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Abstract. A three-dimensional P wave velocity model of south-central California
from the Coast Ranges to the Sierra Nevada shows that the crust under most of
the southern Sierra Nevada batholith has seismic velocities (5.9-6.3 km/s) below
the continental average. The crust is not much thicker (on average about 35 km)
than in the adjacent Great Valley and Basin and Range province apart from a
small, northward thickening, crustal root under the western Sierra Nevada that
reaches a depth of 42 km. Crustal velocities above the continental average are
observed beneath much of the Great Valley due to a high-velocity body underlying
the sedimentary basin and the Foothills metamorphic belt (6.4-7.0 km/s). Upper
mantle velocities are generally low (7.8 km/s) but span a wide range (7.4-8.2 km/s).
We display the velocity model in several cross sections and maps of Moho depth
and average crustal velocity. The measured velocities in the upper and mid crust of
the Sierra Nevada batholith are in good agreement with laboratory measurements
on Sierra Nevada tonalites after corrections for density and temperature. Peridotite
xenoliths from the eastern Sierra Nevada suggest strong upper mantle anisotropy,
which could explain some of the velocity heterogeneity in the Sierra Nevada mantle.
By the time Cretaceous subduction-related magmatism ceased, the Sierra Nevada
arc must have had a thick mafic lower crust; yet a principal result of our work
is that today the batholith has a crust of mainly felsic composition throughout.
A subcrustal layer with velocities below normal P, velocities (<7.6 km/s) may

indicate the presence of lower crustal material in eclogite facies.

1. Introduction

The modern tectonic framework of central California
is dominated by the San Andreas strike-slip fault sys-
tem, but its basic geologic framework is related to its
earlier subduction regime, which continues today north
of the Mendocino Triple Junction in northern Califor-
nia. The three major geologic provinces of central Cal-
ifornia, the Coast Ranges, the Great (Central) Valley,
and the Sierra Nevada, represent the accretionary-prism
complex, the forearc sedimentary basin, and the ex-
humed batholith of a magmatic arc system generated
during Mesozoic subduction, respectively. To the east
and south, bounded by the eastern scarp of the Sierra
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Nevada, and to the south bounded by the Garlock Fault
in southern California, lies the extensional Basin and
Range province (Figures 1 and 2). Our seismic investi-
gation of the crust from the Pacific coast to the western
Basin and Range province was designed to show the
structural consequences of this tectonic development.

In summer 1993 the Southern Sierra Nevada Conti-
nental Dynamics (SSCD) project shot two seismic re-
fraction lines in central California [Malin et al., 1995;
Wernicke et al., 1996]. The first ran from the Coast
Ranges across the Sierra Nevada and western Basin and
Range province (west-east line, length: 400 km), and
the second in Owens Valley east of the Sierra Nevada
(north-south line, length: 325 km). In addition, a modi-
fied west-east line recorded the NPE (Non-Proliferation
Experiment) shot on the Nevada Test Site over a length
of 480 km into the Coast Ranges (Figure 2). With a
shot spacing of 50 km and a receiver spacing of 500 m
this survey is the most detailed active seismic study of
the Sierra Nevada batholith to date.
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Figure 1. Overview map of California and its tectonic provinces (modified from Fuzs and Mooney
[1990]; and Saltus and Lachenbruch [1991]). WWF, White Wolf Fault; KCF, Kern Canyon Fault.
The outlined study area is shown in detail in Figure 2.

Analyses of the first arrivals and wide-angle Moho re-
flections (P, P) from this data set have been reported
by Fliedner et al. [1996] and Ruppert et al. [1998]. This
study expands on the earlier results in several ways. (1)
We have modeled a strong secondary crustal refracted
arrival in order to resolve the velocity gradient in the
lower crust. (2) We remodel some of the older seis-
mic data collected in the region in order to improve the
three-dimensional picture of the crust in central Califor-
nia, updating the review by Mooney and Weaver [1989].
(3) We present laboratory data on velocities in rocks
from the region to better understand crustal and upper
mantle composition. We note that the major contro-
versy we resolve, namely, the seismic velocities (and by
implication the composition) of the Sierran lower crust,
is complicated for the simple reason that is is notori-
ously difficult to derive accurate lower crustal velocities
from surface seismic data.

The additional data sets fall into two groups: (1) pre-
vious, densely sampled two- and three-dimensional seis-

mic refraction surveys in the Coast Ranges and Great
Valley and (2) a set of earthquake recordings within
the Sierra Nevada batholith published by Savage et
al. [1994] and here referred to as “the earthquake
data.” We have not included the pioneering data of
Eaton [1966] and Carder[1973], which started the Sierra
Nevada controversy, because they are too sparse to be
inverted together with the much denser modern data
and also because they fall partially outside our study
area (their competing models are discussed with regard
to the SSCD data of Fliedner et al. [1996]). Most of
the refraction data have been analyzed and published
before [Colburn and Walter, 1984; Murphy and Wal-
ter, 1984; Colburn and Mooney, 1986; Holbrook and
Mooney, 1987; Howie et al., 1993].

We compare the seismic observations with labora-
tory measurements on crustal and mantle rock samples
from the same area. Our seismic results imply a sili-
cic composition of the crust in the Sierra Nevada. This
supports the conclusion from observations of tonalitic
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Figure 2. Area covered by 3-D seismic velocity model.
Black triangles are shot point locations; numbered shot
locations are SSCD: 1-11 west-east line, 12-19 north-
south line, and 40-43 fan shots. Stars are earthquake
epicenters. Black dots ‘are receiver locations. Gray
lines, labeled P1 to P7 are profiles in Plate 1. White
circles are locations of tonalite samples SN-1 and SN-2
of Figure 9 and Table 1. Arrow points to Oak Creek,
collection site of mantle xenoliths. SLO is San Luis
Obispo. The Sierra Nevada batholith is light gray.

lower crustal exposures at the southern end of the Sierra
Nevada [Pickett and Saleeby, 1993] that the batholith
does not become more mafic with depth. The geologi-
cal evidence for a silicic crust and the consequences for
the development of the Sierra Nevada arc have most
recently been discussed by Ducea and Saleeby [1998a].

The upper crustal structure of the Basin and Range
to the east of the Sierra Nevada is discussed in more
detail by Duran [1997]. This work is also based on the
SSCD seismic data. A magnetotelluric survey in the
SSCD program [Park et al., 1996] found low electric
resistivities in the lower crust and upper mantle of the
Sierra Nevada. This 1s attributed to partial melt at
least in the eastern Sierra Nevada.

