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Abstract We present evidence for a thick (�100 km)
sequence of cogenetic rocks which make up the root of
the Sierra Nevada batholith of California. The Sierran
magmatism produced tonalitic and granodioritic mag-
mas which reside in the Sierra Nevada upper- to mid-
crust, as well as deep eclogite facies crust/upper mantle
ma®c±ultrama®c cumulates. Samples of the ma®c±ul-
trama®c sequence are preserved as xenoliths in Miocene
volcanic rocks which erupted through the central part of
the batholith. We have performed Rb-Sr and Sm-Nd
mineral geochronologic analyses on seven fresh, cumu-
late textured, olivine-free ma®c±ultrama®c xenoliths
with large grainsize, one garnet peridotite, and one high
pressure metasedimentary rock. The garnet peridotite,
which equilibrated at �130 km beneath the batholith,
yields a Miocene (10 Ma) Nd age, indicating that in this
sample, the Nd isotopes were maintained in equilibrium
up to the time of entrainment. All other samples equil-
ibrated between �35 and 100 km beneath the batholith
and yield Sm-Nd mineral ages between 80 and 120 Ma,
broadly coincident with the previously established peri-
od of most voluminous batholithic magmatism in the
Sierra Nevada. The Rb-Sr ages are generally consistent
with the Sm-Nd ages, but are more scattered. The
87Sr/86Sr and 143Nd/144Nd intercepts of the igneous-
textured xenoliths are similar to the ratios published for
rocks outcroping in the central Sierra Nevada. We in-
terpret the ma®c/ultrama®c xenoliths to be magmatic-
ally related to the upper- and mid-crustal granitoids as
cumulates and/or restites. This more complete view of
the vertical dimension in a batholith indicates that there
is a large mass of ma®c±ultrama®c rocks at depth which

complement the granitic batholiths, as predicted by mass
balance calculations and experimental studies. The Si-
erran magmatism was a large scale process responsible
for segregating a column of �30 km thick granitoids
from at least �70 km of mainly olivine free ma®c±ul-
trama®c residues/cumulates. These rocks have resided
under the batholith as granulite and eclogite facies rocks
for at least 70 million years. The presence of this thick
ma®c±ultrama®c keel also calls into question the exis-
tence of a ``¯at'' (i.e., shallowly subducted) slab at
Central California latitudes during Late Cretaceous±
Early Cenozoic, in contrast to the southernmost Sierra
Nevada and Mojave regions.

Introduction

Our observations of magmatism in continental arcs and
granitic batholiths come principally from upper- to mid-
crustal levels exposed at the Earth's surface (e.g., Pitcher
1993). These observations are complemented by experi-
mental studies of the plausible sources and liquid line of
descent of arc magmas (Wyllie 1984). A similar kind of
scienti®c information has provided a successful frame-
work for understanding magmatism at mid ocean ridges
(e.g., Klein and Langmuir 1987). However, a number of
®rst order questions regarding the origin of large granitic
batholiths cannot be answered by these constraints, in
particular the balance of contributions from the mantle
wedge underlying the arc, continental crust, and/or the
subducting slab. This uncertainty leaves unresolved the
extent to which the continental crust is internally dif-
ferentiated through arc magmatism or generated by ex-
traction from the sub-arc mantle.

What escapes our observation and prevents us from
unique interpretations are the access to the roots of
batholiths, the deep crustal counterparts of the plutons
that we can observe to levels occasionally as deep as
30 km (Saleeby 1990), but in many regions only to �5 to
10 km exposure depth. The crustal thickness beneath
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modern magmatic continental arcs is more than 30 km.
The Andes for example have a crustal thickness of 60 to
70 km in places (Isacks 1988). Some lower crustal rocks
tectonically emplaced as terranes into the upper crust
and exposed at the surface, may have attained their peak
metamorphic conditions beneath continental arcs and
may be petrologically related to the generation of arc
magmas (Clemens 1988). However, since contempora-
neous shallow level plutons or volcanic rocks are gen-
erally not preserved near these lower crustal exposures,
the connection between lower and upper parts of con-
tinental arcs remains speculative. An exception could be
the Kohistan arc of Pakistan (Coward et al. 1986) which
exposes deep (40±50 km) as well as shallow levels of a
Late Cretaceous±Eocene batholith.

Xenoliths brought to the surface by fast ascending
mantle-derived magmas are another important source of
information on the composition of the deep continental
crust and underlying upper mantle (Rudnick 1992).
Xenoliths can carry key petrogenetic information re-
corded in their mineralogy, textures, trace element con-
centrations and isotopic compositions, and also preserve
a record of lower crustal history that can be unraveled
using geochronological methods. Thus, xenolith studies
can be an important means of studying the deep crust
and upper mantle beneath arcs.

The Sierra Nevada mountain range, California, ex-
poses a large Mesozoic composite Cordilleran batholith,
one of the best studied batholiths on Earth (Bateman
1983). Several Miocene, extension-related ma®c±inter-
mediate volcanic centers (Moore and Dodge 1980),
erupted though the axis of the Sierra Nevada batholith,
contain xenoliths of lower crustal and upper mantle
origin (e.g., Dodge and Bateman 1988). A number of
ma®c±ultrama®c olivine-free xenoliths have equilibrated
at depths of �25 to 100 km (Mukhopadhyay 1989;
Mukhopadhyay and Manton 1994; Dodge et al. 1986,
1988; Ducea and Saleeby 1996a). If proven to be coge-
netic with the batholith, these samples represent a win-
dow into the lower crust and upper mantle of a rather
typical Cordilleran batholith. Their trace element and
isotopic compositions in particular could be important
in distinguishing between various models of batholith
generation. The ®rst step to the success of such an ap-
proach is to demonstrate that these xenoliths are indeed
cogenetic to the batholith. On the basis of their petro-
graphic characteristics they could be also younger
(Tertiary) cumulates in the lower crust, oceanic crustal
fragments subducted under the Sierra Nevada, or pos-
sibly fragments of a lower crust totally unrelated to the
surface batholith. In order to distinguish between these
hypotheses, we determined the Sm-Nd and Rb-Sr ages,
the 143Nd/144Nd and 87Sr/86Sr isochron intercepts, of
nine samples from a suite of lower crustal and upper
mantle xenoliths in the central Sierra Nevada. The re-
sults indicate a direct connection to the Sierra Nevada
batholith outcrops for these xenoliths, and provide
physical evidence of an �100 km thick batholithic sec-
tion.

The geology of the Sierra Nevada batholith
± background information

Comprehensive information on the geology of the Sierra
Nevada batholith can be found in recent reviews by
Bateman (1983), Saleeby (1990) and references therein.
We will brie¯y summarize the main petrologic and tec-
tonic characteristics of the batholith. We will also pro-
vide an overview of the Tertiary xenolith-bearing
volcanic rocks which erupted in the central part of the
batholith.

The Sierra Nevada magmatic arc formed as a product
of the prolonged ocean ¯oor subduction beneath the
southern edge of the north-American continent
(Dickinson 1981). Magmatism took place in the Sierra
Nevada between 220 Ma and 80 Ma (Everden and
Kistler 1970; Chen and Moore 1982; Saleeby et al. 1987),
although most of the exposed plutons yield ages between
125±85 Ma (Saleeby 1990). The batholith consists of
numerous plutons ranging in size from less than 1 km2

to over 100 km2, with compositions that are mainly
tonalitic to granodioritic and granitic; intermediate
rocks (e.g., monzonites) or ma®c rocks (e.g., gabbros)
are found, but are not common even in the exposures of
the deeper intrusion levels of the batholith. The batho-
lith has a clear petrographic, chemical and isotopic west
to east zonation, which is almost perpendicular to the
batholith NNW±SSE long dimension (see Saleeby, 1990,
for a review).

