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ABSTRACT 

Regional var iat i ons in the crustal structure of southern Calif-

ornia are defined by travel-time da t a from natural and artificial 

events. \~e show that the crust of the Hojave, northeastern Peninsular 

Ranges, eastern Transverse Ranges and Colorado Desert is domina ted 

by a velocity of 6 . 2±0 .1 km/sec. The western Transverse Ranges and 

the western portion of the Peninsular Ranges are typified by a crustal 

velocity of 6.7 km/sec . The data indicate that the Transverse Ranges 

do not have a distinc t crus t al root. As the t opogr aphy is Poot s up-

ported isostatically, the Range must be sustained by major north-

south compression . A composite profile extending north from the 

southern end of the Salton Sea defines a crus t al thickness for the 

Coachella Valley of less than 20 km . Through the inversion of Rayleigh 

wave dispersion data obtained from the analysis of teleseismic surface 

waves recorded across sou t hern California, we have obtained average 

S-wave models for the southern Hojave- centr al Transverse Ranges and 

the Peninsular Ranges . The observed P-wave velocities and the cal-

culated Poisson's r atio from both P~ and S-wave data require a quartz 

rich c r ust for the Hojave and a more mafic crust for the Peninsular 

Ranges. All S-wave models sugges t a slight mid- crustal velocity rever-

sal that is approximat ely coincident wi th the bottom of the seismic 

zone . 

Regional variations in P velocities are obtained from several 
n 

r eversed refraction profiles . These data show that P varies from 
n 

7.7 to 8 . 2 km/sec. The high P values, 8 . 2 km/sec, are observed in 
n 
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the eastern Nojave, t he western Transverse Ranges and the Coast Ranges . 

The 7. 8 km/sec P velocity ex t ends from the I mperial Valley, through 
n 

the central Transverse Ranges, and across the western Nojave . P 
n 

profiles indicate tha t the Noho beneath the eastern Transverse Ranges 

and the southeas tern Mojave dips 2_30 west . 

P-delay s tudies of a vertically incident PKP phase indicate t ha t 

a high velocity, 8 .3 km/sec structure exists within the s hallOlv uppe r 

mantle beneath much of the geomorphic Transverse Ranges. This feature 

is not offset by the San AndreC'.s fault. We suggest t ha t the c ontinuity 

of this anoma ly ac r oss the plate boundary indicates t hat if the upper 

mantle participates in plate motion , the man tle plate boundary mus t 

be l aterally displaced fr om the crustal boundary. We sugges t that 

t he mantle boundary may extend northwest from t he Salton Trough and 

across the eas t ern end of the velocity anomal y , in the vicinity of 

the ac t ive Helendale-Lemvood- Camprock faults. We propose tha t the 

horizontal decoup ling between the crust and mantle, r equi red by the 

lateral displacement a t depth of the pl ate boundar y , i s accommodated, 

in par t, within the 7. 8 km/ sec layer. 
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CHAPTER 1 

Introduction 
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The initial \wrk leading to this t hesis began with carefully 

repeated crustal t ravel- time measurements from quarries located 

throughout southern California to both temporary and permanent stations 

of the regional array. The initial goal \vas to document velocity 

variations that were reported by other investigators to precede local 

earthquakes. As the real, systematic variations in velocity have been 

less than a few percent, and as the region has not experienced a 

moderate earthquake (}~> 6) since 1971, we have utilized the travel­

time data collected as part of these studies, augmented with data from 

natural and artificial events, to define the velocity structure of the 

crust and upper mantle of southern California. Chapter 2 models the 

P-wave data from seismograms of 20 blasts that were recorded by 17 

permanent and 20 temporary stations . The average structure determined 

for the region of the central Transverse Ranges and the southern 

Mojave consists of a 4 km thick 5.5 km/ sec layer underlain successivel y 

by a 23.4 km thick 6.3 km/sec layer, a 5.0 km/ sec thick 6 . 8 km/ sec 

layer and a 7 . 8 km/sec half space. The details of the lower crust, as 

determined from this initial data set, are not well constrained. This 

structure models the travel- time data, corrected for local station and 

source delays, to ± 0.15 sec. 

As the velocity structure derived in Chapter 2 is an average over 

several sub- provinces, we have compiled additional travel-time data 

from regional, natural and artificial events in -order to define 

velocity variations \vithin individual geologic provinces . In Chapter 

3 we present a rep r esentative sample of both crust and upper mantle 

travel- time curves. A P velocity of 6 . 2± 0.1 km/sec is observed for 
g 
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the Nojave, eastern Transverse Ranges and Colorado desert. Within the 

western Transverse Ranges and the \yestern portion of the Peninsular 

Ranges, first arrivals have an apparent velocity of 6.7 km/sec. With 

the constraints of a fixed array, a special effort has been made to 

select events that approximately reverse several P profiles. These 
n 

profiles show that P varies from 7.7 to 8 .2 km/ sec . The 1m. P 
n n 

velocity of 7.8 km/sec extends north\yest from the Imperial Valley, 

through the region of San Bernardino, and fans out across the central 

Nojave . Noho dips derived from P profiles from the eastern Transverse 
n 

Ranges and the Noj ave indicate a relatively uniform \ves tward dip. A 

composite profile extending across the Coachella Valley from a cali-

bration blast at the south end of the Salton Sea defines an average 

crustal thickness of 16 to 19 km . 

Although the P-\vave velocity model for southern California is 

slmvly becoming more detailed and precise, the S-wave structure has 

been virtually ignored. As suitable refraction data are not readily 

available, we have designed a technique, discussed in Chapter 4, for 

deriving local crustal structure that utilizes the dispersion char-

acteristics of fundamental mode surface waves. Teleseismic Rayleigh 

waves, N > 7.0, in the period range 14 to 28 sec, are well recorded 
s 

by the short period Benioff array within southern California. Nultiple 

arrivals that hamper local dispersion analysis within this period 

range are detected by narrm~ band-pass filtering. The records are 

then windowed on distinct, coherent peaks that move uniformly across 

the array . Four to seven stations are included in the determination 

of both the phase velocity across the array and the incidence azimuth. 



-4-

For earthquakes in the l,res tern Pacific, the derived incidence azimuths 

o are systematically rotated counterclochlise by 2-16. Most of the 

rotation results from refraction at the continental shelf. However, 

for events in the southern Pacific, the corrected azimuths for the 

first arrivals deviate several degrees from the great circle path. 

Phase velocity data for both the southern Mojave-central Transverse 

Ranges and the Peninsular Ranges are used in a damped, generalized 

inversion to obtain regional S-wave velocity models. The starting 

models are constructed from the travel-time studies described in 

Chapters 2 and 3. Poisson's ratio as a function of depth is calculated 

for these tlolD regions. The comparison with l aboratory ultrasonic 

studies requires a quartz-rich crust within the southern Mo jave-central 

Transverse Ranges and a mafic crust within the Peninsular Ranges. 

In Chapter 5 I"e return to the crustal P-wave structure of the 

Transverse Ranges. Modeling of a reversed, east-west profile indicates 

that this mountain range does not have a distinct crustal root. As 

the topography is not supported isostatically, the obse~~ed style of 

deformation requires major north-south compression . Unlike other 

provinces within southern California, the Transverse Ranges are under-

lain at a depth of about 40 km by a refractor with a P-velocity of 

8.3 km/sec. P-delays from a vertically incident, well-recorded 

teleseism suggest that this velocity anomaly extends to a depth of 

100 km. These data indicate tha t this high velocity, ridge-like 

structure is coincident with much of the areal extent of the geo-

morphic Transverse Ranges and is not offset by the San Andreas fault. 

Four hypotheses are advanced to explain the continuity of this feature 
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across the plate boundary: 1) Dynamic phase change, 2) A coincidental 

alignment of crust or mantle anomalies, 3) Res t riction of the litho­

sphere to the crust, 4) Displacement of plate boundary at depth from 

the San Andreas fault at the surface . Hithin the context of the .last 

hypothesis, we suggest the plate boundary at depth is at the eastern 

end of the velocity anomaly, in the vicinity of the active Helendale­

Lenwood- Camprock faults . The 7 . 8 km/ sec layer, observed in the regions 

of the Salton Trough, northeastern Peninsular Ranges, central Trans­

verse Ranges and the western Hojave, is suggested as a zone of 

decoupling necessary to accommodate the horizontal shear that resul t s 

from the divergence of the crust and upper mantle plate boundaries . 

We suggest that the Transverse Ranges may be, in part, the result of 

enhanced coupling between the crust and upper mantle suggested by 

the locally thin 7.8 km/sec layer. 

After discussing the implications of the observed mantle velocity 

anomaly, we conc l ude in Chapter 6 by discussing the recent seismicity 

in the wes t -central Transverse Ranges. Since the San Fernando earth­

quake, February 1971, the density of the southern California seismic 

array has increased by an order of magnitude. The enhanced coverage 

provides an ideal setting for the study of the long-term seismicity 

of the San Fernando aftershock zone and the adjacent regions . Host 

of the recent activity within the aftershock zone has been thrust 

faulting at depths shal lower than and south of the mainshock . One 

event located slightly deeper than and several km north of the main 

event suggests shear along a flat plane . Transport of the upper 

block is south. This event is very similar to another deep, ~ = 4.5, 
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earthquake 30 km west of San Fernando. If these events are typi cal 

of midcrustal deformation, the west-central Transverse Ranges may be 

a form of decollement; the horizontal decoupling zone, suggested in 

Chapter 5 to be localized in the 7.8 km/sec layer, may extend into 

the crust . A rapid increase in seismicity (l~> 3.0) in the region 

south of San Fernando suggests an increase in regional strain that 

was either contemporaneous with or immediately followed the San 

Fernando earthquake . 
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CHAPTER 2 

Average P-\vave Structure for 

Southern California: A Starting Nadel 
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ABSTRACT 

About twenty blas ts are used t o determine an average crustal 

structure for the western Hojave, central Transverse Ranges and 

northern Peninsular Ranges of Southern California. The shot time is 

determined up to 10 msec by using a disposable pick-up placed directly 

on the explosive. About 17 permanent stations and 20 tempora ry 

stations are used for the reccrdings . With a fast paper speed 

(typically 1 cm/sec) and the I"HVB radio signals superposed on the 

seismic trace, absolute timing accuracy of up to 10 msec is achieved. 

A representative structure thus determined consists of a 4 krn thick 

5.5 km/sec layer underlain successively by 23.4 km thick 6.3 krn/sec 

layer, 5.0 km thick 6.8 krn/sec lay er and 7.8 krn/sec half space. The 

details of the l O1.o1er crus t are somewhat uncertain. This structure 

can explain the travel time data, corrected for the station and 

source e l evations and for the station delays, to ± 0.15 sec . 
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INTRODUCTIO;~ 

Implicit in earthquake prediction studies, in modeling ground 

motions f rom various expected ruptures and in placing boundary condi­

tions on the mechanisms of rapid crus tal deformation , such a s the 

Palmdale uplift , is the requirement of a detailed understanding of the 

structure of the crus t and upper mant l e with in Southern California . 

Pioneer works on this subject in southern California include thos e by 

Gutenberg (1944, 1951, 1952 , 1955), Richter (19 50), Shor (1 955), 

Press (1 956, 1960), and Roller and Heal y (196 3). 

The structure determined by Press (1960) has long been us ed in 

the earthquake loca tion program by the Seismological Laboratory, Cali­

fornia Institute of Technology (Hi l eman et a l., 1973) (Press ' s model 

has an upper layer 26.2 km thick 'vi th P velocity of 6.11 km/ sec; a 

second l ayer 25.6 km thick with P veloci t y of 7. 66 km/ sec and an 

underlying half - space with P veloci t y of 8.11 km/sec ). The r ecent 

increase in the number of seismic stations as well as the improved 

timing accuracy warrant a more de tailed study of the crust. 
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DATA 

Figure 2.1 shows the locations of the explosions used in this phase 

of the study. The coordinates and nature of the blasts are listed in 

Table 2.1. In most cases, the shot was timed with a d i sposable pick-up 

placed directly on the explosive . The signal was recorded on a 

Kinemetrics PS-l portable seismograph unit together with the I-lWVB 

radio signal. This method permits a determination of the shot time 

to within ±10 msec. The shot point location was determined to 1/100 

minute from u.s. Geological Survey quadrangles. These events '{,Jere 

recorded by permanent seismic stations belonging to the southern 

California seismic network and temporary stations consisting of the 

Kinemetrics portable units and Cal tech seismographic trailers (Figure 

2.1). Except on few occasions, the signals recorded by the permanent 

stations were telemetered through telephone lines to Pasadena and 

recorded on 16 rom films (Develocorder) with the ~.vB radio signal 

superimposed on the seismic trace. The portable Kinemetrics units 

are run with 1 cm/sec paper speed with the I-lWVB radio signal super­

imposed on the trace. In some cases a strip-chart recorder \~as used 

with 1 to 2 cm/sec paper speed . The trailer recordings are also timed 

with either HI.VB or HHV radio signals. Figure 2 . 2 shm~s typical 

examples of the seismograms. Hith these recording systems, a timing 

accuracy of up to 10 msec is achieved when the signal onset is clear. 

Figure 2. 1 also shows the source-station combinations used in the 

present study and several profiles which were established specifically 

for the determination of crustal structure. 
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Figure 2.1 Source-station combinations used in the present study. 
Explosion sites are shown by large cir cles and stations are shmm 
by squares (permanent stations) and open circles (temporary 
stations). 
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(0) 1-- 1 sec--i 

( b) 

(c) 

--l 1 sec t---

Gorman­
FTC 
L1= 13.06 km 

Victorville -
GSC 
L1=79.63 km 

Corona -
Riverside 
L1= 20.77 km 

Figure 2.2 Examples of the records . (A) Kinemetrics (PS-l) portable 
unit (paper speed : 1 em/sec) used at temporary stations . (B) Tele­
metered record on Develocorder from permanent stations (film speed: 
1 em/ sec on a viewer). (C) Strip chart recording at temporary 
s t ations (paper speed : 2 em/sec). 
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Tabl e 2.1 Explosion data 

Location Approximate Elevation Note 
Coordinates (m) 

Victorville 34.63' N, 117.ll oW 1280 Cement Quarry 
Corona 33.84' N,1l7.51 °W 300 Dacite Porphyry 
Iensen 34.03 ' N,1I7.43°W 360 Cement Quarry 
Gypsum Canyon 33.86' N,117.71 °W 150 Sand and Gravel 
Randsburg 38.52°N, 117.17°W 750 Navy Testing 
Gorman 34.83 ' N,1 18.76°W 1290 Cement Quarry 
Mojave 35.03 ' N,118.32°W 11 90 Cement Quarry 
Monolith 35.15' N, 118.39' W 1350 Cement Quarry 
Hector 34.75°N,1I6.42°W 600 Bentonite Quarry 
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The travel time data, summarized in Table 2 .2, are assigned grades 

A (± 10 msec), B (± 30 sec), and C (± 100 msec). 

UPPER CRUST 

All of the travel time data obtained for the source-station 

combinations shown in Figure 2 . 1 are plotted, regard~ess of the azimuth, 

on the reduced travel time curve given by Figure 2.3. Since the alti­

tude of the shot points and the stations varies from 350 to 2280 m, 

and also the local geologic structure differs beneath individual sh0t 

points and stations, these data are not homogeneous. Nevertheless, in 

view of the fairly random coverage of the paths as shown in Figure 2.1, 

this figure depicts the over all variation of the short-distance 

(~< 220 km) travel times in southern California. The scatter is 

surprisingly small in view of the vast variability of geology in this 

area. With a few exceptions, the scatter is within ± 0 . 3 sec of the 

average . The straight line segments shown in Figure 2 .3 correspond to 

a structure determined for a more restricted profile which will be 

discussed in the following. 

Victorville Blast 

The Victorville blasts have been used to es tablish a fairly com­

plete profile extending from the quarry to the station ~n,c (Figure 2.1). 