2. Seismic Data Analysis

We have used the published first-arrival travel times
from the data sets of Colburn and Walter [1984] and
Murphy and Walter [1984]; we used our own picks from
the original seismic records from the three Great Valley
strike lines, of which only two have been published [Col-
burn and Mooney, 1986; Holbrook and Mooney, 1987)
and the San Luis Obispo 2-D and 3-D data set [see,
e.g., Howie et al., 1993]. From the earthquake data set
we used those events and stations that fall within our
study area as picked by Savage et al. [1994].

Although most of the seismic data we discuss are in-
line recordings, the use of broadside fan shots from the
SSCD data set and the integration of earthquake data
and crossing profiles make 3-D analysis possible. For
our travel time analysis we use a 3-D tomography al-
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gorithm of Hole [1992], which computes travel times
using a finite difference code based on the method of
Vidale [1990]. The code is able to handle both first and
later arrivals including reflections [Hole and Zelt, 1995].
Refracted arrivals (first arrivals of P; and Py, and sec-
ondary P,) were inverted for crustal and upper mantle
velocities, and the Moho reflection P, P was inverted
for the location of the reflector [Hole et al., 1992] and
lower crustal velocities [Zelt et al., 1996]. The reflec-
tion Moho was used to enforce a velocity discontinuity
between crust and mantle in order to trace P, more re-
alistically: a pure refraction inversion would smooth out
the crust-mantle transition over that part of the lower
crust which is unconstrained by turning rays.

In Figure 3, we display six shot gathers from the
SSCD data set. The NPE recording (Figure 3a; reduced
at 8 km/s) shows P, as a clear first arrival from 170 km
offset to the end of the line at over 450 km offset (note
the delay due to Great Valley sediments in the offset
range of 300 to 380 km). P, is a strong secondary ar-
rival out to offsets of about 400 km. The following two
records (Figures 3b and 3c) are from the same shot point
location in the western foothills of the Sierra Nevada,
recorded as in-line shot 4 in the SSCD west-east receiver
line and as fan shot 41 in the north-south receiver line.
Note the absence of short offsets due to the distance of
shot 41 from the receiver line. The in-line record (Fig-
ure 3b), shot 4, shows the great difference in quality
of later arrivals in the east (Basin and Range) where
P, P is visible from precritical offsets of about 5 km to
post-critical offsets at the end of the line, and in the
west (Great Valley) where no deep reflections can be
picked. The fan record (Figure 3c) shows arrivals from
the Sierra Nevada batholith approximately beneath the
highest part of the mountain range. P, P arrives about
1 s later in the north than in the south at equal offsets
due to northward deepening of the Moho. The other fan
shot (Figure 3e; the in-line recording of the same shot
is Figure 3d) was recorded in the west-east line from a
shot to the north in Owens Valley. Tt shows the deepest
Moho arrival in the study area (see below). Shots from
the Great Valley (e.g., shot 2; Figure 3f) suffer from
reverberations within the sedimentary basin (reflected
refraction following the first arrival with 3.5 s delay),
but show still a recognizable P, signal and a strong
long-offset P,. Additional data sections are presented
by Fliedner [1997].

Figure 4 shows five different views of the three-dimen-
sional ray coverage of our velocity model. The first four
are views from the side through the transparent model
cube: Figures 4a and 4c are views in the Y direction,
that is, rays projected along the Y axis into the X-Z
plane; Figures 4b anc 4d are views in the X direction,
that is, rays projected along the X axis into the Y-Z
plane; Figure 4e is an aerial (map) view of the first-
arrival ray coverage. High areal coverage is achieved
where fan recordings are available (Figure 4e), both in
the center of the SSCD data set (X = 100-250 km,
Y = 150-250 km) and in the San Luis Obispo area
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Figure 3b. SSCD gather from shot point 4 displayed with travel time reduced at 6 km/s. Shot
point location is indicated by inverted triangle. Shot point 4 is coincident with shot point 41.
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Figure 3c. Same as Figure 3b, except for shot point 41. The inverted triangle marks the
projection of the shot point location into the displayed receiver line. Gather is displayed with

constant trace spacing (non-linear offset scale).

(around X = 0 km, ¥ = 50 km). The other data
sets are essentially two dimensional or, in the case of
the earthquake data, have only sparse coverage. The
upper 15 km of the crust are well covered by P, first
arrivals (Figuress 4a and 4b), as is the region directly
beneath the Moho at about 35 km depth where most
P, rays turn. No first arrivals turn in the lower 15 km
of the crust. This region is covered by later arrivals,
secondary P; and P, P (Figures 4c and 4d). P, P rays
are only plotted between the Moho reflector and a mid-
crustal transition at 10-15 km depth, the depth range
over which P, P was used for velocity inversion. This
transition can be traced in some areas, particularly the
Basin and Range, as a reflector [Ruppert et al., 1998;
Duran, 1997] but is not used otherwise in this study.
The spatial resolution of the velocity model can be
tested by inverting travel times calculated from a syn-
thetic model of sinusoidal velocity anomalies (checker-
board test) superimposed on a background model that
reflects the general (long wavelength) features of the
real model (we use a smoothed version of our veloc-
ity model). The degree to which anomalies of different
sizes (wavelength of the sinusoid velocity perturbation)
can be reconstructed by the inversion gives a qualita-

tive measure of the details that can be resolved with
our data set. Figure 5 shows the inversion results of
two checkerboards on a section through the SSCD west-
east line corresponding with the section of Ruppert el
al. [1998]. The amplitude of the velocity perturbation
is 0.2 km/s and the anomaly size (half wavelength)
is 12.5 km vertically /125 km horizontally in Figure 5a
and 7.5 km vertically /62.5 km horizontally in Figure 5b.
The long-wavelength anomalies (Figure 5a) are well re-
solved throughout the crust both in location (except
in the deepest part of the crustal root) and amplitude.
Smaller amplitudes can only be resolved in the upper
crust. The streaking in Figure 5b indicates that the lim-
its in resolving power of the data set have been reached.

