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the calculation for a frequency f of 20 Hz, a characteristic offset A of 10 km,
and an effective attenuation corresponding to a @,, of 20. The shape of the
curve between 1 and 3 s is so strongly affected by the value of Q. that the
average Q,, over line 3 is constrained to be between 10 and 30. Considering
the values for effective attenuation reviewed in the section on propagation
effects above, such a low value is not at all surprising. The average trend, as
modeled, is affected mostly by the shallowest section of the crust, where highly
heterogeneous alluvium causes extensive scattering and mode conversion of
high-frequency reflections. The fact that the average trend can be modeled so
directly indicates that most of the energy in the shot gathers, away from the
mutes, is actually due to the presence of direct compressional wave reflections
from within the basement. This is apparently the case even though it is very
difficult to identify these events individually on the shot gathers or in the
stacks.

This model trend, fit to the average amplitude versus offset trend of the
entire dataset, was subtracted from each trace of the trend stack to yield the
trend stack in Figure 3.38, which is thus the trend corrected for the average
effective attenuation. The section shows dark areas, where @,, is greater than
20 near the surface, and light areas where it is less than 20. The trend of
some reflections is made visible by the correction, such as at 2.2 s just
northeast of the center of the line. Overall, except for the influence of a few
near-surface reflectors reversing the trends below them, the major southwest
dipping mid crustal reflection, “F”’ on Figure 3.29, shows increasing amplitude
with offset. There are also hints near the center of the section that the Moho

reflection at 10 s may have a positive trend. It is not strong enough over the
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whole section, however, to yield a definite trend from the COCORP experi-
ment. Without corroborating information indicating the contrast in compres-
sional velocity at the regional reflector, the sign of its Poisson’s ratio contrast
cannot be determined. It is sure, however, that the variation in Poisson’s ratio

at this structure is large.

The COCORP Mojave line 3 dataset thus provides a regionally extensive
analysis of the strongest mid crustal reflections. It unfortunately lacks enough
offset coverage to enable a regional analysis of the Moho. Further, the inabil-
ity to sort it into midpoint gathers forces the assumption of lateral homo-
geneity over scales of several kilometers. With the major mid -crustal
reflections, however, comparison of shot and midpoint gather stacks suggests
that such an assumption may be made. The derived amplitude trends suffer
from interference by a highly heterogeneous near-surface section, but the
interference is easy to identify. This surface section also produces effective
attenuation to the extent that the average apparent @ is only 20. The ability
to account for all of these considerations should make these multi-offset tech-

niques applicable to many COCORP, and other, datasets.
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5. CONCLUSIONS

An understanding of the nature of the Earth’s crust and its formative
processes depends upon knowledge of the physical nature and condition of
rocks at deep levels. Seismic reflection surveys in many areas have brought to
light the existence of previously unsuspected structures that have led to new
models of crustal phenomena. To date, however, they have employed tech-
niques oriented towards defining the geometric structure of these reflectors.
While knowledge of reflector geometry allows hypotheses on the geologic
nature of the reflectors to be proposed, in many cases it has not provided tests
for competing models. In addition, geologists, often regarding seismic
reflection results as having some equivalence to geologic sections, have mainly
proposed reflector models based on genetic factors associated with the geologic
origin of the rocks. Other models, based on factors solely related to the
present-day physical condition of the crust, have been ignored. This implied
equivalence of geologic boundaries with reflectors is risky, as the deep crust
has not yet been sampled or observed directly. Despite their resolution of
unprecedented detail, seismic reflection surveys have not yet brought about an
improved understanding of such critical processes as volcanism, earthquake

generation, and metamorphism, all present-day physical phenomena.

This shortcoming can be addressed through expanding the analysis of
seismic data to include the multi-offset information. This can be done in two
steps. First, by examining the dependence of reflection frequency on offset, a
step discontinuity can be distinguished from thinly layered structures. Thin
layers produce an increase in peak frequency with offset, a phenomenon con-

strained by simple interference relations and elastic wave equation modeling.
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If the amount of increase can be measured, the thickness and velocity contrast
of the layers can be estimated. This determination reveals whether a reflective
structure is the result of broad scale changes in the crust, or due to the more

localized effects of phenomena such as fault motion or fluid injection.