Figure 2.4a shows the data uncorrected fo r station elevation and local 

geology. The data along the profile (closed circles) can be fit very 

well by two segments having apparent velocities of 5 . 32 km/sec and 

6.35 km/sec, the cross-over being at 37.5 km. This indicates a structure 
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Figure 2 .3 (a) Reduced trave l times for all data except those for 
the Hec t o r blast. Travel time curves a r e f or the struc ture shown 
in the inset. P1l branch ShOl·1S th e Moho reflection. (b) Reduced 
travel times correc ted for t he eleva tions at both sour ce and 
stations. The struc ture i s shown in the i nset. 
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Figure 2.4 Uncorrected (a) and corrected (b) travel times for t he 
Victorville blast. The corresponding structures are given in t he 
inset. Numbere d stations are; 1: Navajo; 2 : UICT; 3: Trash ; 4: 
Baldy Hesa; 5: EXP-O; 6 : Table Ht . ; 7: Crystal Lake; 8 : Charlton 
Flats; 9 : Ht. Emma. 
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Table 2 .2a Viclorville biasl 

Station ,1 Azimuth T - ,1/6 Corrected Grade 
(km) (deg) (sec) T- ,1/6 

(sec) 

Navajo 8.24 237.8 0.21 0.21 C 
VICf 16.18 241.1 0.28 0.28 B 
Trash 24.39 245.1 0.52 0.39t) B 
Baldy Mesa 34.82 242.6 0.68 0.47t) C 
EXP-O 44.55 244.8 0.74 0.29 A 
Table Mt. 59.08 242.4 0.60 0.24 A 
Crystal Lake 74.63 243.1 0.37 0.06 B 
Charlton Flats 89.55 245.0 0.36 0.07 C 
MWC 98.03 242.9 0.26 -0.05 C 
Mt. Emma 90.6~ 258.8 0 .34 0.08 B 
CSP 43.12 211.6 0.46 0. 20 A 
SBB 65.64 275.9 0.54 0.33 A 
RVR 74.64 199.0 0.44 0.28 B 
GSC 79.63 20.5 0.62 0.39 B 
PEC 81.97 183.2 0.54 0.35 B 
VPD 108.43 213.7 0.33 0.18 C 
TPC 113 .92 120.5 0.66 0.46 C 
IRC 121.29 257.7 0.19 0.00 C 
PLM 143.44 170.7 0.25 -0.05 C 
PYR 149.71 267.8 -{).04 -0.30 C 
ISA 167.58 312.5 -{).49 -{).71 C 

For station coordinates, see HILEMAN el ul. (1973) for permanent stations 
(three-letter abbreviation) and Table 2j for temporary stations. 

t Corrected for local structure. 
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Table 2 . 2b Corona blast 

Station d Azimuth T - dl6 Corrected Grade 
(km) (deg) (sec) T- dl6 

(sec) 

RVR 20.77 35.8 0.23 0.23 A 
VPD 23.81 263.0 0.72 0.72 B 
PEC 32.48 80.0 0.32 0.32 B 
SJQ 39.85 232.0 0.77 0.77 B 
Dalton Lake 45.85 322.3 0.47 0.39 A 
CSP 52.53 15.2 0.40 0.24 B 
MWC 66.27 309.9 0.44 0.23 B 
PAS 70.25 299.2 0.25 0.19 B 
SPH 77.42 262.4 0.37 0.30 B 
PLM 80.71 132.0 0.38 0.19 B 
UCLA-1 86.67 290.2 0.16 0.09 
SCR 92 .37 288.8 0.11 0.05 C 
IRC 102.46 306.7 0.02 -{J.07 B 
TWL 111.53 296.1 0.41 0.35 C 
TPC 137.89 77.4 -{J.08 -0.17 B 
PYR 139.48 305.6 0.25 0.10 C 
GSC 174.3 21.5 -0.52 -{J.70 B 
IKP 185.7 135.0 -1.55 -1.72 C 
SBC 214.15 288.7 - 1.69 -1.74 C 
lSA 218.74 336.3 -2.36 -2.52 C 

Table 2.2c Jensen blast 

Station d Azimuth T - dl6 Corrected Graue 
(km) (deg) (sec) T- d l6 

(ec) 

RVR 6.45 124.3 0.14 0.14 B 
PEC 29.23 120.6 0.33 0.33 B 
CSP 30.99 13 .0 0.54 0.54 B 
VPD 38.40 232 .5 0.74 0.74 B 

Table 2.2d Gypsum Canyon 

Station d Azimuth T- d l6 Corrected Grade 
(km) (deg) (sec) T - dl6 

(sec) 

VPD 7.52 223.3 0.83 0.83 A 
SJQ 30.01 205.5 1.18 1.18 B 
TCC 31.84 297.1 1.82 1.82 B 
RVR 33.71 65.1 0.57 0.57 C 
PEC 50.55 86.4 0.60 0.52 A 
MWC 51.42 320.8 0.91 0.71 ' C 
CSP 57.94 33.7 0.82 0.67 B 
SBB 92.07 353.3 0.74 0.64 B 
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Tabl e 2 . 2e Randsburg blast 

Station ,d Azimuth T- ,1 i6 Corrected Grade 
(km) (deg) (sec) T- ,1/6 

(sec) 

Navy Test Range-l 13.90 237.8 0.47 0.47 B 
GaJiJeo Hi:! 63.29 237.6 0.58 0.40 B 
Kramer Hill 71.11 213.1 0.22 0.06 A 
Jackrabbit Hill 92.46 212.8 0.30 0.14 A 
SBB 110.14 213 .1 0.10 --{l.06 B 
Lovejoy Buttes 121.01 211.3 --{).04 --{l.21 A 
GSa 40.95 126.5 0.58 0.48 A 
CLC 50.84 310.2 0.23 0.07 C 
ISA 119.47 276.9 0.32 0.15 1l 
CSP 136.82 187.3 0 .24 --{l.03 B 
SWM 156.67 235.8 0.97 0 .77 C 
MWC 165.49 209.8 0.22 --{l.04 C 
PEC 180.81 179.8 --{l.64 --{l.85 C 

Tab l e 2.2f Mojave blast 

Station & Azimuth T - ,116 Corrected Grade 
(km) (deg) (s.-c) T - ,116 

(sec) 

Willow Springs 11.71 211.0 0.73 0.73 A 
Rosamond 26.93 214.2 1.13 1.13 B 
Lake Hughes 41.95 194.1 0.85 0.63 B 
SWM 43.16 214.0 0.90 0.66 A 
FIC 55.47 250.8 0.79 0.57 B 
SBB 59.78 130.4 0.61 0.41 A 
PYR 65.24 216.6 0.90 0.66 A 
ISA 68.54 348.1 0.51 0 .31 C 
IRC 72.37 185.8 0.77 0.59 B 
MWC 93 .62 165.1 0 .66 0.36 B 
GSC 141.09 77.6 0.32 0.10 C 

Table 2.2g Gorman blast 

Station ,1 Azimuth T - ,1/6 Corrected Grade 
(km) (deg) (sec) T- ,1/6 

(sec) 

FIC 12.88 288 .9 0 .78 0.78 A 
West Liebre Mt. 13.21 153.2 0.82 0.82 B 
SWM 20.89 128 .6 0.88 0.88 A 
Pine Canyon 27.81 123.1 0.82 0.82 A 
PYR 29.76 176.8 1.01 1.01 A 
Lake Hughes 35.20 120.5 0.92 0.92 A 
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Table 2 . 2h Monolith blast 

Station <1 Azimuth T-<1/6 Corrected Grade 
(km) (deg) (sec) T - tJ/6 

(sec) 

ISA 55.76 351.1 0.64 0.41 B 
PYR 71.81 206.9 0.68 0.41 B 
SBB 72.36 134.4 0.54 0.32 C 
IRC 83.88 180.7 0.62 0.42 C 

Table 2.2i Hector blast 

Station <1 Azimuth T-<1/6 Corrected Grade 
(km) (deg) (sec) T- tJ/6 

(sec) 

GSC 70.71 330.7 1.16 1.00 B 
TPC 79.12 154.0 1.01 0.88 B 
CSP 98.98 240.1 0.77 0.58 B 
PEC JJ6.53 215 .8 0.72 0.60 B 
SBB 128.35 267.5 0.60 0.46 B 

Table 2 . 2j Station coordinates 

Station Latitude Longitude Height 

Navajo 34°35.41 'N I I 7' J l.25'W 910 
UICT 34' 33.54' N I J 7°J 5.95'W 900 
Trash 34°32.22'N JJ J021.J5'W 870 
Baldy Mesa 34°29.II'N 117°26 .88'W 1012 
EXP-O 34°27.47'N 117' 33 .00'W 11 30 
Table Mt. 34°22.91 'N 117' 40.84'W 2280 
Crystal Lake 34°19.39'N 117' 50.07'W 1736 
Charlton Flats 34°17.09'N 117°59.53'W 1556 
Mt. Emma 34 '28.07'N JJ 8°04.74'W 1305 
SBB 34°41.3I 'N 117' 49.43'W 829 
Dalton Lake 34°10.20'N 117°48.56'W 523 
UCLA-I 34' 06.52'N 11 8°23 .27'W 347 
Navy Test Range-l 35°27.29'N 117° J 7. 79'W 867 
Galileo Hill 35°12.87'N 117°45.23'W 945 
Kramer Hill 34°59.03'N 117' 35.52'W 774 
Jackrabbit Hill 34°49.21 'N 11 7' 42.89'W 830 
Lovejoy Buttes 34°35.27' N I I7°51.14'W 879 
Willow Springs 34°57.03' N 118' 23 .04'W 11 80 
Rosamond 34' 50AO'N 118°29.00'W 872 
Lake Hughes 34' 40.43'N 11 8°25.76'W 1000 
Lake Hughes-2 34°40.59'N 118°26.0nV 1024 
West Liebre M t. 34°43 .77'N 118"41.70'W 1627 
Pine Canyon 34°41.93'N 1I8' 30.34' W 1146 
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as shmm in the inset. The off-profile sta tions (open circle) are 

within ± 0.3 sec of the above travel time curves indicating a lateral 

uniformity of the structure . 

Next we will consider corrections for elevation and local structure 

at both the source and the station. These corrections are very diffi-

cult to make prec isely . Utilizing the structure given in the inset of 

Figure 2.4a, the station and the source height corrections can be given 

by /:;t = - h cos i /v where h is the height, v is the velocity a t the 
o 0 0 

surface, here 5.32 km/sec, and i is the inci dence angle at t he station 
o 

or the take-off angle at the source. For P, 
o i = 90 , for P , i 

o g 0 

The effect of the local geology cannot be estimated unless the 

structure is knmvn. The correction is probably negligible for stations 

on bedrock, but i t can become considerably large for stations on 

alluvium. For estimating this correction, He have made short range 

(up to 1.4 km) refraction measurements at stations 3 (Trash), 4 (Baldy 

Mesa) and 5 (EXP-O) shown in Figure 2 . 4. These prof iles were r ecorded 

with a 24 - channel refraction system. Small charges were used as 

seismic sources . The profiles are shmm in Figures 2.5a, b, and c . 

Since these structures are used only for correction purposes, the dip 

of the layers is not consider ed and the insets repres en t the aver age 

structure. The corrections are then compu ted as the dif fe rence of 

the travel times for a vertical path between this structure and a 

homogeneous 5 . 32 km/ se c layer . The larges t height correction amo unts 

to 0 . 23 sec (Table Mountain, 2280 m) and the l a rgest station correction 

amounts to 0.2 1 sec (EXP-O) . Although th ese corrections are 
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Figure 2 . 5 Short range r efrac t ion measurements at t emporary stat i ons 
EXP-O ( a ), Baldy Hesa (b) and Trash (c). Struc t ures ( aver aged) are 
given i n the inset. 
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significant, they are still small enough so t hat the errors arising 

from the crude correction method are probably insignificant . Figure 

2.4b shows the corrected travel times. These data can be fit very 

well by two straight segments having apparent velocities of 5.5 km/sec, 

and 6 . 3 km/sec; the cross- over is at 28.0 km. The corresponding 

structure is given in t he inset. In this structure, any feature above 

the sea level has been stripped off. Considering the source-station 

combinations shown in Figure 2.1, this structure can be considered to 

represent the structure north of the San Andreas fault in this area . 

We will use these travel time cur ves as a standard for comparison with 

t he results from other profiles . 

Corona, Jensen and Gypsum Canyon Blast 

For these blasts (Figure 2.6a), no attempt has been made to align 

stations to make up a profile. However, it is remarkable that the 

combined travel times for the Corona and Jensen blas t s are very con­

sistent with those determined by the Victorville blast . If t he 6.3 

km/sec branch is shifted upward by 0.1 sec, the agreemen t would be 

even bet t er . This i ndicates that the 5 . 5 km/sec layer is 0 .5 km 

thicker in this region t han the Victorville profile . It should also 

be noted that the arrivals at stations VPD, SJ Q, SPH and THL for the 

Corona blast and at \~D for the Jensen blast are delayed by 0.3 sec 

to 0.7 sec, the average being 0.5 sec . All of these stations are 

located on the alluvium of the Los Angeles basin . Although the details 

of t he local structure beneath these stations are unknown, a del ay of 

0.5 sec seems reasonable for the alluvium . If we use this value for 
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Figure 2.6 Travel times for various blasts . Height corrections are 
applied for both source and stations. Solid travel time curves are 
for the structure fitted to the corrected Victorville data . (a) 
Corona, Jensen and Gypsum Canyon blasts. Numbered stations are; 
1 : Dalton Lake; 2 : UCLA- I. (b) Randsburg blast . Numbered stations 
are; 1: Navy Test Range-I; 2: Galileo Hill; 3 : Kramer Hill; 4: 
Jackrabbit Hill; 5: Lovejoy Buttes . (c) Hojave, Gorman and Hono­
lith blasts. Dotted travel time curves correspond to the structure 
shQl-.7n in the inset. Numbered s tat ions are ;'. 1 : WillQl-.7 Springs; 2: 
Rosamond ; 3 : Lake Hughes; 4 : Hes t Liebre lit.; 5 : Pine Canyon. 
(d) Hector blast. The dotted line shows the 6 . 3 km/sec line dis­
placed upward by 0 . 9 sec from the Victorville curve . 
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the time delay at these stations, the data for the Corona and the 

Jensen blasts become very consistent \vith the structure obtained for 

the Victorville profile. 

For the Gypsum Canyon blast, the data, though scattered consider­

ably, show sys t ematically late arrivals. HO\vever, if \"e assume a 

delay of 0.5 sec for the Los Angeles basin alluvium, these delays can 

readily be explained . Since in this case, the shot point itself is on 

the alluvium, allowance should be made for an additional delay of 0.5 

sec. Thus if we subtrac t 1.0 sec from the times at stations on th e 

Los Angeles basin alluvium (VPD, TCC, SJQ) and 0.5 sec from other 

stations (RVR, W,1C, PEC, CSP, SBB), the general trend for the Gypsum 

Canyon blast becomes consistent with that for the Corona and the 

Jensen blasts. These source- s tation combinations represent primarily 

the structure south of the San Andreas fault. He therefore conclude 

that, except for the delay of about 0.5 sec beneath the stations on 

the Los Angeles basin alluvium, the upper crustal structure of the 

central Transverse Ranges and the northern Peninsula Ranges is nearly 

the same, velocitywise, as that in the south-central Mojave. 

Randsburg Blast 

Figure 2 . 6b shows the travel time data for the Randsburg blast. 

The height corrections are made, but no corrections are made for the 

local structure. The closed circles represent the stations along the 

profile to Hount \Vilson, and the open circles, off-profile stations. 

There is no obvious difference between these two groups of stations, 

and they are, as a whole , consistent with the Victorville travel time 
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curves. If the whole curve \'7ere shifted up\vards by 0.1 sec, the agreement 

would become even better. It is possible that this 0.1 sec delay is 

due to the local structure benea th the source . HOIvever, OIving to the 

lack of short - dis tance data, it is not resolvable \vhether the delay is ' 

due to the source or to a thickening of the top, presumably 5.5 km/sec, 

layer. 

Hojave, Monolith and Gorman Blast 

Figure 2.2 shOlvs the composite travel-time data for the Hoj ave, 

Nonolith and Gorman blasts together with the travel-time curves 

obtained for the Victorville profile . The observed arrivals at n < 40 

km are delayed by nearly 0.5 sec. Most of t hese data are obtained 

from the Gorman blast for which the paths are essentially within the 

fault zone of either the Garlock or the San Andreas faults . Refraction 

measurements made in 1965 in this area (Don L. Anderson, personal 

communication, 1973) suggest 10lv-velocity, presumably highly shattered, 

surface layers to a depth of 600 m as shown in the inset of Figure 2.6c. 

The dotted lines in Figure 2 .6c are the travel time curves correspond­

ing to this structure; the delay can be accounted for by this 10lv­

velocity surface layer. 

The arrival times at n > 40 km are delayed by 0.25 sec. Both 

Nojave and Honolith are cement quarries. Usually the in-situ velocity 

in limestones is relatively high, about 4 km/sec, so that a large 

source delay is unlikely. It seems that the above delay can be 

explained most reasonably by a thickening of about 1.5 km of the 5.5 

km/sec layer. 
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Hector 

Figure 2.6d shows the travel time data for t he Hector blast . 

Unlike other blasts, all the arrivals are consistently late by 0 . 9 sec. 

Although the lack of short - distance data does not permit the deter­

mination of the s tructure, the above delay seems to be mos tly due to 

the source . Hector mine is quarrying bentonite, a very soft clay 

mineral (ultrasonic velocity ~ 1.7 kID/sec), and an excessively large 

delay is quite possible. In view of this possible large source delay, 

the data obtained by this blast may not be adequate for crustal 

studies unless the structure beneath the quarry can be determined. 

In the interpretation that follows, these data will not be used 

directly. HO\~ever, the consistent 6.3 km/sec branch strengthens the 

evidence for the exis tence of a layer \~i th this velocity. 

In summary, if we remove all the structures above the sea level , 

and are to find a single upper crustal structure that represents the 

whole area, we obtain a model consisting of a 4 km thick 5.5 kID/sec 

layer underlain by a 6.3 km/sec layer . There is an indication that 

the 5.5 kID/sec layer is about 1 to 1.5 kID thinner along the Victorville 

to Hount \Hlson path than elsewhere. The well defined 6.3 km/sec 

branch up to 150 kID suggests a substantial thickness of at l east 10 

km for this layer. This model will be used in the foIIO\~ing . 
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LOWER CRUST 

Since most of the blasts are not l arge enough to be recorded at 

distances beyond 150 km , the da ta for t he lower crust are incomplete. 

As shown in Figure 2.3, there are arrivals at 6 > 160 km which indi-

cate the P branch, but the slope cannot be well defined. It is also 
n 

not clear ,~hether there is another branch intermediate between the 

6.3 km/sec and the P branch. However, there are several constraints 
n 

which are useful for determining the lower crustal structure. These 

constraints come from the follO\~ing observations : 

(1) The round-trip travel time for the clear near-vertical 11oho 

reflections, PIP, observed at Corona is 10 .5 sec (Shor, 1955; see also 
l' 

Richter, 1958). (2) For the Victorville blast, a v ery l arge second 

arrival was observed at Nt. Hilson (6 = 98 krn), but it was not observed 

at Crys tal Lake ( ~ = 75 km) nor Charlton Flats (6 90 km) (see 

Figure 2.7); we consider this strong phase as the Noho reflection near 

the critical distance ~c , and set 6c a t 90 to 98 km. (3) This strong 

phase is also observed for other blasts at stations from 6 = 90 to 

110 km . P~ - P times are 1.5 sec to 3 sec depending on the distance 

(see Figure 2 .7) . (4) The P velocity is determined as 7.66 km/sec by 
n 

Press (1960), ,~hile 8.0 t o 8.2 km/sec has been suggested by Gutenberg 

(1955). I"e examined a Nevada event to determine t he Pn velocity over 

a distance range 200 to 400 km beneath the area considered. The origin 

time and the location of this event are known sufficiently well for 

this purpose. Figure 2. 8 shO\~s the reduced travel time curve . The 

s t ation corrections suggested in the earlier section have been applied. 