An important question is how well the velocity in the
lower crust can be constrained. If the velocity gradient
in the lower crust is low, there is a wide gap between
the turning depths of the first arrivals of Py and P,. P,
is not very sensitive to the velocities in the lower crust
and for P,, P there is a trade-off between lower crustal
velocity and reflector (Moho ) depth. The most direct
measure, though, is the secondary crustal P, arrival,
which converges at long offsets with the P,, P reflec-
tion. The SSCD data show a strong secondary crustal
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Figure 3d. SSCD gather from shot point 13 displayed with travel time reduced at 6 km/s. Shot
point location is indicated by inverted triangle. Shot point 13 is coincident with shot point 43.

phase with a phase-velocity of about 6 km/s even at the
largest offsets (Figures 3a, 3d, and 3f) where postcritical
P, P asymptotically converges with P;. This suggests
that velocities stay more or less constant throughout
the crust or may even decrease over some interval. The
sensitivity of the different arrivals to a mid or lower
crustal low-velocity zone is shown in Figure 6 by com-
paring the travel time fit between our velocity model
(Figure 6a) and one that enforces a nonnegative veloc-
ity gradient throughout the crust (Figure 6b). Figure 6
displays the shots recorded in the SSCD west-east line,
which traverses the Sierra Nevada and shows therefore
the strongest effect. The misfits in precritical P, P and
Py (not shown) can be accommodated in a positive gra-
dient model due to the additional free parameters of
Moho depth and mantle velocity as given by Ruppert
et al. [1998]. In contrast, the misfits at far offsets in
P, can only be reduced in a near-zero gradient model;
these misfits are most clearly seen on the NPE shot and
the eastern branches of shots 2 and 3.

3. Profiles Through the 3-D Velocity
Model

Plate 1 shows seven crustal cross sections through the
3-D velocity model (see Figure 2 for locations) where it

is well constrained, overlaid with the location of the
Moho and for comparison the Moho from Mooney and
Weaver [1989], which is a contour map based on older,
separate determinations of crustal thickness by multi-
ple authors. The first two profiles follow the two SSCD
receiver lines (Plates la and 1b). The west-east profile
shows that the crust thickens from the Coast Ranges
(25 km) to the eastern edge of the Great Valley (40 km),
which marks the center of the western Sierra crustal
root [Fliedner et al., 1996], and then thins again to-
ward the Basin and Range to just under 30 km (see
also contour map of P, P reflector in Plate 2). Under
the westward deepening sediments of the San Joaquin
(southern Great) Valley, a high-velocity body stands

‘out at 12-15 km depth. Following Godfrey et al. [1997]

and Godfrey and Klemperer [1998], we interpret this
body as Great Valley Ophiolite. It is probably con-
tinuous with the Coast Range Ophiolite, which crops
out intermittently along the Coast Range thrust sys-
tem but does not have a clear velocity signature due to
mixing with low-velocity Franciscan material [Godfrey
et al., 1997; Godfrey and Klemperer, 1998]. Almost the
entire rest of the crust under the Great Valley Ophio-
lite and in the Sierra Nevada has unusually low seismic
velocities (about 6 km/s). It is unclear whether this
near-homogeneity in velocity reflects a homogeneity in
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Figure 3e. Same as Figure 3d, except for shot point 43. The inverted triangle marks the
projection of the shot point location into the displayed receiver line. Gather is displayed with

constant trace spacing (non-linear offset scale).

composition. A tongue of slightly higher velocities near
the eastern edge of the San Joaquin Valley (at 125 km
on P1, Plate la) reaching down to a depth of 25 km
could indicate a buried tectonic boundary between the
Franciscan assemblage and the Sierra Nevada arc (W.
Hamilton, personal communication, 1996). It seems to
us, however, more plausible to regard it as a feature
within material of Sierran affinity, perhaps a transition
from the main Cretaceous batholith to Jurassic, pre-
Nevadan arc crust. In any case, the strong contrast
between high and low velocities is smeared out in the to-
mographic inversion (Figure 5). A more detailed inter-
pretation of domains within the low-velocity area must
therefore depend on additional geological or geophysical
evidence. It is clear, however, that the high velocities
under the Great Valley sediments do not continue all
the way to the Moho (Figure 6).

Owens Valley (at 230 km on P1, Plate 1a) separates
the low-velocity Sierra Nevada from the on-average high-
er velocity Basin and Range crust near the intersection
with the north-south profile (P2, Plate 1b). Except for
a 40~70 km wide block under the Panamint Range with
velocities under 6 km/s down to a depth of about 18 km,
crustal velocities below 5 km depth increase downward
from 6.0 to 6.8 km/s (up to 7.0 km/s near the Gar-

lock Fault; Plate 1b). In general, the Basin and Range
crust can be divided into an upper crust with a velocity
of about 6.0 km/s and a lower crust with a velocity of
about 6.4 km/s, separated by a discontinuity at about
17 km depth. Ray tracing of intracrustal phases [Duran,
1997] puts the boundary between low upper crustal ve-
locities and higher lower crustal velocities as shallow as
11 km beneath Death Valley and 13 km at the eastern
end of the profile. '

Velocities of less than 7.6 km/s just below the Basin
and Range Moho probably indicate magmatic under-
plating of the crust. There is no consensus whether to
treat this thin layer (up to 5 km) as lowermost crust
or uppermost mantle. Catchings and Mooney [1991]
argue for a 7.4 km/s lower crustal layer and against
older studies that identified this layer with the upper-
most mantle [see Caichings and Mooney, 1991, and
references therein] on the grounds that (1) there is a
deeper 8.0 km/s layer and (2) the top of the 7.4 km/s
layer does not correspond to the Moho as identified by
near-vertical reflections [Klemperer et al., 1986]. To be
consistent within our study, but in contrast to Catch-
ings and Mooney [1991], we place this layer below the
Moho as defined by the onset of the wide-angle P, P
reflection. This is not the only place where we find
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Figure 3f. SSCD gather from shot point 2 displayed with travel time reduced at 6 km/s. The
inverted triangle marks the projection of the slightly off-line shot point location into the displayed

receiver line.

(in common with previous authors [Savage et al., 1994;
Jones et al., 1994]) velocities well below the definition
of P, (>7.6 km/s), but located beneath the P, P re-
flector. We use P, P as primary criterion for locating
the Moho because we have a better distribution of P, P
reflection points than of P, measurements and it marks
almost everywhere the major velocity discontinuity be-
tween typical crustal velocities and (usually low) upper
mantle velocities. This definition has problems of its
own (see below), but is in our judgment the simplest
and most consistent. A different question is the geo-
logical meaning of a 7.x km/s layer (terminology from
Savage et al. [1994], and Jones et al. [1994]). We return
to this problem in the final section.