The batholith covers �90% of the southern and
central Sierra Nevada mountain range, and �60±70% of
the northern part of the range. Erosion, unroo®ng and
tilting have taken place following magmatism. No sig-
ni®cant metamorphic event has a�ected the Sierra Ne-
vada batholith after its formation; igneous textures are
preserved almost without exception. The igneous crys-
tallization depths of the rocks presently exposed, vary
from 0 km represented by large �100 Ma caldera de-
posits preserved in the high Sierra Nevada (Saleeby
1990), to �30 km in the southernmost Sierra Nevada
(Pickett and Saleeby 1993). Igneous barometry studies
have shown that the igneous crystallization depths
gradually increase from north to south, as well as from
east to west (Ague and Brimhall 1988; Ague 1997).
Overall, the Sierra Nevada has been preserved as a tilted,
but coherent block providing almost continuous expo-
sures of the upper 30 km of a gigantic Mesozoic bath-
olith.

There is no direct information on the composition
and vertical extent of the batholith at depths exceeding
the equivalent of 1.0 GPa equilibration pressures.
Hence, the extent and composition of the batholith at
depths greater than �30±35 km can be inferred either
indirectly from petrologic constraints borne out of
studies of the granitoid outcrops or from geophysical
observations.

The origin of magmas for the Sierra Nevada batho-
lith is the subject of numerous debates. Before the gen-
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eral acceptance of the plate tectonics theory, the bath-
olith was thought to have formed by intracrustal melting
at the deepest levels of an overthickened and strongly
deformed ``geosyncline'' (Bateman and Eaton 1967).
Models that incorporate melting of the mantle wedge
above a subduction zone have been proposed for the
batholith origin in more recent years (e.g., DePaolo
1981). The limitation of simple mantle melting models is
that typical olivine-rich upper mantle compositions
(peridotites) cannot produce granitoids by partial melt-
ing (e.g., Wyllie 1984). Either ma®c melts generated in
the mantle have later incorporated a large amount of
preexisting continental crust (DePaolo 1981), large scale
fractional crystallization led to the distillation of up-
permost crustal granitoids while leaving behind large
volumes of ma®c cumulates (Coleman et al. 1992), or
both. In either model presented above, a signi®cant mass
of low silica residua/cumulates, as much as ten times
more than the ``surface'' batholith (>30 km thick), is
predicted to exist at depth, depending on the composi-
tion of the source rocks in the crust and the proportion
of ``juvenile'' material supplied from the mantle (Cole-
man and Glazner, 1998). The lower the silica concen-
tration of the crustal source and the higher the mantle
wedge contribution to the mass budget of the batholith,
the larger the mass of the predicted residue will be. On
the basis of experimental petrology (e.g., Green and
Ringwood 1967; Wolf and Wyllie 1993; Rapp and
Watson 1995), the material left behind as residues or
cumulates will be rich in garnet, pyroxene, and possibly
amphiboles, given the great depths at which most of it
will be located.

However, there is no geophysical evidence for such a
garnet-rich counterpart of the Sierra Nevada batholith
at depth. A recent seismic pro®le across the Sierra Ne-
vada demonstrated that the area has a thin, low velocity,
granitic crust (35±42 km), which is underlain by upper
mantle with properties of peridotite (Wernicke et al. 1996).
Geophysical data do not support the existence of a garnet-
rich layer beneath the seismologically de®ned crust.

The contradiction between the data emerging from
petrologic and geophysical studies is an important one
for understanding the origin of the batholith, and ap-
plies to other Cordilleran batholiths as well (e.g., the
Peninsular Ranges batholith, Gromet and Silver 1987).
Are some batholiths ¯at-bottomed and thin (Hamilton
and Myers 1966) or have their roots been removed (Kay
and Kay 1993)? A satisfactory answer may be obtained
only when the vertical dimension of batholiths are
compositionally ``mapped'' to depths much greater than
allowed by surface exposures.

The Cenozoic collapse of the Cordillera at the lati-
tude of the Sierra Nevada and the high magnitude ex-
tension to the east of the batholith in the Basin and
Range province was accompanied by signi®cant vol-
canism, which extended into the Sierra Nevada moun-
tain range. As many as 150 small volume ¯ows, pipes
and dikes of ma®c to intermediate compositions erupted
through the central and southern Sierra Nevada batho-

lith during the Late Cenozoic (Moore and Dodge 1980).
The volcanism can be divided temporally in three stages:
Miocene (8±12 million years), Pliocene (3±4 million
years), and Quaternary (0±1 million years). Seventeen of
these volcanic occurrences, representing all the three
stages, contain upper mantle and/or lower crustal xe-
noliths (Ducea and Saleeby, 1996a, b). Five of the Mi-
ocene localities contain unusually rich populations of
apparent lower crustal origin, including high pressure
assemblages described as ``garnet granulites'' (some
could be in reality garnet-bearing gabbroic cumulates),
garnet websterites, eclogites, garnet clinopyroxenites and
peridotites (Domenick et al. 1983; Dodge et al. 1986,
1988; Mukhopadhyay 1989; Ducea and Saleeby 1996a).
In particular, the locality of Big Creek (Dodge et al.
1988), a trachyandesite pipe located in the central Sierra
Nevada (lat: 37°13¢N, long: 119°16¢W), along the axis of
the batholith, contains xenoliths that equilibrated at
pressures as great as 4.2 GPa (Ducea and Saleeby
1996b). The feldspathic rocks (e.g., the ``granulites'')
were interpreted to be cumulates of the Sierra Nevada
batholith (Dodge et al. 1986), whereas the olivine-free
and garnet-rich (``eclogitic'') ultrama®c assemblages,
typically showing higher equilibration pressures, were
interpreted as batholith cumulates (Mukhopadhyay
1989), or fragments of subducted oceanic crust (Dodge
et al. 1988); but they could also be Tertiary cumulates
related to the magmas that carried the xenoliths, or old
lower crustal fragments that are unrelated to any of the
above. The peridotites are thought to represent typical
compositions of the deeper parts of the lithosphere be-
neath the Sierra Nevada (Ducea and Saleeby 1996a).

Petrography

Nine samples from a larger set previously investigated for ther-
mobarometry (Ducea and Saleeby 1996a) were selected for geo-
chronological analyses. They are four garnet clinopyroxenites and
eclogites (with accessory orthopyroxene), one garnet websterite,
two ma®c feldspathic rocks, one metasedimentary rock and one
garnet peridotite (Table 1). These compositional types cover the
spectrum of lower crustal lithologies found as xenoliths at Big
Creek, that resided at mid- to deep-crustal and upper mantle levels
(30 km or more) beneath the batholith, and equilibrated over a
large pressure interval, between 0.85 and 4.2 GPa. These samples
were also selected because of their large grainsize, little if any al-
teration, and minor interaction between the host trachyandesite
and the xenoliths. Figure 1 illustrates the textural appearance of
the main petrographic groups investigated in this study: garnet
clinopyroxenites and eclogites (Fig. 1a), garnet websterites
(Fig. 1b), and feldspathic ma®c rocks (Fig. 1c).

Four samples are composed mainly of garnet and clinopyrox-
enes (Table 1). In a more general sense, they are eclogite facies
rocks with basic to ultrabasic chemistries. One sample (G36) has
relatively high concentrations of Na2O in clinopyroxene (2.5±3%)
and a garnet with an almandine/pyrope ratio of 1.9 (group C
garnet, according to Coleman et al. 1965), and resembles a ``true
eclogite'', commonly found in, but not restricted to subduction
environments. Sample BC207 contains a grossular-rich garnet and
an augitic clinopyroxene, as well as accessory minerals such as
sphene and calcite. The other two garnet-clinopyroxene rocks
(BC218 and G39) contain group B garnets (Coleman et al. 1965)
and Na-poor diopsidic pyroxenes. Garnet-clinopyroxene rocks
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with such mineral compositions are commonly classi®ed as ``garnet
clinopyroxenites'', and are typically found in deep continental
crustal environments (Carswell 1990). All four rocks contain ac-
cessory orthopyroxene and rutile (the last one mostly as inclusions
in garnet). Other accessory minerals include hornblende, apatite,
quartz. All samples have uniform mineral compositions (Ducea
and Saleeby 1996a).

