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CRUSTAL STRUCTURE IN NORTHERN AND CENTRAL
CALIFORNIA FROM SEISMIC EVIDENCE*

Bv Jerry P. Eaton

U.S. Geological Survey. Menlo Park, California

The location of California along the continental

margin, and the differentiation of the State into a

number of strikingly dissimilar geologic provinces, have

led to the expectation that within the State the gross

composition and structure of the crust should vary

considerabl\' from place to place. Documentation, by

seismic means, of major differences in crustal structure

from region to region began more than 25 years ago,

when Perry Byerly adduced evidence that the Sierra

Nevada has a root that extends much deeper into the

mantle than the base of the crust beneath the Coast

Ranges. Recent seismic refraction studies by the

U.S. Geological Survey in California and adjacent

portions of the western United States have explored

regional variations in crustal structure in greater detail.

This article will outline the nature and limitations

of the principal seismic methods used in detailed in-

vestigations of the crust, and it will also review the

seismic coverage available in northern and central Cali-

fornia, summarize the observations and results so far

obtained, and convey some impression of the reliabil-

ity of those results. In the interest of brevity, no dis-

cussion of important supplementary techniques, such

as analysis of P-wave delays and surface-wave disper-

sion, will be included. Not all of the earthquake and

refraction studies carried out in the region will be

considered, but only those which relate most directly

to the present theme.

METHODS

Until quite recently, the opportunity to conduct

detailed seismic studies of the deep crust and upper

mantle of the earth has been limited to regions that

have both frequent, shallow earthquakes and special-

ized networks of seismographs. The principal task of

such networks, like that of the University of Califor-

nia in the central Coast Ranges, has been to study the

earthquakes themselves; and stations have been con-

centrated in zones of high seismicity at sites that fa-

cilitate locating the epicenters of small to moderate

earthquakes. Information on crustal structure in these

regions has been obtained as a b\product of earth-

quake-wave traveltime studies that have been carried

out to improve the accuracy of epicenter and focal

depth determinations.

Because the number of recording stations normalK'

is small, data from many earthquakes with epicenters

* Publication authorized by the Director, U.S. Geological Survey.

scattered at random through the network are usuall\-

combined to establish the empirical traveltime curves

from which a mathematical crustal model is calculated.

To determine the traveltime curve of waves refracted

along the top of the mantle, observations at distant

stations located outside the primar\- region of study,

even in different geologic provinces, are frequentl\-

used. To interpret traveltime curves established by

such heterogeneous data, it is customary to assume a

uniform structure for the entire region studied. Travel-

time perturbations caused by regional variations in

structure are normall\' too poorly defined to bring

such structural variations to light. The crustal model

resulting from such an investigation is a poorl\' defined

average of conditions over the entire region containing

the earthquakes and the recording stations employed.

Moreover, serious uncertainties in focal depth of most

of the earthquakes studied further decrease the relia-

bility of values obtained for the total thickness of the

crust and for the depths of boundaries within it.

Many of the obstacles that impair determinations of

crustal structure by near-earthquake traveltime studies

are removed when accurately timed and located large

explosive charges are substituted for natural earth-

quakes, and when well-laid-out profiles of portable

high-performance seismic systems are used in place of

regional near-earthquake seismic networks. Investiga-

tions can be carried out in aseismic as well as seismic

areas, profiles can be laid out with regard to major

geologic provinces, problems arising from uncertain-

ties in the time and location of the seismic source are

eliminated, and observations that are sufficiently dense

and continuous along the profile to permit "tracking"

of individual seismic phases through their entire range

of occurrence can be obtained. On the other hand, the

high cost of explosives requires the use of the smallest

practicable charges for distant observations, and waves

refracted from the mantle usuali\- cannot be traced to

the large distance that would be desirable. This difficult)-

is largeh- offset by the use of "later arrivals," including

waves reflected from the top of the mantle and inter-

mediate boundaries w ithin the crust. Such waves can

be identified and traced far more reliably on scismo-

grams from profiles with close-spaced instruments

along a single line than on the seismograms of scat-

tered earthquakes recorded on instruments spaced ir-

regularl\- throughout a large area.