The P velocity of about 7.8 km/sec appears appropriate for the central 
n 
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REFLECTIONS 
Victorv il le - Crystal Lake 

Cl=74.8 km 

Vic torville-Charlton Fla ts 

Cl=89.6 km 
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Figure 2 .7 Exampl es of t he Noho reflect i on (P ~t) near t he cri tica l 
d is t ance . Note t he absence of t h e PMP phase at Crys t a l Lake (6 = 
74 . 8 km) and Charlton Flat s (6 = 89.0 km). 
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Moj ave. This value, \vhich is intermediate bet\veen Press (1960) and 

Gutenberg (1955),will be used in the following. 

First, we assume that the 6.3 km/sec layer extends to the Hoho. 

Then to satisfy (1), the thi ckness of the 6.3 km/sec layer should be 

approximately 28 km, the height correction having been considered. 

Hmvever, simple calcula tion sholVS that this s truc ture brings I::, at 85 c 

km which is slightly too small. One possible \vay of increasing I::, is 
c 

to insert an intermediate layer at the bottom of the crust. For 

example, replacing the bottom 4 . 6 km of the 6.3 km/sec layer by a 5 

km thick 6.8 km/sec layer brings I::, up to 90 km and still satisfies (1). 
c 

This model gives P P - P times of 2.7 sec and 2.1 sec, at t:, = 90 
N 

km and 110 km respectively, and therefore satisfies (2) and (3). Of 

course, this is not the only possibility. Hmvever, since the structure 

dmm to 15 km is fairly well constrained by the data for t:, < 150 km, the 

range of the possible models is not large. The least certain is the 

velocity of the intermediate layer. The travel time curves for this 

structure are given in Figur e 2.3b Iyhich shows the overall consistency 

of this model with the data. The phase refracted in the 6.8 km/sec 

layer never appears as the first arrival for shallow focus events. 

The structure obtained here differs from that of Press (1960). In 

particular, the 4 km thick upper layer (5.5 km/s ec) found in the 

present study does not exist in Press (1960). Since Press's emphasis 

was on the regional structure rather than the l ocal structure, he had 

only two stations at 1::,2-50 km, which are too few to determine this 

layer. Press's mod e l includes a 8 .1 1 km/sec layer at about 50 km 

depth. None of the above discussed pro f iles is long enough to detect 
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thi s layer . 
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DISCUSSION AND CONCLUSIONS 

The crustal structure obtained here (see the inset of Figure 2.3b) 

is not unique, particularly the lower crust, but it fits the travel­

time data within ± 0.3 sec. If corrections are made for station and 

the source delays, the fit would be better than ± 0.15 sec, and there­

fore it will serve as a useful model for the location of local earth­

quakes and as a basis of comparison for other regions within southern 

California. It may be suggested that, if no corrections for station 

height and delay are included in the loca tion program, use of the 

structure given in Figure 2.3 is appropriate . If the station correc­

tions for height and possibly for station delays are included in the 

location program the struc ture shown in Figure 2.3b would be more 

appropriate. (0.5 sec may be tentatively used for the stations in the 

Los Angeles basin. This delay is consistent with that calculated for 

the velocity-depth functions obtained from sonic logs from oil explora­

tions. The calculated delay ranges from 0.47 to 0.69 sec for several 

locations in the Los Angeles basin.) 

The present data do not preclude a possibility of a velocity 

r eversal in the mid to lower crust . More detailed analyses of the 

amplitude and the waveform of the first as well as later arrivals 

are necessary for the determination of the details of the lower crust. 

It is rather surprising that the structure is very homogeneous 

in the entire area . Press (1960) also pointed ou t th is fact. The 

velocity of the upper 3 to 5 km thick layer is fairly well defined 

at 5.5 km/sec (see Figures 2.3b and 2.4b). It is instructive to 

compare the crustal velocities with laboratory velocity-pressure data 



-34-

for typical granites. Figure 2.9 shows such comparison. The crustal 

velocity to a depth of 4 km is significantly lower than that for 

granites. If we accept the prevalent notion that the upper crus tal 

layer consists of granitic rocks, this discrepancy requires explanation. 

The most obvious is that the upper crustal rocks are both highly 

fractured and weathered. 
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CHAPTER 3 

Regional Variations in Crust and Mantle 

P-Wave Velocities 
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ABSTRACT 

Seismograms of natural and artificial events recorded by the 

southern California array, in conjunction ,~ith several portable 

stations, define travel-time curves for both crust and upper mantle 

P-wave phases. A P velocity of 6.2 ± 0 . 1 km/sec is observed for the 
g 

l>!oj ave, eastern Transverse Ranges and Colorado desert. l.J'ithin t he 

western Transverse Ranges and the western portion of the Peninsular 

Ranges, first arrivals have an apparent velocity of 6 .7 km/sec . 

With the constraints of a fixed array , a special effort has been made 

to select events that approximately reverse several P profiles. These 
n 

profiles show that P varies from 7.7 to 8.2 km/sec. The low P 
n n 

velocity of 7.8 km/ sec extends north,~es t from the Imperial Valley, 

through the region of San Bernardino, and fans out across the central 

Nojave. Moho dips, derived from P profiles from the eastern Transverse 
n 

Ranges and the l'1ojave, indicate a relatively uniform westward dip . 

A composite profile extending across the Coachella Valley from a cali-

bration blast at the south end of the Salton Sea defines an average 

crustal thickness of 16 to 19 km. 



-40-

INTRODUCTION 

Before the expansion of the southern California array, crust 

and upper mantle velocity studies required elaborate, expensive field 

operations. Those studies involved both relatively large explosions 

and portable arrays of seismometers . The studies of Roller and Healy 

(1963) and Healy (1963) are classic examples of long-line seismic 

refraction studies Hithin southern California. With the expanded, 

present array , Figure 3.1, He are frequently able to inexpensively 

compile composite profiles throughout the region by using both ear th­

quakes (t-1. > 3) and quarry blasts as sources. As the stations seldom 

fall into perfect, linear arrays, these profiles tend to average 

structure \~ithin a sub-province. Although this technique does not 

define the fine details of the crust, such as can be determined from 

special refraction profiles, the abundant source-station combinations 

can provide significant ne\~ data on the average structure within each 

sub-province of southern California. 

All of the travel-time data used in this study have been read 

from either 16 mm film, at a magnification of 1 sec/cm, or from 

digital recordings from the Caltech online system (Johnson, 1978). 

Average timing accuracy is slightly better than 100 msec. All data 

have been corrected to an elevation of sea level, Table 3.1, as 

discussed in Chapter 2. These correc tions have been based on an 

average upper crustal velocity of 5 kID/sec. Stations situated on 

deep accumulations of sediments, such as the Los Angeles basin and 

the Imperial Valley, have not been used in the determination of 

crustal and reversed upper mantle velocities. 
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As discussed in Chapter 2, the surface 5.5 km/sec layer is not 

resolvable unless several stations along a profile are Hithin 40 

km of the blast. Earthquakes in general are not adequate for studies 

of this shalloH layer, as the hypocentral depths are usually greater 

than the layer is thi ck . As a result, this layer is not investigated. 

Although there is some evidence for regional variations in the thickness 

of the 5.5 km/s ec layer, dip on the bottom of this layer is unresolved. 

However, variations of several km in the thickness of this layer will 

not significantly change our results. 

The dominant crustal phase recorded as the first arrival over 

most of the array, for the distance range 20 to 160 km. is termed P 
g 

The apparent phase velocity ranges from 6.1 to 6.4 km/sec . Because 

of the large amplitude and slow decay with distance of this phase, 

it is frequently read, incorrectly, as the first arrival at distances 

well beyond the cross-over to P. Regional variations in P have 
n g 

been mapped through the study of 60 travel-time curves. In this 

chapter we present the results of nine typical profiles. 

For the Peninsular Ranges and the western Transverse Ranges, the 

* most frequently observed crustal arrival, termed P , has an apparent 

veloci ty of 6.5 to 6.8 km/sec. This layer is interpreted as an up'vard 

extension of the relatively thin layer inferred for the lower ~ojave 

crust, at the expense of the 6.1 - 6.4 km/sec layer, Chapter 2. In 

Chapter 5, a well-reversed, east-west profile through the Transverse 

Ranges quantifies the west'vard increase in thickness of this layer. 

One of the principal goals of this chapter is to define both the P- Have 

velocities and the regional extent of the phases that dominate the 
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observed crustal arrivals. 

The use of quarry blasts in the construction of composite profiles 

is relatively straightforward. Frequently the origin time is kno\ffi to 

10 msec, and the source location is knmffi to within 50 m. As deter-

mined from the resulting travel-time data, the cross-over from P to 
g 

P provides a strong constraint on crustal thickness. Earthquake 
n 

sources, as with blasts, provide a good determination of P and P 
g n 

velocities . However, since the depth of the hypocenter, the crustal 

thickness and the cross-over distance trade off against each other, the 

relatively large uncertainties in source depth, typically 3 to 5 km 

as compared with 1 to 2 km horizontally, imply a large uncertainty in 

the determination of crustal thickness . For this reason, for natural 

sources we have used only the velocities of the travel-time curves, 

* corresponding to Pg or P and P . 
n 

Note that the uncertainties in the 

epicentral location and origin time shift the cross- over distance and 

intercept time . These effects do not degrade th e velocity measurements. 

One of the disadvantages of using the present array in conjunction 

with local events is the inability, in general, to reverse a profile. 

This is particularly important in studies of the dip along the Hoho. 

In the second phase of this study, we have made a special effort to 

find events both large enough to be recorded well and located in 

approximately the correct regions, in order to reverse several P 
n 

profiles. By smoothly interpolating the P velocities between these 
n 

reversed profiles, \ve have interpreted the remaining P velocities 
n 

along unreversed profiles as the result of dip on the Hoho. 
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DATA 

Hithin this section we will discuss briefly the profiles for 

both P and P. Each velocity has been determined from the data, 
g n 

corrected for station elevation, by least squares. For conveni ence 

of presentation, the data have been reduced by 6/V , where 6 is the 

distance and V is the P-wave velocity, typically 6.0 or 7 . 8 km/sec. 

The locations, magnitudes, origin times and dates of the events used 

in this study are listed in Table 3 . 2. 

The follm.ing nine profiles, Figure 3. 2, a-i, selec ted from 60 

profiles studied, illustrate the apparent velocities of the observed 

first arrivals. The stations used in each profile, the epicentral 

distances, azimuths, travel-times, height corrections and plotted 

travel-times, are listed in Table 3.3, a-i. 

3 . 2 a: This profile extends southeast from the Corona quarry . Host 

of the stations were installed specifically for the blast. With the 

exception of PLM and DRST, all stations were located west of the 

Elsinore fault. Stations beyond CHMT, not shown in this figure, 

recorded energy that traveled predominantly within the Perris block, 

eas t of the Elsinore fault. These stations are delayed by approxi-

mately 1 sec relative to the profile shown here. This indicates a 

significantly slower crustal velocity (~ 6.3 km/sec) east of the fault 

than the 6.67 km/sec found from this profile . Cross-over from a 6.0 

~n/sec layer to the 6.67 km/sec branch occurs at about 40 km. 

3.2 b: This profile extends north from the Corona quarry, across the 

central Transverse Ranges and the \. es t e rn Hojave. As in profile 3.2 a, 

all stations with four-lett er names \.ere installed for the blast. The 
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TABLE 3.2 Earthquake and Blast Location Data used in Travel-Time 
Studies. 

DATE TIME (GMr) ~ LAT LONG DEPTH BLAST 

1/10/75 19 : 30 : 12 . 72 3.5 33 50.55 117 30.35 0 X 
1/14/75 09: 34: 24.72 2.0 33 35.82 117 36.32 0 X 
5/2/75 18:03:22.74 4.2 35 l3/75 117 36.18 3.1 
11/15/75 06:13:27.65 4.6 34 18 . 12 116 20.09 5.1 
12/14/75 18 : 16:20.14 4.7 34 16.56 116 19.69 3 . 3 
1/1/76 17 : 20:12.94 4.3 33 58.00 117 53.24 8.0 
1/8/76 23:26:24.63 3.0 34 37.75 117 06 . 68 0 X 
2/4/76 00:04:58.1 5.2 34 40.00 112 30.00 12 
3/22/76 05:48: 12.45 2. 5 33 05.28 115 37.90 0 X 
4/8/76 15:21:38.18 4.5 34 20.81 118 39.74 12.0 
10/17/76 05:38:11 . 69 3. 9 34 27.56 118 25.22 12.3 
10/18/76 17:26:53 .0 4.2 32 45 . 58 117 55 . 07 1 ? 
11/4/76 10:41:37.5 4.9 33 07.16 115 35.67 5.0 
11/22/76 17:54:57 . 56 3.8 33 57 . 20 118 38 . 53 3.4 
1/13/77 07:19:00 . 16 3 . 3 35 02.66 119 03 . 39 3.4 
1/17/77 11 : 13: 19.24 4.2 32 27.73 115 11. 34 8 
3/31/77 13:30:29.22 3.3 33 24.58 116 58.27 8 
4/6/77 06 :01 : 02 . 69 3.5 33 27 . 66 116 28 . 45 12 . 4 
5/25/77 17:00:00 5 . 4 37 10.00 116 05 . 00 0 X 
7/26/77 21:42:18 . 54 3.7 35 50.53 120 12 . 53 5 
8/12/77 02:19:26.04 4.4 34 23.22 118 26 . 61 8.8 
8/12/77 02:51:40.69 2 . 7 34 22.95 118 27.19 8 . 5 
8/12/77 04:41:38.56 3 . 3 34 23 . 19 118 26 . 34 8 . 1 
9/21/77 06:27:51 .48 3 . 8 31 53 . 17 115 46.69 5.0 
9/22/77 09:41:10.51 3.5 33 58.51 116 35.10 5.0 
9/24/77 21 : 28:24.26 4.2 34 28.20 118 23.98 12.0 
9/30/77 15:09:52.26 3.4 34 18.82 116 03 . 19 5.0 
10/21/77 13:24:24.57 4.2 32 54.21 115 30.67 7 
10/22/77 04:59:17 . 32 3. 7 34 22.83 117 03.15 1.6 
11/8/77 10:52:27.15 3.6 33 53.36 117 54.36 7.0 
11/10/77 02:35:24.13 3.6 36 05 . 91 117 54.47 4.7 
11/29/77 16:42:09.95 3.9 35 30 . 61 120 15.85 4.9 
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Distance, km 

Figure 3 . 2 Composite pro fi l es illustrating the regiona l variation 
in typical apparent velocities of crustal first arrivals. Th e 
location of these profiles is shown on Figure 3.2 and the travel ­
time data are listed in Table 3 . 3 , a- i. 
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apparent velocity of 6 . 2 km/sec appears well constrained and is quite 

similar to other measurements at different azimuths within this region . 

3.2 c : This profile was constructed from seismograms from a small 

blast used to calibrate a six station portable array near San Juan 

Capistrano . The shot size was approximately 100 Kg and the depth of 

burial l ess than 30 m. In view of the shot size, the clear arrivals 

at distances of 150 km are surprising . As the stations SJQ and VPD 

are situated on deep sedimentary s tructures , the observed travel - times 

to these stations were not used in the determination of the average 

veloci t y of 6.16 km/sec. A second, short profile extended southeast 

from the shot, approximately para llel to the coast. Data from five 

stations define a 5 . 7 km/sec branch that extends from 10 to 40 krn. 

3.2 d: This profile extends southeast from an earthquake located in 

the eastern Transverse Ranges. The P velocity of 6.2 km/sec measured 
g 

along this profile is representative of other profiles within the 

region east of t he Salton Sea . 

3.2 e: This profile extends from the same earthquake discussed in 

profile 3 . 2 d and crosses the northeast section of the Peninsular 

Ranges . The profile roughly reverses profil e 3 . 2 c dis cussed above . 

Both profiles show the same apparent velocity of 6 . 16 km/sec . These 

data require a relatively flat interface between this layer and the 

overlying 5 . 5- 5.7 km/ sec layer. These data also suggest that the 

shallow 6 .7 km/sec l ayer found for the profile extending southeast 

from Corona and west of the Elsinore f ault, profile 3.2 a, is not 

observed within the northeastern portion of the Peninsular Ranges . 

3.2 f : This profile extends northwest from a San Fernando aftershock . 
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The P velocity of 6.36 km/sec is slightly higher than the velocities 
g 

observed in the region east of the San Andreas fault extending from 

Palmdale to the Imperial Valley. 

3.2 g : This profile extends east from an earthquake occurring in the 

area of the Banning pass. These data overlap with those of profile 

3.2 d. The P velocity of 6.24 km/sec is in excellent agreement with g 

the other profiles. 

3.2 h: This profile extends northwest from an earthquake located north 

of the bifurcation of the Elsinore fault into the Chino and Whittier 

fault zones. The profile is south\Jest of profile 3.2 f. The observed 

velocity is similar to that of profile 3.2 a. The crust of the 

western Transverse Ranges is dominated by a thick l ayer with P-wave 

velocity of 6.7 km/sec. 

3.2 i: This profile extends north from the same event studied in 

profile 3.2 h, and the stations are distributed between profiles 3.2 h 

and f. It is therefore not surprising that the observed P-wave velocity 

is intermediate between those two profiles: 6.5 km/sec. 

The velocities defined by each travel-time curve a re plotted in 

the center of each region studied, Figure 3.3. In addition to the 

profiles discussed above, for completeness the profiles from Chapter 2 

have been included in this figure. It shows that the Mojave, the 

eastern Transverse Ranges, the Colorado desert east of the Salton 

Trough and the northeastern Peninsular Ranges have about the same P 
g 

velocity of 6.2±O.1 km/sec. On the other hand, the \Jestern Transverse 

Ranges in the vicinity of Ventura, and the western portion of th e 

Peninsular Ranges, are dominated by a thick layer with a velocity of 



-57-

", 

, , , , 

,-, . , . 
. 

, , 

~ , , . . 

. , 
'-
'" 

,-, 
.) 

Figure 3 . 3 Regional variations in typical apparent velocities of 
crustal first arrivals. The profiles are shown on Figure 3.2. 
For convenience, the Randsburg and Victorville data, Chapter 2, 
have been added . 
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6.7 km/sec . The regions bet\veen these t\W extremes, th a t is, the 

north-central Peninsular Ranges and the west-central Transverse Ranges, 

form a transition a l r egion. 