The textures of the 4 garnet clinopyroxenites and eclogites are
very similar to the ones observed in igneous cumulates in strati®ed
ma®c magma chambers (Hunter 1986). The xenoliths studied here
have attained textural equilibrium, and although the layering
commonly faintly developed at xenolith scale (�5 cm scale) may be
suggestive of metamorphic banding, the ubiquitous poikilitic in-
clusions leave little doubt that these rocks are igneous cumulates
(Fig. 1a). The word ``cumulate'' is to be taken as a very broad term.

These rocks may represent density-driven accumulations of crystals
in a magma chamber, but they could also represent restites grown
and compacted after the extraction of a large fraction of liquid (a
``melanosome'' in the migmatite terminology, Ashworth 1985). The
textural relations alone are not enough to distinguish between these
two scenarios.

Sample F34 is a garnet websterite (Fig. 1b). This rock yielded an
equilibration pressure of 3.3 GPa, and is one of a number of high
pressure garnet websterites (>2.5 GPa) found at Big Creek
(Mukhopadhyay 1989; Ducea and Saleeby 1996a). There are a
number of di�erences between garnet websterites and the garnet
clinopyroxenites and eclogites: the abundance of orthopyroxene
(20±30% in websterites compared to generally <1±3% in garnet
clinopyroxenites and eclogites), the abundance of Cr in the clino-
pyroxene ( >2% Cr2O3 in websterites, <1% Cr2O3 in eclogites),

Fig. 1a±e Photomicrographs of representative samples used in this
study. Long dimension of photo is 5 mm (a±c) and 1 cm (d±e).
a Cumulate garnet clinopyroxenite; photograph is composed of a
large dark (isotropic) crystal of garnet including poikilitic clinopyrox-
enes. Clinopyroxene (white) is also present near the right edge of
photo. b Garnet websterite xenolith. (ga garnet, opx orthopyroxene,
cpx clinopyroxene). Note the kelyphitic rims on garnet and the lower
garnet abundance compared to the garnet clinopyroxenites. c Cumu-
late gabbro. Plagioclase crystals are white, showing some alterations,
the gray crystals are clinopyroxenes, whereas the black crystal is
magnetite. The cryptic layering observable in this sample and included
in this photograph is probably due to igneous accumulation rather
than metamorphic banding. d Pure garnet separate. Single crystal of
translucid garnet (G36) free of mineral inclusions or surface
breakdown products. e Impure garnet separate. Single crystal of
impure, opaque garnet (G36), due to the presence of a kelyphitic rim
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the nature of the garnet (pyrope-rich or group A garnets of Cole-
man et al. 1965 in websterites, as opposed to group B garnets in
eclogites), the pressure of equilibration (2.5±3.3 GPa in websterites,
compared to <2.6 GPa in eclogites). The di�erences could re¯ect
simply the di�erent depth range from which these samples were
equilibrated, but they could also be genetically unrelated. The
textures of the websterites, including the sample analyzed for this
study are however typical of cumulates, very similar to the garnet
clinopyroxenites textures.

Samples BC75 and B35 are feldspar-rich rocks (Fig. 1c). Pla-
gioclase constitutes about 50% by volume of the rock. Other
minerals present are garnet and clinopyroxenes in BC75, and
clinopyroxenes, hornblende and garnet in BC35. Rocks similar to
BC75 and BC35 previously found at Big Creek (Dodge et al. 1986)
and at the neighboring xenolith locality of Chinese Peak (Dodge
et al. 1988) were described as ``granulites''. Trace element data
indicate a cumulate/residual igneous origin for BC75 and BC35
(Ducea et al. 1997). Perhaps the best petrographic name for BC75
is ``cumulate gabbro''.

Sample 297 is a quartzite, whose protolith probably contained
both calcareous and pelitic impurities, based on the high CaO and
Al2O3 concentrations in the whole rock (Ducea et al. 1997). The
rock contains �90% quartz, �8% diopside and grossular-rich
garnet, and accessory sphene, rutile, zircon, and apatite. The rutile-
sphene-grossular-kyanite barometer of Manning and Bohlen (1991)
yields a minimum (no kyanite) equilibration pressure of 2.5 GPa
assuming that rutile, sphene and grossular, which are usually not in
contact but isolated within quartz-rich zones, were in equilibrium
during their growth. The eclogite facies mineralogy of the alumi-
nosilicate phases and the high concentrations of Al in sphene (M.
N. Ducea and J. B. Saleeby, unpublished data) also suggest high
depths of residence for this metasedimentary rock. This is the only
sample from the suite analyzed in this study that does not display
igneous, cumulate-like textures.

Sample PBC is a garnet peridotite which equilibrated at 4.2
GPa (Ducea and Saleeby 1996a). The rock contains by volume
�75% olivine, 15% orthopyroxene, 5% clinopyroxene and 5%
garnet. The garnet is pyrope-rich, similar to garnets commonly
found in kimberlites. The texture of this sample is porhyroclastic;
grain size is �1 mm in diameter, smaller than the other ultrama®c
(and ma®c) xenoliths analyzed in this study. This xenolith also
contains �10% alteration products. It was included in this study
because of the presence of clinopyroxene and garnet ± which makes
it suitable for Sm-Nd geochronology ± and particularly because of
the great depth at which it equilibrated.

A incipient metamorphic event, younger than the primary tex-
tures, resulted in partial breakdown of garnet and pyroxene from all
the eight analyzed rocks. The products of this event are kelyphitic
rims on garnet (a cryptocrystalline polymineralic product consisting
of plagioclase, spinel, Al-rich orthopyroxene and anorthite) and the
growth of a brown spinel at garnet-clinopyroxene contacts.

Analytical procedures

Whole-rock samples (typically 100±500 g) were carefully extracted
from the host trachyandesite, broken down by hammer and cru-
shed in a jaw crusher to about 1/3 of their average grainsize.
Sample segments with visible alteration products were discarded.
The samples were then homogenized and split, roughly two thirds
for mineral separation, and a third for whole-rock analysis. Both
splits were initially washed in deionized water and then acid leached
for 25±30 min in warm 1 N distilled HCl, while in an ultrasonic
bath. The whole-rock samples were then ground to a ®ne powder
using a WC shatterbox prior to their dissolution. The split for
mineral analyses remained relatively coarse throughout the sepa-
ration procedure, although for some samples rich in composite
grains, a few additional grinding steps were necessary. Separation
of minerals was accomplished by a Franz magnetic separator and
hand-picking in alcohol under a binocular microscope. The mineral
separation procedure resulted in three fractions for each mineral:

(1) ultrapure mineral separates; (2) lower purity separates, which
contained occasional kelyphitic rims or very rarely, inclusions of
other minerals; (3) impure fraction, with numerous composite
grains. The third fraction was not used further for any analyses. We
exemplify for garnet the di�erence between the ®rst two fractions
(Fig. 1d and e): the ultrapure fraction contained translucent grains
with no stains or visible inclusions, whereas the lower purity frac-
tion contained obvious black stains, the ubiquitous kelyphitic rims
that accompany garnet. Although our aim was to analyze the
purest grains for geochronology, we did analyze some separates of
the lower ``quality'' to check whether their isotopic characteristics
depart from the ``pure'' grains and if they carry any meaningful
geochronometric information. The lower purity samples can be
identi®ed in Table 2 by the presence of the subscript ``1''. To
eliminate any grainboundary alteration e�ects, the hand-picked
mineral separates were leached again in 2.5 N distilled HCl. The
samples were then ultrasonically cleaned, rinsed multiple times with
ultrapure water and dried in methanol.