[4'9^
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Since near-earthquake and explosion-seismic data

are interpreted on the same theoretical basis (the

analysis of travcltinies of refracted and, to a lesser

extent, reflected waves), the two techniques are lim-

ited b\- some of the same factors. .A region with a

crust that is relatively homogeneous, or that varies onl\'

in a simple manner over a distance of H to 10 rimes

the thickness of the crust, is essential if arbitrarv as-

sumptions about crustal parameters arc to be avoided.

Near-surface condition.s, espcciall\- the thickness of

ver\- low velocit\ rocks, shtjuld be nearlv uniform in

the region studied. With unfavorable velocit\-depth

relationships, such as appear to exist in many regions,

"masked" layers that are very difficult to detect ma>-
exist in the lower crust. Particularly complete (or
better, moderatel\- redundant) systems of observations
are needed to detect such layers, which are not repre-

sented b>' "first arrivals" over some part of the profile.

Traveltime curves of compressionai waves in most
regions consist of two principal branches that are
readily distinguishable because they represent the first

w avcs recorded on the .scismograms over considerable
distances. Waves refracted through the upper, sialic

or "granitic," part of the continental crust below the
irregular superficial blanket of lower velocity near-
surface rocks (i\. waves) fall close to a traveltime line

with a reciprocal slope (velocity) of 6 km/sec and an
intercept of about 1 sec. They are first arrivals from
the vicinity of the shotpoint, or epicenter of a shallow

earthquake, to a distance of 100 to 250 km, depending
on the thickness of the crust. These waves through
the upper part of the crust are succeeded as first

arrivals at larger distances by waves that are refracted
through the upper part of the mantle (P„ waves)
below the Mohorovicic discontinuity. P„ arrivals fall

close to a traveltime line with a velocity near 8 km/
sec and an intercept between 5 and 10 sec, depending
on the thickness of the crust. Other phases, with ve-

locities in the range of 6.5 to 7.0 km/sec, that have
been refracted horizontal!)- through an "intermediate

layer" in the l(jw er crust can sometimes be detected
as first arrivals at intermediate distances between the

domains of P^. and P„. More commonly, at least in

continental regions, such intermediate phases (P*) do
not appear as first arrivals, and the exi.stence of an
intermediate layer is inferred from later arrivals that

appear to be reflected from, or refracted along, its

upper surface.

Although intermediate layers are difficult to detect
and do not strongly influence first-arrival traveltimes,

they tend to be very prominent in crustal models com-
puted from seismic data. Healy (1963) has illu.strated

how a complex crust 37 km thick can produce the

same first-arrival traveltimes as a single layer crust

only 2S km thick, though such an extreme case seems

unlikely. When rock compositions or densities are

inferred from seismic-wave velocities, extremely seri-

ous errors in estimates of average values of these

parameters in the crust will result if intermediate layers

go undetected.

EVIDENCE ON CRUSTAL STRUCTURE FROM NEAR EARTHQUAKES

The only area in northern and central California

that has had a sufficient concentration of earthquakes

and seismograph stations to permit the calculation of

a reasonably well-documented near-earthquake crustal

model is the part of the Coast Ranges southeast of San
l-"rancisco.

The principal analysis of crustal structure in this

region, w hich has been studied b\- Perry Byerly and

his students at the Universit\' of California for several

decades, was reported by Byerly (1939). He con-

cluded that the crust is about 32 km thick and is

divided into two principal layers. The upper crust ap-

peared to vary in thickness from about 10 to about

20 km, and the velocity of P vsaves in it (established

along paths that lay east of the San Andreas fault in a

region w ith Franciscan basement rocks) was found to

be 5.6 km/sec. P waves through the lower part of

the crust, which appeared to have a velocity of about

6.7 km/sec, were nowhere observed as first arrivals;

so their traveltime curve was not firmly established.

To determine the traveltime curve of waves through

the upper mantle (P„), B\erl\- was obliged to use ob-

servations at stations in southern Clalifornia in addition

to those in the central Coast Ranges. The P„ velocity

so obtained (H.02 km/sec) and the total thickness of

the crust reported were, therefore, influenced 1)\' con-

ditions outside the region in w hich the velocity in the

upper crust was obtained.

