIC 
TRAVEL-TIME DATA FROM THE COAST RANGES OF CENTRAL 

CALIFORNIA 

BY ROBERT L. WESSON, JOHN C. ROLLER, AND W .  H.  K .  LEE 

ABSTRACT 

Time terms resulting from an analysis of Pg seismic travel-time data from the 
Coast Ranges of central California yield a pattern that is remarkably consistent 
with other geological and geophysical estimates of depth to basement. A set of high- 
quality data for more than 330 paths was selected from all available travel-time 
observations from quarries and explosions. To assure a statistical estimate of the 
uncertainty of each time term, time terms were calculated only for sites recording 
arrivals from more than one source. 

Time terms ranged from 0.0 to 1.5 sec, indicating depths to the Pg refractor of 
near-surface to more than 6 km, depending on assumed near-surface velocities. 
The Pg refractor is presumed to be granitic and metamorphic rocks southwest of 
the San Andreas Fault and volcanic or ultrabasic rocks within or beneath the 
Franciscan Formation northeast of the San Andreas Fault. Small time terms 
( <  0.4 sec) are associated with exposed granitic basement in the Santa Cruz and 
Gabilan ranges and with exposures of the Franciscan Formation in the central 
Diablo Range and in the Santa Teresa Hills (south of San Jose). Large time terms 
are associated with large thicknesses of upper Cretaceous and younger sedi- 
mentary rocks in the northern Santa Cruz Mountains, in the northern part of the 
Diablo Range, in structural troughs between the Zayante and San Andreas faults, 
and between the Sargent and San Andreas faults and in the Hollister Trough. 
Time terms for sites athwart structural discontinuities, particularly the San 
Andreas Fault, vary with the direction of the approaching ray. Time terms for 
sites on the relatively homogeneous granitic mass of the Gabilan Range increase 
with elevation. 

The large differences in magnitude of these time terms and the nature of the 
distribution clearly demonstrate that the laterally inhomogeneous Earth's crust 
in this area must be taken into account in the location of local earthquakes where 
high accuracy is required. These time terms provide a firm basis for the necessary 
station corrections. 

INTRODUCTION 

A time-term analysis of the seismic travel-time data from the Coast Ranges of central 
California was undertaken to improve understanding of the distribution of seismic wave 
velocities in the upper crust and its relation to geological structure and to obtain seismo- 
graph station time corrections for improving the location of local earthquakes. 

The surficial geology of the Coast Ranges of central California, here taken to include 
the Santa Cruz, Diablo, and Gabilan ranges between approximately 36 ° and 38°N 
latitude, is dominated by lateral discontinuities across the San Andreas, Hayward, and 
Calaveras faults (Figure 1). West of the Pilarcitos and San Andreas faults, the basement 
is thought to be composed of a complex of granitic and metamorphic rocks. East of the 
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Pilarcitos and San Andreas faults, crystalline basement is not exposed within the area 
discussed here nor has it been penetrated by drilling. The oldest exposed rocks are those 
of the Franciscan Formation, a complex eugeosynclinal assemblage of greywackes, 
cherts, and volcanic and ultramafic rocks. It is probable that these rocks are underlain 
by basaltic or ultramafic rocks (Bailey et al., 1964). In this paper, "basement" is broadly 
taken to mean the geological unit that acts as a refractor for the seismic phase, Pg, 
which has a velocity of about 6.0 km/sec and is the first seismic wave from surface sources 
to arrive at stations approximately 25 to 70 km distant. The basement rocks are deeply 
buried by sedimentary rocks over a large part of the area, particularly in the valleys east 
of the San Andreas Fault and locally within the mountains. Recent reviews of California 
coast range geology may be found in Page (1966) and Bailey et al. (1964). 

Byerly (1939) made the first systematic seismic refraction studies in the area, using both 
earthquakes and explosions. The velocity 5.61 km/sec he obtained for Pg was exclusively 
for travel paths on the northeast side of the San Andreas Fault. Healy (1963) obtained a 
velocity of 6.1 km for travel paths southwest of the fault. Eaton (1963) analyzed data from 
a profile extending to the northeast from San Francisco. As the profile was perpendicular 
to the structural trend, the Pg velocity could not be reliably determined, but the results 
were consistent with a velocity of about 6.0 km/sec. Hamilton et aI. (1964) obtained a 
velocity of 6.28 km/sec on the southwest side of the fault for a profile northwest from a 
quarry (Q03 in this paper) near Salinas. Turcotte (1964) used a velocity of 6.0 km for 
the Hollister area based on travel times from Q03 and the work of Healy to calculate 
delay times in the Hollister area. Stewart (1968) gave results of detailed, reversed pro- 
files in the Diablo and Gabilan ranges on both sides of the fault and obtained velocities 
of 5.7 km/sec for the northeast side and 6.1 km/sec for the southwest side. 

Mikumo (1965), Otsuka (1966a, b), McEvilly (1966) and Kind (1972) have used data 
from seismograph arrays, mostly from sources at teleseismic or regional distances, to 
estimate crustal structure in this area. Their results generally show a thickening of the 
crust to the east away from the continental margin. 

The time-term method assumes that the travel time, Tij, from ith source to the j th  
station may be represented in the form 

Ti j AiJ = - - + a i + a j + r ~ j  
/)ref 

where A~j is the distance from the ith source to the j th  station, vrof is the velocity of re- 
fracting horizon, a~ and aj are the time terms, and r~j is the residual. 

The time terms are related to the depth, h, to the refractor, and to the velocity distri- 
bution, v(z), above it, by the relation 

~hir 2 / tyrol ai = ] 
d o  VrefV(Z) 

(Berry and West, 1966a). For the simple case v(z) = v, a constant, 

where 

ai = h~ cos O/v, 

c o s  0 = ( v , ~ f  - v 2) 1/2/V,of. 

The resulting system of equations may be solved for the al and aj by least squares, 
minimizing the sum of squares of the rlj. The velocity vrof may be held fixed, or may be 
obtained from the solution. 
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The time-term technique is particularly suited to the interpretation of travel-time data 
in this geological situation because it can delineate the main sources of inhomogeneity 
expected, the variation in depth to basement and of near-surface velocities. Station cor- 
rections for earthquake location can then be derived from the time terms. Circumstances 
that could adversely affect the time-term technique are lateral changes in the basement 
velocity and the presence of large strike-slip faults that might separate crustal blocks with 
substantially different basement velocities. The geological assumptions are that the 
refractor velocity is constant in the area of consideration and that in the vicinity of each 
site the basement relief and the lateral variation in the velocity above the refractor are 
small enough that time terms calculated from various azimuths will be approximately 
the same. These conditions are not always met in this area. The applicability of the 
method and the required modifications in specific situations are discussed below. The 
fundamentals of the time-term method have been discussed by many workers, notably 
Scheidegger and Willmore (1957), Willmore and Bancroft (1960), and Berry and West 
(1966a, b). Hamilton (1970) gives a recent example of the application of the time-term 
method to the problem of deriving station corrections for earthquake location. 

DATA ACQUISITION AND ANALYSIS 

Travel-time data for the Coast Ranges of central California have been collected in 
various ways: at permanent seismograph stations recording on paper records, 16-mm 
film, and magnetic tape, and at portable seismograph stations recording on magnetic 
tape and with truck-mounted systems especially designed for crustal refraction studies. 
All available travel-time data were evaluated, with emphasis on that collected by the 
U.S. Geological Survey, in order to extract that fraction that is of high quality and is 
sufficiently redundant to allow some statistical measure of the reliability of the time 
terms derived from it. The sources and recording sites for the complete data are shown on 
Figure 1, and their designations, coordinates, and elevations are given in Table 1. 

Recordings at seismograph stations of the U.S. Geological Survey telemeter network 
(Eaton et al., 1970) constituted the bulk of the observations. Arrival times recorded at 
these stations are routinely measured to the nearest 0.05 sec. For some critical data, 
high-speed playbacks were made and times could then be determined to the nearest 
0.01 sec. Times from the portable seismographs can be read to 0.03 sec. 

Recordings from quarry blasts constituted most of the data (Table 1) obtained from 
the permanent network. Several blasts were recorded from most of the quarries. Except 
for quarries, Q06 and Q07, the shot time for at least one of the shots was determined to 
0.01 sec by recording at the quarry. The travel time to the nearest permanent station 
was then used to calculate other shot times. 

Where a station recorded numerous explosions from a quarry, the observations were 
statistically analyzed. First, the mean travel time and standard deviation were calculated; 
then, all observations that differed from the mean by more than one standard deviation 
were eliminated; finally, the mean was recalculated. This process eliminated gross identi- 
fication and timing errors and smoothed the minor effects of errors in timing and small 
changes in blast location. The number of observations and the standard errors are listed 
with the mean travel times in Table 2. 

Additional data were obtained from two 2,000-1b explosions fired by the U.S. Geo- 
logical Survey, one south of San Jose (SPSJ) and the other near Hollister (SPHL). 
Nineteen portable stations and seven truck-mounted seismic refraction systems were 
operated in the vicinity of the Sargent Fault to record these shots. The shots were also 
recorded by the permanent network. 
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T A B L E  I 

DESIGNATIONS, COORDINATES, AND ELEVATIONS FOR ALL SITES CONTRIBUTING TRAVEL-TIME DATA 

Table 1 

USGS qUARRY DATA 

SITE LAT|N) LONGIN( ELEVlM) ?.To 
QOQ 3T 14.65 121 52.10 70 • 
Q03 36 45*06 121 35*81 1T7 
004 36 54.38 121 37.38 40 • 
QO$ 37 19.37 122 6*75 550 
GO6 37 29.70 122.23.74 [ IO  • 
GO7 37 32.12 122 4*35 10 
Q06 37 42.92 122 21=78 C 
Q09 36  47*50 121 28=45 300 • 
QIO 37 2.86 122 10.67 300 • 

USGS SHOT OATA 

SITE LAT(NI LONG(N) ELEV(M) T . T .  
5PSJ 37 11.88 121 45*50 0 • 
5PHL 36 49*53 12I 19.32 0 • 

5HOT PO|NTS (STENARTe1968) 

SiTE LATIN) LONGIN) ELEV(N) T . T .  
88N1 37 13.36 122 13.75 536  
BBN2 37 13.48 122 1 3 . 7 1  $48 • 

SJN 36 46.10 121 3 4 * 5 0  1C~ • 
GNZ 36  3 1 . 3 6  121 17.85 6 0 9  
I~N 36 17.90 120 59*20 259 
RAN 33 $2*?0 120 35.53 420 
PAN 36 39*00 120 49°60 437 
PCH ST 2*05 121 8 . 6 9  158 • 
NTS 37 [7*33 121 27.42 670 
CED 37 34.07 121 34.93 594 • 
6EN 38 4.75 122 10.20 10~ 

SHOT POINTS (EATQN,UNPU8LiSHEO OATA) 

SITE LATIN) LONG(HI ELEV)NI ToT* 
BVSP 36 33.91 121 12.71 549 
PESP 36 $5.05 I21 35.72 64 

NATIVIDAO QUARRY (TURCOTTE~19643 

SITE LATIN| LONGIMI ELEV(MI T . T .  
Q031 36 45.20 121 35.60 0 
Q032 36 45.10 121 35.50 0 
Q033 36 44.90 121 35.50 O , 
Q034 36 45.00 121 35.50 0 
qO35 36 ~5*20 121 35.60 0 
Q036 36 45°00 121 35.50 0 
0 0 3 7  3 6  45.00 121 3 5 . 8 0  o 
Q038 36 45.00 121 35.70 0 
Q039 36  45.00 121 35.50 0 
Q31G 36 45.20 121 35.60 0 
Q311 36 45.00 121 35.S0 0 
Q312 36 45.00 12[ 35.50 0 

YANKEE SHOT POINT (HEALYI19633 

SITE LATIN) LONG(HI ELEVIH) TaT. 
YANK 37 36.08 122 41.55 0 

USOS TELEMETER NETNORK 

SITE LATINI LONG(N) ELEV(N| T .T*  
ALM 37 9.50 121 50.82 244 
AND 37 9.74 121 37.45 244 
ANG 37 51.66 122 25.77 223 e 
ANZ 36 53.08 121 35.45 122 
ARN 37 20.96 121 31.96 628 
BCR 37 9 . 6 7  122 1.57 636 • 
BGU 37 20*60 122 20.32 158 
BNT 37 18.95 122 9.83 170 
SOL 37 48.97 122 3.72 610 • 
CAL 37 27.07 121 47.95 265 
CAN 37 h 5 1 1 2 1  29.00 329 • 
C80 37 6.71 121 4 1 . 3 3  192 
GHR 36 52*53 | Z l  35°08 274 
CLO 37 11.45 121 45.91 230 
CHR 36 A2.55 121 20.60 305 
COE 37 15.46 121 ~0.39 366  
CYH 37 33.54 122 5.62 38 # 
OIL 3 6  $0.12 [21 38.64 204 • 
EGR 37 2.08 122 6 .27 442 
EUC 37 3*05 121 48.55 427 • 
FOR 36 47.46 121 27*25 424 
GOH 35 49.82 120 21.18 422 
HER 36 22.47 120 49*03 725 
JHC 36 32*82 121 23.52 20? 
JOL 36 $.02 121 10.15 341  
LHO 37 19*08 122 16.82 226 
LRV 36 25.40 121 1.28 488 
LTM 37 21.22 122 12.25 270 • 
MOO 37 52.04 121 55°69 719 
NHR 37 21.57 121 45.38 518 
MNR 37 3 5 . 6 3  121 38.22 5 0 0  
~08 37 27.01 122 11.00 21 
HOR 37 48.68 121 48.15 792 
OCR 36 5 5 . 0 3  121 30.46 98 • 
PAL 37 3 7 . 8 8  121 57°37 4 6 3  
PCL 37 3°13 121 17.40 175 
PO0 37 47.68 122 28°46 100 
PER ~T 1 9 . 4 8  122 6 . 3 3  466 
PKF 35 §2.91 120 24°81 469 
PNR 36 57.19 121 41.70 94 • 
PNC 36 33*73 121 38.18 305 
POR 37 15.81 122 12.78 182 • 

PTV 36 6o43 120 43.25 333 18L1 37 16o66 121 27.25 707 
PVR 37 25.75 121 ~ . $ 5  [219 • L816 37 15.52 121 21.20 661 
QSR 36 $0.00 121 12.70 533 • 1741 37 17.83 121 27.70 658 
SAL 37 36.56 122 25.40 335 • 1743 37 17.33 121 27.50 6710 
SCZ 37 0 .84 122 2 .17 129 19J1 37 14.50 121 26.83 694 
SFT 37 24.31 122 10o55 163 • 19J6 37 [3 .65  121 26.08 830 
SHG 36 24*83 121 15.22 192 • 20K1 37 13.77 121 25.85 743 
SJG 36 47.91 121 34.40 152 ~ 20K6 37 12*90 121 24*97 694 • 
SRS 36 40.11 121 31o|3 399 t 2E11 37 12.27 121 24.97 670 
S7J 37 20.04 122 5.$0 114 21L6 37 11.18 121 24°58 621 
STY 37 17.07 122 7.42 357 s 22P1 37 10.10 121 23.11 536 • 
SVC 37 17*11 121 ~6.35 128 • 22P6 37 L0.85 121 22.00 594 
TAY 35 ~6.73 120 28.45 552 23Q1 37 10.96 121 20°82 $76 • 
~OS 37 25.08 122 16.33 280 • 23Q6 37 10.15 121 19.85 586 
BKR 35 40.87 120 30.67 303 24R1 37 L0.28 121 18.68 609 • 