The samples were spiked with 87Rb, 84Sr, and mixed
147Sm-150Nd tracers. Dissolution of the spiked samples for isotopic
analyses was performed in screw-cap Te¯on beakers using HF-
HNO3 (on hot plates) and HF-HClO3 mixtures (in open beakers at
room temperature). A few garnet separates were subjected to sev-
eral, up to 5 dissolution steps before becoming residue-free. The
samples were taken in 1 N HCl and any undissolved residue was
attacked in the same way. Separation of the Rb, Sr, and the bulk of
the REE was achieved via HCl elution in cation columns. Sepa-
ration of Sm and Nd was carried out using a LNSpecÒ resin. The
highest procedural blanks measured during the course of this study
were: 11 pg Rb, 180 pg Sr, 5 pg Sm, and 18 pg Nd.

Isotopic analyses for Sr and Nd, as well as isotope dilution
analyses of Rb, Sr, Sm, and Nd were performed at Caltech using a
VG multiple collector mass spectrometer. The isotopic composi-
tions of Sr and Nd were determined on the same spiked samples.
The ®lament loading and mass spectrometric analysis procedures
were similar to the ones previously described by Pickett and Sale-
eby (1994). The Sr isotopic ratios were normalized to 86Sr/88Sr �
0.1194, whereas the Nd isotopic ratios were normalized to
146Nd/144Nd � 0.7219. Estimated analytical �2r uncertainties
are: 87Rb/86Sr � 0.55%, 87Sr/86Sr � 0.0015%, 147Sm/
144Nd � 0.8%, and 143Nd/144Nd � 0.002%. External reproduc-
ibility, based on the range of multiple runs of standard NBS987
(for Sr) and LaJolla Nd (for Nd) are estimated to be �0.000014 for
Sr, and � 0.00001 for Nd. Replicate analyses of two samples an-
alyzed in this study (G36WR and BC207 WR) indicate similar
reproducibility. The grand means of isotopic ratios were corrected
by an o�-line manipulation program, which adjusts for the spike
contributions to both the fractionation correction and each ratio,
and performs isotope dilution calculations.

Results

The Rb-Sr and Sm-Nd mineral and whole-rock analyses
are given in Table 2. The geochronological results
(Table 3 and Fig. 2) are principally constrained by the
garnet and clinopyroxene isotopic compositions. The
whole-rock values are potentially of interest because of
the presence of accessory minerals such as apatite or
sphene but are susceptible to exchange between xenolith
and the host trachyandesite. In some cases, the results
indicate the whole-rock splits were clearly in®ltrated by
the host magma. Some garnet mineral separates may
contain minute inclusions of rutile which could not have
been extracted during the sample preparation. However,
even the garnet grains richest in rutile inclusions have
less than �1% (by volume) rutile. Since rutile is not a
signi®cant carrier of Rb, Sr, Sm and Nd, we believe that
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even if such inclusions went undetected in the ``garnet''
separates, they did not signi®cantly a�ect the geochro-
nology data.

When only two points were used for calculating an
``age'', the 2r uncertainty (given in Table 3) is entirely
analytical. However, only when 3 or more points are
regressed, can one assess whether the best-®t line is a
statistically valid isochron. For 3 or 4 point regression
lines we calculated the mean squared weighted deviation
(MSWD; York 1969). Wendt and Carl (1991) show that
if the calculated MSWD is close enough to 1 (up to 3±4
for the data used in this study) the regression line is

statistically justi®ed to represent an isochron. The values
of MSWD for the Nd data presented in this study are
typically <4, whereas the MSWD for Sr data are >25
(Table 3). Therefore, the Nd data are likely to have
geochronological signi®cance, whereas the Sr data may
not.

The garnet peridotite PBC yields a Miocene Nd age
(10 � 15 Ma) indicating that this sample was under-
going active recrystallization at the time of entrainment
(8.3 Ma, Dodge et al. 1988). The Sr and Nd ages for all
other samples but the quartzite 297 are Mesozoic±Early
Cenozoic, between 44.5 Ma and 214 Ma (Fig. 2).

Table 2 Isotopic data for mineral and whole-rock samples

Samplea Rb
(ppm)

Sr
(ppm)

87Rb/86Sr 87Sr/86Sr Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd end(0)

Host-WR 78.51 348.2 0.334 0.705852 18.90 28.31 0.105 0.512532 )1.82

Eclogites
G36-cpx 2.67 89.95 0.085 0.706290 1.79 3.62 0.299 0.512486 )2.96
G36-gar 1.83 3.24 1.626 0.708243 1.51 0.79 1.150 0.513008 7.21
G36-gar1 2.47 10.45 0.679 0.706991 4.63 3.26 0.860 0.512850 6.04
G36-WR 8.66 113.68 0.219 0.706029 1.78 2.83 0.379 0.512547 )1.78

BC218-cpx 1.48 81.84 0.052 0.706239 0.77 0.78 0.594 0.512746 2.10
BC218-gar 3.05 5.87 1.493 0.707930 0.42 0.15 1.683 0.513352 8.92
BC218-WR 14.88 57.17 0.748 0.706452 0.92 0.92 0.605 0.512730 1.80

G39-cpx 2.01 76.94 0.075 0.706580 1.75 10.19 0.104 0.512387 )4.89
G39-gar 2.02 6.65 0.87 0.707085 12.51 29.00 0.261 0.512473 )3.21
G39-WR 1.98 70.32 0.081 0.706314 5.34 25.50 0.127 0.512392 )5.38

BC207-cpx 29.7 101.21 0.851 0.705895 0.17 0.80 0.129 0.512353 )6.54
BC207-hb 10.3 70.47 0.420 0.705353
BC207-gar 5.8 8.37 1.981 0.706843 1.34 1.94 0.416 0.512558 )1.56
BC207-WR 15.1 53.55 0.810 0.705882 0.63 2.29 0.167 0.512403 )4.58

Websterite
F34-cpx 0.19 208.07 0.003 0.705956 1.81 7.22 0.151 0.512468 )3.31
F34-cpx1 0.705982 0.512581
F34-opx 0.38 10.35 0.106 0.706383 0.17 0.54 0.194 0.512434 )3.99
F34-opx1 0.706054 0.512579
F34-gar 1.79 6.03 0.376 0.706616 1.07 0.92 0.700 0.512867 4.47
F34-gar1 0.705940 0.512545
F34-WR 1.93 158.30 0.035 0.705927 1.31 4.50 0.176 0.512462 )3.43

Ma®c feldspathic rocks
B75-cpx 0.66 80.33 0.023 0.705100 6.78 33.99 0.121 0.512669 0.60
B75-gar 0.27 0.93 0.838 0.707551 3.09 1.86 1.004 0.513125 9.49
B75-gar1 2.68 30.36 0.254 0.706487 0.80 0.81 0.602 0.512866 4.46
B75-WR 6.10 190.44 0.091 0.705257 4.90 16.55 0.179 0.512689 0.61

BC35-cpx 0.197 48.10 0.012 0.707496 8.53 34.33 0.150 0.512321 )6.19
BC35-hb 1.03 27.86 0.037 0.708333 1.66 6.64 0.151 0.512346 )5.69
BC35-plg 10.23 1200.1 0.025 0.707348 12.50 9.89 0.764 0.512756 0.05
BC35-WR 5.73 659.01 0.025 0.707344 5.07 24.18 0.127 0.512344 )5.74

Garnet peridotite
PBC-cpx 7.00 31.67 0.134 0.512491 )2.87
PBC-gar 0.88 0.63 0.848 0.512528 )2.14
PBC-WR 1.22 21.45 0.164 0.705580 0.28 0.65 0.261 0.512496 )2.70

Metasediment
297-cpx 0.82 109.72 0.022 0.709232 1.45 8.37 0.105 0.511871 )14.96
297-gar 3.39 22.89 0.427 0.711981 2.20 1.72 0.776 0.512247 )18.02
297-WR 2.88 29.90 0.277 0.710763 2.01 10.40 0.117 0.512059 )11.29
aA petrographic description of the samples is given in the text.
(Host Big Creek trachyandesite, WR whole rock, cpx clinopyrox-
ene, opx orthopyroxene, gar garnet, hb hornblende, plg plagio-
clase). Mineral separates are super clean hand picked fractions

except for the ones accompanied by the subscript ``1''. The mineral
samples with this subscript contained either small, but discernable
inclusions of other minerals or kelyphitic rims