The two profiles in Plates 1c and 1d are joined at
SSCD shot point 19 at the southern end of our model.
Lack of short-offset rays from the NPE recording at
Nevada Test Site (NTS) prevents us from resolving de-
tails of the upper crust in the NE half of the Basin and
Range profile (P3, Plate 1c), but it seems to have gener-
ally lower velocities than the SW half (6.0 km/s versus
6.2-6.4 km/s). Velocities in the lower crust increase
from 6.0 km/s to a maximum of 7.0 km/s (the veloci-
ties above 6.6 km/s near the Moho cannot be considered
well resolved).

The central and southern Sierra Nevada (Plate 1d,
bounded by the Garlock Fault in the south) in contrast
reaches velocities of at most 6.4 km/s in the lower crust.
On this profile, we also see the most dramatic disagree-
ment of our results with some of the older data: Mooney
and Weaver [1989] overestimated the thickness of the
Sierran crust by roughly 10 km with respect to our
model. This difference is partially a matter of seman-
tics as explained above. The difference decreases signifi-
cantly when we base the comparison on velocities alone.
The conventional definition of the refraction Moho (in
absence of a clear discontinuity between crustal and
mantle velocities) is the 7.6 km/s velocity contour. On
the central Sierra profile 4, velocities between the P, P
reflector and the Moho of Mooney and Weaver [1989]
are about 7.6 km/s. Material with such seismic ve-
locities cannot easily be attributed to either crust or
mantle but should be considered a mixture of both. If
one takes into account about 10% error in the estimate
of absolute Moho depth by either method, we are then
left with only one unequivocal area of disagreement:
where profiles 1 and 4 intersect. We find there a man-
tle high with normal mantle velocities, whereas Mooney
and Weaver [1989] place there the deepest part of a
Sierran crustal root. The again quite different interpre-
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Figure 5. Checkerboard test of model resolution

for a cross section along profile P1 (see Figure 2
and Plate la). Sinusoidal velocity perturbations of
+0.2 km/s (detail shown below the cross sections)
and two different wavelengths are superimposed on a
smoothed version of the final P wave velocity model.
The reconstruction started with the unperturbed fi-
nal velocity model and inverted the travel times cal-
culated from the synthetic model as observations. Dis-
played are the difference between the starting model
and the synthetic (i.e., correct) model (contour lines)
in comparison with the difference between the starting
model and the inversion result (i.e., our best estimate of
the synthetic model given the distribution of available
data; grayscale). “Success” would be alternating dark
and light bull’s-eyes as in the detail from the synthetic
model, below left. Contour lines are 0.0 (rectangular
grid of nodal planes), 0.05, 0.1, and 0.15 km/s (positive
solid, negative dashed) deviation of the synthetic model
from the starting model.

tation of Ruppert et al. [1998] does not resolve that dis-
crepancy, but offers one possible solution: a laminated
Moho, that is, a mixture of crustal and mantle material
over a depth range of several kilometers. Another pos-
sibility, explored further below, is mantle anisotropy:
seismic energy that travels along the spine of the Sierra
Nevada encounters markedly lowered P, velocities than
that traveling across it. If so, longitudinal profiles would
give rise to a crustal root interpretation [Eaton, 1966],
whereas transverse profiles would yield a rootless inter-
pretation [Carder, 1973]. Our isotropic analysis that
incorporates sparse arrivals from many azimuths there-
fore results in a heterogeneous upper mantle with the
best trade-off between the two extremes for the data.
Ruppert et al. [1998] escapes the Eaton-Carder discrep-
ancy because their 2-D interpretations of the west-east
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and north-south profiles are forcibly reconciled at their
intersection and agree within errors both with Mooney
and Weaver [1989] and with this study.

The last three sections in Plate 1 trace some of the
older seismic profiles to the west of the Sierra Nevada.

The Great Valley profile (Plate le) follows the axis of

the San Joaquin Valley. The crust generally thickens
from north to south from 20 to 30 km. The high veloc-
ities of the Great Valley Ophiolite [Godfrey and Klem-
perer, 1998] can be traced almost continuously along the
entire section southward up to the White Wolf Fault,
which separates the Great Valley from the southern
bend of the Sierra Nevada batholith. Although poorly
constrained, our results suggest a velocity decrease be-
low the Great Valley Ophiolite corresponding to older
continental crust below the obducted ophiolite [God-
frey and Klemperer, 1998]. The Great Valley Ophiolite
also shows up as a 10 km thick west dipping body in
the profile from the Pacific coast to the eastern edge
of the Sierra Nevada (Plate 1f). This is the only area
where our seismic data cross the San Andreas Fault.
At shallow depth the San Andreas Fault appears as a
steep boundary between the low-velocity Franciscan as-
semblage on the eastern side (Temblor Range of the
Coast Ranges) and higher velocity Sierran granitoids in
the Salinian block. This velocity contrast vanishes with
depth (see also the discussion of the Franciscan/Sierran
boundary on profile 1 above). Upper crustal velocities
decrease again to the west of the Salinian block in the
Sur-Obispo terrane of the western Coast Ranges. A
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(a) and without (b) midcrustal low-velocity zone for
shots recorded in the SSCD west-east line. Black crosses
are travel time picks, gray solid lines the modeled travel
times. Traveltimes are reduced at 8 km/s.
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P4, (e) P5, (f) P6, and (g) P7 in Figure 2 (see also inset maps). The shaded and contoured areas
are constrained in the inversion with nearby rays. Locations of intersecting profiles are marked
by vertical lines, inverted triangles mark the locations of shot points (SSCD labeled), and stars
mark earthquake hypocenters. Dashed squares in Plate 1d mask unreliable velocities that are
solely controlled by direct rays from the earthquake hypocenters below and therefore sensitive to
errors in hypocentral depth determination. The thick black line marks the Moho as determined
by the P, P reflector inversion. The white dashed line marks the Moho of Mooney and Weaver
[1989]. ’
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Plate 2. Map of depth to the P, P reflector. Areas not constrained with nearby reflection points
are masked. The Sierra Nevada batholith is outlined in white. Locations of points with P, P
picks are marked with triangles, and P,, P reflection points are marked with gray dots. Thin
black lines are Moho depth contours; contour interval is 5 km.