2~R6 37 10o$0 121 17.48 661 
USGS TRUCKS AND PORTABLE STATIONS 25S1 37 10.82 121 16.80 713 

2556 37 10.03 121 15.98 597 
SITE LATIN) LONG(~) ELEV(M( T . T .  26T1 37 9 .08 121 16.17 487 

It-1 37 11.63 121 45°$5 99 2676 37 8.80 121 14.87 509 
H-2 37 11.76 121 45.68 96 2751 37 8.00 121 13.80 495 
H-3 37 11.80 121 45.66 96 2756 37 7.15 121 13.73 457 
J - I  37 5.17 121 42.88 158 2311 37 5.22 121 14.15 333 
J -2  $7 4 .98 121 62.68 171 28L6 37 4 .25 121 13.10 426 
.)-3 37 4.77 121 42.$2 151 29J1 37 3.72 121 12.19 402 
J -4  37 4.62 L21 42.32 145 2946 37 2.88 121 11.48 4 1 4  
J-5 37 4 .43 121 42.10 152 30HI 37 2.90 121 10.28 426 
J -6  37 4 .16 121 42.08 165 • 30H6 37 1.98 12I 9 .90 426 
K-2 37 L*78 121 39.35 91 • 31H1 37 1.55 I21 9.25 I18 
P - I  36 49.65 121 20.13 165 31H6 37 2 .15 121 7.90 182 
P-2 36 49.63 121 20°47 158 3121 37 2 .14 121 7.69 112 
P-3 36 49.83 121 20.63 154 3123 37 2 .14 121 8.36 134 
P-4 36 49.93 121 20.93 147 32K1 37 0.92 121 8.71 403 
P-5 36 49.92 121 21.27 143 32K6 36 59.92 121 8.00 472 
P-6 36 49.93 121 21.62 133 33P1 36 49.00 121 3.25 533 
Q-1 36 $3.$8 121 28.50 73 33P6 36 50.00 121 4 .20  533 
Q-2 36 53.35 121 28.39 ?b 34Q6 36 41.80 120 54.00 472 
Q-3 36 53.11 121 28.25 85 3401 36 60®~0 1ZO 53.05 A57 
) -4  36 52.86 121 28.14 85 3581 36 39.70 120 4 ~ 9 5  318 
~ 5  36 52.57 121 28.09 98 35R6 36 30.65 120 49.40 59~ 
3-6 36 52°32 121 28.16 93 352[  36 39.83 120 50.03 518 
S - I  37 9.43 121 44.89 207 3523 36 39.30 120 49.78 502 
S-2 37 9.16 121 ~ . 8 7  194 36T1 36 35.16 120 ~ . 2 2  381 
S-3 37 9 .03 121 ~ . 6 7  195 36T6 36 34*47 120 43.10 377 
S-4 37 8.88 121 ~ . 3 3  181 AZEV 38 9.04 122 10.83 I26 
S-5 37 8.64 121 4,b.18 183 UTAH 38 1.78 122 6 .17 30 
S-6 37 8.37 121 4~.07 [ T I  NOGA 37 58°43 IZ2 5.26 73 
T-1 36 49°65 121 19.96 174 MILA 37 59.77 122 $.34 60 
T-2 36 69.47 121 19.68 195 CANA 37 57.47 122 [ . 2 0  36 
T-3 36 49°45 121 19.45 207 NEUA 37 56.69 121 59*72 91 
SOl 37 9 . 4 4  121 50.83 204 PARA 3 7  5~.91 121 $ 9 . 3 3  109 
S02 37 4 .00 121 56.90 98 • OIAB 37 52.38 121 55°29 865 
S03 37 4 .63 121 50.34 523 t TASS 37 47.81 121 51.85 213 • 
S04 37 1.60 12J 4~.18 219 ~ HANK 37 49.02 121 55.03 219 

SI*  A 121 55.42 $36 • 505 36 58.$8 121 33.91 393 NTD1 37 9 15 
S06 36 57.62 121 37.51 215 N792 37 50. 121 54.82 487 
SOT 36 56.24 121 3~.17 95 • NT03 37 50.78 121 54.36 451 
SOB 36 55.36 121 38.35 277 • RUR1 37 4 4 . 1 [  121 46.12 225 • 
S09 36 58.85 121 47.12 108 • MUR2 37 43.67 121 48.03 188 
$10 37 1.73 12[ 50°55 329 • MUR3 37 43.30 12[ 47.74 170 
S I I  37 5*57 121 44.56 206 • HENZ 37 36.57 121 41.58 353 
$12 37 2.13 121 40.79 146 • MEN2 3T 36.31 121 41.16 402 
$13 37 0.34 121 42.60 486 • HEN3 37 36.13 121 40.59 426 
$14 37 0 .22 121 38.30 171 • SANL 37 0.75 121 7.09 126 
$15 36 53.11 121 18.50 183 • NRIG 3 6  58.01 121 6 .01 198 
$16 57 8.44 121 56*91 268 ~ HERR 36 $4.33 121 2 .30  402 8 
SIT 36 46.44 121 14.38 320 • MILD 36 55.82 121 3.28 243 
$18 37 6 .53 121 28.67 361 i HQL! 36 51.29 121 0 .37 381 

MUS1 36 54.18 [21 5.85 441 • 
DIABLO STATIONS (STENART.1968| NUS2 36 54.56 121 5.86 381 

HUS3 36 53.77 121 5.73 381 
SITE LATIN) LONOINI ELEVIP) ToT* ENG1 36 ~6.87 121 0 .56 609 

IK3 38 17.87 122 22°93 109 ENG2 36 47.17 121 0.95 594 
1K6 38 17.37 122 22.48 91 ENG3 36 47*14 121 0 .11 624 
2H1 38 4 .72 122 [ 0 . 1 7  103 HISE 36 48*89 120 57.49 518 • 
2H4 38 4.18 122 10.17 60 ORTI 36 47.12 120 55.74 1036 
4 J l  37 48..07 121 46.95 585 NiNE 36 45.38 120 53.98 381 
AJ6 37 4 7 . [ 3  [21 46.20 579 VASQ 36 42.75 120 54.38 472 
SOl 37 37.60 121 62.20 228 CER1 36 43.60 120 58.14 1021 
SO6 37 36.50 [21 61.53 377 OER2 36 43.32 120 57.77 1051 
651 37 35.5? 121 37.62 $56 CER3 36 43.32 120 57°77 1051 
656 37 35.28 121 36.22 615 VALI 36 27.73 120 39.98 563 
?TI 37 34.49 121 35.17 624 VAL2 36 27.63 120 39.43 655 
7T6 37 33.57 121 3~.75 626 YAL3 36 27.38 120 39°03 678 
8P1 37 33.10 121 34.28 358 
8P6 37 32.02 121 33.63 670 GABILAN STATIONS (STEWART.19681 
9R1 37 31.66 121 33.28 373 
~ 6  37 30.65 121 32.36 701 SITE LATIN) LONGIN) ELEViRJ T.T. 
7R1 37 ~ o 4 6  121 35o18 597 1T1 37 13.34 122 13.77 524 
iN3 37 34o17 121 34.90 627 1T6 37 12.90 122 12.92 TOT 
2HI 38 A.09 122 LO*LO 60 1N1 37 L3. IO 122 13.36 627 
2N3 38 4.59 122 9 .95 121 IM3 37 13.47 122 13.70 $56 

lOJ1 37 29°92 121 32o15 713 2H1 3 7  8.34 122 10.33 762 
10J6 37 28.80 121 31.70 792 2H6 37 7.24 122 9.44 786 
1LRI 37 28.45 121 31.45 792 ~ 1  37 1.43 121 57.63 91 
1LK6 37 27.22 121 30.90 838 3~6 37 0.25 121 58.13 45 
12R1 $7 26.80 121 31.09 862 ~Q1 37 0 .15 121 50.21 102 
12R6 37 23.80 121 30.52 499 4Q6 36 59.07 121 ~ * 6 1  85 
13H1 57 25.09 121 30.10 792 5P[ 36 S h l 7  121 40. i T  30 
13H6 37 24.13 121 29.20 694 5P6 36 50.07 121 39°99 76  
14ql  37 23.57 121 29.35 6SE 6L1 36 48.34 121 36.94 173 
14Q6 37 22.30 121 28.98 621 616 36 47°09 121 36.61 82 
15S1 37 21.30 121 28.70 630 7H1 36 46.65 121 34.92 88 
1556 37 20.05 121 28.50 630 7H6 36 45.76 121 ~ . 2 3  121 
16T1 37 19*S8 121 28.45 633 7143 36 46.16 121 34.57 112 
1676 37 18.42 12[ 27*90 646 7M6 36 45.76 121 ~ . 2 3  121 

8K1 36 44.72 121 33.64 156 
8K6 36 43*88 121 32.53 195 • 

17P1 37 17.96 121 27*67 658 
17P6 37 16.95 121 27.40 948 
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9J1 36 63.12 121 30.87 286 H6BV 36 25.90 121 47,33 408 
qJ6"S6 42.29 121 32.03 152 SIBV 36 26546 121 38,60 268 

1051 36 A I , 72  12l  28.31 T39 t 568V 36 25,39 121 38,83 427 
1036 3& 61,01 121 29.01 716 PlBV 36 27.60 121 28.03 134 
1 [T I  36 61,40 121 27.08 670 R P68V 36 26,$3 121 29.29 329 
11T6 35 40,48 121 26,00 T16 JIBV 36 3Z,2T 121 10,00 T16 
12RL 36 40.55 121 24.93 068 ~ JbBV 36 31,59 121 18,59 333 
12R6 35 40.05 121 23.43 746 LIOV 36 34.18 121 S,13 023  
1301 36 3 8 , 8 5  121 23.37 TO[ * T I E r  36 39,29 121 2 .88  396 
1306 36 37.85 121 22.00 ?16 TbOV 36 30.T2 12 l  1,73 610  
16L1 36 36.33 121 22,65 683 KI3V 36 60=50 12~ 53.05 4S1 
14L6 36 35.$5 121 21.60 716 S K6BV 3 6  60,07 120 52,10 472 
ISS! 35 35,75 121 20.20 068 * RIBV 36 39.70 120 49,95 S18 
15S6 36 33,13 121 I g . 2 T  TTT R63V 36 38.63 120 69,40 594 
L6P[ 36 34*63 12[ 19.62 ?16 $ QIBV 36 66°?2 120 43.20 366 
16P6 36 33,67 121 18.55 655 068V 36 63.75 120 45*73  610 
ITKI  36 33.63 12L 1To~7 609 ~ 223V 36 $6.g6 L21 33.88 131 
17K6 36 32.65 121 18.30 762 E3BV 36 56.82 121 36.12 [10 
13J[ 36 31,60 121 18.53 363 ZBBV 3 6 5 6 . T 3  12[ 36.62 T9 
18J6 35 31.13 12L 17.25 606 AIBV 36 3 3 . 8 3 1 2 1  1 [ . 92  333 
[9T1 36 29.31 121 16.84 4TS * A28V 36 33.94 121 [2 .22  $33 
19T6 36 28,76 121 16.32 620 A38V 36 33,9T 121 [Z,SS 519 
2051 36 28.51 L21 1 6 , [ 4  43B * 
2056 36 27.32 [21 IS .T8  390 PESCADERO TRUCKS (EATON~UNPbBLISHED 
220L 36 26.65 121 [3 .32  S02 t DATA( 
2206 36 23.50 [21 13.88 259 SITE LATIN( LGNGIM) ELEV(MI T . T .  
23P1 36 25.38 121 13.02 304 * SIPE 36 3 [ *g9  121 46.22 ZB6 
23P6 36 24°35 123 12.47 304 SbPE 36 31.48 121 6T.46 113 
24S[ 36 22.85 121 12.75 335 * K[PE 36 37.16 121 63.28 6 [  
2636 3"6 2 [ , 8 0  121 [2 .35  152 K6PE 36 36.19 121 44 .1 [  123 
25K1 36 23.38 121 9.  TS 152 * QIPE 36 46.77 121 35.11 91 
25~6 35 22.80 121 8 . 6 3  213 06PE 3 6  45.78 12L 34.23 119 
26J1 36 22.63 12[ T.60 304 ~ T[PE 31 6.50 121 28.63 334 
26J6 36 22.23 [21 613T 381 T6PE 37 5.40 121 28.12 262 
2TTI 3b 21.50 121 6.2B 360 • LIPE 37 [3 ,78  12[ 25.8T 744 
27T6 36 20.52 [21 5.97 350 LbPE 3T [2.8B 12[ 25,00 609 
28Rl 36 20,12 121 5.00 365 • PIPE 3T [8*07 [21 27.T1 6 4 6  
28R6 36 19.20 121 4 .L3 365 PbPE 3T 16o98 L2L 27041 671 
29Q1 36 19.68 121 2 .72 350 ~ RIPE 37 23*TB 121 26.94 725 
2906 36 18.63 I21 2.BB 30[  R6PE 3T 24.33 121 ~5.06 500 
30Pl 36 18,T3 121 2 .04 32T J l P E 3 7  31.53 121 24.65 305 
30P6 36 1B,50 12[ 0 ,37  626 J6PE 3T 30.37 [21 24.43 415 
31H1 36 18.44 120 $9.00 365 
3tH6 36 17.30 120 59.1B 230 BEAR VALLEY STATIONS (EATON[ 
31A6 36 17.80 120 59.25 251 UNPUBLISHEO DATA( 
31A6 36 17*30 120 59.18 236 SITE LATIN} LONG(N) ELEVIM( T .T ,  
321.1 36 8o13 120 51.97 304 HP[ 36 33.T8 [ 2 [  13,93 640 
3216 36 6.93 120 52.32 243 HP2 36 38.41 121 16.17 345 
331.1 36 2.92 120 3 # . 9 6  536 HP3 36  4 1 . 6 4  121 19.51 310 
3316 36 2.11 120 39. T0 533 HP4 36 44.31 12[ 15.20 295 
33R1 35 54.85 120 3B.~E 5 3 0  HP5 36 39.73 121 8.10 495 
3]R6 35 53.66 120 39.21 441 HP6 36 33.89 121 24.21 295 
34J1 35 53.26 120 35.19 430 HPT 36 31.33 121 20.80 3TS 
3 4 J 6  35 52,01 120 35.64 39& HP8 36  30.15 [ 2 [  6.29 9~0 
3621 35 53.29 120 35 . [ 7  638 HP9 36 26.14 121 [3 .62  425 
3423 35 52.B3 120 35.40 426 HP[O 36  44.58 [21 5.34 640 
3SKI 35 4 g . T l  120 36.81 432 HP[Z 36 22.95 120 58.20 540 
3~K5 35 48.33 [20 3~ .  86 387 HP12 36 34.45 121 3.30 1020 
36HI 35 45,19 120 21,26 560 HPL3 36 48.67 121 29.50 190 
36H6 35 ~ . | 2  120 2 [ . 8 8  512 HP[4 36 33.78 121 38.22 330 
ELG1 37 32.29 122 26.52 419 HPI5 36 23.51 121 35°60 500 
ELG2 37 31.79 122 21.13 396 HP[6 36 26,28 121 66.81 470 
ELG3 37 31.37 122 27.17 350 HPL7 36  51.62 121 21.03 250 
STHL 37 2 4 . 0 [  122 20.15 573 HPI8 3T 4.65 121 29.05 415 
STH2 37 23°62 [22 1 9 . g l  536 HP19 36 33.65 121 9 .T8 &90 
STH3 37 23°28 122 20.08 432 
BIG8 37 [2 .18  122 12.17 658 D.C. BERKELEY STATIONS 
KOST 37 10.81 [22 10.33 377 
KIN[  3T 10.64 122 T o l l  204 SITE LATIN( LDNGIMI ELEV(M( T . T .  
KIN2 37 10,23 122 7 . [ 8  207 ABC 40 52.60 [24 4 .50 59 
KIN3 37 9.69 122 7,47 182 BKS 3T 52.60 122 14.10 2T6 
LOVE 37 6 .31 122 4.86 213 8RN 37 $2.40 122 [ 5 .60  8 [  
HAM| 37 g .23 122 5.58 256 FRE 36 46.00 J ig  47.80 8B 
REO~ 37 4.B8 122 0.40 192 GCC 3T 1.80 1Z[ 39.80 [22 
MAST 37 4,09 122 3.09 134 * JAS 3T 56.80 120 26.30 57 
TREE 37 1.35 121 53 . tB  231 • LLA 36 3T,OD [20 56.60 6TS 
LIND 36 57°93 121 46.98 54 ~ NHC 3T 20.50 12[ 30.50 1282 
TYNA 36 55.6T 121 43.83 2L ~ RIN 40 20oT0 121 36.30 1695 
RA88 36 53.29 [2L 42.33 134 * PCC 37 30.00 122 22.90 910 
REYN 36 16.63 120 58.48 304 PRI 36 8.50 120 39.90 1167 
SMEE 36 14.49 120 56.35 457 PRS 36 19.90 [21 22.20 363 
TORV 36 1 3 . 4 5  120 54.45 641 SAO 3 6  45.90 121Z6 .TO 350 
RISI  36 |5 .53  120 57.03 457 • UKI 39  8,23 [23 12.63 [99 
RIS2 36 [5 .63  120 57.38 441 VIN 36 65*00 121 23.10 0 
RIB3 36 [5 .33  120 56.68 461 VIT 36 65.00 [21 23.30 0 
NATL 36 12o29 120 52.T0 48T S 
NAT2 36 12.25 120 53.27 634 NOAA EML STATIONS 
NAT3 36 12.02 120 52.35 461 
8LAR 36 g°T3 120 51o51 367 SITE LATIN) LONGIM) ELEVIM( T .T .  
8LAC 3 6  g°59 120 50.52 41 [  ~ CBC 3 6  55.87 121 39.63 0 * 
ORYA 36 TegO 120 50.T9 320 CRC 37 14.50 122 T.B2 607 
BROM 36 7 .4 [  120 A9.21 329 * HCC 36 58.88 12[ 43.35 159 * 
MIND 36 5.48 [20 47.17 396 * NDC 3T 52.TT 121 55.10 1120 
PANC 36 3.92 120 45.5T 323 * OLC 38 2.38 122 4T.55 30 
SARG 36 1.47 1 2 0 4 2 . 9 6  4T2 SAC 37 34.95 122 25.03 207 
INOI 35 58.63 120 40.68 649 * SFR 37 4T°28 122 23.37 B 
IN02 3S 58.16 120 40,63 429 STC 36 $8o00 121 14.0D 259 * 
IN03 35 $7.68 120 40.61 411 PAC 37 20.00 122 10o90 0 
SRNO 35 5T.16 120 38. g~ 426 PRS 3& 19.90 12L 22.20 0 
DEER 35 55.6T 120 38.12 09[  SCC 3T 0o40 [21 39.80 0 
PORE 35 54.2T 120 3T.29 468 
POR2 35 53,83 120 3T.AB 448 NATIVIOAD STATIONS (TURCOTTEw[Db~( 
POR3 35 ~3.35 120 37,60 420 