The follmving P profiles have been prepared in a manner similar 
n 

to the P profiles. The travel-time data are corrected to an elevation 
g 

of sea level, then a least squares line is fit to the data . The 

section of the upper mantle studied in these profiles can be identified 

by tracing the rays from the station towards the source . For t he 

crustal structure disc~ssed in Chapter 2, t hese rays travel about 45 

km horizontally as they propagate from the Moho to the s ur face. Hence 

the region investigated for each profile can be defined by projecting 

the outline of the stations composing the array about 45 km towards 

the source. As this study relies primarily on natural sources and a 

fixed array, mos t profiles cannot be reversed exactly . Af t er a careful 

examination of the catalog of earthquakes and b las t s, five independent, 

approximately reversed profiles were constructed. By combining these 

results with t he reversed profiles of Roller and Healy (1963) and 

Healy (1963) and th e r esults of Shor and Raitt (1956) we have b een 

able t o define r egional var iation in P velocities. Over profile 
n 

lengths of 100 km the data are well fit by a simple model of uniform 

velocity and dip. Hi th this model, the average scat t er of the data 

about a st raight line i s less than 0.2 sec, and the worst case is 

less than 0.4 sec . This scatter probably results from both short 

wavelength topographic variations along the Hoho and unknown local 

station delays . In vielV of the relatively small scatter within the 

data, r a pid deviations from the measured average Moho dip should 
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correspond to unresolved relief of only a fe\v km. The reversed P 
n 

profiles are illustrated in Figure 3 . 4, a-c, and the associated travel-

time data are listed in Table 3.4, a-e. The sections of the upper 

mantle studied in these profiles are shown as shaded areas in Figure 

3 . 5. The hatched lines are approximately parallel to the direction 

of energy propagation. For completeness, the resul ts of Roller and 

Healy (1963) and Healy (1963) are included on this summary figure. 

The profiles are briefly described below . 

3.4 a: These two profiles sample the upper mantle beneath the region 

of the San Bernardino Valley. The true P velocity of 7 .7 km/sec is 
n 

the lowest measured within southern California. This result is 

consistent with the low velocity found from the inversion of azimuthal 

P-delay data (Raikes, personal communication, 1978). 

3 . 4 b: These two profiles indicate that the true P velocity in the 
. n 

Colorado desert east of the Salton Sea is 7 . 88 km/sec. This velocity 

is only slightly higher than the 7.8 km/sec velocity found for the 

central Mojave region, Chapter 2 . 

3.4 c: These two profiles indicate that the P velocity of 7.95 km/ 
n 

sec beneath the west - central Transverse Ranges is intermediate between 

the 7 . 7 km/sec derived in profile 3 . 4 a for the region around San 

Bernardino, and the 8 . 2 km/ sec derived for the extreme \·les tern Trans-

verse Ranges and the southern Coast Ranges (Healy , 1963). 

3 . 4 d: These profiles establish a P velocity of 8.0 km/sec for the 
n 

eastern Transverse Ranges. Nuch like profile 3.4 c, these profiles 

indicate a gradation from the 7 . 7 km/sec velocity of the central 

Transverse Ranges to 8.0 km/sec in the eastern Ranges to 8.2 km/sec 
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Figure 3.5 Regional variations in Pn velocities . The data of 
Roller and Healy (1963), Healy (19 63), and Simons (1977) have 
been included in parentheses . The hatched regions indicate the 
section of upper mantle sampled, and the lines are approxi mately 
parallel to the profile direction . 
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in the extreme eastern Nojave, profile 3.4 e . 

3.4 e: The two profiles from events dated 2/4/76 and 10/18/76 indicate 

a true upper mantle velocity of 8 .1 5 km/sec. A third profile, 1/10/75, 

is similar in azimuth to the 10/18/76 profile. HOI"ever, the apparent 

velocity is exceptionally high: 8 . 64 km/sec. This profile crosses 

the Salton Trough slightly north of the 10/18/76 profile. Because 

of the presence of many profiles within the easte rn Hojave, most \"ith 

apparent velocities of 8.25 km/sec, we feel that this third profile 

is anomalous and tentatively assign a P velocity of 8 . 2 km/sec to 
n 

the region of the eastern Mojave . 

I,e have been unable to reverse adequately a P profile that 
n 

extends from the northern Peninsular Ranges to the international border. 

The few avai lable profiles that extend southeast from the San Fernando 

aft e rshock zone define an apparent velocity of 8.0 km/sec. This is 

slightly slower than the 8 . 2 km/sec P velocity suggested by Shor and 
n 

Raitt (1956) for the northern portion of the ranges. However, this 

apparent velocity is identical to that found by Simons (1977) for the 

San Diego area. Until additional profiles can be established within 

the sparsely instrumented Peninsular Ranges, we suggest a P velocity 
n 

of 8.0 km/sec. 

A second, unreversed composite profile, Figure 3.6, extends north 

from a calibration blast located south of the Salton Sea, dated 3/22/ 76. 

The stations used in the profile and the travel-time data are lis ted 

in Table 3 . 5 . The P velocity of 7.8 km/sec, observed from 95 to 190 
n 

km, is compatible \"ith the high heat flOl" and recent volcanism of the 

Salton Trough. I f we adopt a P velocity of 7.8 km/sec for the Imperial 
n 
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T-DEL/6.2 (SEC) LATITUDE = 33.1388 
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Figure 3 .6 Composite profile extending north from the southern 
end of the Salton Sea. The cross- over from 6 . 2 km/sec to 7. 8 
km/sec occurs at 95 km. This suggests tha t the crustal thick­
ness in the Coachella Valley region is less than 20 km. The 
travel-time data are listed in Table 3.5 . 
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Valley, then this profile requires a crustal thickness of 16-19 km for 

the Coachella Valley region . 

In addition to the profiles described above, we have compiled a 

large number of unreversed P velocity profiles for the southern 
n 

California r eg ion. Figure 3. 7 shows the l oca tion of these additional 

profiles. The arrows represent the leng ths of the profiles and also 

indicate the sections of upper mantle investigated. The a rrows point 

in the direction of energy propagation. In order to convert the 

apparent velocity measurements into dip, we have smoothly interpolated 

to the center of each arrow the P velocities sho\~ on Figure 3 . 5 . 
n 

The apparent dip angle along the seismic profile is a simple function 

of the apparent velocity. Because the dip on intermediate crustal 

l ayers, such as the 6.2 to 6.7 km/sec interface, is not \~ell known, 

we have not made any crustal corrections to the Moho dip . For much 

of southern California the assumption of a relatively uniform crust 

appears to be valid. HO\~ever, as shown by the nine crustal profiles 

discussed in this chapter, the northern Peninsular Ranges and the 

western Transverse Ranges are regions of rapid change. l-lithin the 

Mojave, the eastern Transverse Ranges and the Colorado desert, the 

6.2 km/sec layer dominates the crust. The 6 . 7 km/sec layer thickens 

substantially in the \~estern Transverse Ranges and the Peninsular 

Ranges. On the basis of these observations \~e anticipate that the 

uncorrected Moho dips in the region of the northwestern Peninsular 

Ranges and the western Transverse Ranges should be inaccurate. As 

shown in Figure 3.8, the largest apparent dips on the Moho occur in 

this transition zone. We feel tha t these large appa rent dips are 
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Figure 3 . 7 Location of the upper mantle sampled in the Pn studies . 
Each ar r Olv indicates the dis tance over which th e r ef r ac tor 'vas 
observe d and th e direc tion energy was propagating. 
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unreliable . 
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CONCLUSIONS 

Through the study of 60 travel-time curves for crustal first 

arrivals within southern California, we have found t hat th e commonly 

observed first arrival east of the San Andreas fault is 6.2± 0.1 km/sec. 

This velocity is also observed for profiles that extend across the 

northeast end of the Peninsular Ranges. Limited data suggest th a t 

within the Peninsular Ranges, the region between the crustal sections 

dominated by a velocity of 6.2 vs the 6.7 krn/sec is in the vicinity 

of the Elsinore fault. A similar transition from 6.2 to 6.7 km/sec 

occurs bet\>leen the San Gabriel mountains and the western Transverse 

Ranges . 

The P profiles show that subcrustal velocities vary from 7.7 
n 

to 8.2 krn/sec. It is interesting to note that the 10\01 P velocity 
n 

of 7.8 km/sec extends northwest from the Salton Trough, through the 

region of San Bernardino, and fans out across the central Hojave. 

This geometry is quite similar to that of the horizontal deco upling 

zone that we propose in later chapters to account for the apparent 

offset between t he plate boundaries in the crust and the upper mant l e . 

Hoho dips calculated from unreversed profiles by smoothly interpolating 

known P velocities indicate a r elatively uniform westward dip in the 
n 

region of the eastern Transverse Ranges and the Hojave . 

A composite profile composed of stations of the southern California 

array extends north from a calibration blast located at the south end 

of the Salton Sea . This travel-time curve is the first long refract ion 

profile that defines the crustal thickness of the northern Salton 

Trough . The depth to rloho of 16-19 km for the Coachella Valley is 
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consistent with the estimates derived from regional gravity studies 

(Biehler, personal communication). 
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CHAPTER 4 

Regional S-IVave Structure for Southern California f r om 

the Analysis of Teleseismic Rayleigh Haves 
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ABSTRACT 

Teleseismic Rayleigh waves, H > 7.0, in the period range 14 to 
s 

28 sec, are ,~ell recorded by the short period Benioff array ,~ithin 

southern California. Multiple arrivals that hamper local dispersion 

analysis within this period range are detected by narrm-l band-pass 

filtering. The records are then windm.;ed on distinct, coherent peaks 

that move uniformly across the array. Four to seven stations are 

included in the determination of both the phase velocity across the 

array and the incidence azimuth . For earthquakes in the ,-les tern 

Pacific, the derived incidence azimuths are systematically rotated 

counterclockwise by 2 - 160
. Most of the rotation results from 

refraction at the continental shelf. Hm-lever, for events in the 

southern Pacific, the corrected azimuths for the first arrivals deviate 

several degrees from the great circle path. Phase velocity data for 

both the southern Mojave-central Transverse Ranges and the Peninsular 

Ranges are inverted to obtain regional S-wave velocity models. The 

starting models are constructed from travel-time studies of local, 

natural and artificial sources as described in Chapters 2 and 3. 

Poisson's ratio as a function of depth is calculated for these two 

regions. The comparison with laboratory ultrasonic studies requires 

a quartz-rich crust within the southern Mojave- central Transverse 

Ranges and a mafic crust ,~ithin the Peninsular Ranges . 
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INTRODUCTION 

Many investigators are currently pursuing research on such diverse 

topics as visco-elastic models of the great bend in the San Andreas and 

the possibly related mechanisms of uplift and deforma tion; propagation 

of energy from the seismic source to the free surface; and the quanti­

fication and description of the ongoing seismicity. These examples and 

many others all have in common the requirement of an accurate descrip­

tion of the structure of the crust and upper mantle. As discussed in 

Chapter 2 and 3, P-wave travel-time studies from both natural and 

artificial, local and t e leseismic, sources have provided significant 

data on the regional average structure (Gutenberg, 1944, 1951, 1952, 

1955; Richter, 1950; Shor, 1955; Press, 1956, 1960; Roller and Healy, 

1963; Kanamori and Ha dley, 1975). With the rapid growth of the short­

period vertical seismic array within southe rn California, recorded at 

Cal tech in conjunction with the USGS, average P-wave models for indi­

vidual geologic provinc es are available, Chapters 3 and 5. The 

relatively coarse nature of these models reflects the averaging 

effects of refraction profiles that extend over pathlengths of severa l 

hundred kilometers. Teleseismic P-delay studies, with somewhat better 

local resolution, have mapped local velocity anomalies within the 

upper mantle beneath southern Ca lifornia (Raikes, 1976; Raikes and 

Hadley, 1978). These studies have demonstrated a remarkable continuity 

of a mantle P-wave velocity anomaly across the San Andreas fault. 

Observations such as these have ma jor implications for the lateral and 

vertical position of the boundary be tween the North American and the 

Pacific plates. 
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Although the P-wave velocity model for southern California is 

slowly becoming more detailed and precise, the S-~vave structure has 

been virtua lly ignored. There are several obvious reasons for this: 

first, good S-wave travel-times are difficult to measure as the initial 

S- wave is often obscured by the P-~vave coda. This is particularly 

true for t he phase that refracts a long the top of the mantle, S . 
n 

The arrival most often timed as S, even beyond the crossover to S , 
n 

is the phase that pr opagates at approximately midcrustal velocities, 

S. Second, about 95% of the southern California array is devoted to 
g 

short-period vertical instruments and no SH energy is observed. If 

SH energy were observable, the first prob l em ~·lOuld not be quite as 

acute . Third, S-waves are not well excited by artificial sources . 

The S energy observed at stations must typically r esul t from a strong 

P-S conversion at some unknown velocity gradient. This uncertainty 

adds an ambiguity to the origin point and time for the S-wave. If 

t he first difficulty were not so severe, this complication would be 

acceptable . We would anticipate mapping at least three branches 

of the travel-time curve corresponding to the average P-wave branches 

of 5.5, 6. 1-6.3 and 7.8 km/sec . 

As suitable refraction data are not readily availab l e, we have 

designed a technique for deriving l ocal crustal structure that utilizes 

the dispersion charac t erist i cs of fundamental mode Ray l eigh waves from 

distant teleseisms . Our period range of interest is from 10 to 

approximately 50 sec . However, the band-pass of the presently available 

data recorded by short period Benioff instruments limits the data set 

to periods shorter than 30 sec. As we will shOlv later , even this 
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limited band can provide important constraints on the local S-wave 

structure. 

The use of the Rayleigh waves in the period range 10 - 30 sec is 

severely complicated by the effects of multipathing. Unless the 

inherent effects of this interference can be removed, the da ta are most 

often unusable. Capon (1970) has introduced a high- resolution fre­

quency wave- number method for handling the problem. This technique 

requires "approximately one hour . .. (of) ... IBH 360/65" computer time 

for the analysis of about four periods from one event. Hi thin this 

study we present a somewhat simpler, and hence less expensive, tech­

nique for separating Rayleigh waves that have traveled along multiple 

paths. The method relies on a careful windmving of the recorded 

Rayleigh wave . The windmv characteristics are chosen by first narro,v 

band- pass filtering the records and then processing distinct peaks in 

the amplitude envelope that propagate uniformly across the array. The 

technique is unable to unambiguously separate t,vo arrivals of the 

same period that arrive simul taneously at the array from two distinct 

paths. This occurrence is manifest in the analysis by large error bars 

in the estimated azimuth and phase velocity . However, if the phase 

velocity were known in advance, good estimates of the azimuths of 

the two interferring groups could be estimated. Fortunately, at any 

particular period, multiple arrivals usually are separated in time by 

several multiples of that period. 

The method of using phase velocity as determined from a local 

array for the investigation of local structure was discussed and used 

by Press (1956) and Alexander (1963). In these studies three stations 
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and the crest and trough method were employed to define both the 

azimuth and the phase velocity. The r esul ting data were compared with 

a set of standard curves of phase velocity vs . crustal thickness . 

From this relatively simple analysis, good estimates of crustal 

thickness for various sub-regions of southern Cali fo rnia were obtained. 

In the present study, we u tiliz e data f rom 4 to 7 stations, const r a in 

the crustal thickness from previous P-wave studies, and then derive 

regional S-wave models. The r esolution of this technique is con­

trolled by both the available Rayleigh wave period range and th e 

physical dimensions of the array. In future studies, with instru~en­

tation designed fo r this task and with array dimensions of about 30 

km, the resolution of local crustal structure will substantially 

surpass that which i s current ly available from crustal ref r action 

studies. The method has the additional advantage of being applicable 

to structures with velocity reversals. 
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DATA ANALYSIS 

The fundamental problem in utilizing short-period Rayleigh waves 

results from multipathing . In the frequency domain, th is interference 

produces scalloping of the amplitude spectrum . The periodicity of the 

scallops is controlled by the time separation of the multiple arrivals. 

The ampli tude spectrum suggested to us tha t a signal processing 

technique could possibly make use of this periodicity in order to 

separate the interfering arrivals. Good separation of interfering 

Rayleigh waves from multiple, closely spaced events has been achieved 

with the complex cepstrum technique (Oppenheim and Schafer, 1975; Tsai, 

1972). Although this method is most effective \.hen the interfering 

signals have the same wave shape, tests with chirped sinusoids with 

slightly different dispersion were quite promising (Linville, 1971). 

Simple linear filtering of the cepstrum reproduced both input records. 

However, tests with real data were rather disappointing. The failure 

of this technique can be attributed to at least two problems: 1) For 

the events studied (H > 7.0), short period Rayleigh waves arrived at 
s 

the stations for about one hour . Clearly the later phases represent 

energy that has traversed paths differing substantially from the initial 

arrivals. These later phases strongly violate the assumption of an 

approximately stable waveform. Truncation of the data is required, but 

the location and the manner of this truncation are quite ambiguous. 

If the truncation is done incorrectly, spurious energy is convolved 

with that portion of the record \.hich is of most interest. 2) Although 

th e linear filtering of the complex cepstrum for the synthetic data 

was rather obvious and could have been automat ed, filtering of the 
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real data verged on an art form. Because of these complications we 

have abandoned the technique for the present problem . 

Our present approach for identifying and separating multipl e 

arrivals relies on narrow band filtering of the data . Figure 4.1, 

lower left, shows a good example of the original Rayleigh waves 

recorded by six stations. The records on the lower right show the 

same data after processing with a narrow band- pass, zero phase shift 

filter centered at a period of 25 sec . The second arrival, marked "B", 

is clearly visible. The window loca tion for processing the original 

data is selected by band- pass filtering the data with filters that 

span the range of observable periods and are spaced by about 4 sec. 

The dashed lines in Figure 4.1, labeled "B", indicate a fairly typical 

windO\J selection. As the determination of the phase velocity uses 

the Fourier transform of the windowed da ta, the shape of the window is 

also of some interest . Figure 4.2 shows a suite of phase velocity 

curves derived from data selected in a manner identical to that shown 

in Figure 4.1. Before processing, the ampl itude of the front and back 

portions of the record are smoothly decreased to zero by multiplying 

by a cosine term. The percentages shown on the curves of Figure 4.2 

indicate the portion of the processed record modified by the window. 