The most important seismic contribution to our
understanding of central California crustal structure

outside of the Coast Ranges was also made b\' Byerly

(l'.*38), who demonstrated that P„ waves from earth-

quakes along the San Andreas fault in the central Coast

Ranges arrived late at stations in Owens X'alley. He
attributed this delay to a thick root of low-velocity

crustal rock extending into the mantle beneath the

high southern Sierra Nevada.

EVIDENCE FROM EXPLOSION SEISMIC REFRACTION PROFILES

In the fall of 1961 the U.S. Geological Survey began
an extensive investigation of crustal structure in the

western United States as part of the VELA Uniform
project of ARP.'X. In northern and central California,

major seismic refraction profiles were run longitu-

dinall\' in the Coast Ranges between San Francisco and

Santa Monica, with an intermediate shotpoint at Camp
Roberts, and in the Sierra Nevada from Shasta Lake
to China Lake, with an intermediate shotpoint at Mono
Lake (fig. 1). Two other profiles were run transverse

to these (and to major structures of the region): one

between San Francisco and Fallon, and one between
San Luis Obispo and the Nevada Test Site, through

Owens Valley (fig. 1). Additional profiles were run

.south and east of these to study the bordering geolcigic
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Figure 1. Mop showing shot points and seismic refraction profiles

made by the U.S. Geological Survey in the northern and central part

of California.

provinces: the Transverse Ranges, Mojave Desert, and

Great Basin.

Analyses of the Coast Range profile and the north-

ern transverse profile have been reported previously

(Healy, 1963; Eaton, 1963) and will be only siSmma-

rized here. Results from these profiles will be compared
with those from the Sierra Nevada profile, which will

be more fully documented because it has not been re-

ported previously. Both longitudinal profiles were
sufficiently long and well recorded that we may accept

their results with reasonable confidence. A few prob-

lems of wave identification and interpretation remain,

but it is unlikely that the recording of additional ex-

plosions and reinterpretation of the augmented data

would lead to significantly different results. The inter-

pretation of the transverse profiles, however, is far

less certain. They serve chiefly to set limits on where
and how major units of the crust vary between the

longitudinal profiles. Additional profiles along the

strike of the major geologic structures will be required

to resolve problems that have been identified from the

transverse profiles.

Descriptions of instrumentation (Warrick and

others, 1961 ) and field procedures (Jackson and others,

1963) used in the Survey's crustal refraction work, and

discussions of techniques used in detailed anal\'sis of

the field data (Eaton, 1963), have been reported previ-

ously. The principal results of such work in the west-

ern United States, including California, were summa-
rized by Pakiser (1963), who discussed the gross geo-

logic implications of the pattern of crustal thickness

and P„ velocities obtained.

Series of nitrocarbonitrate charges ranging in size

from 2,000 to 6,000 lbs were detonated in Shasta Lake,
Mono Lake, and in drill holes near China Lake, and
were recorded along a pair of end-to-end profiles

running the length of the Sierra Nevada. The northern

profile crosses a portion of the Cascade Mountains
west of Mount Lassen and then runs down the crest of

the Sierra Nevada just west of Lake Tahoe and on to

Mono Lake. The southern profile runs along the east

face of the Sierra Nevada southeast of Mono Lake,

along the western edge of Owens Valley, to China

Lake. Because the eastern face of the Sierra Nevada
is convex eastward in this region, refraction paths from
the Mono Lake and China Lake shotpoints to record-

ing points at distances greater than 150 km pass be-

neath the highest peaks of the range.

In the interpretation of the recorded seismograms,

record sections were constructed to facilitate correla-

tion of wave arrivals and identification of phases.

Traveltimes of the principal phases were measured
on the monitor records (or on playbacks, with filter

corrections subtracted) and were plotted on a reduced

scale (that is, T-A/6 vs A, where T is traveltime and

A is distance) to establish traveltime curves. Phases

used in the calculation of the seismic cross section were
either first arrivals over a reasonable distance or were

second arrivals that were strongly supported by re-

flected phases. Parameters of the traveltime lines of

these phases, and a statement of the nature of the wave
arrivals and the approximate range over which they

were recorded, are given in table 1.