175



Quartzite 297 has a Sr slope corresponding to an ``age''
of 471 Ma. No Sr mineral isochron could be calculated
for sample BC35 using the available data in the absence
of garnet from our dataset. The Nd mineral ages, in-
cluding quartzite 297 fall within a much tighter interval,
between 80 Ma and 120 Ma. These values and similarity
of the Nd ages are indicative of a relationship between
the surface batholith and these lower crustal rocks.
Three Sr ages (samples G36, BC218, and F34) are sim-T
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Fig. 2A-B Mineral isochrons for the (A) Sm-Nd and (B) Rb-Sr
systems. Sample PBC which yields an entrainment age (Miocene) is
not plotted. The isochrons have been ®tted through data points with
or without taking into account the whole-rock values, as explained in
text. The ages marked near the isochrons are in Ma. The size of the
symbols is approximately three times as large as the analytical
uncertainties. We used the following decay constants:
kRb � 1.42 ´ 10)11 a)1, and kSm � 6.54 ´ 10)12 a)1
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ilar to the Nd ages calculated on the same samples, re-
inforcing the previous statement. The spread of the other
four Sr ages suggests a more complicated history and to
a ®rst degree at least, these ages have to be considered
suspicious. We noticed the high concentrations of Rb
and Sr in some mineral separates compared to previ-
ously analyzed xenolith garnets and pyroxenes (e.g.
Wendtland et al. 1996). We fear that part of the problem
with the Rb-Sr system is the failure to obtain absolutely
clean mineral separates with respect to Rb and Sr. For
example, the concentrations of Rb in garnets and py-
roxenes are expected to be low (�1 ppm) in eclogites and
granulites, whereas some of our samples have higher Rb
concentrations. The most outstanding is sample BC207,
with �30 ppm Rb in clinopyroxene, and 5.8 ppm Rb
measured in garnet.

The Sr and Nd intercepts (Table 3) are very similar
for all samples except for quartzite 297. The 87Sr/86Sr
``initials'' of the seven olivine-free ma®c/ultrama®c rocks
vary between 0.70501 and 0.70623, very much like the
initial Sr ratios in the surface batholith rocks in the
central Sierra Nevada (average central Sierra Nevada
batholith 87Sr/86Sr100 � 0.7057, Kistler and Peterman
1973, 1978). The 143Nd/144Nd ratios of the seven olivine-
free ma®c/ultrama®c rocks fall between 0.51232 and
0.51239, also very similar to the 143Nd/144Nd100 surface
batholith average of 0.51234 in the central Sierra Ne-
vada (DePaolo, 1981). The quartzite has somewhat
higher 87Sr/86Sr and lower 143Nd/144Nd ratios, 0.7095
and 0.51182 respectively (at 100 Ma). Peridotite PBC
has 87Sr/86Sr and 143Nd/144Nd ratios characteristic of the
enriched mantle lithosphere known to exist beneath the
Sierra Nevada (e.g., Mukhopadhyay and Manton 1994).

Data interpretation

The two geochronometric systems used in this study
have: (1) an extremely favorable spread of Rb/Sr and
particularly Sm/Nd ratios between pyroxene and garnet;
(2) high closure temperatures in garnet-bearing lower
crustal rocks (e.g., Jagoutz, 1998; Coghlan 1990; Met-
zger et al. 1992). Aware of the limitations of establishing
lower crustal ages on xenoliths and the rather limited
number of minerals available in the Sierran xenoliths, we
have attempted to obtain useful geochronological in-
formation without necessarily expecting the high pre-
cisions and accuracies typical for the Rb-Sr or Sm-Nd
results when applied to surface rocks. In our case, we
searched for the bulk age of the lower crust: is it Pa-
leozoic, Precambrian, is it batholith related, are the ages
scattered throughout the Mesozoic or clustered toward
the end period of Mesozoic magmatism, or perhaps are
they approaching the age of the Miocene volcanic host
rock? Are these samples broadly cogentic, or do they
exhibit a large spectrum of ages and initial ratios?

Deep crustal and upper mantle rocks sampled as xe-
noliths are commonly residing at temperatures above the
closure temperatures (Dodson 1973) for most geochro-

nometers (Rudnick 1992). The ``ages'' locked-in by such
xenoliths will accordingly re¯ect the age of entrainment,
i.e., the age of the host volcanic carrier. Xenoliths ana-
lyzed in this study equilibrated between �650±950 °C
(Table 3); these numbers suggest that at the time of
entrainment, the xenoliths were equilibrated at temper-
atures £650±950 °C. The closure temperature of REE
and Sr in garnets and pyroxenes can be calculated as a
function of cooling rates (Dodson 1973), using available
experimental data from Sneeringer et al. (1984) and
Coghlan (1990). The results of this calculation for
spherical grains having diameters of 0.6 cm are shown in
Fig. 3 as a function of cooling rate, and are compared to
the range of equilibration temperatures measured in the
samples analyzed in this study. It is likely that the
abundant mineral with the more sluggish kinetics,
clinopyroxene in this case, will control the closure tem-
perature (Metzger et al. 1992). The equilibration tem-
peratures measured on xenoliths and the predicted
closure temperatures for REE and Sr indicate that in the
case of Sierra Nevada xenoliths studied here, there is a
distinct possibility that most of the samples were not
above the closure temperature at the time of entrain-
ment. Hence, the Sierran xenoliths may carry Nd and Sr
geochronometric information able to date the most re-
cent lithospheric thermal event that was imprinted on
them, instead of simply recording the age of xenolith
entrainment. All xenoliths excepting the garnet perido-
tite PBC display signi®cant Rb-Sr and Sm-Nd isotopic
mineral disequilibria which con®rm this prediction.

We interpret the Sm-Nd ages reported in Table 3 to
record the time when these xenoliths cooled below the
closure temperatures of this particular system. Most
regression lines involving 3 or more points are charac-

Fig. 3 Predicted closure temperatures (°C) of diopside and alman-
dine-rich garnet as a function of cooling rate (°C/million years) for the
Sr and Nd systems. Relevant di�usional parameters are from
Sneeringer et al. (1984) for Sr and Sm (as a proxy for Nd) in diopside
and from Coghlan (1990) for Sr and Nd in garnets. The closure
temperatures are calculated as in Dodson (1973), assuming spherical
grains with a radius of 3 cm. The range of equilibration temperatures
measured in the xenoliths in this study (Txenoliths) is shown as a shaded
®eld
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terized by MSWD values (Table 3) close enough to 1 to
be considered ``isochrons'' (Wendt and Carl 1991). In
some cases the whole-rock ratios have been modi®ed by
interaction with the host trachyandesite (Fig. 4a, b).
More speci®cally, we suspect that physically the split
``xenolith whole rock'' has been polluted by some small,
undetected amounts of the host trachyandesite. The
whole rocks have been crushed to powders, and despite
the cautions that we have taken in sample preparation
(see ``Analytical procedures''), they could contain some
intergranular material inherited from the host trachy-
andesite. However, the whole-rock isotopic ratios of
143Nd/144Nd and 147Sm/144Nd are very similar to those
of the clinopyroxenes, because clinopyroxene is the
abundant mineral richest in Sm and Nd. From this
perspective, the departure of some of the whole-rock
ratios toward the host trachyandesite is not very rele-
vant; the clean, pure clinopyroxene fractions are better
samples of the low Sm/Nd end of the isochrons.

In contrast to the Sm-Nd system, none of the Rb-Sr
regression lines based on three points or more are
``isochrons''. The MSWD values of all Sr errorchrons
are >25. The three-point ages calculated using the Rb-
Sr chronometer may or may not have geologic signi®-
cance. We separate the two-point (garnet-clinopyroxene)
Rb-Sr ``ages'' into three groups, by comparison to the
Nd ages. Three samples, G36, BC218, and F34 yield
indistinguishable Sr and Nd ages (group I), two samples,

G39 and BC207 yield younger Sr ages (44, and 65, re-
spectively) than Nd ages (group II), while BC75 and 297
yield anomalously high Rb-Sr ages, 211, and 477, re-
spectively (group III). Below we will speculate on the
possible geologic signi®cance of the Sr data.