small body at 12 km depth with a velocity of 6.4 km/s
could be another fragment of ophiolitic material, which
also crops out at the surface in this area (for a more de-
tailed study of this profile, see Howie et al. [1993]). A
slight velocity decrease in the lower Salinian crust could
indicate the presence of Franciscan velocity material un-
der the Salinian block, a possibility that was discussed
by Howie et al. [1993]. Lower crustal velocities, as far
as they are resolved, reach 6.7 km/s, indicating more
mafic material either of ophiolitic (subcreted oceanic
crust) or lower arc crust origin. The continuity of the
ophiolitic material under the Franciscan of the eastern
Coast Ranges cannot be determined with the available
data (Plate 1g): this short Coast Ranges profile, which
links the two west-east running profiles 1 (Plate la)
and 6 (Plate 1f) through the area of the 1983 Coalinga
earthquake [ Wentworth and Zoback, 1990], shows a ve-
locity increase to only 6.4 km/s except at its northern
end where it clearly cuts the Great Valley (or Coast
Range) Ophiolite at 15 km depth. Lacking P, P re-
flection data, the lower crustal structure between the
San Joaquin Valley and the Salinian block remains un-
resolved.

On the Coast-to-Sierra profile (Plate 1f) under the
western Sierra Nevada (between 160 and 225 km), we
lack P,, P data to determine the depth of the Moho, but
the refraction data of the earthquake data set require a
layer of 7.0-7.2 km/s (probably the same as the crustal
7.x layer of Savage et al. [1994]) above normal mantle
velocities of 7.8-8.0 km/s. We have therefore forced the
interface inversion for Moho depth to place the Moho
between these two layers instead of extrapolating freely
from the nearest reflection points (Plate 2).

4. Crustal Thickness and Average
Velocities

The map of Moho depth in Plate 2 is an updated and
extended version of the map of Fliedner et al. [1996].
It incorporates picks from the Great Valley and San
Luis Obispo data sets and the inversion was allowed
to produce a somewhat rougher Moho topography to
allow a better fit with the travel time data without
abandoning the underlying concept of the Moho as a
simple reflector. In the final iteration of our inver-
sion we applied horizontal smoothing across a length
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scale of 25 km. The inclusion of the earthquake data in
the mantle velocity inversion (and to a lesser degree
the lowered estimate of lower crustal velocities from
secondary P,) requires a significant reduction (up to
5 km) in Moho depth in the area of shot points 4 and 5
(Plate la) compared with the interpretations of Flied-
ner et al. [1996] and Ruppert et al. [1998], creating a
local mantle bulge with velocities of 7.8-8.0 km/s (pro-
file 1, 170 to 220 km). The SSCD data alone did not
require this surprising feature, but the reverberatory
nature of the Pp, P arrival led Ruppert et al. [1998] to
infer a laminated Moho (interlayering of material with
mantle and crustal velocities) on the basis of synthetic
seismogram modeling. Although our interpretation sat-
isfies the travel time constraints of all the data better
than Fliedner et al. [1996] and Ruppert et al. [1998],
the introduction of a laminated layer that separates the
base of the crust from the top of the mantle allows an
overall simpler shape of the Moho and may therefore be
the preferable interpretation.

Crustal thickness increases from less than 25 km at
the coast to 35-42 km in the western Sierra Nevada and
decreases to 30-35 km in the Basin and Range. There
seems to be a systematic thinning of the crust from
north to south in the Basin and Range reflecting both
the decrease in elevation [Saltus and Thompson, 1995]
and the increase in Bouguer gravity between the north-
ern Basin and Range (Great Basin) and the southern
Basin and Range (Mojave-Sonoran Desert).

The major tectonic provinces are also reflected in the
average crustal velocities, calculated as a vertical av-
erage between the 5 km/s contour (in order to exclude
sedimentary basins) and the Moho (Figure 7). Both the
Sierra Nevada batholith and the Basin and Range show
crustal averages (6.0 to 6.2 km/s) well below the world-
wide continental average of 6.45 km/s [Christensen and
Mooney, 1995]. These low average crustal velocities
have important implications for crustal composition,
which will be discussed later in this paper. Similar val-
ues are found for the Franciscan Coast Ranges and the
western side of the Great Valley (at X = 50 km) where
low-velocity Franciscan assemblage overlies (and under-
lies?) a very thin Great Valley Ophiolite (Plate la,
westernmost 50 km of the profile). The rest of the
Great Valley is closer to the continental average (6.3-
6.6 km/s). The northward increase in velocity is prob-
ably due to an increase in thickness of the Great Valley
Ophiolite.

The highest average values are observed at the north-
western edge of the Sierra Nevada batholith, at the
southern end of the Foothills metamorphic belt and
close to a large outcrop of ultramafic and metavolcanic
rocks near Fresno (X = 80 km, ¥ = 220 km). Con-
sidering that velocities here are mainly determined by
the sparse earthquake data, this correlation could be
fortuitous. Miller and Mooney [1994] find similar val-
ues for average velocity (6.6 km/s) and crustal thickness
(32 km).

10,913

5. Velocity-Depth Functions of the
Sierra Nevada

The velocity structure of the batholith seems to be
very uniform throughout the crust with a velocity that
deviates not more than 0.2 km/s from 6.0 km/s (we
ignore for the sake of simplicity the upper 5 km of
the crust). As discussed above, this interpretation de-
pends on the appearance of the long-offset P, arrival,
which is not compatible even with the low positive ve-
locity gradient in the Sierran lower crust that is al-
lowed by the first-arrival travel times [Ruppert et al.,
1998]. We investigate the implications of this unusu-
ally low crustal velocity gradient for the composition of
the Sierra Nevada by comparing average velocity-depth
functions of the Sierra Nevada from our model and that
of Ruppert et al. [1998] (Figure 8) with velocities mea-
sured in the laboratory on two samples of tonalite from
the central Sierra Nevada (Table 1 and Figure 9).

Our samples (see Table 2 for chemistry and miner-
alogy) were collected from fresh road cuts at locations
shown in Figure 2. Acoustic velocities of the samples
were measured at room temperature and hydrostatic
confining pressures to 1000 MPa (equivalent to about
35 km depth) using the pulse transmission technique
described by Christensen [1985]. Bulk densities were
obtained from the weights and dimensions of the cores
used for the velocity measurements.