SITE LAT(N) LONG(MI ELEV(R( T.To 
8EAR VALLEY TRUCKS (EATON.UNPUBLISHED TBC 36  ~T*50  [21 IT*50 300 

DATA) TA6 37 0 , 1 0  12[ 50, gD 0 
SITE LATIN( LONG(M( ELEV(N( ToT. TAG 3 6  45°30 121 46°80 0 
H[8V 36 23.00 [ 2 [  46.63 625 TAO 37 4.50 122 [ 3 . 3 0  0 

TAF 37 21.00 122 19.00 0 
TAE 36 57.10 12| *8 .90  0 
TAK 37 1 ] .00  122 21.30 0 
TAN 3T 10,60 122 17.80 0 
TEN 36 40.10 121 31,10 0 
TBO 36 36.60 121 27,60 0 
TOP 36 34.00 121 Z3.1Q O 
TBO 36 49.40 121 29,70 O 
TBR 36 56.80 12L 20.50 G 
TBS 36 53,80 121 2 5 , 0 0  o 
TBT 3T 28.40 [L~Z 23,40 0 
TBU 37 32.70 122 25.30 0 
TBY 33 36,80 120 45.30 0 
TeE 36 SS,9Q 12[ 39,40 0 
TCC 37 0 ,80  121 20.00 Q 
TCO 37 0 .70 121 42,30 0 
TCE 35 SL,30 120 37.70 Q 
TCF 35 47.~0 120 30.00 0 
TCJ 36 50,10 121 38.70 0 
TCK 36 34.90 12[ 38.20 0 
TCN 37 17.30 122 I L .70  0 
TCR ST 9,10 121 6. B0 0 
TCS 37 3 .T0  12[ 13.10 Q 
TCT 36 7 .00 120 $5,60 0 
TCU 36 16.20 121 4 .70  Q 
TOE 3T O.SO 121 17.20 0 
TOJ $6 45.20 121 23.00 0 
TON 36 45.30 121 35.70 0 
TDL 36 37.90 12[ 62.90 0 
TOM 36  34.30 121 46.50 0 
TON 36 29.60 12[ SS.90 0 
TZS 36 $3.00 12[ 20,40 0 
T2T 36 6T,40 121 21.20 0 
TZU 36 41.T0 121 17.70 0 
TZV 36 45,10 121 23.00 0 
TZM 36 46.70 121 39.90 0 
TZX 36 65.80 121 20.50 0 
TZY 36 3 [ . 5 0  121 40.50 0 
TZZ 36 6 5 . [ 0  121 29.20 0 

YANKEE STATIONS |HEALYI[9631 

SITE LATINI LONG(MS ELEV(MI T.T* 
SF2S 31 36.$4 L22 26.60 0 
SFBT 37 19.$2 122 16~TS 0 

* An  asterisk in the co lumn marked T.T. indicates that one  or more time terms were calculated for the 
corresponding ~ite. 
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TABLE 2 

S H O T  A N D  S T A T I O N  D E S I G N A T I O N S ,  D I S T A N C E S  A N D  T R A V E L  T I M E ~  FOR T R A V E L  P A T H S  E X A M I N E D  IN THIS 

STUDY 

Table 2 

USGS PIAZZA PAVING 

SHOt SITE DELTA N T S,O. SOLN 
000 SVC 9 . 6 4  2 2.45 0.11 
000 ALN g.71 1 2.38 0.00 
O00 ffHR I6 .20  2 4.13 0 .00 
080 DOE 17.43 2 4 .38 0,1~" RE 
000 CBO 21.63 2 4.68 0.04 RE 
000 EVR 23.37 2 5.33 0 .07 RE 
000 CAL 23,78 1 5,33 0,00 RE 
000 POR 30.$4 1 6.78 0.00 R 

USGS KA[ SER-NATIV IDAO 

SHOT SITE DELTA N T.  S.O. SOLN 
003 SJG 5.71 1 1.25 0.00 
003 EIL 10,22 13 2.26 0.02 
003 SRS I I . 57  10 2.55 0,03 
003 FOR 13.58 5 2.80 0.01 
003 AN2 14,85 7 3.05 0.01 RWN 
003 SO8 19.40 2 3.99 0.08 WS 
003 OCR 20.13 2 4.74 0.08 R 
003 CBE 2E.7E 2 4.69 0.13 R 
003 $87 20.84 1 4.70 0.00 R 
003 PNC ~1.23 lO 4.23 0.02 RWS 
003 CI~R 23.10 8 4.95 O.Ol R 
003 CNR 23.23 7 4.37 0 .02 RWS 
003 S06 23.31 1 4 .98  0.00 
003 FMR 28. C6 3 5.26 0.14 RWN 
003 PCC 27.81 2 6.10 0.07 R 
003 S14 28.27 1 5.58 O.O0 R 
003 JHC 29.19 g 5.49 0.03 ~WS 
003 S15 29.83 1 6.48 0 .00 R 
003 S13 29.5~ 1 5.90 0.00 R 
003 $09 30.48 1 6.E5 0.00 RWN 
003 SIT 32.0E 2 6.76 0.01 R 
003 CAN 32,10 3 6.64 0,01 a 
003 512 32.40 2 6.19 0.01 8 
003 S04 34.21 1 7.08 0.00 RWN 
003 STC 35.10 3 6.71 0.10 
003 OSR 3~.67 4 7.24 0.01 8 
003 $10 37.76 2 7.52 0,02 8~N 
003 EUC 38,23 3 T.T1 0 .13 RWN 
003 SII 40.07 I 7.55 0.00 R 
003 C80 40.~5 2 7.75 0.00 R 
003 S18 ~1.13 1 8.28 0.00 R 
003 S03 4Z*C~ I 7.93 0.00 R, 
003 PCL 63.25 5 8.65 0 .83 R 
003 AND 4S.T1 2 8,T7 0 . l l  8 
003 SOZ 46.~3 1 8.88 0.00 8WN 
003 SPG 48,47 8 8.59 0*02 RWS 
003 SLO A9.22 210.24 0,06 
003 ALP 50.35 I 9,35 0 ,00 
003 DOE 36.62 211.25 O,CO R 
003 LRV 63.13 211.55 0.00 
003 CRC T2.18 114,15 0.00 
003 t, ER 81.41 214.61 0,26 
003 JOL 83o65 114. T8 0.00 

USGS GRANITE ROCK-LOGAN 

SHOT SITE OELTA N T S.D. SOLN 
Q04 S08 2.31 2 0,83 0.04 
004 ANZ 3.74 1 0.90 0.00 
004 S07 5,88 1 2.00 0.00 
004 $06 6.C0 2 1,80 0,0T 
004 CHR 6.76 6 2.08 0.03 
004 SC3 7.74 2 2.13 0,04 
006 CIL 8,10 6 l . g 8  0,03 
004 FMR 8.26 9 2.18 0,04 
004 OCR 10.35 1 3,00 0.00 
004 SI4 10.89 2 2,57 0 . I 8  
004 HCC 12,16 2 2 .90 0,14 
004 SJG 12,76 8 2.80 0.03 RW 
004 S13 13.6T 2 3.32 0.18 
004 $12 15.20 2 3 .40 0.07 
004 S09 16.66 2 4.18 0.11 RWN 
004 CAN 18.12 5 4.35 0.00 CE 
004 S04 18.68 2 4.82 0 . 1 l  RWN 
( ~  F~R 19.TT 1 5*50 0.00 
Q(~ FUC 23.06 2 5.38 0.11 RWN 
004 SlO 23.80 2 5 .50 O.OT R~I 
004 S18 25.52 2 5.68 0,11 RE 
004 $03 I T . 0 0  1 5.75 0 .00 IRE 
004 SRS 27.58 .3 5.22 0.03 RHS 
004 S15 28.14 2 6*52 0,04 RE 
004 ANO 28.61 3 5.9B 0.03 RE 
004 CNR 33,20 2 7.95 0.07 
OO& PCL 33.77 4 7,14 0.07 RE 
004 ALH 34.35 2 7,07 0,04 ~E 
004 SI7 37.23 1 6.95 0.00 E 
004 OSR 3T.55 23 8*00 0.00 RE 
004 END 38,21 7. C2 0.04 S 
004 S16 38.93 1 7.g0 0.00 NR 
004 COE 39.24 2 E,55 0.00 RE 
Q04 SVC W~..C9 2 9,05 0.C7 RE 
004 JHC 44.g0 I 8.00 0.00 RWS 
004 STC 46.12 1 9.30 0,00 E 
004 A8N 49.82 210.02 0.04 RE 
004 CRC 58.41 110.60 0.00 
004 CAL 62.45 112.20 0 .00 
004 SHG 63.85 113.45 0 ,00 
004 HNR 76.60 118.68 0.00 

USGS KAI SER-PEf~MANENT E 

SHOT SITE O~LTA N T S,D, SOLN 
005 EE8 0,66 2 0,32 0 ,05 
005 STJ 2.22 21 0.88 0.04 
005 STV ~.31 1 l . l T  0 .00 
GO9 LTM 8.E2 9 2.22 O,O0 
008 ERE 9.14 3 2+32 0.13 
00S SFT 10.72 16 3.1"0 0,03 
005 POR 11.08 16 2.87 0 .00  
005 LHD 14.91 4 3.57 0 ,00 R 
005 R08 15.46 3 4,09 0.03 
005 WDS 17.65 14 4.12 O.OS RE 
00S 8CR 19.51 20 4.44 0.05 R 
005 8GU 20.18 2 4,77 0.00 
Q05 $16 24.92 3 4*~T 0.03 RE 
OOS CYH 26,2& l& 5.68 0.02 81 
005 ALM 29.82 IT 6.C8 0 .04 88 
005 SO1 29.87 2 6,05 0.04 
005 SVC 30,44 12 6,95 0.04 R~ 
Q05 EAL 31.15 14 6*5T 0.03 RE 
005 NHR 31.8~ 24 7.2Z 0 ,04 RE 
005 502 31.91 1 6.42 0.00 R 
Q05 EGR 31.99 3 6 .24 0.03 R 
005 PVR 3AoE3 3 7.74 0.00 RE 
Q05 S03 38.51 3 7.07 O.OO R 
005 PAL 36.92 17 7.89 0,02 ~E 
005 SAL 39.33 3 7,77 0.05 R 
005 tOE 39 .68  g 8,73 0.05 RE 
005 S l l  41o5~ 4 8.02 O.O7 ~E 
OOS C80 44.31 1 8.67 O.O0 RE 
005 AND 46.17 4 9.52 0,00 FE 
003 SL2 49.92 2 g .27  0.00 RE 
005 S13 50.16 1 8.87 0.00 
005 A8N 51.50 210.19 0*04 RE 
005 BCL 54.94 211.15 0.04 RE 
Q05 S14 55.02 110.47 0.00 RE 
005 ANG 66.¢0 312.70 0.03 
005 PCL TS.g8 314.57 0.05 
005 $15 86.43 115.67 0.00 
005 PNC 9A.48 117.17 0 .00 
~05 OSR 56.77 117.97 O.O0 