The second step is to examine reflection amplitudes as they change with
offset. Approximations of elastic scattering phenomena, applicable to crustal
reflections, show that whether amplitude increases or decreases with offset in
the pre-critical range depends on the sign of the density and rigidity variations
relative to the sign of the variation in Lame’s parameter. If the signs are
opposed, amplitude increases with offset. If the signs agree, the amplitudes
decrease. If the sign of the compressional velocity variation is also known, the
sense of variation in Poisson’s ratio can be found. These simplified relation-
ships are verified by full plane wave calculations on a set of canonical models.
This simple method yields fundamental constraints on the physical properties

of deep reflectors.

These steps can be applied to a variety of datasets. The results from
three surveys in the eastern, central, and western Mojave image structures in
the deep crust about which very little is known. The 1985 Calcrust line in the
Ward Valley was designed to yield long offset information on the deep crust
within a short interval. A single long offset shot gather assembled by C. H.
Dix in 1962 contains some of the clearest records of deep events. The
COCORP Mojave line 3, although shot in a conventional manner with a lim-
ited offset range, provides regional coverage. The coverage and quality of
these data are too poor for formal inversions, but they do provide definitive

analyses of simple frequency and amplitude trends.
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Four classes of factors can affect apparent frequency and amplitude
trends. Recording and processing factors include source and receiver calibra-
tion and the identification of directly reflected compressional waves. Surface
consistent effects result from variations in instrument ground coupling, direc-
tivity, and near-surface heterogeneities. The effects of propagation, spherical
divergence and effective attenuation, are often exacerbated by heterogeneity
and anisotropy. Finally, anisotropy contrasts, layering, and curvature of the

reflector itself can complicate the interpretation of multi-offset reflections.

The effects of these factors can be mitigated to the point where useful
interpretations can still be made. Only the gross trend of amplitude with
offset, whether it increases or decreases, needs to be found. The trend is calcu-
lated for each point of a stacked section, which has been weighted by the pro-
portion of hyperbolic events incorporated into each point. Interpretations can
then be made from the strongest reflections that best fit the assumptions of
the stacking process. The trends of strong reflections stand out as sharp
events above the background noise. The trend stack itself can be used to
locate the effects of interfering phenomena, while the effects of most types of
heterogeneity can be averaged out by conducting an experiment with sufficient
multiplicity and reciprocity. The interpretation of the 1985 Calcrust Ward
Valley dataset carries all of these advantages. While the datasets from the
western and central Mojave have limitations, the trend stacks still show where

valid interpretations may be made.

The results of examination of manually selected multi-offset spectra and
of weighted stacks and their accompanying trend stacks and trend correlation

stacks for the three areas of the Mojave are summarized in Figure 3.40.
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Fig. 3.40: Generalized crustal columns showing the depths and character of
major reflectors in 3 areas of the Mojave Desert (Figure 3.1). The physical
nature of selected structures as derived from frequencies and amplitudes of
multi-offset reflections are indicated. Increases or decreases of amplitude with

offset are indicated by plusses or minuses above each reflector.
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Although the three areas are separated by at least 100 km, and the quality of
the datasets varies, some similarities can be noted. In the middle crust, the
most prominent reflectors may show an increase in amplitude with offset. In
the eastern Mojave, where spectra indicate that at least one of the predom-
inant reflectors contains thin layering, this increase corresponds with an
increase in Poisson’s ratio. While this cannot be shown for the other areas,
the trends are so prominent that these mid crustal structures must incorporate
a strong variation in Poisson’s ratio. Such structures can extend over regions
of at least 100 km, as seen in the western Mojave. The Poisson’s ratio varia-
tions imply that, if the thin layering is interpreted to be tectonic, then any
motion interpreted must be large enough to offset rock units of entirely
different composition. Otherwise the motion must be large enough and recent
enough to offset rocks of metamorphic facies equilibrated to quite different lev-

els of the crust, without re-equilibration.

All three sections show some evidence of a basal crustal zone overlain by
strong, dipping heterogeneities, which vary on a small scale. The top of the
basal zone may have a remarkably constant depth, near 22 km across the
Mojave. Where it can be constrained, it is a step discontinuity carrying an
increase in Poisson’s ratio, producing one of the strongest reflections. The
overlying dipping heterogeneities suggest a broad transition zone, possibly
composed of the same rocks as the mid crust, but broken or invaded by fluids
arising from the basal zone. The basal zone itself shows a high degree of
small-scale heterogeneity, but not, at least in the eastern Mojave, great varia-

bility of Poisson’s ratio.
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The Moho discontinuity shows the same characteristics across the Mojave.
It includes thin layering and represents a strong increase in Poisson’s ratio,
observations best constrained in the central and eastern Mojave. This is true
despite its difference in depth of at least 5 km between the two areas. The
entire amount of thinning of the crust in the eastern Mojave during the
Miocene could be accounted for by thinning and boudinage of the basal zone.
This implies that the extension process that acted to thin the crust thinned
only a pre-existing basal zone, or that the basal zone was created across the

entire Mojave after the Miocene extensional event.