The acoustic velocities were corrected for temper-
ature assuming an average crustal geothermal gradi-
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contours: average crustal velocity between 5.0 and 7.6 km/s
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average crustal velocity above PP reflector

Figure 7. Map of average crustal velocities. Velocities
are smoothed averages calculated from the 3-D veloc-
ity model in the vertical columns between the 5 km/s
contour and the P, P reflector (grayscale map) or the
7.6 km/s contour (contour map; contour interval 0.2
km/s). The mask outlines roughly the area covered
by first arrivals (see Figure 4e). The Sierra Nevada
batholith is outlined in white.
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Figure 8. Averaged velocity-depth functions of the
Sierra Nevada batholith, extracted from the 3-D ve-
locity model (square outline on inset map) and the 2-
D model of Ruppert et al. [1998] (rectangular outline
around P1 on inset map). Inset map shows location
and averaging areas of the velocity functions and loca-
tions of tonalitic samples (Figure 9); the Sierra Nevada.
batholith is shaded in dark gray, profiles of Plate 1 are
marked in black.

ent [Blackwell, 1971] and a temperature derivative of
—0.39 x 1073 km/s/°C. The densities of the tonalites in
Table 1 (2740 kg/m3) are slightly higher than the aver-
age density of 2690 kg/m? for Sierra Nevada granodior-
ites measured by Oliver et al. [1993] for about 6000
samples collected from surface exposures throughout
the batholith (although our densities agree with Oliver
et al. [1993] measurements in the western portion of
the batholith). For the comparison of average field and
laboratory velocity-depth functions, we have lowered
our velocities by 0.12 km/s using the linear velocity-
density relationship of Christensen and Mooney [1995]
(Figure 9). This adjusts our tonalite velocities to those
of granodiorite with the average granodiorite density
determined by Oliver et al. [1993].

In the upper 12 km the agreement between field
and laboratory measurements is very good, indicat-
ing that the granitoids extend to at least this depth.

FLIEDNER ET AL.: CRUSTAL STRUCTURE OF SOUTHERN SIERRA NEVADA

The midcrustal region extending from 12 to 22 km has
0.07 km/s lower velocities than the laboratory measure-
ments. Lower crustal velocities match the laboratory
values. However, if this region is granitoid in compo-
sition, the batholith rocks have likely recrystallized to
granulite facies assemblages, the equilibrium facies un-
der lower crustal conditions. A felsic granulite under
these conditions (25 km depth, average heat flow) is ex-
pected to have a higher than observed P wave velocity
(6.32740.131 km/s; Christensen and Mooney [1995]).
The low-velocity zone in the middle crust could be
explained by lowering velocities in granitoid rocks by
(1) a lower average density of 2660 kg/m3. This would
produce a mechanically unstable crustal column and re-
quires more radiogenic granite in the batholith than is
compatible with the low surface heat flow [ Lachenbruch,
1968]. The low-velocity zone could also be explained by
(2) increased porosity. In igneous rocks where poros-
ity consists primarily of microcracks with high aspect
ratios, 1% porosity lowers V, by about 0.2 km/s at
100 MPa confining pressure [Christensen, 1989]. A
differential pore pressure of 20 MPa would produce a
0.05-0.1 km/s decrease in V, at midcrustal confining
pressures (Stephenson County Granite given by Chris-
tensen [1989]). The velocity decrease is largest when
the pore pressure approaches the confining pressure.
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Figure 9. Comparison of velocity-depth function
from the 3-D velocity model (Figure 8) and corrected
(see main text for details) laboratory measurements on
Sierra Nevada tonalite samples (Table 1). The shaded
area around the average tonalite values (thin dashed
line) shows the range of values measured on the two
samples. The thin solid outline around the average
velocity-depth function from the 3-D velocity model
shows the variation of velocities within the area over
which the average has been calculated. The depth to
the Moho varies over the averaging area.
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An increase in pore pressure also produces an increase
in Poisson’s ratio, but this is precluded by results of
Jones and Phinney [1998] which show no increase in
Poisson’s ratio for the 12 to 22 km depth range, but
only below 24 km depth. The low-velocity zone could
be explained by (3) increased temperature. An in-
crease in temperature of 180°C over the assumed aver-
age geotherm would bring the laboratory measurements
into agreement with the velocity model and would make
felsic granulite (0.09 km/s reduction in P wave velocity)
rather than unmetamorphosed granitoids compatible
with the observed seismic velocities in the lower crust
(felsic granulites as defined and measured by Chris-
tensen and Mooney [1995]). Poisson’s ratio is not af-
fected by an increase in temperature. A heat pulse
from the mantle that has reached the low-velocity zone
as given by Crough and Thompson [1977] could be the
source for this temperature increase. It would only
take 2 to 4 million years for a thermal disturbance to
travel from the base of the crust to the top of the low-
velocity zone (using the estimate of Crough and Thomp-
son [1977]), considerably less than the 10 million years
assumed in their uplift model for the Sierra Nevada.
The low-velocity zone could be explained by (4) crustal
anisotropy. Assuming that the granitoids become gneis-
sic with depth, the low-velocity zone could be the re-
sult of waves traveling perpendicular to the prevailing
foliation of midcrustal rocks. Since the paths of the
rays that determine the low-velocity zone are mainly
east-west and mainly horizontal, the foliation would be
vertical and parallel to the batholith. Tonalitic gneiss
at 15 km depth typically exhibits a P wave anisotropy
of 9% in laboratory measurements [Christensen and
Mooney, 1995], more than enough to account for the
1-2% needed to explain the low-velocity zone. Ducea
and Saleeby [1996] observed gneissic texture in xeno-
liths of granodioritic compositions in the eastern Sierra
Nevada.

6. Upper Mantle Velocities

Measurements of P, velocities are sparse and far from
uniformly distributed in our data set. They come from
the shots at the ends of the two SSCD profiles, the
NPE shot at Nevada Test Site and the earthquake data
set. The inversion of these data points for an isotropic
velocity model results in a highly heterogeneous upper
mantle. The very generalized pattern is a southward
velocity increase in the Sierra Nevada (Plates 1b and
1d) and (arguably) in the Great Valley (Plate le) and
a westward increase across the Sierra Nevada into the
westernmost Basin and Range province (Plate 1a). The
highest velocities (8.0-8.2 km/s) are observed directly
beneath the Moho of the southwestern Sierra Nevada
and westernmost Basin and Range (Plates la-1c). The
lowermost velocities of 7.4-7.6 km/s beneath the central
Sierra Nevada (Plate 1d) and some parts of the Basin
and Range (Plate 1a) could equally well be called lower
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crust albeit with a bigger velocity contrast with the rest
of the crust than with the rest of the upper mantle. A
velocity of about 7.8 km/s seems to be regional aver-
age. We refrain from actually calculating an average
because of the nonuniform ray coverage, both areally
and in depth, and the bias toward low, possibly crustal
velocities, that our definition of the Moho as the P, P
reflector entails. In the following paragraphs we refer to
“Py, velocity” rather than upper mantle velocity when
we mean to exclude the velocities below 7.6 km/s.