The vertical lines indicate the range of expected energy as determined 

from the previous narrO\v bandpass filtering. lnthin the range of 

expect ed energy, the derived phase velocity is rela tively insensi tive 

to the windO\J . Outside of this range, the window has the effect of 

smoothing the data . For this study, the phase velocity curves have 

been constructed in sections by overla pping windows. All selected 
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duration of the record sections is 12 min. 
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Figure 4.2 The averaging effect of the cosine t aper used to windov 
the data . The percentages shol-lil on the curves indicate t he portion 
of the processed record modified by the windov . The vertical lines 
indicate the range of expec t ed energy as determined from the previous 
narrOl" band-pass fil tering . 
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data have been smoothed \~i th a 100% cosine taper. Figure 4.1 shows a 

fairly typical example of the phase velocity curves derived by this 

overlap processing technique. The phase velocity curves presented 

later represent maximum likelihood estimates constructed from over­

lapping determinations. 

The phase velocity curves are obtained by first Fourier trans­

forming the windowed data. The phase data that result from this 

transform are simply related to the phase velocity of the propagating 

Rayleigh wave. The derived phase angles range between 0 and 2Tf. For 

the general case of an array several wavelengths in dimension, an 

appropriate multiple of 2Tf must be added to the phase angles to 

restore the true absolute angles. The expected phase difference 

bet\veen tlvO stations separated by D km (measured along the .Iave path), 

for a wave with period T and phase velocity C, is 2Tf (D/CT). For a 

wide range of C, such as 3 . 7± 0.4 km/sec, and an average station 

spacing of about one wavelength or less, the appropriate number of 

multiples of 2Tf are easily r estored to the phase data . Finally, the 

phase velocity across t he array and the azimuth of approach at each 

frequency step are simple functions of the strike and dip of the 

plane fit by least squares to the phase angles from all of the 

stations (Press, 1956, Aki, 1961) . By using more than three stations, 

the regression also provides error estimates on the phase velocity 

and azimuth. He typically use from 4 to 7 stations in the analysis . 

Figure 4.1 lists the derived incidence angles for the windowed 

data. It is interesting to note that at the same period, T = 22 sec, 

the incidence paths for the three distinct \vindolvs are all rotated 
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counterclockwise from the great circle path . For the first arrival, 

"A" h ... f 60 , t e rotat1on 1S 1n excess 0 1 • These large variations in 

incidence angles pose a minor problem in regard to the restoration of 

the 2~ multiples to the phase. If the phase is incorrectly restored, 

the phase velocities and azimuths typically shmv erratic behavior 

between adjacent periods. He have found that a simple search over a 

range of azimuths, each separated by about 150, rapidly recovers the 

true phase. 

Figure 4.3 illustrates the systematic variation in the observed 

incidence angles for events around the Pacifi~ . The dark lines 

represent the great circle azimuths and the light the derived azimuths 

for the period T = 20 sec. The systematic counterclockwise deflection 

is largely controlled by refraction at the continental shelf. The 

upper part of Figure 4.3 plots the calculated phase velocity \vi thin 

the Pacific plate as a function of incidence angle at the Patton 

escarpment . At large incidence angles the calculated velocity is 

similar to the measured velocity of 4.0 km/sec (Kausel and others, 

1974; Forsyth, 1975). This suggests that the initial Rayleigh waves 

detected in southern California traverse the northern Pacific along 

the great circle path. The calculated high phase velocities for the 

small incidence angles indicate that energy crossing the south Pacific 

deviates from the great circle path by several degrees . 

The phase velocity curves f rom the seven teleseisms are plotted in 

Figure 4.4. The inset map shmvs the station distribution and the 

measured incident azimuths . The average probable error, weighted by 

the inverse of the standard deviations of the individual determinations, 
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Figure 4.3 The systematic counterclock\~ise rotation of the incidence 
azimuth for earthquakes located around the Pacific. The incidence 
azimuths were determined from the data recorded by the array sholm 
in Figure 4 . 4 . If the deflection is entirely controlled by the 
continental shelf, the calculated phase velocity for the oceani c 
crust, T = 20 sec, computed from the observed phase velocity, azimuth 
and expected incidence azimuth at the shelf, should be 4.0 km/sec . 
The deviation from this value for waves crossing the south Pacific 
suggests a deviation from the great circl e path. 
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is approximately 0.05 km/sec. For an array with smaller physical 

dimensions, the assumption of lateral homogeneity should be improved 

and the scatter in the velocity curves significantly reduced. The 

phase velocity data used in the inversion described b elm .. were calcu­

lated from an average of th e individual curves, weighted by the inverse 

of the standard deviations. Data for the inversion were then sampled 

at a period spacing of 2 sec . For the present study t hese phase 

v eloci ties provide a good cons traint on the regional average S-,vave 

velocities. 

The phase velocity curves are inverted with a damped generalized 

inverse technique (e.g., Franklin, 1970; lViggins, 1972). We assume 

the data and the model are related by: 

AN D (4.1) 

where Nand D are vectors representing, respectively, the des i red 

perturbation to the starting model and the difference betIVeen the real 

and the model data. A is the matrix of partial derivatives that maps 

N into D. The model is then calculated using: 

N (4.2) 

The range of r extends from 0 to 1. This variable controls t he 

stability of the solution . Clearly, as r tends to zero, the solution 

moves smoothly to the undamped invers e . The matrix V is the data 

variance matrix . The diagonal elements are the variance of each 

determination of the phase vel ocity . The off-diagonal terms describe 

the covariance b et,yeen diff eren t frequencies. Because of the ,dndow 
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characteristics used in the data processing, the covariance terms are 

not all zero. HOI.ever, the covariance bet\veen periods at opposi te 

ends of the frequency band is near zero. He therefore have tapered 

the covariance matrix with a Gaussian func tion to approximate the data 

smoothing inherent in the processing. Finally , the average kernel 

for layer i is given by: 

F. 
1 

where E. is the unit vector in the ith direction. The averaging 
1 

kernel describes the resolution of the derived model . 

(4.3) 

The geographical region shown in Figure 4.4 is essentially the 

same as that previously discussed in Chapter 2. For the inversion of 

the data shown in Figure 4.4, the starting model was modified from 

the earlier study. The 6 km thick upper layer was divided into a 

1 km low velocity surface layer, V ~ 3.5 km/sec, and a second layer 
p 

with V ~ 5.5 km/se c . The 21 km thick, V ~ 6.3 km/sec l ayer was 
p p 

subdivided into four layers. The rest of the model \.as unchanged. 

The S- wave velocity for the starting model was calculated from the 

P-wave model with the assumption of Poisson ' s ratio of 0.25. 

An examination of the layer partials in the A matrix indicates 

that except for the shallOlv crustal layers the S- wave partials are 

several times larger than those for P-waves. This means th at pertur-

bations to the model occur primarily in the S-wave structure . Because 

of this insensitivity to P-wave structure, \ve have inverted the phase 

velocity data with several different P-wave starting models. The 

range of P- wave models employed in the inversion actually extend beyond 
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Figure 4 . 4 Phase velocity dispersion curves for the Nojave r egion, 
the sta tions used, azimuth of approa ch for the seven even t s analyzed, 
and the S-wave crustal model derived from the inversion of the dis­
persion curves . The bounds on the model are maximum and minimum 
models derived from a \~ide range vf starting models . A mid-crust 
1 0lv velocity zone is suggest ed by all inversions ; hOl,Tever, the 
r esolution is not sufficient t o require thi s f ea ture . The averaging 
kernal fo r layer 5 is inset \~ith the model . The broken curve repre­
sents t he weigh ted average of the phase veloci t y data . 
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the limits imposed by the quarry blast travel-time data. The velocity 

limits shown in Figure 4.4 bound all S-wave models that resulted from 

the various inversions. The averaging kernels indicate that the 

derived layer velocities actually represent \veighted averages of the 

adjacent model layers, the weighting function being the averaging 

kernel. The combination of the P-wave data from the quarry blasts and 

the phase velocity data requires a model at least as complex as that 

show~ in Figure 4.4. 

Through all the inversions an average high velocity layer was 

required at the base of the crust, V = 4 . 1 km/sec. This result is s 

similar to that derived from the previous P-wave velocity studies for 

this region, but not dependent upon them. The Hoho reflection, PMP, 

was observed to reach critical at a distance, fi , of 90 to 98 km . 
c 

Combined with good data for the upper crust and the P velocity of 
n 

7.8 km/sec, the observed fi required a high velocity layer at the 
c 

base of the crust (Chapter 2). 

The inversion of the phase velocity data suggested an additional 

i nteresting complication . All S-lYave models, originating from rather 

diverse starting models, have a mid-crustal, layer 5, 101Y velocity 

zone . The velocity contrast betlYeen layer 3, typically the fastest 

overlying layer, and layer 5, ranges from . 1 to 3%. The depth to this 

possible velocity reversal is similar to the thickness of the seismic 

zone IYithin southern California. These results are very similar to 

those of Keller and others (1975) and Bache and others (1978) for 

profiles in the adjacent Basin and Range province. Unfortunately, 

the limited frequency band of the phase velocity data does not provide 
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sufficient information to resolve this feature . The r esolution and 

possible lat eral variation of a crustal low velocity zone, and its 

influence, if any, on the depth of the seismic zone ,,,ithin southern 

California, will require studies that employ small, dense arrays of 

broad-band instruments . 

The previously discussed, averaged model for the southern Hojave 

and the central and eastern Transverse Ranges has been a useful model 

for location and focal mechanism studies of earthquakes recorded by 

the regional array. A similar, average model appears useful for 

ongoing studies within the Peninsular Ranges of southern California . 

Toward this goal, we have collected travel time data from several 

natural and artificial sources, determined the Rayleigh wave phase 

velocity curves as discussed above, and surveyed previous geophysical 

studies of the province . The first and most obvious conclusion of 

this study is that most physical parameters of the province have large 

lateral variations. An east- west profil e of the depth to the Hoho 

through the latitude of the Salton Sea ,,,ould show a crustal thickness 

of 20-25 km in the adjacent continental borderlands (Shor, 1956), a 

relatively smooth increase to 30-35 km beneath the center of the range, 

and a rapid decrease to possibly less than 20 km beneath the Sa lton 

Sea. The P-wave velocities in gen eral show similar variations . The 

shallow upper crust varies from 5.8 km/sec in the north to 6.4 km/sec 

(Simons, 1977) in the south . The east-west lat eral changes are equally 

seve r e , with velocities increasing to the west . The details of the 

multiple profiles crossing this province and of othe r profiles within 

southern Califo rnia are discussed in Chapter 3 . A simple, regionally 
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averaged model based on t he compilation of these profiles is presen t ed 

in Figure 4 . 5. The velocity profile presented by Shor and Raitt (1956) 

for the north-central portion of the province is sho(vn for comparison. 

The sl i ghtly higher velocities are the r esult of the southern high 

velocity crust . 

He have a tt empt ed to derive an average Rayleigh tvave phase 

velocity curve for the province, period range of 14 t o 26 sec. The 

available stations are shown in Figure 4 . 6. The station distribution, 

the lateral heterogeneity and the timing resolution prevent t he 

u t ilization of the t e l eseisms that arrive at an incidence angle normal 

to the nortlll .. est structural grain of the province. Unfortunately this 

.means that surface ( .. aves appropriate for studying the province propa­

gate along paths parallel to the continental shelf . The resulting 

records are severely multipathed and difficult to use . 

Figure 4 . 6 shm .. s the s t ation distribution, incidence az i muths 

and phase curves derived from fou r teleseisms. Because of the 

unfavorable geometry of the array and the la t eral heterogeneity , the 

probable error for the weighted average phase velocity curve is 0.08 

km/sec . The inversion of the phase velocity data, s t arting from a 

range of P- wave models as discussed above, results in a fairly simple 

r egionally averaged S·-t .. ave model, Figure 4 . 6 As in the Hojave region, 

the various inversions suggested a mid- crustal S-tvave 1m .. vel ocity 

zone . Hm,ever, within the uncertain t y in the data, the phase veloci­

ties can be matched tvithout th is feat ure. Unlike that from the Nojave, 

these data do not require a thin, high velocity, 4.1 km/sec layer or 

transition zone at the base of the crust. 
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Figure 4 . 5 Regionally averaged P-\vave model for the Peninsular 
Ranges north of the international border . The model of Shor and 
Raitt (1956) for the northern portion of the province is shOlm 
for comparison . The slightly higher velocities in the average 
model reflect contributions from the sou th ern high velocity crust . 
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Figure 4.6 Phase velocity dispersion curves for th e Peninsular 
Ranges, the stations used, azimuth of approach for four events 
analyzed, and the S-wave crustal model derived from the inversion 
of the dispersion curves. The bounds on the model are maximum 
and minimum models derived from a ,~id e range of starting models . 
The broken curve represents the weighted aver age of the phase 
velocity da ta . 
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The P-wave models for the mid and upper crust for the Hojave and 

the Peninsular Ranges are quite distinct, in contras t to the S-'vave 

models, which are all remarkably similar. This regional variation in 

the ratio V /V requires a major change in lithology between the t,vo 
p s 

provinces . The P-wave upper crustal velocitie s in the Mojave, 6.1 

to 6.3 km/ sec, are comparable 'vi th those from ultrasonic laboratory 

measurements on granites, Table 4 .1 . The average P-wave velocities 

within the Peninsular Ranges, 6.5 to 6.7 km/sec, are indicative of 

more mafic rocks such as gabbro and diorite. This is consistent with 

the knmm surface geology. The Mojave region contains many plutons 

of quartz monzonite. Plutons within the Peninsular Ranges grade 

from granodiorite to gabbro . Additional support for the continuation 

of the surface geology to the mid and lower crust is provided by 

Poisson's ratio, which is sensitive to composition of the crustal 

rocks . Table 4.2 shows values of Poisson's ratio derived from both 

the P- and S-wave v elocities for several depths . A comparison of 

these values with measured ratios, Table 4 . 2, is consistent with major 

crustal compositional differences between the two provinces . The 

observed Poisson's ratio requires a mafic crust for the Peninsular 

Ranges and a more quartz - rich crust for the southern Hojave and the 

central Transverse Ranges . 
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Table 4 . 2. Poisson ' s r a tio for the southern Hojave and Peninsular 

Ranges . 

Depth 

5 

10 

28 

35 

Peninsular Ranges 

. 287 ± . 024 

.295 ± . 028 

.280 ± .028 

.269 ± . 020 

Mojave 

.244 ± . 03 1 

.246 ± .0 27 

. 220 ± . 040 

.251 ± .025 
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CONCLUSIONS AND RESULTS 

1) Narrow band filtering can identify multiple Rayleigh wave 

arrivals from teleseisms. Careful windowing of the da ta, from four 

or more stations, can provide good estimates of the phase velocity, 

the incidence azimuth and the respec t ive error estimates. 

2) Incidence azimuths for the first arrival, T = 20 sec, for 

events located in the wes tern Pacific, are systematically rotated 

counterclockwise from the great circle path. A large part of the 

rotation results from refraction at the continental margin. After 

correcting for the r ef raction, the incidence azimuths for Rayleigh 

waves crossing the south Pacific deviate from the great circle path 

a 
by a few degrees (1 - 4 ). 

3) Fundamental mode Rayleigh wave pha se velocity curves, T = 14 

to 28 sec, have been measured for both the southern Hojave-central 

Transverse Ranges and the Peninsular Ranges. 

4) The phase velocity data have been inverted with a damped 

generalized inverse. The P-wave starting models span and extend 

slightly beyond the limits imposed by quarry blast data. The resulting 

range of S-wave models, Figures 4.4 and 4.6, represents the simplest 

models consistent with the data. All inversions suggest a mid-crustal 

low velocity zone that is comparable in depth with the bottom of th e 

seismic zone. HOI.ever, the accuracy of the present da ta does not 

require this feature. 

5) The P-wave velocities determined from natural and artificial 

sources, and Poisson's ratio derived from both the P- and S-wave 

velocities, Table 4.2, require a quartz-rich crust within the southern 
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Noj ave- central Transverse Ranges and a mafic crust \~ithin the Peninsular 

Ranges . Both observations are consistent wi t h the surface geology . 
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CHAPTER 5 

Seismic Structure of the Upper Nant1e Beneath 

Southern California: Implications for Plate Tectonics 
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ABSTRACT 

Travel-time data obtained from both natural and artificial events 

occurring in southern California indicate a major, lateral crustal 

transition within the Transverse Range Province . The eastern crust is 

very similar to the adjacent Mojave region, where a crustal velocity 

of 6.2 km/sec is typically observed . The western r anges are dominated 

by an extensive 6.7 km/ sec layer. P velocity beneath the western 
n 

Mojave, Transverse Ranges and northern Peninsular Ranges is 7.8 km/sec. 

The crustal thickness of these provinces is 30-35 km. The Transverse 

Ranges do not have a distinct crustal root . Unlike other provinces 

within southern California, the Transverse Ranges are underlain at a 

depth of about 40 km by a refractor with a P-velocity of 8 . 3 km/sec. 

P-delays from a vertically incident, well-recorded teleseism suggest 

that this velocity anomaly extends to a depth of 100 km. These data 

indicate that this high velocity, ridge-like structure is coincident 

with much of the areal extent of the geomorphic Transverse Ranges and 

is not offset by the San Andreas fault. Four hypotheses are advanced 

to explain t he continuity of this feature across the plate boundary: 

1) Dynamic phase change, 2) A coincidental alignment of crust or 

mantle anomalies, 3) The lithosphere is restricted to the crust , 

4) The plate boundary at depth is displaced from the San Andreas 

fault at the surface. Within the context of the last model, we suggest 

the plate boundary at depth is at the eastern end of the velo city 

anomaly, in the vicinity of the active Helendale-Lenwood- Camprock 

faults . The regionally observed 7.8 km/sec layer is suggested as a 

zone of decoupling necessary to accommodate the horizontal shear that 
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results from the divergence of the crust and upper mantle plate 

boundaries. He suggest that the geomorphic Transverse Ranges may be, 

in part, the result of coupling between the crust and upper mantle 

which is suggested by the locally thin 7.8 km/sec layer. 
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INTRODUCTION 

The Transverse Ranges have long been an enigma in both the seismo­

logical and the geological understanding of the structure of southern 

California . These east-west trending ranges clearly transverse the 

tectonic grain not only of southern California, but also of the entire 

east Pacific coast from the Andes to the Aleutians. Passing obliquely 

between the San Gabriel and San Bernardino Hountain Ranges and yet 

not significantly offset ting the east-\~est topography is the active 

San Andreas faul t sys tern \~i th a horizon tal dislocation of 250 km 

(Crowell, 1973). 