USGS PCA-PILARCITOS 

SHOT SITE DELTA N T S.O. SQLN 
006 SAL 9.32 1 0 .00 0 .00 
006 WES 13.8T 2 t .  IO 0.00 RWN 
006 LHD 20.84 2 2.65 0.21 RWN 
006 SFT 21.81 2 2 .70 O.OO 
006 LTW 28.10 1 2.95 0 .00 RWN 
~06 CYH ZT.~3 2 3 .48 0.04 
006 PER 30.36 2 4.38 0.35 RWN 
006 STJ 32.31 1 4.85 O.OO 
006 STV 33.~5 2 4.75 0.14 ~8N 
006 ANG 40.77 1 5-75 O.O0 
006 PAL 41.66 2 6 .20 0.08 
006 EGR 57o24 I 8.30 0o00 
006 ALM 61.34 I 9.20 0 .00 
006 HCC 82.59 113.10 O-OO 

uSGS SLACKEVINNING"DUMEARTON 

5HOT SITE DELTA N T S.D. SOLN 
007 C~H 3.23 I 0.00 0.00 
GOT PAL 14.80  T 2.80 0.00 RE 
007 SFT 17.09 4 3.26 0,05 RE 
007 WOS 21.~6 5 ~.16 0.04 ~E 
007 LTH 23.29 4 4.35 0.06 RE 
087 CAL 25.91 6 6.78 0.03 RE 
007 8DL 31.1~ 5 5.83 0,05 RE 
007 SAL 31.21 4 5.59 0.05 RE 
007 PVR 3~.47 I 5.90 0 .00 RE 
007 FOR 32.63 6 6.07 0.03 8 
007 MHR 34.12 2 6.30 0.07 ~E 
00T ALM 66.37 5 8.L3 0.03 AE 
007 DOE 46.~5 2 8.90 0,07 RE 
007 ANG N7.gT 3 8*32 0,03 ~E 

USGS U.S.NAVY-HUNTERS POINT 

SHOT SITE OELTA N T 5 . 0 .  SOLN 
0E8 SAL 16,36 1 3.50 0 .00 RE 
008 ANG 17.23 6 3.52 0.03 ~E 
008 EOL 28.77 3 5.90 0.00 RE 
008 CYH 29.44 7 5,65 0.04 RE 
008 kCS 33.96 5 6. T3 0.05 ~E 
008 PAL 37.07 1 7.40 0.00 RE 
008 SFT 38*19 I 7.55 0.00 ~E 
008 CAL 57.78 110.60 O.O0 ~E 
008 SVC 70,76 114.10  0.00 
008 ALM 76.87 113,70 O.O0 
0C8 EOE 79.42 114.80 0 .00  
008 CBO 89.72 116.~0 0.00 

USGS IDEAL CEMENT-5*J.EAUTISTA 

SHOT SITE DELTA N T S,D. SOLN 
009 FOR 1.78 1 0.68 0.00 
009 5JG 8,88 63 1.T7 0,04 
009 SRS 16.24 31 2.86 0.02 RWS 
009 ECR 14.24 2 3.95 0°04 RE 
009 ANZ 14.~6 19 3.23 0.04 8W 
009 CNR 14.84 35 3.18 0.04 RW5 
009 OIL 18.g1 28 3.58 0.04 RW 
009 $15 IB.OT ~ 4.82 0.13 RE 
009 CHR 21.00 4 5.09 0 .02 RE 
009 S17 21.02 5 5.22 0.16 RE 
009 QSR 23e88 22 5.67 0*03 8E 
009 CAN 25.93 1 6.18 0.00 E 

009 JHC 28.13 18 5.21 0.02 RWS 
009 FNC 29.30 20 5.12 0.02 RHS 
009 $13 31.71 2 7.20 0,26 RE 
089 S18 35.20 I 7.78 0.00 RE 
OOg EEO 40.34 1 8.58 0.00 E 
009 $10 42.07 2 8.78 o.oT RH 
009 AND 43.23 1 8.98 0.00 RE 
009 SPG 46.34 9 8,15 0 .04 8HS 
0C9 ALR 52.51 110.63 0 .00 ~E 
009 COE 54.65 212.03 0.07 E 
089 AEN 62.11 112.18 0.00 
Q09 NHR 67.82 113.68 0,00 
009 PVR 74.66 114,88 0.00 
009 JOL 83.19 115.53 0.00 

USGS pCA-DAVENPORT 

SHOT SITE OELTA N T S.O. SOLN 
0~0 EG~ 6.68 I 1.52 0,00 
010 ECR 18.45 16 4.12 0.08 R 
010 S02 20.51 2 3.90 0.04 8WN 
010 S16 22.85 2 4.80 0.00 RWN 
010 PDR 24.15 18 5,20 0.08 ~k~ 
010 STV 2&.72 15 5.34 0,09 RWN 
010 S03 30.30 2 5.95 0.00 R 
010 ALM 31.87 12 6.03 0.08 
010 EUC 32.82 2 6.67 0.14 RWN 
010 LTW 34.04 1~ 6.78 0,10 Rkt~ 
010 SFT 39.67 1 7.87 0.00 8 
010 C60 44.05 1 8.47 0.00 
010 FHR 44.24 2 8.80 0.04 RWN 
010 OIL 53.10 2 9*80 0 .00  ~HN 
010 CHR 53.71 3 g .90 0.03 8 
010 ANZ $5.29 l 6.82 0.00 
010 SJG 60.$6 311.02 O,O0 R ~  
010 CAR 61.87 1 9.02 O.OO 
010 SRS 72.25 1 8.57 0.00 
OlO PNC 72.38 1 8.17 0,00 

USGS HGLLISTER SHOT 

SHOT SiTE DELTA T SOLN 
SPHL T-3 0 ,25 0,12 
SPILL T-2 0.53 0.32 
5PHL T-1 0 .98 0.49 
SPHL P - I  1.23 0.60 
SPHL P-2 1.72 0.81 
SPHL P-3 2.08 0.95 
SPHL P-4 2.51 1.11 
SPHL P-8 2 .99 1.25 
SPHL P-6 3 .50 1.41 
SPHL TEE 4.63 1.49 
SPHL $18 6.73 1.91 
SPHL SL7 9.31 ~.56 
SPHL OSR 9.88 2.48 
SPHL FOR 12.&1 3.84 
SPHL CNR 13.05 3.64 
SPHL ~-b  14.13 4.05 
SPHL 0-3  14.83 4.06 
SPILL OCR 19.43 4.74 RE 
SPHL STC 22.75 5.94 E 
SPILL SJG 22.63 5o3S 8 
SPHL AN2 24.85 6.04 RE 
SPHL SRS 24.76 5.44 R 
SPHL SOT 25.31 5.69 R 
SPHL PGL 2S.32 5.4S E 
SPttL CAN 26.42 5.09 RE 
SPHL GO3 Z6.OO 5.89 
SPHL CHR 21.10 5.99 R8 
SPHL OIL 28.76 6.$4 R 
SPHL S08 30,26 T. lO RE 
SPHL $18 3~.37 ToO~ RE 
SPHL 514 34.44 7.06 RE 
SPHL PMR 36.16 8.05 81 
SPHL K-2 37,40 7.62 E 
SPHL SIZ 39.S0 7.84 RE 
SPPL HCC 39.67 8.84 RE 
SPHL $18 39.95 8.18 R8 
5PHL PNC &O. 5~* 8.14 8 
5P½L J-6  43.31 8.46 E 
SPHL J-5 43.64 8.60 
SPHL J -~  It4.08 8.64 
SPHL J-Z /*4.92 8.77 
SPHL $09 44.75 9.84 R 
SPHL ,I-~. 45.37 8.85 
SPHL SO/* 45°73 9.54 RE 
SPHL C80 45.$7 8.99 R8 
SPHL AND ~ . 0 5  9.19 RE 
SPHL SHG ~,6.09 8.Tq ~, 
SPHL $11 4'7.78 9.16 RE 
SPHL S-6 30.62 9.76 
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,PHL S-S 51,09 9*82 
;PHL 5-4 51055 9,86 
;PHI. $10 51,59 10,59 R 
;PHL LRV 52,11 10*74 
;PHL S-1 $2,86 10006 
;PHL $03 53*84 10,34 RE 
~PHL H--2 56*75 11,0T 
;PHL H~I 56*44 10.79 
;PHL SPSJ 56,44 10079 RE 
;PHL COE 57,22 11°T9 E 
;PHL ALN 59*57 11*24 
;PHL S02 61,91 11,78 R 
;PHL ARN 61.08 11,69 
;PHL SVG 64085 12,59 
~PHL 516 65,83 82*26 
IPHL NHR 70.78 13,69 
~PHL GAL 81.37 15,29 
~PHL JOL 83*44 15044 
SPHL STY 87.60 16,26 
SPHL STJ 88.69 16084 
SPHL LT8 97*91 1 6 . 7 4  
SPHL SFT 99050 IT ,64  

USGS SAN JOSE SHOT 

SHOT SI IE DELTA T SOLN 
SPSJ H-3 0.27 0*14 
SPSJ H-2 0,35 0,15 
SPSJ H-1 0.47 0014 
SPSJ S-1 4 . 6 2  1,19 
SPSJ 5-2 5*12 1.28 
SPSJ S-3 5,41 1 * 3 6  
SPSJ S-4 5.81 1,37 
SPSJ S-5 6 .30  1.57 
SPSJ S-6 6 ,83 1.69 
SPSJ ALM 9,01 2.09 
SPSJ SVC 9*75 2.54 
SPSJ COE 10*L0 2.14 
SPSJ C80 11,38 2,54 
SPSJ 511 11,T5 2,7L 
SPSJ AND 12,55 2,89 
SPSJ J-1 13.00 209T 
SPSJ J-2  13.63 3 ,04 
SPSJ J-4  14,23 3.20 
SPSJ J-5  14,67 3.26 
SPSJ J-6  85.15 3°35 E 
SPSJ $03 15,21 3.36 RE 
SPSJ EUG 16,95 3,69 
SPSJ HHR 17,92 4.4,4 RE 
SPSJ SL6 L8*04 3,74 RE 
SPSJ S04 19,04 ~*L4 RE 
SPSJ $12 19,34 4.04 RE 
SPSJ 510 20.21 4064 R 
SPSJ K-2 20*79 ~.39 E 
SPSJ ~13 21.7T 4o64 RE 
SPSJ S02 22,31 4.66 
SPS~I S 14 24.06 4*96 RE 
SPSJ 8CR 24.12 5,09 R 
SPSJ S09 24,22 5062 R 
SPSJ HCG 24026 5,34 RE 
SPSJ ARM 26,13 5 . 6 4  RE 
SPSJ SL8 26,80 5,$4 RE 
SPSJ PNR 27.75 5.94 RE 
SPSJ CAL 28.33 6.24 RE 
SPSJ GHR 50,71 6 .09 RE 
SP~J C8C 30,86 6,64 R 
SPSJ CAN 31,07 6*54 RE 
SPSJ S08 32.34 6.78 RE 
SPSJ STJ 33,19 T . l ~  
SPSJ CRC 33,38 6.84 
SPSJ SOT 33045 6064 
SPSJ STV 33082 6.69 
SPSJ PEH 33,84 6099 RE 
SPSJ Q06 34,38 1.13 RE 
SPSJ EGR 35.T1 6.94 R 
SPSJ ANZ 37,84 7*64 RE 
SPSJ OCR 38.32 7.54 RE 
SPSJ POR 41.01 8*14 R 
SPSJ OIL 41,$1 8.09 R 
SPSJ Q-3 43.13 8,56 
SPSJ LTM 43.14 8.59 RE 
SPSJ SFT 43*57 8*64 RE 
SPSJ Q-4 43,60 8*66 
SPSJ Q-§ 44008 8.84 
SRSJ Q--6  46,40 8.91 
SPSJ MNR 45.31 9.14 E 
SPSJ RAY 45,91 8.70 
SPSJ SJG 47.29 9,04 R 
SPSJ CYH 49.86 9,19 RE 
SPSJ PAL 51*18 9*99 RE 
SPSJ MOS 51,69 9.89 
SPSJ FOR 52,66 11,04 
SPSJ S15 53001 9.99 RE 
SPSJ P-6 53*89 10,57 
SPSJ P-5 54°24 10*57 
SPSJ P-4 54*$6 10,59 
SPSJ P-3 55*00 0.66 
SPSJ P-L 55*74 10,T3 
SPSJ T-1 55*92 10.72 E 
SPSJ T-2 56.44 10,80 
SPSJ ~-3 56.70 10.79 
SRSJ SRS 62,$2 11.34 R 
SPSJ QSR 63*29 11.69 
SPSJ CNR 65,63 12.79 
SPSJ PNC 71.40 12,79 
SPSJ SAL 72.30 12.89 
SPSJ STC 78*2L 15,74 
SPSJ ANG 94.5T 16°94 

SPSJ SHG 97,99 16,94 
SPSJ JOL 134.43 22*54 

BIG BASIN SHOT (STEUART,19681 

SHOT SITE DELTA T SOLN 
88N2 POR 4,43 1,$5 
86N2 KINL 11*09 2.88 
88NZ STV 11,36 3,0T 
BBN2 KIN2 11.38 2080 
88N2 KIN3 11,89 2,94 
BBN2 BHT 11,63 3,25 
86N2 LHO 12*65 3.34 RM 
88N2 LTW 14048 3.74 RU 
88N2 STJ 1T*OT 4.14 
88N2 LOVE 18,64 3.57 
88N2 STH3 20*63 6.92 
8BH2 SFT 20,64 4,92 
58N2 STH2 20,87 4,96 
88N2 STHL 2L*68 5,12 
88N2 ROS 21,79 5008 RM 
BBN2 MAST 22,35 4,61 M 
8BN2 TREE 37,79 7.65 U 
88N2 CYH 38.42 7.68 
88N2 ELG3 38*60 7*62 
BEN2 ELG2 39,24 7.74 
BaNd?. ELG1 39*89 7.81 
88N2 LIND 48095 10.00 U 
BBN2 RAS8 59065 11,80 RM 