The seismic cross section calculated from these

curves (fig. 2) shows a three-layered crust with a max-

imum thickness of about 54 km beneath the high

southern part of the range. Beneath a thin weath-

ered(?) zone, the speed of longitudinal waves (in the

granite) is very close to 6.0 km/sec. At a depth of

about 14 km the velocity appears to increase to 6.4

km/sec; and at about 27 km it increases to 6.9 km/sec.

The 6.4 km/sec layer produced first arrivals from 135

to 205 km on the iMono Lake to China Lake profile,

and the 6.9 km/sec layer produced first arrivals from

160 to 250 km on the China Lake to Mono Lake pro-

file.

Beneath the crest of the Sierra Nevada west of Lake

Tahoe the crust thins to about 47 km and the top of

the 6.4 km/sec layer rises to about 10 km. The best

determination of the velocity of Pn was between

Shasta Lake and Mono Lake, where it appears to be

slightly more than 7.9 km/sec.
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Table 1. Travelt'mie cicrves of the Sierra Nevada
refraction profile.

Phase Traveltime line Nature and rain^e of arrival

(Shasta Lake to Mono Lake)

Pk 0.4 + a/5.9 First arrival, 10 to 40 km
P*a 1.4 + A/6.8 First arrival, 40 to 80 km
?*,, 1.7 + A/6.8 First arrival, 90 to 140 km
P», 3.0 + A/6.8 First arrival, 215 to 250 km
P„ 8.0 + A/7.9 First arrival, 250 to 405 km

(.Mono Lake to Shasta Lake)

Pr 1.2 + A/6.0 First arrival, 10 to 85 km
P*, 1.9 + A/6.3 First arrival, 85 to 175 km
P*o 4.5 + A/6.8 Reflections, 100 to 250 km
P„ 9.2+ A/8.0 First arrival, 210 to 400 km

and Shasta Lake to .Mono

Lake reciprocal point

(Alono Lake to China Lake)

P,. 1.0 + A/6.0 First arrival, 10 to 135 km
P*i 2.6 + A/6.4 First arrival, 1 35 to 205 km
P*2 4.7 + A/6.9 Reflections primarily, 100 to

230 km
P„ 10.6 + A/8.1 First arrival, 280 to 310 km,

and reflections, 150 to 250

km

(China Lake to Mono Lake)

Pp 1.1 + A/6.1 First arrival, 5 to 160 km
P*, 2.3 + A/6.3 Reflections, 55 to 170 km
P*2 4.2 + A/6.9 First arrival beyond 160 km
P„ 8.7 + A/7.7 Reflections, 100 to 250 km,

and Mono Lake to China

Lake reciprocal point

Just southeast of Shasta Lake a velocity of 6.8 km/
sec was encountered at a depth of only 6 km. Details

of deeper structure in this region are obscure. Rapid

thickening of the upper crustal la\ers appears to begin

near the canyon of the North Fork of the Feather

River about 60 km south-southeast of Mount Lassen.

Very similar conditions in the upper crust have been
encountered in the Snake River plain south of Boise,

Idaho (Hill and Pakiser, 1963).

Coast Range Profile

To insure compatibilit>' with the Sierra Nevada
profile, the data reported by Healy for the reversed

profile between San Francisco and Camp Roberts were

replotted to obtain reduced traveltime curves in the

manner just indicated. P„ was \ve\\ recorded between

195 and 305 km southeast of San Francisco and estab-

lished the line 5.9 + A/8.03 sec. From Camp Roberts,

Pn was less well recorded: a line drawn through the

data points (175 to 245 km) and constrained to pass

through the well-established San PVancisco to Camp
Roberts Pn reciprocal point is given by 5.8 + A/8.01

sec. The line 1.3 + A/6.0 sec fits 10 well-recorded

Pg arrivals northwest of Camp Roberts; and a line 1.4

+ A/6.0 sec is compatible with (but is not established

by) four Pg(?) arrivals southeast of San Francisco,

riic 6.1 km/sec Pg velocity obtained by Healy fits the

data equally well.