The present styl e of faulting within this area is predominan tly 

east-west, left lateral, strike slip and thrust faulting as typified 

by the San Fernando and Point Hugu earthquakes (Division of Geological 

and Planetary Sciences, Caltech, 1971, Ells\,Torth, et al., 1973) . 

However, the structural geology of the region is extremely complex . 

The Transverse Ranges east of Cajon Pass are bound on the south by 

the Banning fault system (Allen, 1957), where crystalline rocks are 

thrust to the south over very young gravels. North of the Banning 

system, in the region of Lucerne Valley, Figure 5 . 1, crystalline and 

metamorphic rocks are thrust to the north over young alluvium (Dibblee, 

1964). Passing through and associated with these tHO systems is the 

San Andreas fault system . Thrust faulting in the western Transverse 

Ranges is similar to that in the eastern Ranges . Crys talline rocks 

again are thrust south over valley alluvium (Ivent,,,orth, et aI., 1971). 

HOY-fever the general style of tectonic deforma tion is some\"ha t different 

from that ,,,i thin th e eastern portions of the range . .Large, deep , 
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actively subsiding basins such as the Ventura - Santa Barbara channel 

and the Los Angeles basin (Vedder, et al ., 1969; Yerkes et al. , 1965) 

suggest a mode of vertical tectonics with great upli ft and subsidence 

occurring wi thin the same geologic province. In apparent conflict ~</i th 

th is mode of vertical deformation within t he Transverse Ranges is the 

available gravity data (NcCulloh , 1960). A warp in the Hoho corre­

sponding to the 10 km subsidence \</ithin the Los Angeles basin and 

the great uplift within the San Gab riel mountains is not indicated by 

the Bouguer gravity data. Instead the data suggest a gentle thinning 

of the crust to\</ards the offshore borderlands and an essentially uni­

form crustal thickness beneath the Transverse Ranges (Biehler, personal 

communication). 

Although many investigators have used extensive seismic data in 

the past to discern crustal st r ucture within southern California, 

i.e.: Gutenberg (1944, 1951, 1952, 1955) , Richter (1950), Shor(l955), 

Press (1956, 1960), Roller and Healy (l963), Kanamori and Hadley (l975), 

the grea t number of seismic stat ions necessary to delinea t e structure 

within a single province is onl y recen t ly available . 
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DATA 

The southern California array operated by the California Ins titute 

of Technology since th e early thirties has experienced of late a nearly 

exponential grOlvth . The few critical stations initially installed 

lVere increased several fold in the early sixties . Nore recently, in 

cooperation ~vith the U. S. Geological Survey, the number of stations 

has b een increased to approximately 120. Nost of these stations are 

within the Transverse Ranges, the eastern Nojave and the Imperial 

Vall ey . 

The present study was initia lly motivated by the need to inter-

relate many seismic refraction profiles from different provinces of 

southern Cali fornia (Chapter 3). Recent t es ting at the Nevada Test 

Site (NTS) provided an ideal source for three distinct seismic 

refraction profiles that extend to Santa Nonica, Corona, and Eagl e 

Nountain , Figure 5.1. An upper crustal velocity of 6 . 2 km/sec \Vas 

observed between the distances of 40 and 150 km. Consistent ~~th the 

northeast trending, reversed refraction profile of Roller and Heal y 

(1963), an intermediate crustal branch ~vith a velocity of 6.7-7.0 

km/sec was not observed as a first arrival. P velocities apDear to n . 

increase from 7.8 km/sec for the western profile to about 8.0 km/sec 

for the eastern. The crustal thickness of about 32 km derived from 

these profiles is similar to that derived in earlier work (Kanamori 

and Hadley, 1975). A Corona quarry blast in J anuary , 1975, ~"as used 

to reverse t he center profile . This reversed profile indicates tha t 

the Noho is essentially flat. Furthermore, even though the profile 

passed obliquely through the Transverse Ranges, the t ravel-time curves 
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are iden tical. If the Ranges have a significant crus tal root s truc ture, 

then some shift in the reversed travel-time curve should have been 

observed. A minimum thickness of the 7.8 km/seclayer is estimated to 

be about 20 km from the large distance over ,,,hich this branch is 

observed. 

The same Corona shot was used to establish travel-time curves 

north,,,es t to the Carrizo Plain, eas t across the northern end of the 

Salton Trough and southeast down the Peninsul ar Ranges, Figure 5.1. 

P data obtained from these profiles are consistent ,~ith the earlier 
n 

interpretation of Kanamori and Hadley,(975): the western Nojave, 

central Transverse Ranges and northern Peninsular Ranges are underlain 

by a relatively uniform 7.8 km/sec layer . Crustal velocities and 

crossover distances are 6.2 km/sec and 155 km for the Carrizo Plain 

and 6.2 km/sec and 130 km for the northern end of the Salton Trough. 

Unlike those obtained for other profiles to date, a crustal velocity 

of 6.7 km/sec was obtained for the profile do,VTI the Peninsular Ranges. 

The crossover to P is 165 km. Finally, a small blast located just 
n 

south of the Salton Sea was detonated to calibrate t he Imperial Valley 

array. P velocity along a composite profile striking approximately 
n 

N30\~ was 7.8 km/ sec, crus tal veloci ty was 6.2 km/ sec and the crossover 

distance was 100 km. The details of these results are discussed in 

Chapter 3. 

The uniform 7.8 km/sec P velocity observed over much of southern 
n 

California is similar to that typically observed for the tectonically 

active Basin and Range Province (Pakiser, 1963, Pakiser and Hill, 1963, 

Keller et al., 1975). The i nversion of both Rayleigh wave ( Bis,,,as 
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and Knopoff, 1974) and body I~ave (Archambeau et al., 1969) data for the 

Basin and Range indicates that the relatively low P velocity extends 
n 

to depths of at least 150 km. This zone is interpreted as the low 

velocity zone (LVZ). The base of the crust is viewed as the top of the 

LVZ. The inferred minimum thickness of 20 km for the uppermost layer 

of the mantle and the low velocity of 7.8 km/sec suggest, by analogy, 

that much of the crust of southern California is riding directly upon 

the LVZ. 

In attempting to relate differing crustal thicknesses and velocity 

profiles derived from these data, an impulsive, distant teleseism 

was studied . The initial hope was to map the changing crustal sections 

by observing subtle changes in the observe P-delay times throughout 

southern California. The teleseism chosen for this purpose was a deep 

earthquake occurring within the Java Trench. The U.S. Geological 

o 0 
Survey hypocentral data are : 7.5 S, 119.9 E, depth = 620 km, origin 

time = 5:45:30 . 7 G~IT, January 23, 1976, ~ 6.4. The source station 

.. . 1 1200 . separat10n 1S approx1mate y At this distance the direct P-wave 

is not well observed, owing to the shadow zone of the earth's core. 

However, a particularly strong PKP phase, emerging through the crust 

at an incidence angle of 40 , was well recorded . The curvature of 

the wavefront for this phase is ex tremely slight, dt/d~ is constant, 

and the relative theoretical arrival times at all southern California 

stations are easily computed. All stations used recorded on 16 mm 

film that is viewed at a scale of 1 sec/cm . All P- arrival t imes l.rere 

read twice and the average time used . Fifty msec was typical of the 

difference betl.reen the two readings . 
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The theoretical travel times from the source t o the stations were 

calculated by interpolating the Jeffreys-Bullen (J-B) tables over the 

appropria t e depth and distance range. A simple correction for th e 

earth's ellipticity vias calcula ted, although over the area of southern 

California the relative varia tion of this correction is neg l igible . 

Finally, a height correction was introduced to reduce all stations to a 

common elevation, sea level. This correction \.as simply the height 

of the station divided by the average velocity of the uppermost layer 

of the erus t, 5.0 km/sec. In the worst case, for the highest station, 

if the velocity is locally as 1m. as 3 km/sec, then this correction is 

too small by 0.3 sec. Hore typica lly, the height correction i s probably 

in error by less than about 0 . 1 sec. Hence the average error of the 

relative arrival times across southern California, incorpor ating both 

uncertainties in the height correc tion and reading errors, is of the 

order of 0.1 sec for low elevation stations and 0.2 sec for the few 

stations with large height corrections. Table 5.1 lists the stations, 

distances, arrival times, calculated J-B times, height corrections 

and final P-delay residuals. Travel-time corrections for stations in 

the Los Angeles basin situated on deep accumulations of sediments 

wer e made on the basis of past refraction data. Similar corrections 

for the suite of stations north of the Santa Barbara channel have not 

been included, as our present seismic data do not provide a good 

es timate of these delays. HOI.ever, from geologic considerations, these 

stations are probably delayed by 0.1 to 0.3 sec. 

The consistency of the observed residuals, Figure 5 . 2 , attests to 

the quality of both the t iming system and the impulsive, unambiguous 



-117-
TABLE 5.1 Observed PKP Ar riva l Times, Epicentra1 Distances, Jeffreys- Bullen 

Calculated Travel Times, Station Corrections for Elevation and 
Sediments and Final P-Delay Times . 

Event : Date: January 23, 1976 
Origin Time : 5 : 45 : 30.7 CHT 
Location: ° 7.5 OS 119.9 E, 
Depth: 620 km 

Station /), (DEC) T(6 : 03) TJB T
HTCR TSED TFINAL 

CKC 121. 296 17.02 15 . 08 0.11 1.83 
l-IDA 121. 488 17.67 15 . 45 0.17 2 . 07 
RAY 121. 613 18.12 15.69 0.47 1.96 
\-lIVR 121. 748 18 . 12 15 . 94 0 . 14 2.04 
VCR 121. 660 18.17 15.78 0 .3 2.09 
DB2 121.478 17 . 42 15.43 0 .12 1.87 
PSP 121. 881 18.16 16 . 20 0 . 04 1.92 
KEE 121. 832 18.39 16 . 11 0.27 2. 01 
CHM 123.284 21. 32 18. 87 0.19 2.26 
TTI1 123.136 21. 30 18 . 58 0 . 22 2 . 50 
WH2 123.476 21.66 19.26 0.25 2.15 
BPK 123.685 21.98 19 . 68 0.10 2.20 
RVS 123.461 21. 69 19 . 24 0.14 2.31 
LTI1 123 . 169 20.91 18 . 66 0.15 2. 10 
Bl1l1 123.477 21. 56 19. 28 0 . 11 2.17 
LCA 123 . 798 22.17 19.94 0.01 2.22 
FTM 123.97 8 22.49 20 . 31 0.05 2 . 13 
TIID 123. 805 22 . 41 19.96 0.02 2.43 
COT 122.966 20 . 41 18. 26 0.0 2.15 
OBB 122.767 20.45 1 7.89 0.0 2.56 
SUP 122 . 664 20.11 17.70 0.0 2.41 
SCL 122.814 20.21 17.99 0.00 2.22 
INC 123 . 076 20.96 18 . 49 0 . 0 2.4 7 
SNR 123.002 21. 27 18. 35 0 . 0 2 . 92 
COA 123.258 2l . 51 18 . 86 0.0 2.65 
THR 120 . 764 16.11 14.04 0. 21 1.86 
BLU 120 . 792 16.44 14.09 0.38 1.97 
ADL 121.006 16.73 14 . 51 0.18 0 . 40 1.64 
SDW 121.269 16.91 15. 01 0. 24 1. 66 
SIL 121. 529 17. 72 15.52 0.35 1.85 
SSK 120 . 863 16.19 14.24 0.35 1.60 
SSV 121. 024 16 . 45 14 . 56 0.32 1.57 
SYP 118. 947 13 . 01 10.50 0.26 2.25 
ISA 119.912 14.32 12.32 0 . 17 1. 83 
CLC 120.570 15.96 13 . 62 0.15 2.19 
esc 121 .320 17 . 60 15.10 0 . 20 2.30 
SBB 120. 648 16.12 13. 80 0.17 2.15 
CSP 121.114 16 . 47 14.73 0 .25 1.49 
RVR 121.116 16.61 14 . 84 0. 05 1.72 
PEC 121. 363 17 . 29 15 . 22 0.12 1.95 
TPC 122.212 19.10 16 . 82 0.15 2 . 13 
PLM 121. 726 18. 19 15.92 0 . 34 1.93 
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TABLE 5 . 1 (con tinued) 

Station f', (DEG) T(6:03) TJB THTCR TSED TFINAL 

VST 121. 466 17.46 15 . 43 0 . 02 2.01 
CPE 121. 633 17.88 15.76 0. 04 2.08 
SCI 120.423 15.28 13.39 0.04 1.85 
IKP 122.499 19.95 17.41 0.19 2.35 
GLA 123.455 21.67 19.25 0.13 2. 29 
RMR 121. 762 18 . 26 15.97 0.34 1.95 
HDG 121. 929 18.48 16 . 28 0.27 1. 93 
CPH 122.081 18.90 16 . 57 0.19 2.14 
INS 122.135 19 . 09 16.68 0 . 34 2.07 
PNM 122.442 19.71 17.26 0 . 23 2.22 
LED 122.215 19.06 16.82 0.17 2. 07 
SHH 122.509 19.75 17 . 38 0.22 2.15 
GRP 122.397 19.98 17.15 0 . 25 2.58 
SPH 122.641 20.38 17.63 0.18 2.57 
PIU 122 . 820 20.59 17.96 0.24 2.39 
IRN 122.894 20.60 18 . 12 0.20 2.28 
CO2 122.842 20.44 18.03 0.05 2.36 
BC2 122.794 20.49 17 . 94 0.24 2.31 
LTC 123.151 20.73 18 . 64 0.09 2 . 00 
SBLP 118 . 598 11.84 9.81 0 . 03 2.00 
SBSH 118.739 12 . 18 10.10 0 . 03 2.05 
SBLC 119.167 13.32 10.92 0.24 2.16 
SBSC 119.332 13.19 11.25 0.09 1.85 
SBSN 119.581 13.79 11. 74 0 . 05 2.0 
SBCD 119.492 13.80 11.55 0 . 04 2.21 
SBLG 119.770 13.68 12 . 09 0 . 08 1.52 
SNS 121.148 17.22 14.81 0 . 04 2 . 37 
SJQ 120.866 16 . 52 14 . 26 0.03 0.40 1. 83 
CIS 120 . 454 15.42 13.44 0.10 1.88 
VPD 120 . 892 16.60 14.31 0 . 04 0.40 1. 85 
TCC 120.649 15.97 13 . 82 0.06 0.34 1. 75 
}l\vC 120.563 15.84 13 . 64 0 . 35 1.85 
PAS 120 . 487 15.50 13.49 0.06 1.95 
SCY 120.267 14 . 79 13.06 0.06 1. 67 
TWL 120 . 117 14.93 12 . 74 0.08 0.40 1.71 
IRC 120.251 14.85 13.01 0.12 1.72 
PYR 119.937 14 . 90 12 . 38 0.25 2.27 
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arrival of this phase . The most striking feature s een in the pattern 

of P-delay s is the very early arrivals recorded throughout most of the 

Transverse Ranges . The three earliest arrivals, stations SSK, SSV, 

and CSP straddle the surface expression of the San Andreas fault and 

arrive 0.7 s e c earlier than GSC, a northern Hojave station . This band 

of advanced arrivals includes the Los Angeles basin and part of the 

Santa Barbara channel. Corrections for sediment delay north of the 

Santa Barbara channel \.,ould probably broaden the band of early arrivals 

to include stations SBCD , SBLC, SYP, and SBLP . A second feature is 

the abrupt transition of delays in the eastern Hojave. Delays range 

from 2.07 to 2.15 sec at LED and SHH to 2.57 and 2.58 sec for SPH and 

GRP respectively. Another region of large delays is within the 

Imperial Valley. The relative P-arrivals for stations \"i thin the 

valley, not corrected for the low-velocity sediments, are 2.5 to 2.9 

sec, \o}hereas stations on bedrock and on the periphery of the valley 

are about 2.3 sec. 

The variation in P-delay residuals \o}ithin southern California is 

greater than one second. However, the delay from varying crustal 

structures was expected to be about 0.2 sec . As a large contribution 

to this variation is associated with the Tranverse Ranges, additional 

seismic refraction data \'lere collected for paths solely \.,ithin this 

region. T\o}o earthquakes tvith local magnitude of about 4.5 hm!e 

occurred at opposite ends of the Transverse Ranges since the EOSt 

recent augmentation of the array, Figure 5 . 2, Profile A-A. The large 

number of stations that recorded both events provide excellent hypo­

center locations and define s everal branches of the travel time 
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curves, Figure 5.3. Epicentral distances to the s t a tions used to 

locate both events \·,ere les s than 120 km. Hore than 20 stations were 

used for both locations . The crustal velocity model used for the 

hypocentral determinations was quite similar to tha t shown at point 

A', Figure 5.3. The epicentral uncertainty for both events is es timated 

to be less than 1 km. Hmvever, the determined depth for these earth-

quakes is dependent on the crustal velocity model. On the basis of 

previous studies, Chapter 2 and 3, the model used to locate the 

eastern event is probably quite realistic and the hypocentral depth is 

not likely to be seriously in error. The depth of the western event 

is some\vhat less certain. The calculated depth for this event is 

12 km. However, uncertainty in the mod e l suggests 3 km error bars 

on the location. This results in an uncertainty in the crustal model 

de termination, since the source depth, crustal thi ckness and crossover 

distance from P to P all trade off. Given a crossover distance, the g n 

derived crustal thickness and the depth of the event are directly 

related . In the model presented, the event was located as deep as 

possible and the resulting crustal thickness represents a maximum. 