SAN JUAN SHOT ISTEMARTt1968I 

SHOT SITE DELTA T SOLN 
SJN 8KL 2,86 0,68 
SJN SJG 3.39 0.77 
SJN 6L6 3,63 0.84 
SJN 0K6 5.05 1,21 
SJN 6L1 5,51 1,29 
SJN 9J1 7*72 1.60 
SJN 9J6 T.95 1,65 
SJN 5P6 10.98 Z,39 
SJN LOSL LZ*27 2,64 MS 
SJN 1056 12.67 2,51 
SJN 5Pl 13,23 2,80 NN 
SJN 11T1 14.06 2,87 US 
SJN 11T6 16,38 3.28 
SJN OCR 17*58 6.32 
SJN 12R1 17,54 3,51 US 
SJN RA88 17,68 3*68 RUN 
SJN 1286 19*93 3.84 
SJN 1301 21*32 4.03 HS 
SJN TYNA 22.49 4.52 MN 
SJN 1306 23,17 4*38 
SJN PHR 23*24 4.T1 RMN 
SJN 14L1 25,47 4,77 
SJN 14L6 27.60 5.04 MS 
SJH 15SL 28.64 5.29 US 
SJN LIND 28*68 §*T5 MN 
SJN 1556 30.43 5,59 
SJN L6P1 30.90 5*66 MS 
SJN 406 32,85 6.48 MN 
SJN 16P6 $3.06 6.02 
SJN 17K1 3 4 . 1 8  6.19 MS 
SJN 401 34.93 6.95 
SJN 18J1 35,85 6.49 
SJN 18J6 3 7 , 7 9  6.80 US 
SJN TREE 39.5T 7,53 MH 
SJN 19T1 40.T2 7.25 US 
SJN LgT4 42*00 7.47 
SJN 2051 42*53 7*55 US 
SJN 381 44.55 8.17 
SJN 2056 44*57 T.86 
SJN 2201 4T*88 8.39 MS 
SJN 23P1 49.95 8,75 NS 
SJN REDM 51.83 9*54 
SJN 23P6 5E.94 9*02 
SJN 2401 53.86 9*31 US 
SJN MAST 54.88 9096 NN 
SJN 2456 55,78 9.60 
SJN 25KL 55,93 9 . 6 4  HS 
SJN 2586 ST.77 9.91 
SJN 26J1 59,11 10.29 US 
SJN 26J6 60,90 80.60 
SJN 2TTL 61.98 10,61 US 
SJN 2TT6 63.63 10*89 
SJN 2881 65.15 11,18 RS 
SJN ZBRb 67.32 L1 , IT  
SJN 2901 68,12 11.68 US 
SJN 29Q6 69.36 11*T8 
SJN 1T6 75.54 13,21 
SJN 1TI 77*02 13.33 

GONZALES SHOT (STEMARTtIgbBI 

SHOT SITE DELTA T SOLN 
GNZ 18J6 0,99 0028 
GNZ 18J1 1.14 0.27 
GHL 17K6 2,48 0,5~ 
GNZ l g T I  4.08 0,86 
ONE 16P6 4040 0.90 
GNZ 17K1 4*22 0*86 
GNZ 20Sl 5,86 L°21 
GHZ 19T4 5*32 1,11 
GNZ 16PL 6.49 1.30 
GNZ L5S6 7*29 1*39 
GNZ LSSL 8,85 1.75 
GNZ 2056 8.09 1,63 
GNZ 1416 9.39 1*89 

GNZ 2201 11003 2.21 
GNZ 14L1 11067 2022 
GNZ 23P1 13oZO 2.63 US 
GNZ 13(~ 14*og 2.81 
GNZ 23P6 15.25 2.97 
GNZ 1301 E6.11 3.17 MS 
GNZ 24S1 17.48 3.26 US 
GNZ L286 18*10 3.42 
GNZ 2456 19050 3.56 
GNZ 25K1 19,08 3.62 MS 
GNZ 12RE 20.03 3.75 US 
GNZ l I T 6  20,79 3.96 
GNZ 25K6 20091 3.91 
GN2 26J1 Z2*26 4021 MS 
GNZ 11T1 23012 4.36 MS 
GNZ 26J6 24.08 4.55 
GNZ LOS6 24.~0 6*78 
GNZ LOSL 26.7L 4.62 NS 
GNZ ETTL 25.13 4.63 US 
GNZ 27T6 26,78 4*93 
GNZ 2881 28.30 J * i b  MS 
GNZ 9J6 29.26 5,32 
GNZ 9J1 29.16 5,32 
GNZ ZSR6 30.66 5*50 
GNZ 29Q1 31,28 5.74 US 
GNL 8K6 31,87 5*84 US 
GNZ 29Q6 32.48 5.83 
GN2 30P1 33*23 6000 
GNZ 8K1 34013 6029 
GNZ 30P6 35.12 6034 
GNZ 31H1 36,95 6,58 WS 
GNZ 7H1 30*03 6*80 RUS 
GNZ 31H6 38,15 6,78 
GNZ SJG 39,32 7006 RUS 
GNl 6Lb  40,34 7,25 
GNZ RISI  42.73 7.83 US 
GNZ RISE 42.22 7.57 
GNZ RIS3 43.37 7 . g l  
GNZ 5P6 47°80 8.63 
GNZ 5P1 50*08 8,99 US 
GNZ NAT2 50098 9,26 
GNZ NATL 5E,SS 9*43 MS 
GH2 NAT3 $2*20 9*57 
GNZ RASB 54,54 10015 RU 
GNZ TYHA 59°32 10057 U 
GNZ MIND 66,35 11.84 US 
GNZ 406 69.71 12.48 U 
GNZ PANC 10,08 12,33 
GNZ SAKG 76.05 15,29 
GNZ IN02 82.96 14.59 

HERNANOEZ SHOT (STEUART,1968| 

SHOT SITE DELTA T SOLN 
H~N 30P6 2033 0,62 
HRN REYN 20S9 0.81 
HRN 30P1 4,52 0.94 
HRN RIS2 S.OL 1.25 
HRN RISI  5,46 1.40 
HRN 2906 5.67 1020 
HRN RIS3 6.07 1,51 
HRN 2901 6,21 1,35 
HRN 2886 7.76 1*58 
HRN 2881 9061 1,94 
HRN 2TT6 11,23 2,25 
HRN 27T1 12,52 2*49 US 
HRN 2 6 J 6  13,39 2.72 
HRN NAT2 1 3 , 7 1  3,02 
HRN NAT1 14.22 3.16 U 
HRN NAT3 14.96 3027 
HRN 26J1 15.52 3,00 MS 
HRN 25K6 16,82 3.15 
HRN 8LAC 20,14 3.77 US 
HRN 2456 20.96 8,80 
HRN 32L1 2.1,07 4°24 
HRN 2451 22°26 4.02 MS 
HRN 32L6 22,76 4,50 
HRN 23P6 23.15 4*24 
HRN BROU 24,51 6.71 NS 
HRN 23P1 24°8T 4*49 US 
HRN 2201 26,60 4.82 MS 
HRN dINO 29*20 5*70 HS 
HRN 2056 30030 5.42 
HRN 2051 32,04 5,67 US 
HRN 19T4 32*53 5,83 
HRN PANC 32.95 6,11 US 
HRN 19T1 53.T8 6.02 US 
HRN 18J6 36°43 6,42 MS 
HRN LSJL 38*45 6,T7 
HRN'ITK6 39,49 7.08 
HRN 3311 39.99 7,49 
HRN 17K1 40.01 7,04 US 
HRN 16P6 41,08 7.27 
HRN 16P1 63.26 7.62 MS 
HRN 15S6 43*77 T.68 
HRH IND1 45.38 8,26 US 
HRN 15S1 45.56 8.03 US 
HRN 1N02 45,93 8o31 
HRN 14L6 46.55 8.23 US 
HRN IND3 46*65 8.43 
HRN 1306 51,02 8.g0 
HRN LZR6 54*65 9,61 
HRN 12R1 56,86 9*94 US 
HRN 34J1 58,10 10.72 US 
HRN 11T1 60,18 10,49 US 
HRN 8K6 69,18 11,91 US 
HRN 8K1 71*45 12.21 
HRN 36H1 83,13 14,90 

T a b l e  2--Continued 
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RANCH[TO SHOT ISTENARTeL968) 

SHOT SITE OELTA T SOLN 
RAN IND3 IL.97 3.12 
RAN [N02 12.68 3.25 
RAN [NDI /3*26 3,36 WS 
RAN SARG 19*69 4.55 
RAN PANC 25.65 5.52 WS 
RAN MIND 29.60 6.29 WS 
RAN 8ROH 36,10 7.21 WS 
RAN ELAC 38.51 7.89 NS 
RAN BLAR 39.66 7,98 
RAN RIS3 52.53 9.gO 
RAN RISI  53.14 10.00 85 
RAN RIS2 53.61 10,12 
RAN REVN 56,08 10.56 

6ENICIA SHOT (STEWART,1968) 

SHOT SITE DELTA T SDLN 
BEN AZEV 7,99 2.06 
BEN UTAH 6.06 2 . 3 5  
BEN HILA 11*66 3.40 
BEN NOGA 13,75 3.91 
BEN CANA 18,84 5.02 
BEN PARA 26.18 5.80 
BEN OIA8 31.62 6.61 
BEN HT01 33.20 7.T3 E 
DEN MTD2 34,06 T.77 
BEN ~T03 34.72 T.49 
BEN HA~K 36.63 8,23 E 
BEN /ASS 61,30 9.22 E 
BEN HURl 50.06 10,91 E 
BEN HUR2 50,76 10.91 
BEN HUE3 51.56 11*17 
8ENHEN1 66.95 13,73 
BEN MEN2 67.7Z 13.19 
BEN MEN3 66°50 13.71 
BEN 10J6 85.27 15,g7 
DEN 10J1 87,27 16*26 
BEN 11K1 88,01 16,28 
BEN ElK6 90,27 16,58 
BEN 12RL 90,75 16.69 
BEN 13H1 94,11 17,30 
BEN 13H6 96.32 17t50 
BEN 1491 9T.00 17.59 
BEN 1496 99.19 17,87 
BEN 1551 100,91 18,62 
BEN 1556 102,93 16,82 

CEDAR HTN SHOT |STENART.1968) 

SHOT SITE DELTA T SOloN 
CED 7TI  0.85 0,31 
CED 7T6 0.96 0,28 
CED 8PL 2.03 0.62 
CED 8P6 4.25 1,30 
GED 651 4,83 1.26 
CEO 656 2,96 0.87 
CED 9R1 5,08 1.46 
CEO 9R6 7.37 1,95 
CED LOJI 8,70 2.16 
CED MEN3 9,16 2.20 
CED MEN2 10.06 2.46 
CED HEN1 10.82 2,69 
CED 10J6 10.85 2,62 
CEO I I K I  11,59 2.78 
CED 5Q1 12,53 3 . 0 6  
CED 11K6 13,99 3 .24  
CED 12RL 16,63 3.42 
CEO 13HL 16,07 6.66 
CED 13H6 20.23 6.07 
CEO NUR3 25*63 6.36 
CED HUR2 26.21 6.51 

~ 0 NOR1 26.85 6,63 E 
D 15S6 27.61 5.88 

CEO 16T1 28.46 6.06 
CEO 4 J l  31.35 7*47 
CED 4J6 29,29 7*17 
CED 19J1 39.62 7*95 
CEO IASS 35.56 8.60 E 
CEO 19J6 39.62 7*95 
CEO HAWK 40.67 9.25 E 
CED 20K6 41.82 8.26 E 
CEO NTD3 42.09 9.85 
CED MrD2 62*77 9.73 
CEO 2111 62,92 8.67 E 
CED NTOL 43.64 9.53 E 
GED 21L6 45.01 8,85 
CEO 22Pb 47.00 9.16 
CED 2391 67.58 9.22 E 
CEO 22P1 47.61 9.31 E 
CEO 2396 49.53 9,58 
CED ZBRI 50,11 9.66 E 
CED Z4R6 50.66 9.79 
CED 26T6 5~.33 10.60 E 
CEO 27S6 56.78 11,19 
CEO 8RIG 79*23 16,75 
CED RUE2 84*77 15*96 
CED N[LD 84*85 16,03 
CEO ROLl 94.21 17,89 

MT STAKES SHOT |STEMART.19&SJ 

SHOT SITE OEL7A T SOLN 
HT3 17P6 0*70 0.28 
MT$ 17PI 1.22 0.37 
N75 18LL 1.26 0,61 

MTS I676 2.14 0,58 
MTS 1816 3.36 0.90 
MTS 1671 6,63 1,18 
HTS 15S6 5.28 2*34 
NTS 19J1 5.31 1,35 
HTS 19J6 6.73 1.69 
HTS 20KL 6.g8 1.73 
MTS 20K6 8,96 2.16 
RTS 16Q6 9.48 2 .31  
HTS 2111 10.04 2.35 
MTS 1691 11,89 2.69 
MTS 21L6 12.13 2.79 
HTS 13H6 12.85 3.30 
NTS 22P6 16,42 3,23 
HTS 22P1 16.78 3*36 
NTS 13f l l  16.89 2.87 
MTS 2391 15.33 3.34 
RTS 12R6 16,32 3.62 
8TS 2396 17,37 3.74 
RTS 12R1 18,31 4.01 
MTS 24R1 18,36 3.88 
MTS 11K6 19,00 4,10 
NTS Z4R6 19.39 4.10 
MTS 2551 19,80 4.16 
NTS 2556 21,65 4.56 
RTS 2676 26*37 5*02 E 
RTS 9R6 25.69 5,28 
RTS 2751 2 6 . 5 3  5,63 
NTS 2756 27*62 5.59 
NTS 9R1 27,88 5.80 
RTS 2811 29.79 6.00 
NTS 8P1 30*86 6.3g 
NTS 28L6 32.16 6.35 
NTS 7T1 33.76 6*92 E 
MTS 29J1 33.79 6.62 
NTS 656 35,65 7.11 
NTS 651 3 6 . 9 4  7 .2T  E 
NTS 30H6 38,45 7.45 
WTS HEN2 60.56 8.16 
RTS HEN1 41.27 8,22 
NTS SANL 42,96 8,20 E 
NTS HUE1 53,63 10.06 E 
MTS HERR 56.52 10.68 E 
NTS MUS3 56.15 10*18 
NTS HURL 57.62 IL ,86  
NTS HURL 58.18 11.96 
MTS 33P1 63.46 12,47 
MTS ENG3 68.99 12,78 
NTS NISE 68.80 12*87 
MTS ENGL 6 9 . 0 [  12,70 
HTS MINE 77.16 14,62 