We interpret the group I Sr ages as igneous or slightly
post-igneous values for these cumulates, based on the
coincidence with the Cretaceous magmatic peak of the
Sierra Nevada batholith and the similarity with their
corresponding Nd ages. Based on textural arguments
and the lack of any product suggesting the presence of
¯uid phases in these rocks, it appears likely that the
isotopic equilibration between garnet and pyroxenes in
these rocks was entirely di�usional. The similarity be-
tween the Sr and Nd ages in these samples is what ex-

Fig. 4 a Nd isochron of sample 297, illustrating the contamination of
the xenolith whole-rock powder by the host trachyandesite; the whole-
rock 147Sm/144Nd and 143Nd/144Nd ratios of the analyzed ``whole
rock'' are located along a mixing line (dashed line in the ®gure)
between the host rock and the true location of the whole rock along
the Nd isochron (solid line). b Sr isochron of sample G36 illustrating,
similarly to a, the contamination of the xenolith ``whole-rock'' powder
by the trachyandesite. c Nd isochron of BC75 including the kelyphitic
garnet (gar1) separate; gar1 lies close to the mineral isochron. d Sr
isochron of BC75, including kelyphitic garnet (gar1); in contrast to c,
the kelyphite lies o� the mineral isochron indicating open system
breakdown of garnet in the presence of the Sr-rich, Nd-poor phase,
possibly an aqueous phase
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perimental data on Sr and Nd di�usion in garnet pre-
dicts for the geologic scenario envisioned above (Har-
rison and Wood 1980; Coghlan 1990; Burton et al.
1995). The failure of the Sr system to de®ne statistically
valid isochrons indicates however that this geochro-
nometer is not particularly reliable when applied to these
deep lithospheric xenoliths.

Group II and III dates may not have any geologic
signi®cance. Below we outline a number of scenarios
which may have led to group II ``ages''. These ``ages'' are
consistent with the batholith derivation of these samples,
but require some resetting of the Rb-Sr system at 44±
65 Ma, partial resetting at a time younger than 44±
65 Ma, or disturbance in a geochronologically mean-
ingless fashion, such as exchange with a ¯uid phase. We
have not observed petrographic evidence for alteration
or metamorphic reactions in the presence of a ¯uid
phase. However, the most vulnerable points on the Sr
isochrons presented here are the garnets. The slope of a
garnet-clinopyroxene Sr isochron can be perturbed by
interaction with small fractions of a component that
plots away from the isochron. The Sr ``ages'' will arti-
®cially either be decreased or increased, depending on
whether the ¯uid plots below or above the isochron at
the time of perturbation. The group III Sr dates are even
more di�cult to interpret. It is possible that interaction
with the host trachyandesite has modi®ed the original
Rb/Sr and 87Sr/86Sr ratios of the clinopyroxene and the
whole-rock in sample 297. Such a process could also
explain the low quality of the Nd whole-rock isotope
ratios for the same sample. However, it does not appear
that the same explanation can hold for B75 (Fig. 2)
because the host rock isotopic ratios are nearly collinear
to the B75 Sr isochron.

Overall, our Sm-Nd results indicate that the samples
equilibrated during themost proli®c igneous period in the
Sierra Nevada batholith (Chen and Moore 1982). Fur-
thermore, our data con®rm the previous geochronologi-
cal results on lower crustal xenoliths (Wendtland et al.
1996), indicating that the Sm-Nd system is quite a robust
xenolith chronometer, while the Rb-Sr system is not.

We have also analyzed the isotopic compositions of
the kelyphitic rim-bearing garnets for a few samples
(Table 2) in order to test if kelyphitization is a closed
system e�ect (simple garnet breakdown, or breakdown
reaction involving surrounding clinopyroxenes) or if it
requires the presence of an additional component, for-
eign to the eclogite or gabbro. Neodymium isotopes on
kelyphitic garnets for samples BC75 (shown in Fig. 4c)
and G36 indicate a closed system behavior. A similar
result is indicated by the Sr isotopes in the kelyphitic
garnets of sample G36. The Sr isotopes of the ``garnet1''
fraction of sample BC75 depart from the reported Sr
isochron for that sample (Fig. 4d), suggesting an open
system behavior of Sr during kelyphite formation in this
sample. More analyses are required in order to assess
whether kelyphitization is an open system process
with respect to the xenolith samples and whether the
kelyphites carry any geochronologic information.

Petrologic and tectonic implications

The petrographic, thermobarometric and geochrono-
logic results presented above re®ne our information on
the composition of the central Sierra Nevada batholith
at depth. We will relate the geology of the surface
batholith with the lower crustal and upper mantle rocks
and put constraints on the gross crustal structure of the
batholith. The central Sierra Nevada Mesozoic crustal
section, especially the lower half appears to be radically
di�erent from the one observed in the southernmost
Sierra; we will de®ne the di�erences between the two
sections and address their regional tectonic implications.

Batholith residua/cumulate origin for the xenoliths

As mentioned above, the Sierra Nevada provides surface
exposures of a composite Mesozoic batholith over a
thickness of 30 km. Ma®c and ultrama®c xenoliths
which equilibrated at depths of 35±100 km beneath the
central batholithic exposures yield Sm-Nd ages which
fall within the age range of 90% of the Sierra Nevada
plutons (Fig. 5). The mineral isochron intercepts for Sr
and Nd (Table 3) as well as age-corrected whole-rock Sr
and Nd isotopic ratios obtained on similar xenoliths
(Dodge et al. 1986, 1988; Mukhopadhyay 1989; Ducea
and Saleeby 1996b) have values similar to the initial Sr
and Nd isotopic ratios (Kistler and Peterman 1978;
DePaolo 1981) of the surface batholith in the central
Sierra Nevada (Fig. 6). In addition, d18O ratios mea-
sured on the same xenoliths analyzed in this study
(Ducea et al. 1997) are practically identical to the range
of values measured in the central Sierra granitoids (Masi
et al. 1981). These results establish a broad cogenetic
relation between the surface batholith and its lower
crust/uppermost mantle. The major and trace element
compositions of the seven igneous-textured samples
presented in this study are inconsistent with them being
frozen melts (Ducea et al. 1998); instead these rocks are
residual assemblages (either restite or cumulates) left
behind after the extraction of granitoids.

The strongly fractionated REE patterns (Lan/
Ybn ³ 10±15) and minuscule Eu anomalies in most of
the central Sierra Nevada plutons (Dodge et al. 1982)
indicate that garnet is an important phase in the
granitoid melt residue, while the role of plagioclase as
residual phase is minor. These data suggest that central
Sierra Nevada granitoids were formed by melting a
relatively deep reservoir, located at 35±40 km or more
(Green and Ringwood 1967). The presence of a garnet-
pyroxene-(amphibole) keel beneath the central Sierra
Nevada batholith, as suggested by the xenolith compo-
sitions, is consistent with these constraints. Several
experimental studies have documented that garnet-
pyroxenes (�amphibole) assemblages represent the
residual assemblages after extracting granitoid melts
from a wet basaltic protolith at pressures exceeding
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1 GPa (e.g., Wolf and Wyllie 1993; Rapp and Watson
1995). Moreover, the mineral compositions of the ex-
perimental residues are within the range of mineral
compositions encountered in the ultrama®c rocks ana-
lyzed in this study (Ducea and Saleeby 1996a).

