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Buoyancy sources for a large, unrooted mountain range,
the Sierra Nevada, California: Evidence from xenolith

thermobarometry

Mihai N. Ducea and Jason B. Saleeby

Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena

Abstract.

Xenoliths hosted by Cenozoic volcanic flows and plugs from the Central Sierra

Nevada and Eastern Sierra Nevada, Owens Valley, and Inyo Mountains were studied for
petrography and thermobarometry. The Central Sierra Nevada suite consists of abundant
lower crustal feldspathic granulites, garnet clinopyroxenites, and mantle-derived peridotites
and garnet websterites. Mafic crustal assemblages occur down to ~65-70 km, although
below 35-40 km, they are mainly in the eclogite facies. In contrast, the Eastern Sierra
Region suites show peridotitic, pyroxenitic, and harzburgitic assemblages at depths of
=35-40 km. They define an adiabat in PT space (T ~ 1180-1250°C), suggesting the
presence of the asthenospheric upper mantle close to the base of the crust. The ultramafic
mantle rocks from the Central Sierra Nevada also define an adiabatic slope in PT space,
possibly an artifact of side heating from the east. There is xenolith evidence that the
Sierra Nevada lost about half of its original crust on the eastern side of the range.
Regardless of the actual mechanism of crustal thinning, the loss of the eclogitic lowermost
crust and replacement by peridotite in the eastern Sierra Nevada is a process accompanied
by a substantial density decrease (>100 kg/m>). Overall, if the mechanism of eclogitic
lowermost crust removal is viable, there are enough buoyancy sources to explain
topographic differences between the Sierra Nevada and the adjacent Basin and Range,

assuming isostatic equilibrium.

Introduction

The Southern Sierra Nevada, California, is a high standing
mountain range (2800-m mean elevation) relative to the adja-
cent Basin and Range Province (1000-m mean elevation) to
the east and the Great Valley (sea level elevation) to the west.
The Sierra Nevada is composed primarily of a large, Cordille-
ran-type batholith [Saleeby, 1990], a Mesozoic magmatic arc
similar to the modern Andes. The Sierra Nevada was tradi-
tionally believed to have a thick, ~55 km root [Bateman and
Eaton, 1967] which compensates the mountain range’s eleva-
tion. Recent teleseismic results [Jones et al., 1994] and active
and passive seismic experiments [Wernicke et al., 1996; Park et
al., 1995], in contrast, show Qat the Southern Sierra Nevada is
underlain by a relatively thin, ~35 km thick crust. In light of
these results, a different mechanism of compensation of the
Sierra Nevada must be found. The upper mantle has to be
buoyant enough to explain much of a ~150 mGal negative
Bouguer anomaly [Oliver, 1977] that characterizes the Sierra
Nevada. The Sierra Nevada mountain range is located at the
edge of a rift province (the Basin and Range). The topography
support mechanisms may be related to heating of this rift
“shoulder” and upwelling of hot asthenosphere [Crough and
Thompson, 1977].

The only direct samples of the lower crust and the upper-
most mantle in the region are represented by xenoliths hosted
by numerous young volcanic flows and plugs. In this paper, we
are exploring the source(s) of upper mantle/lower crustal buoy-
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ancy in the area, based on xenolith evidence as a proxy for the
Sierra Nevada lithospheric structure. The crustal and upper
mantle compositions derived from xenolith studies are very
different in the central part and the eastern side of the moun-
tain range. These differences permit us to assess the possible
mechanisms of support for the Sierra Nevada. Two potential
mechanisms for lowering the density in the uppermost seismo-
logically defined mantle are discussed in detail: (1) the replace-
ment of lithosphere with asthenosphere, and (2) eclogite re-
moval during crustal thinning.

Xenolith Petrography

Lower crustal and upper mantle xenoliths from young ba-
saltic volcanic rocks in the Sierra Nevada and Owens Valley
were previously described by Domenick et al. [1983], Dodge et
al. [1986, 1988], Mukhopadhyay [1989, 1991b], Mukhopadhyay
and Manton [1994), Ducea and Saleeby [1994), Wilshire et al.
[1988], and Beard and Glazner [1995]. In this paper we use all
previoys reports on thermobarometry of the Sierra Nevada
xenoliths, in addition to our results. The xenolith-bearing lo-
calities used in this study are shown in Figure 1, and the
compositions and ages of the host volcanics are given in Table
1. The xenolith-bearing volcanics can be divided in two broad
groups based on location and age. One suite located in the
central Sierra Nevada consists mainly of Miocene volcanics
(which will be named “Central Sierra Nevada” throughout the
paper), and the other consists of Quaternary volcanics of the
eastern Sierra Nevada, Owens Valley, and Inyo Mountains
(the “Eastern Sierra Region suite”). Figure 2 is a histogram of
petrographic compositions of xenoliths sampled from both the
Central Sierra Nevada and the Eastern Sierra Region, and
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Figure 1. Map showing the distribution of xenolith-bearing flows from the Sierra Nevada, Owens Valley,
and Inyo Mountains investigated in this study.