PACHECO SHOT (STEkARTe19681 

SHOT SITE DELTA T SOLN 
PCH 32K1 2,09 0.56 
PCH 30H1 2.86 0.68 
PCH SANL 3*38 0,85 
PCH 32K6 6.0T 0.98 
PCH 29J6 4.30 1.02 
PCH 29J1 6*04 1,37 
PCH 28L6 7.70 1.74 
PCH WRIG 8.46 2.97 
PCH 28L1 9 .99 2,19 
PCH 2756 12,07 2,56 
PCH 2751 13,36 2,81 
PCH WILD 14.04 2,93 
PCH HUE2 1 4 . 6 6  3,49 
PCH MUSL 15,15 3,28 E 
PCH 26T6 15.48 3*28 E 
PCH 25S6 18.29 3.82 
PCH 26R6 20.36 4.17 
PCH 2&R1 21.23 4.36 E 
POH 2396 22,31 6.52 
PCH 2391 2 6 . 3 6  4,92 E 
PCH 22P6 25.5? 5,19 
PCH 22Pl 26.12 5.36 E 
PCH 2116 28,97 5.7g 
PCH WISE 29.68 5.83 E 
PCH 19J1 35.39 7*01 
PCH 2111 30.65 6,11 E 
PCH 20K6 31,38 6,27 E 
PCH URTI 33,65 6,78 E 
PCH IgJ6 33,77 6,71 
PCH 1816 37*05 7.23 
PCH 18L1 38*53 7.44 
PCH VASQ 41.55 6,06 
PCH 35R6 51.93 10,08 
PCH 35R1 69,86 9,61 E 

PANDCHE SHOT ISTEkART,1968I 

SHOT SITE DELTA T SOLN 
PAN VASQ 9*94 2.17 
PAh NINE 13.68 2.8T 
PAN CERZ 14.56 3.09 
PAN CERZ 15.30 3.33 
PAR ORT) 17,58 3.59 E 
PAN ENG3 21,72 6.40 
PAN NISE 21.76 6*37 E 
PAN EHGL 21*87 4.44 
PAN HERR 36*07 6,55 E 
PAN HUS3 36.36 1,15 
PAH NUS1 3 7 . 0 5  7,26 E 
PAN W|LD 3 T d 7  1,15 
PAN RUE2 37*62 7,36 
PAN 8RIG 62.80 8.19 
PAN SANL 67.91 9.07 E 

PAN 26T6 66,6g 12,48 
PAN 2556 69.49 12o99 
PAN 2551 71.39 13.25 
PAN 2486 /1 .48  13.40 
PAN 2391 75,10 13.94 
PAN 22P6 16,07.14.04 
PAR 22Pl 76,13 14.06 
PAN 2111 80.92 14,88 
RAN LgJ6 84,21 15,39 
PAN ITP3 90.90 J6,T8 
PAN 10J6 111.26 20*82 
PAN 9Rb 116,63 20*96 
PAR 9R1 116,96 21o26 

6EAR VALLEY SHOT IEATONwUNPUELISHEO 
DATA) 

SHOT SITE DELTA T SOLN 
BVSP A18V 1,19 0,61 
EVSP JIBV 8,46 1*76 
8¥SP J68V 9.78 2*05 
8VSP HP2 9*79 1,99 
5VSP L18V 11,31 3.17 
8VSP HP8 11,84 3*05 
BVSP HPS 12.77 ] , 3 6  
8VSP HP? 12,98 2.68 
8VSP HP12 16.07 3,80 
8VSP HP9 16.66 2,78 WS 
BVSP HP3 17*53 3.68 
~VSP HP6 17,54 3,38 
BVSP T18V 17,71 4.48 
BVSP TbUV 18.64 6,35 
8VSP HP6 19,$9 6*T0 
BVSP HPIO 22,66 5,17 
8VSP PIBV 25.7L 5.Z0 
BVSP PbBV 26.26 5*40 
8VSP H P l l  29.67 6,18 
8VSP ~18V 3 1 . 7 5  6 . 6 3  
8VSP KbEV 32.78 6*86 
8VSP RIBV 3S.Sq T.S8 
BVSP RbBV 35.85 7.72 
EVSP HP13 37,02 6,99 
BVSP H#14 38.05 6,97 RHS 
BVSP HPIS 39,22 T*13 
BVSP SIBV 41,04 7.65 
5VSP SJG 41,49 T.62 RSS 
BVSP SbBV 4 1 . 9 3  7.55 
BVSP DbSV 66.16 9,35 
8VSP HP17 65.5T 9,08 
8VSP QIBV 4S.59 9.$5 
8VSP ANZ 49,10 6,77 RW 
8VSP HPI6 52,86 9,25 
EVSP HbEV 53,80 9.55 
8VSP PMR 61.06 1 | .47  
8VSP HP18 61.83 11,67 
8VSP STY 1~3,82 19¶47 
8VSP POR 118.16 20,12 

PESCAOERO SHOT (EATON,UNPUBLISHED 
DATA 

SH07 SITE DELTA T SDLN 
PEEP ANT 3,61 1,45 
PEEP OCR 7,61 E.55 
PESP PHR 9.80 2*80 
PEEP SJG 13.30 3.67 
PEEP HP13 16,99 6.28 
PEEP QLPE IS,34 3.74 
PEEP HP18 20,33 4.72 
PEEP HP17 22,36 5.32 
PEEP HP3 34,59 7.18 
PESP RIPE 34,95 7.40 
PEEP HP6 36,62 6.18 
PEEP L/RE 36e60 7*80 
PESP HP6 39,36 7*62 
PESP HP16 39*52 7,81 
PEEP HP2 62,36 8.40 
PEEP PIPE 44.20 9.02 
PEEP SIPE 65.63 8*85 
PESP HPIO 46,89 10,30 
PEEP HPT 69,15 9,32 
PEEP HPS 49,91 10,20 
PEEP HPI $1.00 9*67 
PEEP HP16 55,72 10.45 
PESP HIRE 56.63 10,68 
PEEP tiP15 56.36 10.80 
PESP HP12 61,51 12,58 
PEEP HP8 63.56 12,22 
PEEP STJ 63.83 12.50 
PEEP STV 62,07 11,45 
PEEP HP9 6 2 . 7 9  11.66 
PEEP POR 66,96 12.50 
PEEP 8NT 67. L4 12,60 
PEEP LT8 72*61 13.50 
PEEP EFT 76*58 13,70 
PESP LHO 76,25 14,00 
PESP HP11 61,58 15,67 
PEEP WOE 81o83 15,00 
PEEP CYH 83,31 15,00 

NATIVIOAD QUARRY |TURCOTTE,lgb&I 

SHOT SITE DELTA T SOLN 
Q031 TZZ 9.52 1.90 
9031 TZV 13.75 3.10 
9031 TAD 16.67 4.90 
Q03L VIT 18.30 3.60 
Q031 TZX 22.49 5.20 
9031 7A8 35.72 T.O0 
Q031 SCC 45.64 8.50 
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Q03L PRS 50.89 9.50 Q031 TC8 20.86 4 .40  
Q031 MHG 65.43 12.30 0037 TCD 30 .60  6.10 
0031 PAC 90.30 16.40 0037 TCC 36.75 7.50 
0032 TZW 7o18 1,70 0037 SCC 45,63 8,70 
0032 VIT 18°15 3.70 0031 PRS 50.67 9.20 
0032 TZV 18,59 3,80 0037 LLA 60,23 ~0,90 
0032 TZT 21.69 5,10 0037 HHC 65,78 12,40 
0032 TZU 27,25 5,40 0037 PAC 90,43 LT,40 
0032 TAE 29.81 5.80 0037 PRl 107o63 18.70 
0032 TZS 29°96 6,50 0038 VIT 18,45 3,60 
0032 SCC 45,86 8,50 0038 SCC 45,75 8,60 
0032 PRS 50,66 9,30 0038 PRS 50.61 9,20 
0032 MHG 65,63 12,20 Q038 LLA 60,09 10,80 
0032 TAD 66.63 11.70 0038 HHC 65.79 12.40 
Q032 PAC 90,54 16o30 0038 PAC 90,52 17,30 
0033 VIT 18.18 3.60 0038 PHI 107.32 18.70 
0033 SCC 46.09 8,40 0038 TBY 116.79 19.80 
0033 PRS 50,32 9,30 Q038 TCF 126°60 21,80 
Q033 HHC 66,00 12,40 0038 TCE.13[ ,91  22,30 
0033 TAM 7 8 . 7 2  13.40 0039 VIT 18.15 3.60 
0033 TAK 8 6 ° 6 5  15.10 Q039 VIN 18.45 3.60 
0033 PAC 90.84 15.90 0039 SCC 45.98 8.60 
0034 TBN 11.19 2 .00  Q039 PRS 50.49 9.30 
0034 TBO 16.69 2.90 Q039 LLA 59.80 1 0 ° 8 0  
0034 VIT 18.15 3.70 0039 MHC 65.81 12.60 
0036 TBP 27.68 6 .80  0039 TCU 10.38 1 1 . 9 0  
0034 SCC 65,98 8,60 0039 PAC 90,69 16,70 
0034 PRS 50.49 9.10 Q039 TCT 92.38 15.70 
0036 LLA 59.80 10.80 0039 PR[ 107.09 18.70 
0034 MHC 65.81 12.30 0310 V17 18.30 3.70 
~034 PAC 90.69 17.20 0310 VIN 18.60 3,90 
~03# PHI 107.09 18.70 0310 TOE 39,34 8o10 
0035 TBQ 11.72 2.80 0310 SCC 45,64 8,30 
0035 VIT 18.30 3.60 0310 TCS 47.83 9.30 
0035 TBS 22,60 5,30 0310 PRS 50,89 9,30 
0035 TBR 31.06 6 .70  0310 LLA 60,03 10.90 
0035 SCC 45 .64  8.30 0310 TCR 83 .58  12.40 
0035 PRS 50.89 9 .20  0310 HHG 65.43 12.§0 
0035 LLA 60,03 10,80 0310 PAC 90,30 16,20 
0035 HHC 65.43 12.30 0310 PRI 107.43 18.70 
0035 PAC 90.30 16.80 0311 VIT 18.15 3.60 
0035 PKI 107.43 18.70 0311 VIN 18.65 3,80 
0036 VIT 18.15 3.70 0311 TDH 25,69 5.10 
Q036 SCC 45.98 8.60 0311 TON 61.67 7.50 
Q036 PRS 50.69 9.20 0311 SCC 45.98 8.50 
0036 LLA 59.80 10.90 0311 PRS 50.49 9.30 
Q036 MHC 65.81 12.50 0311 LLA 59,80 11.00 
0036 PAC 90 .69  15.90 0311 HHC 65°81 12.50 
Q036 TAF 93.49 16.90 0311 PAC 90.69 15.10 
0036 PRI 107.09 18.70 0311 PHI 107.09 18.70 
0036 TBT 107.16 18.40 0312 TCJ 10.56 2.20 
0036 T8U 115.01 19.30 0312 VIT 18.15 3.60 
O036 BKS 137,43 22,40 0312 VIN 18,45 3,90 
0037 VIT 18.59 3.70 0312 SCC 45.98 8.60 

Q312 PRS 50,49 9,20 
0312 LLA 59,80 10,90 
0312 HHC 65,81 12,50 
0312 PAC 90,69 16,70 
0312 PHI 107.09 18.60 

YANKEE SHOT {HEALY,1963| 

SHOT SITE DELTA T SOLN 
YANK SF25 25.40 5 . 6 9  
YANK 5F47 47.70 9.78 

* For repeated observations of the same travel path, N is the number of observations, T is the mean 
travel time, and S.D. is the standard deviation. For single observations, T is the travel time. DELTA is 
the distance in kilometers. Letters in the column marked SOLN indicate the solutions in which the travel 
time was used: R, entire region; E, northeast of  San Andreas Fault; W, southwest of San Andreas 
Fault; N, north of  San Juan Bautista; S, south of San Juan Bautista. The travel times for Q06 and Q07 
are not absolute, but are relative to the arrival times at SAL and CYH, respectively. 

It  was possible to link the data from some previous refraction experiments with the 
data obtained on the permanent network because some of the recording sites used in these 
experiments were later occupied by stations of the permanent network and some of the 
shots were recorded by a few stations of the network. These refraction data included 
those of Stewart (1968) and Eaton (unpublished data). 

The travel-time data (Table 2 and Figure 2a) show arrivals scattered in a band having 
a width of about 2 sec. The average velocity appears to be 3 to 5 km/sec to a distance of 
about  15 km, then seems to increase to about 6 km/sec on the Pg branch of the travel- 
time curve. 

Data were included in the time-term analysis only if the first arrival was from the Pg 
branch of the travel-time curve and was of high quality. Stations were used only if they 
recorded data from more than one source, as the inclusion of a station recording only one 
source increases both the number of  degrees of  freedom and the number of observations 
by one. Its inclusion, therefore, adds nothing to the overall solution and tends to degrade 
the condition of the observation matrix. However, once source time terms and the 
refractor velocity have been determined, an approximate time term can be calculated for 
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]ZIG. 2. Travel-time data. (a) All available data, (b) data used for time-term solutions sampling the 
entire region, (c) the region northeast of the San Andreas Fault, and (d) the region southwest of the San 
Andreas Fault. 

a station, even though there is no statistical basis for assessing its reliability. If two neigh- 
boring sites are thought to have a similar geological setting (i.e., same near-surface 
velocity and depth to basement), they can be assigned the same time term, thus decreasing 
the number of degrees of freedom. A low mean residual of such a time term may be taken 
as evidence verifying the assumption. The time-term method also requires that at least 
one, and preferably several, of  the source sites be used as a recording site. This was accom- 
plished by assuming site equivalence (Table 3) between the uphole seismometer and the 
shot point and, in a few cases, between a quarry and a nearby station. 

As the distance at which Pg first emerges as a first arrival is particularly sensitive to 
the structure in the vicinity of the source, travel-time curves were plotted for all 
shots and quarry blasts. Pg emerges as a first arrival at distances ranging from about 
12 km for shots in the Gabilan Range, where granite is exposed at the surface, to about 
25 km in the northern Diablo Range, where the Pg refractor is covered by at least 4 km 
of Cretaceous and Cenozoic sedimentary rocks. 

The distance at which Pg is first preceded by refracted waves with higher velocities is 
much harder to identify because the change in velocity is subtler and the quality of the 
data, particularly southwest of the fault, begins to deteriorate at these distances. Travel- 
time curves were examined and data recorded at distances less than 58 km for the north- 
east side and 70 km for the southwest side were included. The cutoff on the northeast 
side is determined by the emergence of arrivals with a velocity near 6.8 km/sec. The cutoff 
distance for the southwest side is particularly arbitrary because of the high attenuation 
of arrivals at these distances (Stewart, 1968) and because any change of velocity with 
depth is likely to be continuous and gradual. Fortunately, because the changes in the 
travel-time curve at large distances due to a slightly higher velocity at depth are subtle, 
the time-term method is not particularly sensitive to small errors in identification of 
phases, and large errors are normally detected where time terms have abnormally high 
mean residuals. 
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TABLE 3 

ASSUMED SITE EQUIVALENCES 

Solutions in Which 
Sites Distances between Equivalence was 

Sites (km) Assumed* 

CED = 7T1 0.85 E 
G N Z  = 18J6 0.99 WS 
H R N  = 31H! 0.90 WS 
HP9 = 22Q1 1.04 WS 
HP14 = PNC 0.11 RWS 
I N D I  = IND2  0.90 WS 
M N R  = 6S1 0.63 E 
Q03 = SJG 4.08 N 
Q04 = S08 2.31 WS 
Q05 = PEM 0.66 RE 
R A N  -- 34J1 1.15 WS 
SJN = 7H1 1.20 RWS 
SPHL -- T - 1  0.98 RE 
SPSJ = H -  1 0.47 RE 

* Key: R, entire region; E, N E  of San Andreas Fault;  
W, SW of San Andreas Fault;  S, S of San Juan Bautista; 
and N, N of San Juan Bautista. 