The dissimilarity between the t\vO curves is the result both of differ-

ing source depths and of dip on the top of the 6 . 7 kID/sec layer. The 

solid lines are calculated from the velocity model shm-ffi. Th e 

thickness and velocity of the topmost layer, although not constrained 

by the present data, are very typical of many regions in southern 

California. The eastern end of this structure is similar to that 

derived in Chapter 2. Th e \vestern section has a v e ry thick 6.7 km/sec 

layer. The shallow de pth to this interface and the thickness of this 
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Figure 5.3 Travel- time da ta from u~o magnitude 4 . 5 earthquakes 
Ivhich occurred and Ivere recorded Ivi thin the Transverse Range 
Province. Open circle data points are from stations east of the 
profile. Solid lines are calculated from the inset model. Have­
forms show the relative amplitudes of the initial and secondary 
arrivals. The location of this profile is shown on Figure 5 . 2. 
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unit are consistent Hith the crustal model derived by Stierman and 

EllsHorth (1976), for the Point Nugu region. Although a large 

secondary arrival \~ith an apparent velocity of 7.8 km/sec \~as observed 

in the distance range 230-300 km for the Hestern, deeper event, the 

apparent velocity of the first arrival from both earthquakes was 

8.3 - 8.4 km/ sec. The thicknes s of the 7.8 km/ sec layer is about 8 km, 

and the top of the 8.3 km/sec layer is approximately 40 km. 
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INTERPRETATIONS 

The observed P-delay times recorded both Ivithin and around the 

Transverse Ranges cannot be explained as dif ferences arising from 

dissimilar crustal structure. The expected time difference for a ray 

passing vertically through the eastern or western ranges, or even 

through the Mojave crust, is about 0.1 sec. The remaining travel-time 

advance within this province of about 0.5 sec must then result from 

an upper mantle, high-velocity structure. The observation of a shal l ow, 

high-velocity, 8.3 km/sec structure beneath the Transverse Ranges 

is consistent with t he P-wave advance. The observed velocity difference 

of 0.5 km/sec between the 8 .3 km/sec and the more typical P velocity 
n 

in southern California, 7.8 km/sec, sugges ts that the high-velocity 

structure beneath the region of greatest teleseismic P- \olave advance 

must exist over a vertical distance of abou t 60 km . Figure 5.4 shOlvS 

a north-south profile t hrough the Cajon Pass area, Profile B-B, 

Figure 5.2, based on this interpretation . The lateral extent of this 

high-velocity b ody must coincide with the region of P- wave advance, 

the vertical t hickness or velocity contras t decreasing to zero beneath 

regions r eporting a more intermediate P-delay of about 2.2 s ec . The 

cross-sectional shape of the body is not well constrained by the present 

data. An equally acceptable model is a lens-shaped body. The refrac-

tion data from both NTS and Corona s uggest the 8.3 km/sec body is not 

at a shallOlv depth beneath either the southern Mojave or the 

northern Peninsular Range . This observation precludes a distribution 

of higher velocity material in a form Ivith the upper and lower 

boundaries flat and concave upwards respectively. Extending from 40 
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N Transverse Peninsular 
Ranges 

S 
8' 0 8 Mojave ~ Ranges ~ 

r---------5.5 km/sec-----------! 

25r-______________ __ 
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km 

8 .3 ? 

50 km 

Figure 5 . 4 Nor t h- south cross- section through t he Tr ansve r se Ranges 
i n t he vicinity of Cajon Pass . Seismic sections for t he crust from 
the Mojave, Transverse Ranges and Peninsular Ranges have b een smoothly 
connec t ed in constructing this model. The thickness of t he high­
velocity uppe r mant l e anomaly is constrained by the vertical travel­
time of a \vell recorded PKP phase . 
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to 100 km in depth at the pOint of greatest thickness, this body 

forms a high-velocity ridge beneath much of the area of the Transverse 

Ranges. 

An alternative contouring of the vertically incident P- delay 

data in the region bounded by stations SBB, PYR, ISA and GSC would 

extend the high velocity upper mantle anomaly as far north as ISA. 

However, the teleseismic data of Raikes (1975), indicates that arrivals 

from the northeast at PYR, northwest at SBB and southeast at ISA are 

all delayed relative to other azimuths. This suggests that the upper 

mantle in the PYR- SBB- ISA region is slow compared with the mantle 

southeast of SBB and PYR, as indicated by relatively early arrivals . 

In addition, stations TPC and PEC show early arrivals for northwest 

azimuths. The lateral extent and the travel-time advance of this 

anomaly are consistent with the azimuthal P-delay data presented by 

Raikes (1975). 

The surface expression of the San Andreas fault traverses this 

high- velocity ridge at the pointof greatest inferred thickness, Figure 

5.2. If the San Andreas fault represents the plate boundary between 

the Pacific and the North American plates, then one would normally 

expect to find this feature truncated by the fault. One of several 

hypotheses may explain the observed lateral continuity: 1) The anomaly 

is the result of a phase change that continuously adjusts to maintain 

this feature across the plate boundary, 2) The 'apparent continuity 

is simply the result of a coincidental alignment of crust or upper 

mantle anomalies, 3) The plate or lithosphere is restricted to the 

crust, 4) The plate boundary extends to the upper mantle but is 
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displaced at dep th from the San Andreas fault at the surface. 

Either temperature or pressure could drive the phase change 

(Ringwood , 1975). HOI,ever, changing phases t, ith variable temperature 

appears difficult. An ad hoc mechanism that could alterna tely cool 

and reheat large sections of t he upper mantle in the required geome try 

would be necessary. In addition, the time constant for changing 

temperatures by diffusion in a body with the observed physical dimen­

sions is several million years; this time constant would be t oo long 

to maintain the continui ty of the upper mantle feature which is 

continuously offset by the fault . Although temperature perturbations 

seem inadequate, stress deviations within the upper mantle coul d 

serve to drive the phase change. The lack of earthquakes at depths 

greater than 20 km implies tha t if such a stress deviation exists , 

its magnitude is not large. These arguments s ugges t that maintaining 

the continuity of t he anomaly, a phenomenon that must continually 

readjust as the plates move, via a dynamic phase change driven either 

by the temperature or pressure fields, is unlikely. 

Without additional data on the frequency of occurrence of anomalous 

upper mantle structures elsewhere along the present plate boundary , 

the probability of a coincidental alignment is difficult to evaluate. 

The possibility tha t the anomalous body results from a phase change 

resulting from a relatively long-lived lithostatic load is worthy of 

mention. In this model the mantle anomaly is controlled simply by 

the crust. Indeed, much of the anomaly lies beneath a region of sub­

stantial relief , Figure 5.5. Perhaps the continuity of the anomaly 

across the San Andreas fault is as coincidental as the continuity of 
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Figure 5.5 Relief map and P- delay contours . Note that 
much of the relief associated with the Transverse Ranges, 
including a broad uplift within the south-central Hojave, 
is underlain by the mantle anomaly . · HOIvever, the anomaly 
is present beneath the relatively flat Los Angeles Basin 
and absent beneath adjacent Ht. San Jacinto . This suggests 
the crus t , via a crustal loading , pressure induced phase 
change, is not controlling the anomaly. 
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the geomorphic Transverse Ranges. However, the absence of an anomaly 

beneath Mt. San Jacinto, the second highest peak in southern California 

and adjacent to the anomalous area, and the presence of the anomaly 

beneath the lOw-lying Los Angeles basin, suggests that the lithostatic 

load is not controlling the anomaly. 

The third hypothesis shares an important implication with the 

fourth. The regionally observed 7.8 km/sec P layer, by analogy with n 

the adjacent Basin and Range province as discussed above, suggests the 

low-velocity zone extends up to the base of the crust. If the low-

velocity zone serves as a complete decoupling layer and plate motion 

is confined to the crust, then most of southern California is under-

lain by a major zone of horizontal shear at a depth of approximately 

30-35 km. The San Andreas fault need not extend beyond the Moho; 

most of the southern California crust simply moves over a relatively 

stationary upper mantle. This consequence excludes the possibility 

that the local plate driving force arises from a viscous drag on the 

base of the crust from sympathetic motion in the upper mantle. The 

tractions necessary to move the plate must be applied to the litho-

sphere in regions exterior to southern California. If this is the 

present mechanism, then the concentration of strain release along the 

San Andreas fault, in contrast with the many other faults that could 

participate, is quite remarkable. One might more reasonably expect 

the horizontal shear between the North American·. and the Pacific plates 

to be manifested in a number of faults within the thin lithosphere. 

If the upper mantle participates in the plate motion, then the 

following question arises: ~~ere is the plate boundary at depth? 



-131-

The continuity of the high- velocity ridge suggests that the boundary, 

at depth, is removed either east or west from the San Andreas by at 

least the amount represented by the lateral extent of the early P-wave 

arrivals. As in the third hypothesis, this requires a zone of hori-

zontal shear or decoupling within the upper mantle between the surface 

trace of the plate boundary and that at depth. Unlike the third 

hypothesis, the decoupling is largely limited to the region between 

the boundaries at the surface and at depth. Outside of this area, 

in the general region of the great bend in the San Andreas, minor 

decoupling must also occur in order to acco~odatethevariations in 

slip directions between the crust and upper mantle. The observed 

low P velocity of 7.8 km/sec, substantially lower than P velocities 
n n 

of 8.1 to 8.3 km/sec obtained in tectonically stable regions, suggests 

shear may be occurring within this layer. The structural rifting of 

the Gulf of California (Henyey and Bischoff, 1973) and the Salton 

Trough (Biehler et al., 1964) requires a plate boundary extending at 

least as far north as the Salton Sea. Rather than inferring that 

the plate boundary at depth strikes west from the Imperial Valley to 

the Channel Islands, a trend contrary t o all of the r ecent tectonics, 

we propose the boundary extends northwest along the strike of the 

structural elements of the trough and passes through the eastern end 

of the anomaly in the vicinity of the active Helendale-Lenwood-Camprock 

faults, Figure 5.2. Figure 5.6 is a schematic .representation of the 

proposed model. The plate boundary beneath the Mojave desert is 

probably not a simple planar structure, but rather a broad zone of 

shear. 
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SA N ANDREAS 

Figure 5.6 Block diagram of the proposed divergence of the crust and 
mantle plate boundar i es : Hypothesis 4. The crust and mantle boundaries 
are assumed to be coincident within the Salton Trough. The location 
of the mantle boundary in the Nojave region is inferred from the P-delay 
data to be in the vicinity of the active Helendale-Lemwod-Camprock 
Faults . 
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The present data do not answer the question of the northern con­

tinuation of this proposed plate boundary. The great crustal ex t ension 

seen in the Basin and Range Province must affect the trend of any plate 

boundary \~ithin southern California. HO\~ever the nature of this inter­

action, particularl y at subcrustal depths, is not yet understood. 

The observed thinning of this proposed decoupling layer beneath 

most of the Transverse Ranges sugges t s that this region may result 

simply from greater local coupling between the mantle and the crust 

than occurs elsewhere. The differential motions bet\~een the crust 

and the upper mantle, \~hich mus t occur under southern California if 

the crust and mantle pla te boundaries diverge, would have a profound 

effect upon the crust in this region of greater drag . Within model 4 

the morphologic Transverse Ranges, extending across the San Andreas 

fault, should appear as a constant phenomenon associated with the high 

velocity upper mantle structure and the thin decoupling layer. As 

the Pacific plate moves northwes t, the Ranges should like\vise migrate. 

Fault systems that penetrate only the crust should have only minor 

effects on the geomorphology of the range. The Transverse Ranges 

are vie\~ed as a ripple in the crust that reflects a major upper mantle 

structure . Both great uplift, such as the San Gabriel Hountains and 

relatively minor, recent uplift, such as that at Palmdale (Cas tle, 

et al., 1975), within the Transverse Ranges, may be reconcilable 

with a mode of crustal buckling associated \vith a subcrustal viscous 

drag. 

Ignoring the possibility that th e high-velocity struc tur e r esults 

from a dynamic, recent process, the maximum emplacement age of the 
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anomaly should coincide ,~ith the cessation of subduction, 15-20 my ago 

(Atylater, 1970). If this structure were the remnant of subduc ti on, 

one of t\.10 possible mechanisms might control its history: 1) A 

long lived thermal perturbation or 2) An inherent change in petrology. 

As a rough estimate of the therma l time constants of this body, consider 

a slab 100 Ian thick ,<lith initial temperature T welded between tw'o 
o 

half-spaces. After 10 million years the temperature 10 Ian from the 

boundaries has changed by only 25 percent. Although the anomaly is 

clearly not a slab, the time necessary to alter significantly by 

diffusion the th erma l field of a body with dimensions approaching 100 

km sugges t s that an emplacement t emperature field is relatively stable 

over the time bracket of millions of years. This suggests that if an 

anomalous temperature field were present in the subducted slab, a 

major portion of t ha t field ,,,ould still remain today. If the tempera-

ture field controls a phase change, such as from garnet-granulite to 

eclogite, or from a partial melt to the solidus, then the heat of the 

phase change furth er stabilizes the field. Although a major, localized 

change in upper mantle petrology beneath southern California seems 

unlikely, the phase transition boundary for garnet-granulite to eclo-

gi te can be signif i cantly modified by small variations in chemistry 

(Ringwood , 1975). These considera tions suggest that the anomalous 

mantle structure could result from either an initial thermal field or 

minor petrologic differences. The regionally averaged Bouguer gravity 

data might allm" a distinction bet,,,een these two phase change models . 

Less than one percent melt can r edu ce the P-velocity from 8.3 to 7.8 

km/sec (Anderson and Spetzler, 1970). The associated density change 
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3 
is less than 0.03 g/cm. The minimum density change for an equivalent 

velocity reduction via an eclogite to garnet granulite transi tion is 

0.15 g/cm
3 

(Ringwood, 1975). For the assumption of a buried horizontal 

cylinder with the appropriate physical dimensions, the expected maxi-

mum Bouguer anomaly is 30 and 150 mgal respectively. The available 

data (Biehler, personal communication) suggests the partial melt model 

is preferable. 

Assuming that the anomaly is a relic of subduction, either of 

these two mechanisms implies an inherent, localized variation in the 

sea floor most recently subducted. The most obvious feature on strike 

with and approximately the same width as the anomaly is the Murray 

Fracture Zone, Figure 5.7. South of the Murray scarp--the solid east-

trending line in the left third of Figure 5.7--is a broad zone of 

ridges, troughs and seamounts (Malahoff and Woolard, 1968). The 

juxtaposed normal and reverse magnetized bodies south of the scarp 

were interpreted by Malahoff and \<loollard as resulting from the 

incorporation of new crustal material at different times. The 

magnetic offset around 12s
o

W longitude indicates that about 25 my 

ago the ridge system of the Pacific-Farallon plates ,·laS offset 160 

km (Hason, 1958; Atwater and Menard, 1970; Atwater, 1970). The 

rapid decay of the peak to peak magnetic field intensity from 600 

to 200 gamma as the continental slope is approached, compared with a 

background noise of 50 gamma for any given measurement, hinders 

attempts to estimate the magnitude of the more recent offset. 

McKenzie and Parker (1967), have suggested that the Pacific and American 

plates shared a common pole of rotation during subduction of the 
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w 

Cont inental 
slape 

Figure 5.7 Murray Fracture Zone, magnetic anomalies and the southern 
California P-delay contours. Solid and open rectangles along the 
ship tracks are normal and reversed magnetized bodies inferred t o 
have been emplaced along the fracture zone (Malahoff and Woollard, 
1968) . Crosshatched anomalies are magnetized in the normal direction. 
Offset at 1250 W longitude is 160 km (Mason, 1958). 
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Farallon plate. Although the convergence rate of the Farallon- American 

plates has been estimated to have been 7 cm/year (At,,,ater, 1970), the 

relative motion of the Pacific- American plates, for the same time 

period, is not constrained. The region of the present anomalous upper 

mantle structure must have been the site of at least a Trench- Transform 

junction, or more probably a Trench-Transform-Transform triple junction, 

depending upon the magnitude of the relative motion between the Pacific 

and American plates . This junction was active for about 2 million 

years (~ 160 km/7 cm/year). However, because of the possibility of 

major, undetected right- lateral shear between the observable eastern 

extent of the Murray Fracture Zone and the anomalous, high- velocity 

structure, a clear connection bet\veen these t,,,o features cannot be 

made. The 60-100 km .1idth of the subducted fracture zone (Henard, 

1955), intruded by crustal material after the plate left the ridge, 

and the once active triple junction suggest the present anomaly is 

at least potentially the site of some unusual past tectonics . Menard 

(1955) suggested the Transverse Ranges ,,,ere a direct extension of the 

Murray Fracture Zone . Perhaps by way of coupling with the present 

mantle anomaly, he was correct . 
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CONCLUSIONS 

The velocity structure derived in this chapter for the eastern 

end of the Transverse Ranges is very similar to a previously published 

model for the Mojave (Kanamori and Hadley, 1975). The crust beneath 

the western Ranges, although of similar thickness, has a greater extent 

of the 6.7 km/sec layer. In this region the depth to the I-Ioho, based 

on reversed refraction data obtained from accurately located earth-

quakes, is comparable with that of both the Nojave and the Peninsular 

Ranges. The Transverse Ranges do not appear to have a distinct crustal 

root structure. A P velocity of 7 . 8 km/sec has been measured over 
n 

much of southern California. Refrac tion profiles, fj > 30 km, extending 

from NTS and from Corona suggest a minimum thickness of 20 km for the 

7. 8 km/sec layer. Beneath the Transverse Ranges this layer has been 

thinned to about 8 km and is underlain by a refractor with a velocity 

of 8.3 km/sec. Travel-time advances of a well recorded PKP phase 

indicate this anomalous body extends in depth from 40 to 100 km. These 

results suggest a high-velocity ridge in the mantle beneath much of 

the area of the Transverse Ranges that is not offset by the San Andreas 

fault. Four possible models are suggested to explain the continuity 

of this upper mantle anomaly across the San Andreas fault: 1) Dynamic 

phase change, 2) A coincidental alignment of crust or mantle anomalies, 

3) The lithosphere is restricted to the crust, 4) The plate boundary at 

depth is displaced from the San Andreas fault at the surface. Although 

all hypotheses are viable, the last model would have the greatest 

impact upon our understanding of the past and present tectonics of 

this plate boundary . \Hthin the context of this hypothese \"e propose 
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that the plate boundary within the upper mantle i s at the eastern end 

of the anomaly, in the vicinity of the ac tive Helendale-Lenwood-Camp­

r ock faults and on strike with the southern end of the San Andreas 

fault. The r egionally observed 7.8 km/sec layer is suggested as a zone 

of decoupling necessary to accommodate the horizontal shear tha t must 

result from a divergence of the crust and upper mantle plate boundaries . 