includes data from Mukhopadhyay [1989], our collection, and F.  Sierra was probably subject to significant extension in the past

Dodge’s collection, which is stored at the Smithsonian Institution. 10 m.y. This age difference, however, sheds light on the recent
There are significant compositional and equilibration tem- dynamical evolution of the Sierra Nevada.

perature differences between the xenoliths of the two groups. Below, we will describe the petrography of the two distinct

An average age difference of ~8 Ma between the Central suites.

Sierra Nevada and the Eastern Sierra Region xenolith-bearing

volcanics is a serious limitation in our attempt to infer in a  Central Sierra Nevada Suite

static manner any lateral variations in the Sierran lithosphere The Central Sierra Nevada suite is rich in both crustal and

from the xenolith petrology, especially because the eastern mantle xenoliths (Figure 2). Most of the crustal xenoliths are

Table 1. Location, Composition and Age of the Xenolith-Bearing Volcanics Studied

Host Rock Method of
Xenolith Locality Group Location Composition Age, Ma Dating Reference
Big Creek CS 37°13'N, 119°16'W  trachyandesite 83 Rb-Sr Dodge et al. [1988]
Chinese Peak Cs 37°13’N, 119°09°W  trachybasalt 10.2 K-Ar Dodge et al. [1986]
Pick and Shovel CS 37°15'N, 119°20'W  trachyandesite  not dated, cogenetic

with Big Creek,
probably ~10 Ma
Hume Lake/Converse CS 36°50'N, 118°50'W  alkali basalt not dated, probably

Mountain Miocene
Golden Trout ES 36°22'N, 118°20'W  alkali basalt ~0.005 Moore and Sisson [1985]
Aberdeen ES 37°03'N, 118°18'W  alkali basalt 0.09 K-Ar Luedke and Smith [1981]
Oak Creek ES 36°50'N, 118°17'W  alkali basalt 0.15 K-Ar Luedke and Smith [1981]
Waucoba ES 37°00°'N, 118°05'W  alkali basalt 0.8 K-Ar Ormerod et al. [1988]

CS, Central Sierra Nevada suite; ES, Eastern Sierra Region suite.
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mafic in composition. Other compositions, such as metasedi-
ments, diorites, and amphibolites, are sparse and have not
been investigated in detail in this study.

The mafic xenoliths are gabbros, cumulate gabbros, feld-
spathic granulites, garnet clinopyroxenites, and websterites.
Many of the mafic xenoliths have igneous textures. The gab-
bros consist of plagioclase, clinopyroxene, orthopyroxene,
hornblende, and biotite. Accessory phases include magnetite,
ilmenite, quartz, sphene, apatite, zircon, and orthoclase. Com-
monly, the gabbros have cumulate textures; these rocks are
centimeter-scale layered rocks. The size of the xenolith is com-
parable to the scale of layering, which makes textural identifi-
cation difficult. Clinopyroxene and orthopyroxene form the
mafic layers and are commonly rimmed by hornblende. A few
samples also have garnet as a cumulus phase. Small, grossular-
rich garnet crystals crystallized within the plagioclase intercu-
mulus layers. The presence of garnet is an indication of the
deep provenance of most of the xenolithic gabbros, although
textural and mineralogical evidence show that the gabbros are
not very different lithologically from some of the western Si-
erra Nevada mafic plutons [Saleeby and Sharp, 1982; Clemens-
Knott, 1992], which formed at depths shallower than 15 km.