The pattern of the velocity distribution, however, al-
lows the possibility that at least some of the velocity
extremes indicate strong seismic anisotropy rather than
a heterogeneous (but isotropic) mantle as we have mod-
eled; almost all the low velocities derive from ray paths
along the strike of the Sierra Nevada batholith (espe-
cially the earthquake data set), whereas the high ve-
locities derive from ray paths across the Sierra Nevada
(which also sample the Basin and Range province). The
sparseness of the P, ray coverage permits a separation
of the high and low velocities both horizontally (low
under the batholith, high under the Basin and Range)
and vertically (high and low directly beneath the Moho,
average at greater depths) in our isotropic model. Sung
and Jackson [1992] report low mantle velocities (7.4-
7.7 km/s) under the southernmost Sierra Nevada near
White Wolf Fault (see Plate 1le); they also found signifi-
cant P, anisotropy of about 3% (0.2240.08 km/s) with
a fast direction N75°£4°W. Anisotropy in the mantle
can be produced by aligning the fast axes of olivine
grains (aaaxis). Measurements on upper mantle xeno-
liths from the central Sierra Nevada produce a P wave
anisotropy of 6% [Scott and Christensen, 1996], which
can easily explain the entire range of observed P, ve-
locities.

Studies from two xenolith localities suggest that the
upper mantle is anisotropic beneath the Sierra Nevada
batholith. Peselnick et al. [1977] report anisotropies of
0.5-0.6 km/s for two peridotite xenoliths collected from
a basalt pipe near Big Creek, Eresno County, on the
western flank of the central Sierra Nevada. In addition,
we have measured olivine petrofabrics for three peri-
dotite xenoliths collected from the Oak Creek region
(Figure 2) located on the eastern flank of the Sierra
Nevada [Ducea and Saleeby, 1996]. The peridotites
show weak foliation and average 90% olivine. Using
a S-axis universal stage, 100 grains were selected for
orientation from each specimen. Contoured axis orien-
tations with foliations oriented parallel to the page are
shown in Figure 10.

The fabric diagrams show that olivine orientation is
relatively uniform for the three peridotites. Olivine
crystallographic a axes show strong concentrations and
lie in the foliation planes. The maxima of the olivine
crystallographic b axes tend to fall approximately nor-
mal to the foliations. A strong b axes maximum is con-
sistent with an origin by high-temperature plastic flow
with slip on olivine (010) (plane perpendicular to b axis)
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Figure 10. Anisotropy measurements on Oak Creek xenolith samples OC-02, OC-03, and OC-
04 (eastern Sierra Nevada). Host rock is a 150,000 year old volcanic pipe [Ducea and Saleeby,
1996]. Xenoliths are spinel peridotites; depth estimates based on clinopyroxene barometry are 29
to 34 km. (a) Equal-area, lower hemisphere projections of a, b, and ¢ axes of olivine. Contour
interval is 2% per 1% area. Minimum contours (2%) are shown as dashed lines. (b) Compressional
velocity anisotropy and shear wave splitting anisotropy. Contour intervals are 0.2 km/s for V,, and
0.1 km/s for AV,. Minimum contours are shown as dashed lines and maximum values correspond

to solid squares.

in the [100] (a axis) direction [Carier and Avé Lalle-
mant, 1970; Nicolas et al., 1973]. The olivine crystal-
lographic ¢ axes show slightly weaker orientations than
the a- and b axes and tend to subparallel foliations.
We have calculated velocity anisotropies of the xeno-
liths at a confining pressure of 1000 MPa from the fab-
ric diagrams using the computer program of Crosson
and Lin [1971]. From the single-crystal elastic con-
stants of olivine, their pressure derivatives, and the
universal-stage orientation data of each olivine crystal,
the program calculates the contribution of each min-
eral to the rock velocities in specified directions. One
compressional wave velocity and two shear wave ve-
locities, with perpendicular polarization directions, are
given as output for each specified propagation direction.
These velocities were then contoured to show the total
anisotropy patterns in three dimensions. In Figure 10,
contoured diagrams are given for compressional wave
velocity (V,) and shear wave splitting (AV;). Actual
velocitiés and anisotropies will be lower because of tem-

perature and presence of up to 20% pyroxene (olivine
8.45 km/s and orthopyroxene 7.85 km/s).

Our study cannot constrain to what degree the P,
velocity variations in this region are a result of compo-
sitional and thermal variations or of seismic anisotropy
in peridotite (eclogite in contrast is largely isotropic
[Christensen and Mooney, 1995]), but we have shown
that the measured anisotropy in the Oak Creek xeno-
liths, if representative of a regionally developed mantle
fabric, is on its own sufficient to explain our seismic
observations.

7. Tectonic Implications and
Conclusions

A schematic cross section through California is shown
in Figure 11. It combines details from the two west-
east profiles 1 and 6 (Plates la and le). To the west of
the San Andreas Fault are terranes moving northward
with the Pacific plate. To the east of the San Andreas
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Figure 11. Schematic cross section through south-central California (at roughly 36° latitude)
combining the velocity profiles P1 (Plate la) and P6 (Plate 1f). Thick black line marks seismic
Moho. Location of the line of initial 87Sr/36Sr = 0.706, thought to be roughly coincident with
edge of North American craton, from Kistler and Peterman [1978]. CRO+GVS is Coast Range
ophiolite and Great Valley sequence [Godfrey and Klemperer, 1998]. The extent of faults in the

lower crust is uncertain.

Fault are the former subduction zone and arc complex,
represented by the Franciscan assemblage and Great
Valley Sequence/Great Valley Ophiolite in the forearc,
the Sierra Nevada as the former volcanic arc, and the
Basin and Range province in the backarc.