Inconclusive evidence for an intermediate layer is

provided by later arrivals from both shotpoints and by

two somew hat earl>' Pg(r ) arrivals about 100 km north

of Camp Roberts. These heterogeneous arrivals are

approximatel\' represented by the line 3.5 + A/6.8

sec, which passes through the crossover point of Pg

and P„ waves from the San Francisco shotpoint. High

noise levels in the Salinas X'alley seriously impaired

the qualit\- of recordings that were needed to test the

existence of an intermediate la>er.

If evidence for an intermediate layer is ignored, the

crust appears to be about 22 km thick between San

Francisco and Camp Roberts (dashed line, fig. 3). It

thickens southeastward from Camp Roberts to Santa

Monica (Heal\, 1963), where it is 35 km thick. In-

clusion of the possible intermediate layer discussed

above yields the structure represented by solid lines in

figure 3: low-velocit\- near-surface zone to 1.5 to 2

km, 6.0 km/sec to 15.4 km, 6.8 km/sec to 24.3 km,

and 8.0 km/sec in the upper mantle.

When comparing the Pg velocity obtained along the

San Francisco to Camp Roberts profile (6.0 to 6.1

km/sec) with that reported by B\erly for the central

Coast Ranges (5.6 km/sec), it is important to note

that the explosion-refraction profiles sampled only the

granite corridor southwest of the San .Andreas fault

whereas Byerly's material on P (P^. in the present nota-

tion) sampled only the region of Franciscan basement

rocks northeast of the fault. Additional evidence for

an abnormall_\' low P velocity northeast of the San

Andreas fault in the San Francisco Bay region was

provided by the San Francisco to Fallon profile

(Eaton, 1963).

The velocity of P„ beneath the Coast Ranges de-

duced from the refraction profiles agrees closely with

that found by Byerly.

Transverse Profiles

An attempt to construct a cross-section transverse

to the Sierra Nevada on the basis of limited data from

refraction profiles between San Francisco and Fallon

has been reported by Eaton ( 1963). Inadequate record-

ings at large distances seriously restricted interpreta-

tion of those profiles, and the maximum thickness of

the Sierra root w as estimated b\' extrapolating results

obtained on the flanks of the range toward its center.

Recordings from the San Francisco shotpoint were

especially difficult to interpret: the thick sediments of

the Great Valley, with their high noise level and very

low seismic velocity, nearly blotted out the profile in

the critical range of 80 to 160 km. Only between 160

and 275 km, from the western foothills to the crest of

the Sierra Nevada, were adequate seismograms

recorded.

Better results were obtained from the Fallon shot-

point, which provided evidence on the location of the
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steep eastern boundary of the Sierra Nevada root.

Profiles from Fallon to Owens Valley and between
Fallon and Eureka further defined the eastern portion

of the root and established the crustal structure of the

Basin and Range province farther east (Eaton, 1963).

A more reliable picture of the structure of the crust

between San Francisco and Fallon can now be drawn.

Beneath the Coast Ranges and Sierra Nevada the struc-

ture is quite well determined by the longitudinal pro-

files; and results from the Fallon shotpoint serve to

establish the structure of the eastern end of the section.

Recordings between 160 and 275 km from San Fran-

cisco set additional constraints on the behavior of

crustal boundaries beneath the Great Valley and Sierra

Nevada foothills.

To evaluate the profile from San Francisco toward
Fallon, it is useful to compare first arrivals recorded

along it with those recorded along other critical pro-

files in the region. For this purpose, reduced first-

arrival traveltime curves for the profiles San Francisco

to Camp Roberts, Mono Lake to China Lake, and
Shasta Lake to Mono Lake are plotted with that for

San Francisco to Fallon in figure 4.

Plotting reduced time (T-A/6)vs distance (A) per-

mits the use of an expanded time scale and greatly

increases the diflFerence in slope of two lines repre-

senting slightly different velocities. At any particular

distance, however, diflFerences in arrival time on the

various curves can be read directly from the graph.