The origin of the batholith source rocks can be con-
strained by the isotopic ratios in the residual assem-
blages and granitoids. The low, negative initial values of
eNd (<1.8) argue against derivation of all these eclogite
facies rocks from oceanic crust or a young, depleted
mantle. A signi®cant component involved in the mass
budget of the Sierra Nevada batholith must be repre-

sented by Precambrian lower crustal and/or lithospheric
(isotopically enriched) mantle, as suggested by the low,
mostly negative initial values of eNd (�)5.5 to 1.8) and
the relatively low 87Sr/86Sr (�0.705±0.706) ratios. Other
lines of evidence support this assertion, e.g., the com-
mon presence of Precambrian inheritance in zircons
from the central Sierra granitoids (Chen and Tilton
1991). Texturally and thermochronologically however,
the ma®c±ultrama®c xenoliths have a ``memory'' limited
by the extensive melting process in which they were in-
volved during the Cretaceous. Consequently, the ages
measured on the feldspathic and eclogitic xenoliths are
most likely near-igneous cooling ages. Sample 297 may
be a good example of a preexisting crustal rock which
did not experience melting during the batholith forma-
tion. Even so, the Nd age of this sample was reset during
the Late Cretaceous thermal pulse, whereas its Sr may
have only partially been reset.

A proposed vertical section through the Sierra Nevada
lithosphere

The composition of the Sierra Nevada batholith can be
constrained reasonably well from surface exposures and
geophysical data down to �30 km (Saleeby, 1990). As-
suming that the xenolith lithologies are representative
for the depths at which they equilibrated, we will extend
downward the idealized vertical compositional column
through the Sierra Nevada lithosphere.

The xenolith results show that a thick (70 km, pos-
sibly more) sequence of residual/cumulate ma®c to ul-
trama®c rocks complement the upper- to mid-crustal
rocks of the batholith (Fig. 7). Below we will outline
some characteristics of the upper crust, the upper crustal
to lower crustal transition, the lower crust, the crust-
mantle boundary, and the upper mantle from beneath
the Mesozoic Sierra Nevada batholith.

The upper 30 km of the Sierra Nevada crust consist
almost entirely of tonalites, granodiorites, and granites.
This statement appears to hold even for the batholith
exposures from the Tehachapi Mountains in the south-
ernmost Sierra, at igneous exposure depths of 20±30 km
(Pickett and Saleeby 1993). Saleeby (1990) reports an
average silica concentration of 60% for the Tehachapi
exposures, slightly less siliceous than the bulk Sierra
Nevada exposures, �65% SiO2 (Bateman and Dodge
1970). A recent seismic refraction experiment across the
Sierra Nevada (Wernicke et al. 1996) shows that the
seismic velocities remain fairly low (vp � 6±6.4 km/s)
throughout the seismologically de®ned crust, �35 km
thick (Fliedner and Ruppert 1996). Such low seismic
velocities are characteristic for silica-rich, ``granitic''
rocks. The geophysical data is therefore consistent with
geological evidence indicating that the upper 30±35 km
of the Sierran lithosphere consists mainly of granitoids.

The transition between the granitic upper crust and
deeper, more ma®c lithologies occurs between 30±
40 km. If the xenolith data are representative for the

Fig. 5 Sample Sr and Nd ages versus equilibration pressures. Note
there are three samples that yield almost identical Sr and Nd ages,
while others do not. No correlation between ages and crustal depth is
evident in our dataset. Shaded ®eld labeled ``CSNB'' represents the
time interval comprising �90% of the ages yielded by surface plutons
in the central Sierra Nevada batholith (summarized by Saleeby, 1990)
(ecl eclogites and garnet clinopyroxenites, gran granulites and
cumulate gabbros, sed metasedimentary rock, web websterite

Fig. 6 Initial 143Nd/144Nd versus 87Sr/86Sr for the analyzed samples,
compared to the ®eld of central SNB (Kistler and Peterman 1973,
1978, abbreviated in the ®gure as KP73, 78; and DePaolo, 1981,
abbreviated as D81).
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crustal section they sampled, it appears that ma®c rocks
become progressively abundant in the 0.8 to 1.2 GPa
interval. Feldspathic xenoliths with intermediate to
ma®c compositions generally display equilibration
pressures lower than 1.2 GPa, whereas feldspar-free,
mainly ma®c rocks such as garnet clinopyroxenites and
websterites equilibrated at pressures always higher than
1.0 GPa. A few xenoliths whose pressure of equilibration
was calculated to be in the �1.0±1.4 GPa interval are
cumulates with alternating feldspar-rich and garnet-py-
roxene-rich layers (e.g., sample B75 from this study).

Rocks that equilibrated at pressures higher than 1.5
GPa consist mainly of garnet, one or two pyroxenes, and
amphibole. Garnet clinopyroxenites represent the most
common deep xenolith rock type sampled at Big Creek
and similar Miocene xenolith localities from the central
Sierra Nevada. Rocks of broadly similar compositions
are commonly found included as veins, pods or irregular
bodies in larger volumes of garnet and spinel peridotites,
for example in Alpine peridotites' (Carswell 1990). By
analogy with the Alpine peridotites' ®eld relationships,
one could interpret the pyroxenites as mantle-derived,
relatively small volume inclusions in peridotites. The
composite feldspathic-garnet pyroxenitic cumulate xe-
noliths described above, as well as the scarcity of spinel
peridotitic xenoliths (which equilibrated at pressures
lower than �2.5 GPa, Ducea and Saleeby 1996a), all
argue for the existence of an ``eclogitic''-rich layer

somewhere between �40±75 km beneath the Sierra
Nevada. This layer corresponds in our view with the
level at which large magma chambers have mixed mantle
and crustal magmatic components during the Mesozoic,
have distilled the Sierra Nevada granitoids, and stored
large volumes of garnet-rich cumulates/restites.

A lower crustal to upper mantle transition is hard to
de®ne beneath the Sierra Nevada, and perhaps beneath
any batholith (Pitcher 1993). Our deepest samples from
Big Creek equilibrated at pressures between 2.5 and 4.2
GPa (Ducea and Saleeby 1996b), and comprise mainly
garnet-bearing peridotites and garnet websterites, sug-
gesting that both pyroxenites (broadly ``eclogites'') and
peridotites are present at depths of �75±100 km. Pre-
sumably at greater depth peridotitic rocks predominate
over pyroxenites. It is interesting to note that our garnet
websterite sample F34, which equilibrated at �100 km
yielded synbatholithic Sm-Nd and Rb-Sr ages and
batholith-like Sr and Nd intercepts. A Mesozoic age
measured on F34 is consistent with the progressive de-
velopment of a cold and thick lithosphere beneath
the Sierra Nevada during the vanishing stages and after
the cessation of magmatism. It is also worth noting
that the deepest sample recovered from Big Creek, gar-
net peridotite PBC has isotopic characteristics of litho-
sphere and locked-in a relatively low temperature of
975 °C (Ducea and Saleeby 1996a, b). This sample yields
Miocene Nd and Sr ages probably because of its long
term residence near or above the closure temperature for
these two systems, and possibly also because of its rel-
atively ®ne grain size. These results suggest that the
Mesozoic to Miocene lithosphere was at least 130 km
thick beneath the central Sierra Nevada. The develop-
ment of a cold and rather thick lithosphere during the
late stages and following the cessation of magmatism in
a large continental batholith is somewhat surprising, but
these results are consistent with the anomalously low
Sierra Nevada heat ¯ow throughout the Cenozoic
(Dumitru 1990) postulated from ®ssion track studies,
and measured in the western half of the range (Lac-
henbruch 1968).

Two implications emerging from our interpreted
lithospheric column may have important tectonic im-
plications and will be outlined below: (1) the vertical
scale at which batholith-related magmatism operates; (2)
the e�ciency of segregating light granitic crust from
dense residues during batholithic magmatism.

1. Our data demonstrate that igneous products co-
genetic with the Late Cretaceous Sierra Nevada batho-
lith can be found from surface levels to at least �100 km
depth. These results indicate that batholithic magmatism
(at least in the Sierra Nevada) is a lithospheric scale
process capable of isotopically homogenizing and the-
rmochronologically resetting at least a 100 km thick
lithosphere in a relatively short period of time (a few
tens of millions of years). The crustal column is char-
acterized by a coherent large scale major element
chemical heterogeneity, typical for suites of consan-
guineous igneous rocks.