All data that met the foregoing criteria for the time-term method were included in the 
time-term analysis. Three sets of  data (Table 2) on which analyses were performed are 
plotted in Figure 2 (b, c, and d). The first set was a sampling of data from the entire 
region, resulting in an "average" model. The two remaining sets of data (Figure 2, c and 
d) are travel times for the northeast and southwest sides of  the San Andreas Fault. 

No travel time assigned to one side of  the fault had more than a small fraction of its 
travel path on the other side of the fault. The clear difference between the travel-time 
curves for the two data sets suggests, as expected, that this separation is justified. Data  
from the southwest side indicate a velocity of  very nearly 6.0 km/sec; data from the 
northeast show a slightly lower velocity. Both data sets are scattered but in neither set 
is the scatter as large as for the total set. 

Residuals as a function of distance for solutions from these three data sets are shown 
in Figure 3(a, b and c). The slightly lower standard deviations for the subdivided data 
sets relative to the solution for the entire data set are another indication that data taken 
separately for each side are more consistent internally than data from the total area. A 
further subdivision of the data from the southwest is discussed in a separate section. 

INTERPRETATION OF TIME TERMS 

Time terms calculated for the three data sets corresponding to the entire region and the 
regions northeast and southwest of the San Andreas Fault are given in Tables 4, 5 and 6, 
for stations or sources northeast, southwest, or adjacent to the San Andreas Fault, 
respectively. Time terms calculated for stations using data for the whole region are 
generally within 0.1 sec of the time terms calculated for the data sets northeast and 
southwest of  the San Andreas Fault. This suggests that the time terms are not influenced 
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greatly by the slight differences in refractor velocity obtained in the solutions, nor are they 
influenced greatly by the particular subset of the data. Time terms at several stations, 
many of which are adjacent to the San Andreas Fault, showed a strong azimuthal vari- 
ation. This was expected because the discontinuous geological structure across the fault 
violates the assumptions of low basement relief and small lateral change in near-surface 
velocity. 

The calculated time terms for stations and sources northeast of the San Andreas 
Fault using data for the entire region and using data from northeast side alone are given 
in Table 4. Because the difference in refractor velocity between the two solutions is 
quite small, the differences in the time terms, as might be expected, are also quite small, 
averaging 0.04 sec. The number of data and mean residual for each time term (also 
shown in Table4) demonstrate the quality and consistency of the data. 

From time terms for stations and sources on the southwest side of the San Andreas 
Fault shown in Table 5, it is clear that the difference between the sets of time terms calcu- 
lated using data from the entire region and those from the southwest side alone, which 
average 0.07sec compared with 0.04 sec for the northeast side, reflects the larger difference 
in the refractor velocity obtained in the solution. That the average differences between 
the time terms calculated from the respective data sets are of the order of the mean 
residuals for the individual time terms indicates that these residuals are barely significant. 

Because of the discontinuous geological structure across the San Andreas Fault, time 
terms for sites adjacent to the fault were expected to vary with the direction of the 
approaching ray. Stations adjacent to the fault were assigned two time terms in the 
average model calculation, one for rays approaching from the northeast, and another 
for rays approaching from the southwest (Table 6). For many of these stations, the two 
time terms for the different directions of approach differ significantly. In almost all 
cases, however, the time term calculated for one direction of approach in the average 
model calculation is within a few hundredths of a second of the time term calculated in the 
solution using data from that side of the fault only (Table 6). The agreement of the time 
terms calculated from two different assumptions about the homogeneity of the refractor 
velocity suggests that inhomogeneity in refractor velocity plays a less important role in 
the variation of time term with the direction of approach than basement relief and 
inhomogeneity of near-surface velocity. A striking example of this variation with direc- 
tion of approach is Q09, which is located in the fault zone between the granitic Gabilan 
Range and the Tertiary sedimentary deposits of the Hollister Trough. Time terms for 
the average data set for the east and west are 1.06 and 0.45 sec, respectively, and the 
corresponding time terms for the two sides solved individually are 1.18 and 0.41 sec. 
The mean residual for all these time terms is 0.11 sec. The variation of the time term at a 
given site with the direction of the approaching ray can be substantial. 

A few stations at some distance from the fault zone demonstrate substantially different 
time terms for different subdivisions of the data set. These differences may be attributed 
to a variation with direction of approach due to local geological structure or refractor 
velocity. 

Computer-size limitations made it inconvenient to obtain a solution for the whole 
data set at one time. However, the excellent agreement between those time terms included 
in both the average solution and those for either the northeast or southwest subdivision 
suggests that such a solution is unnecessary. Since the combination of northeast and 
southwest subdivision solutions included the most data, these solutions were taken as 
representative and the corresponding time terms plotted on Figure 3. 

Northeast of the San Andreas Fault. Geological interpretation of the Pg refractor on 
the northeast side of the San Andreas Fault is complicated by the total absence of direct 
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FIG. 3. Residuals plotted as a function of distance for the solutions corresponding to (a) the entire 
region, (b) the region northeast of the San Andreas Fault, and (c) the region southwest of the San Andreas 
Fault. The refractor velocity, v is that obtained from the time-term solution. S.D. is the standard devi- 
ation of the solution, as-defined by Berry and West (1966). 

TABLE 4 

TIME TERMS FOR SITES NORTHEAST OF SAN ANDREAS FAULT 

Entire Region NE of S.A. Fault 

N as F~ N as "Fl 

ALM 6 0.34 0.13 4 0.38 0.09 
A N D  5 0.45 0.09 4 0.45 0.13 
A N G  2 0.43 0.00 2 0.42 0.01 
A R N  3 0.65 0.07 3 0.66 0.05 
BEN - -  4 0.65 0.10 
BOL 3 0.85 0.04 3 0.86 0.05 
CAL 5 0.75 0.12 5 0.76 0.14 
CAN 4 0.62 0.11 4 0.59 0.09 
CBC 2 0.80 0.13 - -  - -  
CBO 4 0.30 0.06 4 0.38 0.09 
CED - -  11 0.71 0.05 
C H R  5 0.40 0.05 3 0.34 0.04 
COE 6 !.04 0.07 6 1.14 0.11 
CYH 3 0.34 0.10 3 0.34 0.12 
H A W K  - -  2 1.39 0.15 
HCC 3 0.81 0.03 2 0.80 0.06 
H E R R  - -  2 0.39 0.10 
J-6 - -  2 0.23 0.09 
K - 2  - -  2 0.36 0.03 
M H R  4 0.89 0.07 4 0.92 0.06 
M N R  - -  2 0.68 0.21 
MTD1 - -  2 1.30 0.04 

Table 4-Continued 
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T A B L E  4 (continued) 

Entire Region N E  of  S.A. Faul t  

N al "Fi N at T i  

MT S  - -  6 0.41 0.09 
M U R 1  - -  2 1.44 0.16 
MUS1 - -  3 0.35 0.11 
O C R  4 0.58 0.12 3 0.46 0.10 
ORT1 - -  2 0.33 0.16 
P A N  - -  6 0.37 0.09 
P A L  4 0.76 0.06 4 0.76 0.07 
P C L  3 0.50 0.19 2 0.42 0.16 
P C H  - -  10 0.47 0.07 
PVR 3 0.88 0.07 3 0.92 0.06 
Q00 6 0.49 0.10 5 0.40 0.08 
Q07* 13 - 0 . 3 9  0.06 12 - 0 . 4 1  0.06 
Q08 8 0.12 0.08 8 0.13 0.09 
QSR 3 0.63 0.!0  2 0.58 0.21 
SAL 3 0.55 0.02 2 0.56 0.02 
S A N L  - -  2 0.38 0.02 
SF T  4 0.75 0.04 3 0.74 0.05 
S P H L  28 0.87 0.10 22 0.82 0.09 
SPSJ 34 0.38 0.10 28 0.41 0.09 
SVC 2 0.81 0.14 2 0.85 0.14 
S03 6 0.25 0.12 3 0.30 0.06 
S07 2 0.56 0.10 - -  
S08 2 0.91 0.10 2 0.91 0.14 
S l l  3 0.11 0.05 2 0.10 0.02 
S12 4 0.•3 0.12 3 0.13 0.14 
S13 4 0.46 0.12 3 0.49 0.04 
S14 4 0.29 0.07 3 0.31 0.06 
$15 4 0.72 0.18 3 0.62 0.21 
S17 2 0.64 0.11 - -  
S18 5 0.52 0 . t4  4 0.44 0.08 
TASS - -  2 1.48 0.05 
WISE - -  2 0.25 0.01 
20K6 - -  2 0.34 0.03 
21L1 - -  2 0.34 0.00 
22P1 - -  2 0.37 0.01 
23Q1 - -  2 0.26 0.02 
24R1 - -  2 0.25 0.03 
26T6 - -  3 0.28 0.10 

Key:  N, n u m b e r  of  travel paths ;  al, t ime te rm;  fl, m e a n  residual -- 

(Y. Ir,jl)/N. 
J 

*Time term includes uncer ta inty  in origin t ime and  therefore has  no  
geological significance (see text). 
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TIME TERMS FOR SITES SOUTHWEST OF THE SAN ANDREAS FAULT 

Site 

Entire Region SW of  S.A. Fault  N of San Juan Bautista S of San Juan Bautista 

N al "Fi N al "ri N al Ti N af "Fi 

BBN2 

BCR 

BLAC 

B R O W  

BVSP 

D I L  

G N Z  

H R N  

IND1 

J H C  

L I N D  

L H D  

NAT1 

P A N C  

PNC 

P O R  

Q03 

006*  
QlO 

RABB 

R A N  

RIS1 

S H G  

SJG 

SJN 

SRS 

S02 

S09 

S10 

T R E E  

T Y N A  

WAST 

W I N D  

4Q6 

5P1 

8K6 

10S1 

l IT1  

12R1 

1301 
14L6 

15S1 

16PI 

17K1 

19TI 

20S1 
22Q1 

23P1 

24S1 

25K1 

26J1 
27T1 
28R1 

29Q1 

4 0.69 0.08 7 0.78 0.13 7 0.45 0.05 

3 0.60 0.04 . . . .  

- -  2 0.43 0.16 - -  - -  2 0.43 0.19 

- -  2 0.56 0.09 - -  - -  2 0.56 0.11 

3 0.12 0.11 4 0.26 0.09 - -  - -  3 0.30 0.07 

4 0.49 0.13 2 0.49 0.00 - -  - -  - -  

3 0.07 0.09 22 0.20 0.05 - -  - -  19 0.27 0.03 

- -  22 0.11 0.05 - -  - -  22 0.20 0.05 

- -  2 0.41 0.10 - -  - -  2 0.41 0.13 

3 --0.11 0.09 3 0.09 0.08 - -  - -  3 0.26 0.06 

- -  2 0.88 0.11 2 0.84 0.01 - -  

3 0.57 0.10 2 0.56 0.13 2 0.72 0.08 

- -  2 0.61 0.05 - -  - -  2 0.61 0.01 

- -  2 0.42 0.03 - -  - -  2 0.42 0.04 

5 0.12 0.•2 4 0.13 0.17 - -  - -  4 0.26 0.12 

5 0.81 0.08 2 0.79 0.02 2 0.82 0.02 

31 0.44 0.10 12 0.36 0.11 8 0.•5 0.05 5 0.35 0.07 

5 - 1 . 6 6  0.07 5 - 1 . 5 4  0.06 5 - 1 . 8 5  0.05 

14 0.28 0.08 9 0.37 0.10 9 0.11 0.03 

3 0.69 0.08 3 0.77 0.15 2 0.73 0.02 

- -  7 0.82 0.08 - -  - -  7 0.89 0.09 

- -  2 0.34 0.10 - -  - -  2 0.39 0.09 

3 - 0 . 1 9  0.10 2 0.00 0.06 - -  - -  2 0.21 0.01 

6 0.30 0.16 4 0.27 0.09 - -  - -  3 0.28 0.02 

3 0.02 0.09 27 0.15 0.08 8 - 0 . 1 7  0.02 12 0.25 0.03 

4 0.07 0.15 2 0.05 0.00 - -  - -  

4 0.19 0.14 2 0.19 0.12 2 0.12 0.02 

4 0.96 0.09 2 1.03 0.12 2 0.92 0.17 

5 0.82 0.13 3 1.04 0.17 2 0.73 0.08 

2 0.62 0.10 2 0.58 0.09 

2 0.49 0.10 

2 0.42 0.15 2 0.39 0.00 

m 

I 

3 0.56 0.08 

2 0.68 0.12 

2 0.39 0.03 

2 0.22 0.06 

2 0.34 0.08 

3 0.29 0.04 

3 0.28 0.08 

2 0.27 0.01 

2 0.26 0.02 

2 0.28 0.03 

2 0.27 0.04 

2 0.24 0.05 

2 0.23 0.01 

2 0.20 0.04 

3 0.17 0.05 

3 0.20 0.01 
3 0.12 0.02 

2 0.14 0.07 

3 0.26 0.05 
3 0.17 0.10 
2 0.13 0.07 

2 0.17 0.11 

2 0.23 0.03 

m 

3 0.59 0.05 

2 0.27 0.02 

2 0.30 0.05 

3 0.29 0.02 

3 0.28 0.08 

2 0.24 0.01 

2 0.27 0.05 

2 0.29 0.00 

2 0.27 0.01 

2 0.24 0.03 

2 0.24 0.01 

2 0.21 0.04 
3 0.17 0.05 

3 0.19 0.02 

3 0.12 0.02 

2 0.15 0.04 

3 0.25 0.01 
3 0.17 0.06 

2 0.17 0.04 
2 0.21 0.08 

K E Y :  N, number  of  travel paths ;  at, t ime term; f~, mean  residual  = (2E [rLI[)/N. 
J 

*See footnote  to Table 4. 
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observations of a "crystalline" basement beneath the Franciscan Formation. No cry- 
stalline basement is exposed nor has any been penetrated by drilling. Inclusions in the 
ultramafic rocks that intrude the Franciscan suggest that it "was deposited directly upon 
basalt, peridotite or serpentine" (Bailey et al., 1964). This hypothesis is supported by the 
similarity between the depositional environment of the Franciscan and that of the modern 
sea floor. The velocity profiles reported by Stewart (1968) for the Diablo Range are 
similar to those reported by Raitt (1963) and Shor et al. (1968) for the floor beneath the 
northeastern Pacific Ocean. While the velocities are not unique to a particular rock type, 
the velocities for oceanic crustal layers 2 and 3 are similar to the velocities obtained by 
Stewart (Table 7). 