The next step in this analysis would be a quantification of the effects of
geologic and physical processes on Poisson’s ratio. While experimental work
on porous rocks at upper crustal conditions suggests that strong changes in
Poisson’s ratio may be tied to changes in porosity (Toksoz et al., 1976), little is
known about the possible range of conditions at deeper levels. Aside from the
effects of physical condition, Poisson’s ratio contrasts, due to variations in
metamorphic grade, have yet to be worked out. On the evidence, presented
here, of the great variability of this parameter throughout the crust, geologic
models should be constructed to include contrasts having the more incompati-
ble physical properties. Interfaces involving only changes in the present-day

physical condition must also be considered.
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RECOMMENDATIONS

In many ways, the interior of Earth is more inaccessible than the far
reaches of the solar system. Despite our proximity to it, the dense, opaque
nature of rocks has severely limited the amount and quality of the information
we can obtain from it. Even for Earth’s crust, intensive efforts must be made
to discern its properties and the processes that formed it. The seismic
reflection technique is one such remote sensing method, which has been useful

for providing reconnaissance information on the nature of the crust.

Often, however, reconnaissance seismic reflection methods miss important
features of the crust. This was seen in Chapter 1, where standard stacking
techniques were unable to indicate the presence of dramatic lateral hetero-
geneity. A different approach is necessary to prevent a biased view of the
crust from emerging. This approach is realizable in two ways. First, the data
from previously completed seismic experiments must be examined in their
entirety. It is helpful if, in addition, the data can be presented in a format
intuitively related to the actual physical experiment that was carried out. One
such format is the record sections on which the fault zone reflections at
Parkfield could be easily identified. At present the examination of all of the
shot records from an average seismic survey is a difficult and time-consuming
prospect, because of the enormous volume of data. It is steadily becoming
even more difficult, as more surveys employing large numbers of receivers, and

three-dimensional acquisition designs, are carried out. This problem can be
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mitigated, however, by designing new data processing systems that will allow
the retrieval, display, and manipulation of multi-dimensional record sections
on a human time scale. As an additional advantage, such systems could make
the testing and comprehension of novel transformations of the data more
tractable. This will bring about the interpretation of phenomena that are at

present too poorly known to handle except by deletion.

The second way of extending the seismic reflection technique beyond its
present reconnaissance status is to design reflection experiments with particu-
lar scientific objectives. An attempt at this was carried out by the Calcrust
consortium and was reported in Chapter 2. Such a consortium, incorporating
both geologists and geophysicists, provides a valuable forum for determining
what the geologically pressing problems are, and how they might be addressed
with geophysical experiments. The design of such an experiment should
include not only the routing of the survey, but also specific acquisition
methods tailored to observe phenomena that can be expected, from modeling,
to arise from the hypothetical structures considered. It should be noted, how-
ever, that the expense of seismic experiments makes it necessary to carry out
surveys having more than one objective. The 1985 Calcrust survey is an
example. Although it was primarily designed to resolve questions on the
geometry of structures in the shallow basement, it was perhaps most successful
in obtaining constraints on the nature of deep structures, as was seen in
Chapter 3. This information was obtained in large part from the long offset

arrays specifically designed to image the deep crust.

Any experiment with a deep objective may have to include methods

aimed at the shallow section for another reason. As was seen in Chapter 2,
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the highly heterogeneous nature of the surface interfered with the receipt of
any information from the deeper section. The effects of the surface section
had to be evaluated in Chapter 3 before analyses of deep phenomena could
proceed. The examination and reduction of multi-offset reflections, while it
increases the amount of information available, also does not benefit from the
standard methods of mitigating noise through data summing processes. Thus,
the nature of the noise, which usually arises close to the surface, must be
understood. Because of these considerations, it is suggested that any seismic
experiment have several objectives, located in quite different parts of the cru-

stal section.