Fig. 7 Schematic lithospheric column for the region underlying the
central SNB, based on outcrop and xenolith studies (see text)
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2. It is remarkable how well the two entities, upper- to
mid-crustal tonalites and granodiorites and the deep
crustal/mantle ma®c±ultrama®c rocks appear to be
spatially separated. Very often petrologists ask how
much mass has been extracted out of the mantle during
batholith formation, a question of relevance to the ori-
gin of continents. Data presented here provide us with a
potentially useful constraint in understanding crustal
growth: regardless of how much mass is recycled versus
juvenile, the Sierra Nevada batholith has e�ciently
``distilled'' granitoids from a thick, mainly ``eclogitic''
residual ma®c±ultrama®c mass.

No ¯at slab beneath the central Sierra Nevada

The data presented above show that a 100 or more km
thick section which can be related to the Sierra Nevada
batholith, has resided at least between the Mesozoic and
Mid-Miocene times under the Sierra Nevada. The low
eNd values of the feldspathic and ``eclogitic'' rocks (eNd
initial <1.8) argue strongly against an oceanic crustal
origin. Olivine-rich, garnet-bearing ultrama®c rocks
probably become progressively abundant at deeper lev-
els. Garnet peridotite inclusions from the pipes of Big
Creek and the neighboring Pick and Shovel and Camp
Sierra locations, all display continental lithospheric
mantle isotopic signatures (Mukhopadhyay and Manton
1994; this study). We have no xenolith evidence for the
existence of any rocks of oceanic plate derivation at any
time between the Mesozoic and Mid-Miocene at least
for �130 km below the central Sierra Nevada surface.
This result is at odds with the postulated ``shallow
subduction'', or ``¯at slab'' hypothesis, very often used
to explain the sudden inland shift of magmatism in the
western US during the Laramide orogeny, at the end of
the Cretaceous (e.g., Dickinson 1981). This hypothesis
predicts a signi®cant decrease of the subducting slab dip,
and accordingly the depth to the slab top beneath the
western US Cordillera starting at 65 Ma, and continuing
for possibly as many as 40 million years. More speci®-
cally, the slab top has been postulated to have passed as
shallow as 35±60 km beneath the Sierra Nevada in Early
Cenozoic times (Dumitru 1990), refrigerating the Sierra
Nevada throughout the Cenozoic. Ague and Brandon
(1996) have challenged this idea by proposing that the
sudden demise of arc magmatism at Sierra Nevada lat-
itudes can alternatively be explained by the ``Baja-BC''
hypothesis, which states that fragments of continental
crust originally located to the west of the California
batholiths (Sierra Nevada, Peninsular Ranges) were
displaced northward for some 3000 to 4000 km along
major strike-slip faults. Ague and Brandon presented
evidence suggesting that the magmatic arc migrated
northward, not eastward, therefore eliminating the need
for a Laramide ¯at slab beneath much of the south-
western United States. The data presented here require
that the refrigeration mechanism, if valid could not have
involved a slab shallower than 130 km beneath the

central Sierra at any time since the Mesozoic. The
130 km depth constrained from our data raises serious
questions regarding the viability of the ¯at slab mecha-
nism, at least under central California.

Contrasting post-batholith tectonics of the central and
southern Sierra Nevada

The southernmost end of the Sierra Nevada batholith is
exposed to igneous intrusion depths as high as 30 km, in
the Tehachapi Mountains (Pickett and Saleeby 1993).
Ensimatic metamorphic rocks of the Rand Schist tec-
tonically underlie these deepest exposures of the batholith
(Malin et al. 1995). The Rand Schist, as well as equivalent
rocks found elsewhere in Southern California (Orocopia,
Pelona Schists), has an oceanic derivation (Jacobsen et al.
1996). These relations show that the integrity of the Sierra
Nevada batholith has not been maintained in its south-
ernmost end. One can assume that the southernmost Si-
erra also had a similarly thick ma®c±ultrama®c ``keel'', as
the central Sierra Nevada did. Therefore it is reasonable
to infer that very shallow subduction has removed the
batholith root at its southernmost end. The timing of the
underthrusting of the Rand Schist is constrained by ®eld
relations and geochronologic data to be 80±86 million
years (Silver and Nourse 1986). This period corresponds
to amajor cooling and uplift period throughout the entire
Mojave area to the south and south east of the Sierra
Nevada (Henry and Dokka 1992).

The observations presented above suggest a major
di�erence between the post batholith tectonic behavior of
the lithosphere in the central versus the southern(most)
Sierra Nevada. Whereas the main part of the batholith
retained its crustal wealth throughout the Cenozoic (at
least until Mid-Miocene) and maintained elevations
above sea level, the southern end of the batholith, which
is representative for the Mojave region, has been the site
of shallow subduction, lost its lower crust and was sub-
merged below sea level during the Miocene (Nilsen and
Clarke 1975). The southern versus central Sierra post-
batholithic tectonic di�erence may be analogous to the
modern Andes, where the central segment of the mag-
matic arc is underlain by a shallowly subducting slab,
while the northern and southern Andes by steeper seg-
ments of the slab (Isacks 1988, and references therein).

Concluding remarks

The geochronologic results presented here con®rm that
the Sm-Nd mineral isochron method of dating garnet-
rich rocks can successfully be applied to xenoliths to
yield the timing of the peak thermal conditions. The Rb-
Sr mineral isochron method applied on the same min-
erals is not nearly as reliable. We show that deep seated
olivine-free xenoliths which equilibrated at pressures as
high as 3.3 GPa locked-in Sm-Nd mineral ages consis-
tent with a batholith residual origin. The existence of an
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unusually cold lithosphere beneath the Sierra Nevada
following the cessation of the batholith (Dumitru 1990)
and the elevated blocking temperatures of the Sm-Nd
and Rb-Sr systems in garnet-pyroxenes rocks with large
grain size (Coghlan 1990; Metzger et al. 1992) have
prevented most deep samples analyzed in this study from
reequilibrating by di�usion during the Cenozoic.

The data presented in this paper provide a more
complete view of the vertical dimension of a large Cor-
dilleran batholith. The Sierra Nevada batholith consists
of at least a 2/1 ratio of ma®c±ultrama®c to granitic
material. We have shown that the central parts of the
batholith were underlain by at least a �70 km thick se-
quence of olivine-free ma®c±ultrama®c cumulate rocks in
granulite and eclogite facies, probably mixed with per-
idotites at great depths. These rocks have isotopically
equilibrated between �80±120 Ma, coincident with the
most proli®c period of magmatism in the SNB. The iso-
chron intercepts for the Sr and Nd isotopic ratios of the
xenoliths presented here as well as age-corrected whole-
rock analyses of similar xenoliths (Mukhopadhyay 1989)
are identical to the isotopic ratios of the surface batholith
in the vicinity of the xenolith-bearingMiocene pipes. The
xenoliths are clearly batholith-related rocks. Textural
and chemical (Ducea et al. 1997) arguments suggest these
rocks are either cumulates from large lower crustal
magma chambers, restites of large scale crustal melting,
or both. We hypothesize that at least a 100 km thick
lithospheric section beneath the Sierra Nevada batholith
was strongly a�ected by the Mesozoic magmatism, ho-
mogenized isotopically and reset thermochronologically.
Large scale magmatism e�ciently segregated a high silica
upper 30 km or so of crust from residual/cumulate rocks
in the deeper parts of the crust and mantle.

The late Mesozoic to Miocene central Sierra Nevada
lithosphere is constrained by xenolith data to be at least
�130 km thick. The thick batholithic lithosphere be-
neath the central Sierra Nevada raises serious questions
as to whether a ¯at slab has ever existed beneath central
California. On the other hand it points out a major
tectonic di�erence between the post-batholith behavior
of the central and southernmost Sierra Nevada: the
southernmost Sierra and the Mojave regions were
truncated at depth by an oceanic-like slab as shallow as
30 km at the end of the Cretaceous.
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