We suggest that the geomorphic Transverse Ranges may be, in part, the 

result of enhanced coupling between the crust and the upper mantle as 

is suggested by the locally thin 7 . 8 krn/sec layer. 
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CHAPTER 6 

Recent Seismicity in the San Fernando Region and Tectonics 

in the Hest-Central Transverse Ranges, California 
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ABSTRACT 

Since the San Fernando earthquake, February 1971, the density 

of the southern California seismic array has increased by an order 

of magnitude . The enhanced coverage provides an ideal setting for 

the study of the long-term seismicity of the San Fernando aftershock 

zone and adjacent regions. Most of the recent activity within the 

San Fernando zone has been thrust faulting at depths shallower than 

and south of the mainshock . One event located slighly deeper than 

and several km north of the main event suggests shear along a flat 

plane. Transport of the upper block is south. This event is very 

similar to another deep, }~ = 4.5, earthquake 30 km west of San 

Fernando . If these events are typical of midcrustal deformation, the 

west-central Transverse Ranges may be a form of decollement. A rapid 

increase in seismicity (~~ ~ 3.0) in the region south of San Fernando 

suggests an increase in regional strain that either was contemporaneous 

with or immediately followed the San Fernando earthquake. 
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INTRODUCTION 

The San Fernando earthquake of February 9, 1971, ~\ = 6.4, and 

the first three months of aftersho ck activity have been described 

in detail by a number of authors (Allen et al., 1971; Hanks et al., 

1971; Whitcomb, 1973). The purpos e of this paper is to investigate 

and document the ongoing, long-term nature of this aftershock sequence. 

The relatively shallmv location of this event (h'\, 13 km) and the high 

station density provide an ideal setting to monitor the spatial, 

temporal and mechanical variations in strain release tvithin both the 

aftershock zone and the region. 

The tectonic setting of the aftershock region is quite complex. 

The northtvest trending grain of much of southern California is dis­

rupted by the east-tvest trending Transverse Ranges. At this time it 

is not clear if these ranges result from the structurally intimate 

great bend in the San Andreas or if both features are the response 

to a deeper structural complexity (Chapter 5). The southern boundary 

of the tvestern Transverse Ranges is marked by a gently to steeply 

north dipping thrust fault system. The dip-slip offset has been 

estimated to be as large as 1 to 3 km (Oakeshott, 1952; Bailey and 

Jahns, 1954). Recent activity along this fault system is demons trated 

by faulted crystalline rocks that rest on Quaternary conglomerates . 

In addition to the obvious thrust faulting, ttvO other major lineations 

pass through the aftershock zone. The first lineation is defined by 

a northeast trending belt of earthquakes that extends from Point Dume 

to Palmdale. This zone has been described by I~hitcomb (1973) and by 

Hileman (1977). Earthquakes ,vi thin this zone are interpreted as 
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northeast trending, l eft-lat eral strike- slip events . Seismic activity 

along the western limb of the San Fernando aftershock area is associated 

with this belt. The second lineation is the north\.est trending, right-

l ateral San Gabriel f ault. Undisturbed sediments northwest of San 

Fernando cover this fault and indicate that the structure has not 

experienced significant movement since the Pliocene (Crowell, 1954). 

The hypocentral location of the main shock, 340 24.7' N, 1180 

24.0' 1-1, h"v 8.4 km, (Allen et aI., 1972) has been problematic. The 

mechanical instrumentation at Pasadena recording the signals tele-

metered from stations of the regional seismic array was subjected to 

strong ground shaking. This disruption obscured the true arrival 

at the stations telemet ered to Pasadena. The subsequent errors in 

timing and uncertainty in the crustal velocity model used in the 

location resulted in standard errors of several km. Teleseismic 

waveform studies (Langston, 1978) are very sensitive to converted 

phases reflected from the free surface. Langston's study provides a 

better constraint on the depth of the initiation of the rupture and 

added insight into variations in the slip parameters during the event. 

The waveforms confirm Whitcomb 's focal mechanism for the mainshock 

and indicate that rupture started at approximately 13 km depth on a 

plane dipping 540 to the northeast and propagated tm.,ards the surface. 

At a depth of approximately 5 km, the dip of the fault plane shallowed 

to 300
. The immediate aftershocks studied by Hhitcomb suggest a 

similar shallowing of the fault dip. The seismic moment for the 

event, from a number of observers (Aki, 1971; Ale\.,ine, 1974; Langston, 

1978), is 1 
26 2 x 10 dyne-em. 
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Previous aftershock studies of this event have been limited to 

the three months following the main event . As aftershocks are still 

occurring, this chapter seeks to relate systematically present and 

pas t seismic activity. We have chosen to exclude from the study 

events with magnitudes less than }\ = 3.5. This reduces the potential 

data set from 750 detected events to 125 . Since larger events are 

better recorded by the regional array, this cutoff effectively limits 

the study to events t hat potentially can be accurately located. In 

addition , the tectonic energy release is controlled by the larger 

events, and hence the conclusions reached from this subset of events 

should reflect the ongoing tectonics. 

In order to compare the hypocentral locations of past and present 

earthquakes, all events were systematically relocated. Station delays 

used in this relocation were primarily determined using the station 

residuals from a carefully timed and relocated recent event that 

occurred on October 10, 1976, ~~ = 3.9. This earthquake was well 

recorded by a dense array and the calculated standard errors for the 

location are 1 km horizontally and 2.2 km vertically. This master 

event technique minimizes the effects of l ateral velocity variations 

external to the source region (Johnson and Hadley, 1976). The final 

absolut e locations are a function of the master event. The r elative 

spatial distribution of relocated events is largely independent of 

minor changes in the absolute loca tion of the master event . The 

velocity model used in the relocation is similar to that derived 

for the western Transverse Ranges in Chapter 5. The only major change 

in the model was the smoothing of velocity contrasts by the addition 
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of several thin layers. This reduces rapid variations in take-off 

angles for small changes in the dep t h of the source and tends t o 

stabilize the determination of focal mechanisms. Hechanisms were 

determined ,,,ith the aid of a computer program that exhaustively 

searches the model space (Hhitcomb, 1973). This approach provides a 

quantitative evaluation of the fit of 80 possible slip- vectors 

distributed uniformly over t he focal hemisphere. 
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SPATIAL AND TEHPORAL LOCATION OF ACTIVITY 

The relocation technique used for the main event was similar 

to that described above except that S-P intervals from several 

epicentrally close strong motion instruments (Earthquake Engineering 

Research Laboratory, 1976) \.ere included in the relocation. The 

resulting hypocenter is slightly northeast of earlier determinations: 

34
0 

25.45' Nand 11S
o 

22.63' H. The depth has increased to 11.5 km . 

Standard errors are 1 . 1 km horizontally and 2.4 km vertically. This 

depth is compatible with that determined from teleseismic waveforms. 

This location is also on the plane defined by aligning Langston's 

fault geometry with the observed surface faulting . 

Figure 6.1a is a stereo pair showing the hypocenters of all 

accurately located events. Standard location errors are typically 

less than 3 km. The following descriptions of the aftershock 

activity have been divided into four intervals of approximately 

logarithmically increasing duration: 

First Day . The well-located events, Figure 6.1b, outline a 

triangular region . Unfortunately, many events that occurred during 

the first day were recorded within the coda of previous events. This 

resulted in large timing errors and excessively large standard errors . 

The locations of these events are compatible with af tershock ac tivity 

over the entire triangular region. The fault plane a rea defined by 

surface faulting and the wedge-shaped activity during this interval 

2 
is 200 km . 

Next 10 Days. The area of the aftershock zone has expanded to 

300 km
2 

(Figur e 6.1c). The events locat e predominately outside of 
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Figure 6.1 Epicenters of well-located events for th e time periods: 
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the region defined by the first day of activity and are north of the 

surface faulting. 

Next 130 Days . There is substantial activity along the Ivest 

limb of the aftershock zone (Figure 6.1d). This activity includes 

nine events with magnitudes greater than 4.0 and extends several km 

south of the surface faulting. Unlike the thrust mechanisms found 

for most of the events in other parts of the aftershock zone, these 

events are left-lateral strike-slip along a plane parallel to the 

lineation of events (\Vhitcomb, 1973) . The absence of surface faulting 

suggests that the lateral displacement did not extend to the surface . 

Furthermore, if the seismicity represents reactivation of an old 

structure, movement on that fault never has reached the surface, 

since the San Gabriel fault, passing at a right angle through this 

zone, is not offset (L. Silver, personal communication) . 

Using a relationship betlveen seismic moment, H, and local 

magnitude, 1"1.' of the form Log (I-I) : 15 + 1. 7 ~ (Hartzell and Brune, 

1978), we have computed the cumulative seismic moment for the after­

shocks located within the San Fernando region, Figure 6.2 . During 

the interval .1 to 10 days the cumulative moment approaches an 

asymptote. The subsequent burst of activity along the wester~ limb 

and migration of activity south of the surface rupture are reflected 

in the moment sum as a break in slope. This rapid increase in strain 

release and subsequent return to a slDlvly decaying rate of r e lease, 

and the change in style of deformation, suggest that this sequence 

is distinct from the San Fernando earthquake . 

Next 2300 Days. The seismicity is concentrated in a relatively 
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small subregion southwest of the mainshock (Figure 6.3) . Focal 

mechanisms show considerable variation in the sense of motion. This 

diversity probably reflects movement on pre-existing planes of 

weakness, such as older faults, \~hich are geometrically favorable 

for slip but not necessarily aligned with the planes of maximum shear 

(McKenzie, 1969). Even allowing for such diversity, the region is 

presently dominated by thrust events . Figure 6.4 is a north-south 

cros s-section through the main event. All earthquake hypocent e r s 

computed for this time interval and determined focal planes h ave 

been projected onto this section. Three observations are immediately 

apparent from this projection : (1) Most of the recent ac tivity is 

shallower than the main event ; (2) movement on the north dipping 

plane is consistent in both dip and sens e of motion with the main 

shock; and (3) allowing for the projec tion of the f a ult plane o f 

the main event, the shallm~est ear thquakes \Vest of th e mainshock are 

consistently 3-5 km belo\v the inferred mainshock fault plane. This 

suggests either t he fault surface has been do~stepped to the west, 

or these events are occurring along deeper, subparallel fractur es . 

The focal mechanism of the deepest event, occurring October 17, 

1976, is extremely interesting . The depth places this event at the 

bottom of the seismically active portion of the crust, and t he focal 

mechanism can potentially tell us something about the t ec tonics at 

this depth. Our preferred choice of fault plane for this event, 

most consistent \Vi th the observed displacement for the main even t, 

is the very shallow, almost flat f ault plane (Figure 6.4) . If this 

event is typica l of def ormation occurring a t midcrustal depths \"i thin 
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Figure 6.3 Hypocenters and local mechanisms for the period 7/1/71 -
10/1/77. The stereonet projections are lower hemisphere and the solid 
circles are compression. The deepest event in this sequence, occurring 
on 10/17/76, suggests south,vard movement of the upper block on a near 
horizontal plane. 
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Figure 6.4 Projection of hypocenters and focal mechanisms of the 
recent activity , shmvn in plan view on Figure 6.3, onto a north­
south plane passing through the main event. The focal planes tha t 
pass through the events shmv the apparent dip as vie,'led from the 
east. The arro,vS indicate the sense of motion on the preferred 
fault planes. 
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this province, then the San Gabriel Hountains \vould be a fonn of 

decollement. Movement of the upper block \youid be to the south. 
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REGIONAL TECTONICS 

The October 17, 1976 event suggests deformation at midcrustal 

depths on a very shallow, north-dipping structure. A similar model 

has been previously proposed to account for regional uplift within 

the Transverse Ranges and the south\.estern Mojave (Thatcher, 1976). 

Although this is certainly a plausible model for the western Transverse 

Ranges, a single isolated event is not particularly persuasive. 

However, in April, 1976, a sequence of earthquakes loca t ed 30 km \-lest 

of the San Fernando mainshock began \.i th a ~ = 4.5 event. The 

location of this event is shm.n on Figure 6.5, and the focal mechanism 

data are shown in Figure 6.6. In this area , distinct from San 

Fernando, the current seismicity was apparently triggered by a deep 

(h'V 12 km) event. Motion of the upper plate on another near horizontal 

fault plane was southwest. The similarities between this event and 

the October 1976 earthquake--both occurred at the bottom of the 

seismic zone and indicate southward transport of the upper block on 

a subhorizontal fault surface--suggest a regional decollement. 

Within southern California, a P velocity of 7.8 km/sec is observed 
n 

over pathlengths of 400 km. This suggests a minimum thickness for 

this layer of 20 km. By analogy with studies of the adjacent Basin 

and Range province (Biswas and Knopoff, 1974; Archambeau et al., 1969), 

this layer is interpreted as an upward extension of the low v elocity 

zone to the base of the crus t. The low upper m'ant le veloci ty, depressed 

from a more typical velocity observed in s t able r egions of 8.3 km/sec, 

is interpreted as the result of partial melting. This interpretation 

is supported by the observation of a substantial velocity anomaly 
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Figure 6.5 Earthquake epicenters (~~ 3.0) for the region south 
of the San Fernando aftershock zone. The events are divided in 
time by the San Fernando mainshock. The lack of activity in the 
region around and west of Pasadena in the time interval 1932 -
1970, (solid circles) and the subsequent occurrence of many events, 
(1971 - September 1977, open circles) suggests a recent increase 
in the shear stress. Focal mechanism data for the events sho\~ 
are plotted in Figure 6.6. 
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(a ) 1//6/74 (b) 12/6/74 

(c) 12/19/74 (d) 4/8/76 

Figure 6.6 Focal data for the mechanisms plotted in Figure 6 .5. An 
alternate solution is shown for event B. The projections are lower 
hemisphere and solid circles are compressional. 
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within a subregion of southern California, as discussed in Chapt er 5. 

If this anomaly r esulted from a phase change such as garnet-granulite 

to eclogite a large gravity anomaly would be observed. The absence 

of any anomaly indicates that the velocity contrast is not accompanied 

by a significant density contrast. Anderson and Spetzler (1970) 

have shown that a 1 per cent partial melt can produce the observed 

velocity contrast. Such a small melt fraction will not affec t the 

gravity. From previous studies (Hadley and Kanamori, 1977; Raikes 

and Hadley, 1977) there is strong evidence for regional decoupling 

that is accompanied by large variations in slip direction between 

the crust and upper mantle. The shallow upper mantle, interpreted as 

a zone of partial melting, has been suggested as the zone of 

decoupling. Recent studies of the temperature and compositional 

effects on the transition from brittle to ductile yielding (Brace and 

Byerlee, 1970; Byerlee and Brace, 1968) show that these variables 

may control the depth of the seismic zone within California. Events 

occurring at the bottom of the seismic zone may be indicative of 

aseismic deformation within the lower crust. The recent deep 

seismicity supports the hypothesis of regional shear paralle l to a 

horizontal plane and further suggests that this deformation may not 

be limited to the upper mantle. 

The San Fernando earthquake represents the end result of strain 

accumulation with the crust . The co-seismic cr~stal deformations 

south of San Fernando, considered from either an observational or 

theoretical base, were small (Alewine, 1973; Castle et al., 1975). 

The small strain changes require a relative ly small change in stress . 
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If the San Fernando earthquake was the result of very gradual strain 

accumulation, the regional variations in fault strength and the stress 

field \wuld control the occurrence of faulting. A regional change in 

seismicity, particularly in a region not strained by the mainshock, 

would not be expected. Alternatively, if the stress field changed 

abruptly, a r egional increase in seismicity would be expected . The 

San Fernando event would r epresent one of many faults rapidly loaded 

to failure. Figure 6.S is a plot of seismicity, }\ ~ 3.0, in the 

region south of San Fernando. The solid symbols a re earthquake 

locations from 1932 through 1970. Open circles are from 1971 to 

September 1977. Seismicity within the Los Angeles basin shows no 

increase . HO\vever, activity along the southern boundary of the 

Transverse Ranges, namel y at the eas tern end of the Santa Monica 

fault and in the vicinity of the Sierra Hadre and Raymond Hill faults, 

shO\vs a marked increase. The available focal mechanisms for these 

events, with some diversity, are oblique thrust (Figure 6.6). 

The apparent increase in seismicity within this zone of the 

Transverse Ranges suggests a recent, significant increase in the 

regional stress. Consistent with this interpretation is the report 

of Savage and Prescot t (1977) of "one eas t-\ves t geodimeter line nea r 

Palmdale ... (that shows) ... a striking inc rease in length in the 

period 1968-1971, a possible precursor to the 1971 San Fernando earth­

quake." From regional horizontal and ve rtical geodetic da ta, 

Thatche r (1976) similarly concludes that the central Transverse Ranges 

have recently experienced an episodic strain accumulation. 
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CONCLUSIONS 

We have systematically relocated the San Fernando mainshock and 

all (Mt ~ 3.5) aftershocks. The cumulative moment sum for the after­

shocks shmvs two distinct sequences of activity . The change in the 

rate of strain release is accompanied by extension of activity south­

west of the surface faulting and by a change in style of faulting 

from thrust to strike- slip (~1itcomb, 1973). Recent activity is 

clustered slightly southwest of the mainshock epicenter . The deepest 

event within the recent activity as well as a separate earthquake 

30 km west of the San Fernando earthquake suggest a form of decollement. 

The relatively abrupt change in seismicity in the region south of the 

aftershock zone suggests a rapid increase in the stress field. This 

implies that San Fernando was only one of many faults recently loaded 

to failure . lye speculate that the increase in regional stress is 

intimately related to inferred aseismic deformation lvithin the lmver 

crust and upper mantle. The few deep events studied to date suggest 

that this deformation is a horizontal shear lvith a relative southlvard 

transport of the upper portion of the crust. 
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