





























































































































































































































































































































ies in

33
32

-114

bl

o™, ']
“ 4
i
,,..——-l,_. -
~. /

L3380
P Wy

¥ >
LEEX UL
13393333

>
3333393533333 %
535 s 303035353355
32335 530 5233333959300

Pins sy AR
petaiat

.

ez g
oo
3533053358

>
>

R

530535

23500 553 13
33333335 5233322333 %133
S P33 303830333
753335333 573353333 3333

A 2 A

g RRARARR
39333553333 533333533 %
32233350 9532203300%°

So. Cal., SLOWNESS

0.15 km/sec

-120

contour level

-121

Pn velocit

-118 -117 -116 -116

-119

Figure 2c. Pn velocity variations in Southern California. Black and white ver-
sion.
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Figure 2d. Pn station delays in Southern California. Numbers in tenths of
seconds. Black and white version.
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Variance and resolution are demonstrated for the Pn results by using
four synthetic models as was done for Hearn and Clayton (1984). Travel times
are found for each model using the actual raypath set. The synthetic data
are then inverted in the same manner as the data. Variance is determined by
using a model consisting of gaussian noise. For a large amount of noise, 0.05
s standard deviation for the highest quality arrivals, the amplitudes are below
that of the Pn anomalies. These noise results are shown in Figures 3a and b.
Delay noise has a maximum value of 0.23 s and slowness noise maximum of
0.24 km/s. The absolute slowness de-viation is 0.06 km/s. The resolution of
individual slowness cells is shown in Figures 4a and b. Cell responses blur 50
km depending on the location. Ray streaking due to azimuth bias is quite
apparent in more poorly sampled regions. The 0.6 km/s cells turned on give
responses of 0.4 km /s and trade off little with the delays causing small 0.1 s
values. In Figures 5a and b the response for station delays of 0.1 s is shown at
selected stations. These are reconstructed very accurately and cause almost

no tradeoff with the slownesses.

The last synthetic is designed to investigate the slowness-delay tradeofi.
The original model has horizontal stripes in the slowness image of 0.3 km/s
and vertical stripes in the delay image of 0.15 s. Comparison of Figures 6a
and 6b shows the tradeofl between the crossing stripes. We see from these
figures as well as from the previous results that some areas are not as well
reconstructed as others. The slowness amplitude is too high by a factor of 4
and errors in delays can be as high as 0.4 s. The mean absolute velocity devi- .

ation is 0.46 km/s. The northeast section of the slowness image is heavily
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Figures 3a and b. The noise response of Pn velocities and of Pn station
delays. Pure noise with a standard deviation of 0.05 s was input.
Numbers in tenths of seconds.



\|

Pn 0.05s noise response, SLOWNESS

\ Ve

H

contour level

:0.03 km/sec

32

-e0l-

-121 -120 -119 -118 -11% -116 -1156 -114

Figure 3c. The noise response of Pn velocities. Pure noise with a standard
deviation of 0.05 s was input. Black and white version.
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Figure 3d. The noise response of Pn station delays. Pure noise with a stan-

dard deviation of 0.05 s was input. Numbers in tenths of seconds. Black and
white version.
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Figures 4a and b. The slowness response of individual slowness cells for
Pn arrivals and the station delay response of individual slowness cells for
Pn arrivals. Numbers in tenths of seconds.
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Figure 4c. The slowness response of individual slowness cells for Pn arrivals.
Black and white version.
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Figure 4d. The station delay response of individual slowness cells for Pn
arrivals. Numbers in tenths of seconds. Black and white version.
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Figures 5a and b. The slowness response of individual station delays for
Pn arrivals and the station delay response of individual station delays
for Pn arrivals. Numbers in tenths of seconds.
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Figures 6a and b. The slowness response for Pn arrivals to a test pattern
and the station delay response for Pn arrivals to a test pattern. The ori-
ginal model had horizontal stripes in slowness variations and vertical
stripes in the delay variations. Numbers in tenths of seconds.
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Figure 6c. The slowness response for Pn arrivals to a test pattern. The origi-
nal model had horizontal stripes in slowness variations and vertical stripes in
the delay variations. Black and white version.
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biased by streaking along a northwest azimuth. Reconstruction is most accu-

rate in the center of the plot.

Discussion

In the eastern Mojave a large amount of fast material exists. This anom-
aly appears to have a northwesterly strike with quite a sharp boundary on its
southwest side. There are a large number of events at the Coso area, at the
nerthernmost part of the array, which contribute to streaking in the
northwest azimuth. To some extent these high velocities also arise from
blurring the early delays in the easternmost part of the array to the
northwest. These higher velocities extend down into the Salton Trough and
into the Gulf of California. This is especially surprising since the Salton
Trough is a spreading center where hotter, lower velocity, material is
expected. Indeed, Humphreys et al. (1984) find slow velocities in and under
the Salton Trough from teleseismic arrivals. In fact his cross section has low
velocities extending into the crust where high velocity mafic material exist
(Fuis et al., 1981). Most likely, the actual zone of rifting in the trough is sim-
ply too narrow to resolve. The narrow dimension of the rifted zone is near 25
km, and the resolution is not quite that good. Alternatively, the raypaths may
be refracting through higher velocity material which has underplated the rift

zone.