The near-horizontal portions of the curves at small

distances represent the P^ phase, longitudinal waves
propagating through the upper crust beneath super-

ficial low-velocit>- materials. The nearly parallel por-

tions of the curves at large distances represent the P„

phase, longitudinal waves with the deepest parts of

their paths through the upper mantle just beneath the

crust. Portions of the curves with intermediate slopes

(for example, Shasta Lake to Mono Lake, Mono Lake
to China Lake) usuall\' represent waves refracted

through rocks of intermediate-velocity in the lower
part of the crust.

With certain reservations, the average thickness of

the crust beneath the shotpoint and receiving stations

is proportional to the intercept of the P„ line. Thus,

for the profile San Francisco to Camp Roberts, which
traverses a relatively regular crust less than 25 km
thick, the Pn intercept is only 5.9 sec while for the

profile from .Mono Lake to China Lake, which runs

longitudinally through the thick Sierra Nevada crust,

the P„ intercept is 10.6 sec (fig. 4). With similar reser-

vations, the average thickness of the upper part of the

crust beneath the shotpoint and the receiving stations

is proportional to the intercept of the traveltime line

of any intermediate la\er that might be detected. Step-

like increases in the intercepts of the 6.8 km/sec in-

termediate layer traveltime line segments recorded

southeast of Shasta Lake (fig. 4) suggest steplike in-

creases in the thickness of the upper crust as that pro-

file crosses from the southern Cascades into the Sierra

Nevada.

The significance of the most crucial (and also the

most reliable) recordings on the profile from San Fran-

cisco to Fallon is best brought out by comparison with

arrivals at the same distance along the San Francisco

to Camp Roberts profile. At 160 km, waves from the

San Francisco shotpoint emerge at the western edge of

the Sierra Nevada foothills on the transverse profile a

full second earlier than they emerge at the same dis-

tance on the longitudinal profile. By 220 km first ar-

rivals on the transverse profile have fallen back to the

same time as those on the longitudmal profile, and by
275 km they have fallen nearly a full second behind.

Because these arrivals on the San Francisco to Fal-

lon profile have an apparent velocity of about 7 km/
sec, it is tempting to attribute them to a very shallow

intermediate layer with such a velocity. This possibil-

it\' appears to be ruled out by the persistence of the

phase to the crest of the Sierra Nevada, which was
shown by the longitudinal Sierra profile to have a

thick section of rocks with velocities of 6.0 to 6.4

km/sec. Failure of the phase to appear as a first arrival

west of the Great \'alley also argues against this solu-

tion.

A more likely explanation is that this phase is

P,i emerging from beneath a progressively thickening

crust as the profile crosses into the Sierra Nevada. If

thickening of the crust were due to an increase in

thickness of a 6.0 km/sec layer in the upper crust, the

Aiohorovicic discontinuity' would have to dip north-

eastward along the profile at about 11°; and if crustal

thickening were due to the overall thickening of a

composite crust with an average velocit\- of 6.4 km/
sec, the dip of the Moho would be nearly 16°. Ex-

planation of the early arrival of P„ at the western edge

of the Sierra foothills requires a thinner crust beneath

the Great V'alley or higher crustal velocities beneath

the valley and foothills, or both, than beneath the cen-

tral Coast Ranges. As much as 0.3 sec of the 1 sec lead

might be explained by a thinner zone of superficial

low-velocity material in the Sierra Nevada foothills

than in the Coast Ranges. To account for the remain-

ing 0.7 sec by variations in the crust requires rather

large changes in boundaries between layers.

Two modifications of the two-layer-crust solution

for the Coast Range profile that would satisfy obser-

vations along the San Francisco to Fallon profile are

indicated in figure 5, which summarizes current seismic

refraction information on the structure of the crust

between San Francisco and Fallon. The structure

shown by solid lines (thin crust extending southwest-

ward approximately to the San Andreas fault) also

accounts for the early arrival of P„ in the Great Val-

ley suggested by ob.servations that were corrected for

delays in the sediments (fig. 4 and Eaton, 1963). Other
models with somewhat greater depths to the mantle

and a very shallow intermediate la\er beneath the east-
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crn part of the \alic\ and the Sierra Nevada foothills

satisf\- the observations equally well.