The 1986 Calcrust experiment in the Apple Valley, in the central Mojave
Desert, was designed with these considerations in mind. Its dual nature was
driven by having both shallow objectives, some of which crop out along the
survey, and deep objectives, such as structure of the Moho. The methods that
were applied in Chapter 3 can be applied to this new survey more robustly,
since it includes data of higher density and wider offset coverage. It is also one
of the first deep crustal surveys to be undertaken in an area of active seismic-
ity, where the activity carries suggestions of boundaries in the present day

physical state of the rocks at depth.

The importance of corroborating information cannot be overstressed.
Aside from the information available to geologists in outcrops, other physical
information on the state of the crust must be brought to bear on interpreta-
tions of seismic reflectors. Seismic activity, gravity, electromagnetic, and heat
flow information all have the potential of further constraining the nature of

structures suggested by reflection work. In fact, extensive laboratory work
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may be necessary to understand the connection of observed physical proper-
ties, like Poisson’s ratio, to geologically understandable processes such as
metamorphism. At present, it can only be said that many boundaries that
have fundamental importance to the genesis of crustal terranes, such as base-
ment fault offsets, may not have any consistently recognizable contrast in the
physical properties observed by the reflection technique. Some of this informa-
tion may be obtained as more boreholes begin to penetrate reflective basement

structures, as is occurring near the Apple Valley.
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Appendix

Acquisition Parameters of the 1985 Calcrust Survey

Details of the acquisition parameters used during the 1985 Calcrust
Mojave-Sonoran project are given here for reference. Chapter 2 discusses how
these parameters were chosen. Table A-1 gives the geographic coordinates of
the ends of the survey lines to an accuracy of 30 m. Table A-2 summarizes
the final acquisition parameters used on both the primary roll-along lines and
the long offset stationary spreads. Parameters not listed did not change
between lines and are as follows: Four vibrators made linear upsweeps from 8
to 36 Hz, with a 3 s cosine taper at the low end. The Sercel SN-348 recorder
listened for 12 s in addition to the sweep time, applying a 72 dB/octave high
cut filter at 62.5 Hz and a notch filter at at 60 Hz, with a preamp gain of 27,
before digitizing at 0.004 s intervals. The Sercel SN-338 recorder listened for 9
s in addition to the sweep time, applying a 72 dB/octave high cut filter at 62.5
Hz, a 12 dB/octave low cut filter at 8 Hz, and a notch filter at 60 Hz, with a

preamp gain of 27, before digitizing at 0.004 s intervals.

Table A-2 is divided into two parts, giving source and receiver parame-
ters. The “‘record line” is the name of the line associated with the records in
the observers’ reports, while the ‘‘source line” is the name of the line on which
the vibrators were operating. The range of vibrator points (VPs) over which

they operated is also noted. The ‘‘source interval” is the nominal, or in-line,
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distance between consecutive shots by the vibrators. The moveup “‘interval”
gives the creep distance between sweeps of the vibrators within the moveup
pattern, which forms a source array ‘“size’’ long and weighted centrally about

1

a point displaced by “disp.” away from the nominal VP in the direction indi-
cated. This is not the true bearing, but indicates direction either parallel or
perpendicular to the local course of the line. The “group interval” is the nom-
inal, in-line distance between consecutively recorded receiver channels. The
“spread type”’ indicates the geometry of the receiver spreads, with all of the
split spreads being symmetrical about the vibrators and all of the off-end
spreads being pushed by the vibrators. These spreads progressed with the
sources; the ‘‘static’ spreads did not. The array ‘“‘type’ gives the shape of the
receiver group array at each channel, with the “‘geoph. inter.” being the dis-
tance between individual seismometers of the group, and aspect being the
greatest overall dimension of the array. The center of the group array is dis-

placed from the nominal receiver VP by ‘“‘disp.” in the direction indicated,

parallel or perpendicular to the local course of the line.
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Table A-1

Calcrust 1985 Mojave-Sonoran Project
Line End Geographic Coordinates

Line VP Latitude N Longitude W
WM-1 101 | 34® 26”58 | 115° 02" 13"
1193 | 34" 12°29" | 115°* 05’ 34”

WM-2 201 34° 16’ 347 115° 08’ 43”
1305 34° 04’ 47" 114° 49’ 527

WM-3 101 34° 05’ 15” 114° 51’ 447
1297 34° 11’ 297 114° 35’ 13”

WM-4 101 34* 11’ 53 114* 35" 15”
445 34° 16’ 01” 114° 33’ 50”7

WM-5 101 34° 04’ 547 114* 51’ 03"
602 | 33° 56>30° | 114* 517 18"