Slower apparent Pn velocities seem to underlie the Transverse Ranges
and part of the Peninsular Ranges. The Transverse Ranges do show a small °

root in the station delays and this is what is most likely delaying raypaths
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crossing this region. Similarly the southern Sierra Nevada around Lake Isa-
bella shows slow Pn velocities, also due to a mountain root. A deep root is not
necessarily required to cause an appreciable delay. The Peninsular Ranges
show no evidence for a root in the delays so we conclude that truly low Pn
velocities do exist here. The slow Pn region in the Peninsular Ranges coin-
cides with an area of an anomalously high isostatic gravity anomaly (Oliver,

1981) but a connection between the two is not clear.

The Mojave Desert along the Colorado River shows the early delays that
have been discussed in more detail in Chapter 2. These arrivals result from a
thin 22 km crust that centers along the Colorado River. This region also has
higher Pn velocities (8.2 km/s). Structurally, Pn velocities in the area prob-
ably represent conditions when this portion of North America was formed
while the shallow depths of the Moho represent more recent extensional tec-

tonics associated with early basin-range extension (Zoback el al., 1981).

Pn velocities do not show the dramatic contrast along fault zones that
has been found for Pg rays. Unfortunately, we do not have the resolution that
was obtained there. Velocities on the North American plate are distinctly
higher than those on the Pacific plate and the mean delays are less on the
North American plate. The transition occurs over no more than 100 km. The
Moho discontinuity is at a depth where the earth deforms in a ductile manner.
Although the plate boundary certainly extends to this depth the boundary
may be a broad zone of deformation. The results indicate that the apparent
Pn velocities aiong the San Andreas have been decreased due to the root of

the Transverse Ranges. This makes defining the width of the plate boundary
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difficult.
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Chapter 5

Conclusions and Speculations

Crustal structure and tectonics in Southern California

The studies of this thesis extend the surface tectonics of Southern Cali-
fornia downward so that differences in the tectonic responses of the upper
and lower crust can be seen. The San Andreas Fault clearly extends as a
planar feature to at least 10 km, but not necessarily to Moho depths. The
apparent Pn velocities, which represent velocities at the surface of the man-
tle, are different on the Pacific and the North American plates, but there is no
clear contrast between them. Similarly, San Jacinto Fault is present at Pg

depth levels but not apparent in the Pn results.

This separation of the crust from the mantle is because of their different
rheological regimes. The upper crust is brittle and seismic while the lower
crust is ductile and aseismic. Their responses to tectonic forces are quite
different and this has led to the separate velocity patterns for the Pg and the

Pn arrivals.

One mechanism for separating the upper brittle crust from the lower,
ductile crust is detachment faulting. These nearly flat faults occur at mid- .
crustal depths and move aseismically. Older detachments in Southern Cali-

fornia that have been exposed at the surface include the Rand Thrust, the
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Pelona Thrust, and the Whipple Mountains Thrust. Recently Crouch et al
(1984) presented reflection data which show the coastal Hosgri Fault zone
turning into a nearly flat fault in the miderust. He infers that much of the
California Coast Ranges are underlain by such detachments and their topog-
raphy is largely caused by movement on these surfaces. Recent COCORP

profiles in the Mojave (Cheadle et al., 1984) show many possible detachments.

Our methods in evaluating array data cannot directly detect detachment
faulting; however, several observations are made that are easily explained by
such faults occurring in the crust. The Transverse Ranges are not apparent
at Pg depths (™10 km). This implies that the rock types under the ranges at
this depth are the same as those found adjacent to the mountains at that
depth. The Transverse Ranges then could be allochthonous features which
have ridden on detachment surfaces to their present location. These detach-
ment surfaces are at depths shallower than 10 km. Seismicity under the San
Bernardino Mountains extends only to 5 km north of the San Andreas while it
extends to depths deeper than 15 km south of the San Andreas (Corbett,
1984). This shallow seismicity base defines the brittle to ductile contact
under the ranges and could be a good site for detachment faulting. Similarly.
the Tehachapi Range should have a low Sierran velocity at depth but there is
no indication of this. These mountains, too, do not seem to extend to the
midcrust. Either the base of the batholith is shallow or the batholith has

been moved.

The Peninsular Ranges show characteristic high velocities that

correspond to their high density. The San Jacinto block, however, is distinct.
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It has slower Mojave-type velocities. The Peninsular Ranges may be overriding
the opposing plate in this area on a detachment surface. At depth the plate
boundary is or has been under the San Jacinto Fault zone. The San Jacinto
Fault only has 30 km of displacement on it and so it could be a late developing

feature of the overthrusting.