Preliminary analysis of the San Luis Obispo to

Owens \'allcy transverse profile shows that it has

striking similarities to the northern transverse profile.

Waves from the San Luis Obispo shotpoint are late,

as expected, where thc\' emerge through the thick

sediments of the valle> ; but beyond 180 km they fall

ver>- close to the line established by arrivals bc\ond

160 km on the northern profile. F^ arrivals and appar-

ent reflections from the mantle and an intermediate

laver in the southern Coast Ranges northeast of San

Luis Obispo suggest a two-ia\cr crust that is about

.? km thicker than that between San Francisco and

Camp Roberts. .\s on the northern profile, thinning

of the crust beneath the valle\- or increase in the ve-

locity of crustal rocks beneath the valley and foothills

is required to explain the early P„ arrivals in the Sierra

Nevada foothills.

Failure to record P„ east of the Sierra Nevada from

shots at San Francisco left that profile incomplete.

This defect was remedied by recordings at the Uni-

versity of California seismograph stations Berkele>-,

Santa Cruz, San Francisco, and Point Re\es near the

San Francisco shotpoint (Mikumo, 1965), of waves

from the SHO.^L nuclear explosion, about 50 km
southeast of Fallon, fig. 1. SHOAL P„ arrivals at these

stations are plotted as solid circles on figure 4. The
increase in path length required for propagation

around the Sierra Nevada root shown in figure 5

would delay these arrivals about 0.7 sec. The corrected

arrivals, which are plotted as crosses, fall on the exten-

sion of the San Francisco to Camp Roberts P„ line.

Thus, unless the average velocity of P in the upper

mantle between San Francisco and Fallon is signifi-

cantly higher than H.O km/sec, which seems unlikelv,

the crust at SHOAL cannot be significantly thicker

than that near Camp Roberts. This result tends to c(jr-

roborate the thin crust (24 km) near the Shoal site

deduced from the Fallon to luireka profile (F.aton,

1963).

SUMMARY

.A longitudinal seismic refraction profile in the Sierra

Nevada shows that the high southern part of the

range is underlain b\' a crust about 54 km thick. The
crust thins beneath the northern end of the range and

changes drastically in character at the Sierra Ne-
vada-Cascade Range boundary. A similar profile

through the central Coast Ranges indicates that the

crust is only 22 to 25 km thick in that region. Early

wave arrivals at the western foothills of the Sierra

Nevada from explosions along the Pacific shore sug-

gest that the crust is thinner, or is composed of rocks

with higher seismic velocities, beneath the Great \^al-

le\ than beneath the central Coast Ranges.

The velocit\- of P waves in the upper mantle appears

to be somewhat less beneath the Sierra Nevada (7.9

km/sec) than beneath the central Coast Ranges (8.0

km/sec). The velocity of P waves in the upper part of

the crystalline ci'ust is the same beneath the Sierra

Nevada and the central Coast Ranges west of the San

.\ndreas fault (6.0 km/sec). Earthquake studies and

meager refraction data suggest that the velocity of P
waves in the upper crust beneath the central Coast

Ranges east of the San Andreas fault is only 5.6 km/
sec. This lower velocit\- may characterize a very thick

accumulation of Franciscan rocks, which form the

basement in this region.

Rocks with intermediate P wave velocities (6.4 to

6.9 km/sec) form a major part of the Sierra Nevada

root, but they thin to 10 km or less toward both the

northeast and southwest. They are probably a major

constituent of the crust beneath the eastern Great

\'alley and the Sierra Nevada foothills.

Evidence from seismolog\- on the detailed structure

of the crust and upper mantle in northern California

outside the regions described above is almost en-

tirely lacking. Except for the tantalizing but limited

evidence from the two transverse refraction profiles,

the crust beneath the Great \'alley remains essentially

unexplored; and the Coast Ranges north of San Fran-

cisco, as well as the Klamath Mountains, have received

even less attention. Extrapolations of results from one

region into a neighboring one is of dubious value in

light of the drastic changes encountered at the bound-

ar\- between the Sierra Nevada and the provinces that

surround it.
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