Rice 25 | 347 02°10” | 114° 47’ 39"
(WM-6) 120 | 34° 04’ 15" | 114° 43’ 47”
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Table A-2 A
Calcrust 1985 Mojave-Sonoran Project Source Acquisition Parameters
Record Source Max. Sweeps Moveup Array Sweep
Line Fold per Length,
Line VP Prog- Inter- Point Inter- Size, Disp. 8
Range ression val, val, m from
m m VP, m

WM-1 WM-1 101-300 N—=S 75.4 32 12 2.1 50.3 0 16

285-1113 N—S 75.4 32 8 3.1 §0.3 0 31

WM-2 WM-2 201-1305 NW—SE 100.6 32 8 48 67.1 0 31

WM-3 WM-3 102-1297 SW—NE 75.4 32 8 3.1 50.3 0 31

WM-4 WM-4 101-388 S—N 75.4 32 8 3.1 50.3 0 31

WM-5 WM-5 101-143 N-S 100.¢ 32 8 48 87.1 31

147-423 N-S 134.1 24 8 48 67.1 31

WM-5 Rice 100-49 N—S 402.3 — 16 3.4 75.4 12.6N 31
(Refr.)

Danby N WM-1 438-876 N—S 75.4 — 3.1 80.3 0 31

Danby S WM-1 438-876 N—=S 75.4 — 8 3.1 80.3 0 31

Ward WM-1 882-1113 N—=S 75.4 — 8 3.1 80.3 0 31

Freda WM-2 201-821 NW=SE 100.6 — 8 48 67.1 0 31

Milligan WM-2 827-1305 NW-=SE 100.6 — 8 48 67.1 0 31

Rice WM-3 120-700 W—=E 75.4 — 8 3.1 80.3 1] 31

(WM-8) 10931207 | SW—NE | 75.4 — 8 3.1 50.3 0 31

WM-4 101-388 S—=N 75.4 — 8 3.1 50.3 0 31

WM-5 101-143 N=S 100.6 — 8 48 87.1 0 31

147-423 N—S 134.1 — 8 4.8 87.1 0 31

Savahia WM-3 718-1084 S—N 75.4 — 8 3.1 50.3 1] 31

Rice 100-49 N—-S 402.3 — 16 34 75.4 12.6N 31
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Table A-2 B
Calerust 1985 Mojave-Sonoran Project Receiver Acquisition Parameters

Record Source Group Spread Group Array Rec.
Line Inter., Sys.

Line VP m Type No. Offset Type Geoph. Aspect, Disp.

Range Chan. Range, Inter., m from

m m VP, m
WM-1 WM-1 101-300 25.15 split 192 138-2527 online 23 25.1 12.65 348
2851113 25.15 split 192 138-2527 online 2.3 25.1 12.65 348
WM-2 WM-2 201-1305 33.53 split 192 184-3370 online 3.0 33.5 16.8SE 348
WM-3 WM-3 102-1297 25.16 split 192 138-2527 online 23 25.1 12.6NE 348
WM-4 WM-4 101-388 25.18 split 192 138-2527 online 23 25.1 12.6N 348
WM-5 WM-5 101-143 33.53 offend 102 138-6588 online 30 335 16.88 348
147-423 33.583 offend 102 138-6588 online 3.0 83.5 16.85 348
WM-5 Rice 100-48 33.53 static 48 — online 3.0 33.5 16.88 348
(Refr.)

Danby N WM-1 438-876 75.44 static 48 — cire. 6.7 30 15W 338
Danby S WM-1 438-876 75.44 static 48 —_ L 6.7 47 12W, 338

378
Ward WM-1 882-1113 76.44 static 26 — cire. 6.7 30 158W 338
Freda WM-2 201-621 100.58 static 98 —_ oval 6.7 45 SNE 338
Milligan WM-2 627-1306 100.58 static 8 — cire. 6.7 30 15NE 338
Rice WM-3 120-700 100.58 static 26 — cire. 6.7 30 16N, W 338
(WM-8) 1093-1297 100.58 static 26 — cire. 6.7 30 16N,W 338
WM-4 101-388 100.58 static 926 — cire. 6.7 30 16N,W 338
WM-56 101-143 100.58 static 26 — cire. 6.7 30 15N,W 338
147-423 100.58 static 98 — cire, 6.7 30 16N, W 338
Savahia WM-3 718-1084 75.44 static 96 — cire. 6.7 30 15E 338
Rice 100-48 75.44 static 98 — cire. 8.7 30 15E 338