If these detachments occur within the upper half of the crust and con-
tinue to occur in the lower half, it is not surprising that the Moho velocity pat-
tern is different from the upper crust. Detachment faulting effectively
separates the brittle interactions on the surface from the ductile interactions
at depth thus enabling the upper and lower crust to act independently. At
deep depths the crust is responding more to isostatic compensation operat-
ing along the fault at Cajon Pass than it is to the shear force across the plate

boundary.

The sediment delay is quite apparent from the Pg data results. Detailed
structural studies have been done by Fuis et al. (1982) who infer high velocity
intrusive rocks beneath the valley fill. Our results show the same high veloci-
ties in the upper crust and our delays show the sedimentary fill. We also find
high velocities in the Pn rays. This is surprising since the Salton Trough, a
spreading center, is underlain by partially melted, low velocity, mantle (Hum-
phreys et al, 1984; Walck, 1982). Several explanations exist for the fast Pn
rays. The actual spreading center may be too narrow to resolve at this depth.
The zone of new crust is the width of the Central Valley (20 km) by the offset
on the San Andreas (200 km). Alternatively, mantle material may freeze onto -

the base of the crust forming a thin high velocity solid layer over a lower
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velocity partially melted mantle. No evidence exists for any anomalously thin
crust in the Trough. As the plates pull apart one might expect the thickness
of newly formed crust to be near the thickness of normal ocean crust plus the
sediment thickness. If such a region exists it is too narrow to be seen without
a detailed experiment. The American plate adjacent to the trough is thin (22

km) compared to the adjacent Pacific Plate (25 km).

The thin crust of the Colorado River region is part of the thin crust that
dominates the Basin and Range Region. This thin crust exists in the Nevada
portion (Priestly, 1981) of the Basin and Range region as well. In the Colorado
River region we associate the thin crust with the metamorphic core complex
that exists there. large detachment surfaces are also exposed in the region.
Crustal thinning seems to have occurred by stretching of the lower crust and
fracturing on normal faults in the upper crust. The detachment provides a
surface separating the two regions. Zoback (1981) has reviewed evidence that
suggests two phases of extension in the Basin and Range region. They associ-
ate crustal thinning with the first phase of extension that occurred prior to

the Miocene.

Isostatic balance in Southern California is a confusing issue. The western
Transverse Ranges have a small root (Lamanuzzi, 1981). This can be seen in
both the Pn static delays and by the slow patch in apparent Pn velocities. The
eastern Transverse Ranges do not seem to have a local root but a broad root,
which also balances the topographically high Antelope Valley region, may be
present. Low éravity values (Oliver, 1981) reflect a crustal root under the

western Transverse Ranges. The isostatic balance of the Transverse Range
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province is complicated by the upper mantle high velocity anomaly that
underlies them (Humphreys et al., 1984; Walck and Minster, 1982; Raikes and
[{adley, 1979). Statically, this anomaly should result in a broad high gravity
anomaly superimposed on the crustal gravity anomalies. Dynamically, how-
ever, the high velocity mantle anomaly should be sinking thus pulling the

crust downward causing low gravity values.

In contrast to the Transverse Ranges there is little evidence for a root in
the Peninsular Ranges. Nonec of the stations within this province show any
appreciable delay. High upper crustal velocities in the ranges correspond to
the high density mafic granites of the batholith. Pn velocities, however, are
anomalously low. The Bouguer Gravity anomaly for these ranges does show a
trend of low gravity following the crest of the ranges. Calculation of isostatic
gravity anomalies (Oliver, 1981), assuming a constant density crust, shows
that a major isostatic balance problem exists in the western Peninsular
Ranges. A large platform of relatively high Bouguer gravity anomaly extends
from the San Diego coast inward to the Elsinore Fault (Oliver, 1981). The
gravity high does correspond to a patch of slow Pn velocity but no obvious
connection exists. Teleseismic results show no anomalous mantle there. If
the Peninsular Ranges are in isostatic balance it is not accomplished with a
constant density crust. Rock densities decrease from west to east within the
Peninsular Ranges (L.T. Silver, pers. comm.). If this trend extends sufficiently

deep into the crust then isostatic balance can be maintained without a root.

A simple calculation can give some insight into the balance of the Penin-

sular Ranges. First, let us assume a flat Moho under a flat-bottomed batholith
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and restrict all density anomalies to the batholith. Mass balance can then be
used to estimate the depth of compensation, which, for our assumptions, is
the base of the batholith. Densities within the range vary between 2.75 to
2.85 gm/cc and the 750 m is the topographic relief. The depth of compensa-
tion is then given by :

750m x2.75gm. / cc

b= T 0.10gm/ cc

= 20.6km.

This calculation indicates that for isostatic balance the Peninsular Ranges
extend down into the lower half of the crust. Of course variations in the basal

depth of the batholith also can also accommodate the isostatic balance.

Even if the Peninsular Ranges are isostatically balanced internally within
the province there is still a problem in balancing them relative to the rest of
Southern California. The observed 27 km average depth in the region is less
than the average California crustal thickness. The regional compensation of
the Peninsular Ranges must be accomplished by a low density lower crust or

upper mantle or by dynamic forces produced by the plate motions.
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