There is a relatively clear division between the ter-
ranes west of the Great Valley. Crustal velocities gen-
erally decrease from west to east. In the Sur-Obispo
terrane the high and low velocities are probably due
to a mixture of ophiolitic or intruded material (in the
middle crust) and remnant oceanic crust (in the lower
crust) with low-velocity Franciscan assemblage [Howie
et al., 1993]. The Salinian block is believed to be a
piece of Sierra Nevada arc transported northward by
the San Andreas Fault [Whidden et al., 1998, and ref-
erences therein; James, 1992]. On the east side of the
San Andreas Fault, the Franciscan assemblage has lower
velocities than the Salinian in the upper 15 km but is
indistinguishable from the Salinian below that depth.
There is no seismic velocity contrast between the Fran-
ciscan and the Great Valley Sequence or Coast Range
Ophiolite above the high-velocity body of the Great Val-
ley Ophiolite (Godfrey and Klemperer [1998] found the
same in the northern Coast Ranges/Great Valley). The

lower crust on the west side of the Great Valley is not
visible in our data.

Figure 11 shows the Sierra Nevada arc continuing be-
neath the Great Valley Ophiolite. Since there is no sig-
nificant difference in velocity between the deep crust
of the Franciscan assemblage and the Sierra Nevada,
it is not possible to draw the boundary between the
two on the basis of the present seismic data. Neither
is there a clear seismic expression of the boundary be-
tween the Precambrian North American craton and the
younger accreted terranes to the west. This bound-
ary is usually thought to coincide with the Sr; = 0.706
line [Kistler and Peterman, 1973, 1978] in the Sierra
Nevada batholith, which coincides with an isostatic
residual gravity gradient [Jachens and Griscom, 1985].
This means that, in order to satisfy the seismic ve-
locities, at least in the eastern Sierra Nevada parts of
the lower crust consist of continental felsic granulites or
metapelites with protoliths that predate the formation
of the arc. The only surface-seismic indication of struc-
ture within the Sierra Nevada crust is the slight velocity
decrease in the midcrust. Although seismic velocities re-
quire a felsic composition throughout the crust, the low
surface heat flow in the Sierra Nevada, the linear heat
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flow-heat production correlation observed by Lachen-
bruch [1968] and surficial density variations [Saltus and
Lachenbruch, 1991; Oliver et al., 1993] suggest a base of
granitoids (with heat-generating radiogenic U, Th, and
K) at a depth of about 10 km [Lachenbruch, 1968]. The
midcrustal low-velocity zone is therefore probably the
base of the plutons that characterizes the Sierra Nevada
at the surface. In the middle and lower crust, gneisses
or felsic granulites (whether older continental material,
or radiogenically depleted arc plutons) with a low heat
production must prevail. Increased lower crustal tem-
peratures that have not yet affected the low surface heat
flow in most parts of the Sierra Nevada would indeed
make felsic granulite the composition that matches the
observed velocities (see section 5).

In the Mesozoic the arc must have looked very differ-
ent from the present-day Sierra Nevada crust if it was
then a typical continental arc. Holbrook et al. [1992]
show the crustal column of an average arc to consist of
22 km of upper and middle crust with a bimodal veloc-
ity distribution (6.1 and 6.6 km/s) and 16 km of lower
crust with a velocity of 6.8-7.0 km/s. The exposed Ko-
histan arc section in Pakistan [Miller and Christensen,
1994] consists of a 15 km thick granodioritic upper crust
followed by 3 km of diorite with velocities of 6.0 to
6.9 km/s and a 25 km thick metagabbroic and amphi-
bolitic lower crust with velocities of 7.0 to 7.5 km/s.
The modern Sierra Nevada seems to have retained only
the upper crustal and midcrustal part of that column
(at the low end of the velocity distribution). A high-
velocity lower crust is completely absent. This miss-
ing lower crust would have had a mafic composition
(metagabbro, mafic granulite, or amphibolite) and must
have been present during arc formation according to
current models of the generation of continental crust
le.g., Taylor and McLennan, 1995]. At least for the
deepest parts of the arc crust, the problem of the “miss-
ing” mafic residue may be partially semantic: Rapp and
Waison [1995], among others, point out that the residue
would be a garnet pyroxenite, an eclogite facies rock.
Eclogites have seismic velocities above 7.6 km/s [ Chris-
tensen and Mooney, 1995], placing them in the seis-
mic mantle. Xenoliths of the appropriate composition
have been found in the central Sierra Nevada [Ducea and
Saleeby, 1996, 1998b] (see below). The up to 10 km of
sub-7.6 km “mantle” found in the central and western
Sierra Nevada must be composed of garnet granulite,
pyroxenite, eclogite, or a mixture of such lithologies as
the velocities are too low for peridotite unless the upper
mantle is partially molten. Partial melt as an explana-
tion for low upper mantle and lower crustal velocities
is supported by magnetotelluric evidence for enhanced
conductivity in the lower crust and upper mantle of the
Great Valley, western Sierra Nevada, and Owens Valley
[Park et al., 1996]. Since the thermal conditions in the
upper mantle are so uncertain, seismic velocities alone
are insufficient to infer its composition. As peridotites
in contrast to eclogites can be strongly anisotropic, mea-
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suring the regional distribution of sub-Moho anisotropy
would make an important contribution to resolving this
problem.

In conclusion, we can make a rough estimate how
thick the complete Sierra Nevada arc was originally. We
assume the same proportions of upper/middle and lower
crust as in the average arc of Holbrook et al. [1992]
applied to the Mesozoic Sierra Nevada although that
“average arc” may be biased toward island arcs. The
depth of crystallization exposed at the surface at the
latitude of our cross section is 8 to 15 km [Ague and
Brimhall, 1988]. So if we add 10 km of eroded up-
per crust to the existing 35 km of low-velocity crust we
form an original arc upper crust and midcrust of 45 km.
This includes, at least in the eastern Sierra Nevada, an
unknown amount of preexisting North American conti-
nental crust and can therefore be considered an upper
bound. Forty five kilometers of original felsic crust im-
ply an original mafic lower crust of about 30 km and a
Mesozoic crustal column of 75 km thickness, compara-
ble to the modern Andes [Zandt et al., 1994]. Ounly
about a third of this conjectural lower crust can be
accounted for by the up to 10 km thick layer of ex-
tremely low sub-Moho velocities found beneath much
of the central and western Sierra Nevada that is most
likely to represent an eclogite facies lower crust. This
layer balances hardly more than the now eroded top of
the arc. Furthermore, the higher upper mantle veloci-
ties and the presence of peridotite xenoliths suggest that
such a subcrustal layer is absent in the eastern Sierra
Nevada. The remainder of the original lower arc crust
if still present at all is now indistinguishable from the
surrounding mantle.
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