TABLE 7 

COMPARISON OF THE VELOCITIES OF CRUSTAL ROCKS 
UNDERLYING FRANCISCAN TERRAIN AND THE NORTH- 

EASTERN PACIFIC OCEAN 

Franciscan Terrain, Velocity* Ave. NE Pacific, Velocityt 
(km/sec) (km/sec) 

5.5-5.70 Layer 2 5.65 
6.86 Layer 3 6.75 
8.18 Layer 4 8.24 

* Stewart, 1968. 
t Raitt, t963. 

East of the Calaveras Fault, rocks of the Franciscan Formation rise in a broad arch, 
the Diablo antiform (Bailey et al., 1964). The axis of this structure trends northwest, 
roughly paralleling the fault zones. Time terms generally increase from about 0.3 sec 
in the south to about 1.5 sec in the north. This indicates the general dip of the Pg refractor 
to the northwest pointed out by Stewart (1968). Depths to the refractor calculated from 
the time terms, assuming the velocities above the refractor given by Stewart, are in 
substantial agreement with the refractor depths he reported for the region between the 
shot points CDM and PCH. This should be expected, as the data sets are substantially 
the same. Calculated depths to the refractor range from about 2.0 to 4.5 km. Stewart 
did not give an interpretation corresponding to the very large time terms, 1.3 to 1.5 sec, 
just south of Mount Diablo; apparently, the Pg refractor is either very deep in this region 
or is covered by a very low-velocity material. He recorded an arrival on Mount Diablo 
that was more than ½ sec early relative to a well-determined Pg branch. It probably 
resulted from the relatively high-velocity ultramafic rocks which form the mountain. 
The time term calculated for the Benicia shot point (0.65 sec) in the extreme northern part 
of the area may indicate a reversal of the northward dip of the refractor, but it is incon- 
clusive. Along the western margin of the Diablo antiform and between the Calaveras 
and Hayward Faults, time terms range from 0.5 to 1.1 sec. These larger time terms 
indicate a thicker sedimentary cover. Very large time terms are observed at stations just 
north of the point where the Hayward and Calaveras Faults branch, an area over a 
pronounced gravity-low (Robbins, 1971). The structural discontinuities implied by these 
faults might be expected to produce variations in time terms with the direction of the 
approaching ray. As no arrivals were observed from the east, it was not possible to 
demonstrate the existence of this effect. There is a high density of time terms in the 
vicinity of the Sargent Fault between San Jose and Hollister and they are remarkably 
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consistent with mapped geological structure. Time terms decrease from 0.4 to 0.l sec 
from the north and east toward the Sargent Fault. This trend coincides with a thinning 
in the sedimentary cover, the exposure of rocks of the Franciscan Formation, and a 
change in the character of the exposed rocks in the Franciscan from sedimentary to 
volcanic, particularly greenstones. The very low time terms associated with the green- 
stones and the systematic way in which the time terms decrease approaching the Sargent 
Fault suggest that the Pg refractor does indeed correspond to a horizon in the Franciscan 
which is rich in volcanic rocks, perhaps grading with depth into basaltic crust or the 
"basaltic substratum" suggested by Bailey et al. (1964); furthermore, it suggests that in 
this region the basaltic crust is relatively close to the surface. Alternatively, the low time 
terms might result from a local accumulation of volcanic material within the Franciscan. 
However, unusually small time terms are not associated with the large field of Miocene 
volcanic rocks east of Hollister. 

Additional support for the association of the Pg refractor with a basaltic crust at the 
bottom of the Franciscan Formation comes from the relatively small time term located 
on the sliver between the San Andreas and Pilarcitos Faults. The sliver is composed of 
Franciscan material rich in volcanic rocks. At the southern end of the sliver, the Fran- 
ciscan rocks are covered with Eocene sedimentary rocks. The time term of 0.4 sec is 
anomalously low for a station on Tertiary rocks, thereby suggesting a shallow Pg 
refractor. To the northwest, the sliver of Franciscan material rich in volcanics continues 
out to sea for an unknown extent. It is possible that this shallow, high-velocity material 
is responsible for the anomalously early arrival recorded by Healy (1963) in Golden 
Gate Park in San Francisco. This arrival, recorded 35 km northeast of the off-shore 
shot point, was almost 1 sec early relative to an arrival 25 km ddrectly east of the shot 
point. 

The large thicknesses of Tertiary rocks between the Sargent and San Andreas faults 
and to the south in the Hollister Trough are reflected in the large time terms. Studies of 
well data and surface structural relations suggest thicknesses of Tertiary sediment 
exceeding 3 km (Christensen and Knight, 1964b; Payne, 1967). 

Southwest of the San Andreas Fault. The time terms in the area bounded by the Ben 
Lomond-Zayante (BL.-Z.), San Gregorio (S.G.), Pilarcitos (P.) and San Andreas (S.A.) 
faults (Figure 4) in the northern Santa Cruz Mountains are all between 0.6 and 0.8 sec. 
Travel times for distances less than 20 km suggest that the average velocity in the rocks 
above the Pg refractor is about 4 km/sec. Using this average velocity and a Pg refractor 
velocity, of 5.9 km/sec, the depth to the Pg refractor (presumably granite basement) 
would be 3.3 to 4.4 km. This range of depth is in good agreement with geological esti- 
mates of depth to basement. Several wells in the area, drilled to a depth of the order of 
2 km, failed to reach basement. The structural relations and stratigraphy determined by 
Cummings et al. (1962), together with the well data, suggest that the maximum depth 
to basement is in the central part of this area, and is at least 4.5 km. 

Immediately south of the Ben Lomond and Zayante faults in the southern Santa 
Cruz Mountains, time terms ranging from 0.2 to 0.6 sec are obtained. Granite is exposed 
throughout much of this area. The small time terms indicate a shallow refractor below 
the surface of the granite. 

Large time terms in the range 0.8 to 1.1 sec are obtained in the area bounded by a 
curve connecting the Ben Lomond, Zayante and Vergeles faults on the west and the 
San Andreas Fault on the east. The density of data is not sufficient to resolve the western 
boundary of this region of large time terms, but a few smaller time terms along the western 
periphery suggest that the basement offset along the Zayante Fault continues to the south- 
east, beyond the surficial exposure of the fault, in a narrow but rather deep trough filled 
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with sedimentary rocks. This inference is supported by the presence of a gravity low 
over this area (Chapman and Bishop, 1968; Bishop and Chapman, 1967; Clark and 
Reitman, 1971). The deepest well in the area bottoms in a Miocene sandstone unit at a 
depth of about 2.3 km (Christensen and Knight, 1964b). Stratigraphic and structural 
relations suggest that the basement may be as much as 1 km or more below the bottom 

1~1~30 j 

EXPLANATION 

[ ~  Quaternary deposits 

Tertiary volcanic rocks 

Tertiary strotQ and Great Volley sequence 

D Franciscan Formation and ul:lrabosic rocks 

Mesozoic granitic and metamorphic rocks 

FIG. 4. Time terms (in sec) plotted on generalized geological map split along San Andreas Fault to 
show detail. The region southwest of the fault is translated directly westward relative to the region 
northeast of the fault. Letters indicate major faults: B.L.-Z., Ben Lomond and Zayante; C., Calaveras; 
H., Hayward; P., Pilarcitos; PA.-S.B., Paicines and San Benito; S., Sargent; S.A., San Andreas; S.C., 
Silver Creek; S.G., San Gregorio; and V., Vergeles. Geology is generalized after Jennings and Burnett 
(1961), Jennings and Strand (1958), and Rogers (1966). 

of the well, yielding an estimated thickness of sedimentary rocks of 3 to 3.5 km, as 
compared with an estimated 4.4 to 6.1 km based on the time terms assuming an average 
velocity above the refractor of 4 km/sec. If  the near-surface velocity should be lower 
than 4.0 km/sec, the calculated thickness would be reduced. The small time terms for 
sites on the San Andreas Fault just north of the Vergeles Fault may result from these 
stations being on granite, presumably, faulted slivers. 

Within the Gabilan Range, the time terms are all in the range 0.0 to 0.4 sec, indicating 
a relatively shallow Pg refractor. Because granite is exposed throughout the Gabilan 
Range, it is clear that the Pg refractor does not correspond to the top of the granite. 
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It might seem paradoxical that in areas where the basement is covered with a thick 
section of sedimentary rocks, the Pg refractor is identified with the top of the granite 
basement, whereas in areas where granite is exposed at the surface, it is clear that the Pg 
refractor is clearly as much as 2.5 km below the surface. The explanation is quite straight- 
forward. Velocity is not only a function of rock type and of physical properties, but it 
can also be a function of pressure and degree of fluid saturation. The increase of velocity 
with pressure is substantial for pressures below about 2 kb, corresponding to the litho- 
static pressure at a depth of 7 to 8 kin, but rather slight at larger pressures (Press, 1966). 
Because the lithostatic pressure at depth depends only on the density and thickness of 
the overburden and because the densities of both sedimentary and granitic rocks are in 
the same general range, the pressure at the bottom of a column of sedimentary rocks will 
be of the same order as that at the bottom of a column of granitic rock of comparable 
thickness. Therefore, whereas granite at the surface might have a velocity below 5 km/ 
sec, the same rock buried beneath 3 to 5 km of sedimentary rocks would have a velocity 
of about 6 km/sec. 

The effect of water saturation on seismic velocity, as described by Nur and Simmons 
(1969), might also explain the apparent discrepancy between 4 to 5 km/sec velocities 
observed near the surface and the 6.0 km/sec velocity at a depth of 2 to 3 kin. This in- 
crease in velocity could correspond to the increase in the degree of water saturation 
associated with the water table. It is probable in this case, however, that the water table 
is within a few tens of meters of the surface. 

Subdivision of data southwest of the San Andreas Fault. To check the consistency of 
the time-term analysis, the observations for the southwest side of the San Andreas Fault 
were divided into a north and a south group, roughly at the northern terminus of the 
Gabilan Range, and time terms for the two groups were calculated separately (Figure 5). 
The recalculation resulted in minor changes in the time terms (see Tables 4 and 5); 
however, the free solution refractor velocity for the northern area decreased substantially, 
from 5.9 to 5.6 km/sec. The smaller velocity change for the southern group, from 5.9 
to 6.0, resulted from the bias in the average caused by the larger amount of data from the 
southern area. Despite the improved statistical appearance of the calculations, their 
significance in terms of geological reality is uncertain. The disparity between the refractor 
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velocities in the northern and southern areas is disturbing since surficial exposure, the 
few available drill holes, and the composition of the overlying sediments all support a 
granitic basement throughout the whole area (E. E. Brabb, oral communication, 1971). 
The low velocity obtained for the northern part of the area, lower than that expected for 
granitic rocks, is, therefore, troublesome. Assuming that these arrivals correspond to 
granite, the decrease in velocity in the northern area must result from either (1) a granite 
that differs in composition or physical properties or (2) a systematic error in the time- 
term method when applied to this geological structure. A structure and recording situation 
that would result in an anomalously low estimate of the velocity is illustrated in Figure 6. 
Shots on the margins of a sedimentary basin are not recorded at distances that completely 
span the basin, and the time-term method would systematically underestimate the re- 
fractor velocity because "down-dip" readings would predominate. Classical refraction 
profile interpretation techniques would have the same drawback. Most of the sources 

SHOT I Shot 2 Shot I SHOT 2 
] records to here records to he~ [ 

Pg REFRACTOR 

FIG. 6. Basement geometry that could result in underestimating refractor velocity. If arrivals from 
shot points on basement highs are not recorded all the way across the intervening lows, then the estimate 
of refractor velocity will be biased by a preponderance of "down-dip" observations and the estimate will 
be lower than the true value. 

in the northern area, including Q03, Q04, Q10 and BBN2, were located on basement 
highs; therefore, it is possible that the anomalously low refractor velocity, as computed 
for the northern region, results from an inappropriate application of the time-term 
method. 

Effect of topography. Assuming that the elevation of the refractor is independent of 
the surface topography, a positive correlation of large time terms with stations at high 
elevations is expected but is rarely observed. Normally, this is so because few stations 
are situated within an area of geological homogeneity. In fact, because of inhomogeneity, 
a negative correlation is often observed, with large delays in low valleys filled with low- 
velocity, unconsolidated sediments, and small delays in mountains composed of basement 
rock. However, sufficient data exist in the Gabilan Range to demonstrate a positive 
correlation, as shown by the plot of time term in relation to elevation (Figure 7). Only 
stations on granite or very near granite outcrops are considered. Time terms are 
plotted for both the complete southwest solution and the Gabilan solution alone. Some 
substantial differences are observed, but the trend was not substantially affected. This 
analysis is based on data from both the north and the south and the residuals (Figures 
2a and 3) are not distance-dependent; therefore, it seems unlikely that the solution is 
biased. Since Figure 7 is, in a sense, a plot of travel time in relation to vertical distance, 
assuming a flat refractor, the observed trend may be used to calculate a vertical phase 
velocity of about 3.8 km/sec, from which the true intrinsic velocity, c, of the" material 
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may be calculated from the vertical and horizontal phase velocities, c, and Ch, by the 
relation 

C - 2  ~ C v 2 ~ - C h  2 . 

The horizontal phase velocity is the slope of an ordinary travel-time curve or, in this case, 
the refractor velocity from the time-term solution, about 6.0 km/sec. This relation 
yields 3.2 km/sec for the material velocity, which is somewhat less than the near-surface 
velocity of 4.8 km/sec obtained by Stewart (1968). Nonetheless, the low value may 
reflect the velocity of the very near surface. 

C O N C L U S I O N  

The correlation between the time terms obtained in this study and mapped geological 
structure is striking. The quality of the correlation assures that station corrections based 
on these time terms are based on geological reality. Favorable results in the interpretation 
of travel-time data for such a structurally complex area as the upper crust in central 
California support the reliability of such interpretations for certain regions, the lower 
crust, for example, where geological data are more ambiguous. It is clear that the enig- 
matic lower crust plays a very important role in tectonic processes, and details of its 
structure are vitally needed. 

Perhaps, most importantly, the quality of the results obtained in this study demon- 
strates the potential for studying crustal structure, using a large seismic array combined 
with a seismic refraction program. Earthquakes accurately located using a calibrated array 
offer three enormous advantages over artificial explosions: larger size, greater depth, 
and generation of S waves. Once the velocity structure of the upper crust is sufficiently 
understood so that very accurate hypocentral coordinates for earthquakes can be ob- 
tained, earthquakes can be used as a very powerful tool in the study of crustal structure. 
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