Central Sierra Nevada Lithologic Types

l(x) T 1 1 T 1 T I Li I T T T T T T T T T T
[l K] Duceaand Saleecby
B Dodge @Smithsonian | Gar-clinopyroxenites
30 H [0 Mukhopadhyay .
8
o 2
g 5
g 60 [ v 8 1
= | 8 °
© = » 2
= [ B 2 2 g
g8 L =] < =
» 5] [ &) 2
24 r E % 8 § 2 -
E [8 8 g £ T B 3
3 FE 8 8 3 g o 5
5 g & £ = - & g
c20 FE = T & ‘ £
Z ) £ < § a
o i o
Eeastern Sierra Region Lithologic Types
50 T T T g
Ducea and Saleeby
“ < [ Dodge @ Smithsonian
] .
40 - .g T -
5 s B g
= - Ve B
Q oo =1
2 130 1 3 B
=] , (]
[5]
i
g 3
e 20 § v g -
g g 2 ]
2 g £ E
[=] o 6 3
S o [
z 10 il S Z \ Terre: 2
N orgatys e Py " E
NN
s ; Ler s
0 k lx |K\\, |\\ 1 2 ) S

Figure 2. Lithologic types and abundance of sampled xeno-
liths from the (a) Central Sierra Nevada and (b) Eastern Sierra
Region present in the Ducea and Saleeby collection, the
Dodge collection stored at the Smithsonian Institution, as well
as the samples studied by Mukhopadhyay [1989].
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Table 2. Average Major Element Composition of Various
Mafic Xenoliths of the Central Sierra Nevada Suite

Oxide, Cumulate Feldspathic Garnet

wt % Gabbro Gabbro Granulite Clinopyroxenite
Sio, 49.7 51.5 50.3 50.1
AlLO; 11.8 19.5 10.3 12.1
FeO,, 8.9 5.1 7.2 6.9
MgO 12.7 7.6 131 14.2

CaO 13.3 11.4 14.3 154
Na,O 32 1.6 2.3 1.2

K,O 0.3 .. 04 e

Granulite xenoliths vary from 20% to 80% plagioclase with
mafic phases dominated by two pyroxenes and garnet. Acces-
sory quartz is common. Textures are granoblastic, and some
xenoliths display a distinct, subparallel alignment of tabular
laths of plagioclase. Banding is suggestive of metamorphic
gneissic texture but could well be inherited igneous lamination
[Dodge et al., 1986]. The phase mineralogy and bulk composi-
tion reconstructed from point counting suggest that the gab-
bros, cumulate gabbros, and mafic feldspathic granulites share
a common origin and are most likely deep batholithic rocks.
Preliminary trace element studies on these rocks [Ducea et al.,
1995] are consistent with a cumulate origin of the mafic feld-
spathic rocks of the Central Sierra Nevada suite.

A distinct petrographic group is represented by the garnet
clinopyroxenites. They have been identified at the Big Creek,
Chinese Peak, Pick and Shovel, and Hume Lake locations. The
garnet clinopyroxenites represent a ubiquitous assemblage in
the Central Sierra xenoliths. They have also been called “gran-
ulites” or “eclogites” by Dodge et al. [1986] and Dodge and
Bateman [1988]. They have equigranular, bimineralic, clinopy-
roxene-garnet assemblages varying in composition from garne-
tites to clinopyroxenites. Coarse, subidioblastic to rounded gar-
nets are enclosed in a xenomorphic matrix of clinopyroxenes.
Minor amounts of rutile, spinel, and secondary amphibole are
present. Commonly, the garnet is replaced by fine-grained sec-
ondary assemblages consisting of rutile, two-phase Fe-Ti ox-
ides, secondary amphibole, and rare biotite, which is replaced
by opaque pseudomorphs [see also Mukhopadhyay, 1989].
Dodge et al. [1986] described sporadic layered xenoliths which
consist of bands of garnet clinopyroxenite which show grano-
blastic mosaic textures interlayered with feldspathic-rich zones
containing subordinate amounts of garnet, identical in compo-
sition with the granulites described above. Given the geological
framework of the Sierra Nevada, garnet clinopyroxenite xeno-
liths can be cognate inclusions, subordinate mafic material
(e.g., veins) within an ultramafic upper mantle, batholith-
related cumulates, former mafic liquids frozen in the lower
crust, partial melting residues, older continental crust, or sub-
ducted oceanic crust. The above textural evidence, as well as
preliminary rare earth element (REE) investigations [Ducea et
al., 1995], suggest a cumulate origin for most of the mafic lower
crustal xenoliths of the Central Sierra, including the garnet
clinopyroxenites. The focus of this paper is on the thermo-
barometry of the different xenolith assemblages; testing petro-
genetic hypotheses for the garnet clinopyroxenites and their
link with the other mafic assemblages is currently under inves-
tigation. However, we point out here the similarity in the
average major element chemistry of the gabbros, cumulate
gabbros, granulites, and garnet clinopyroxenites (Table 2).
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Another distinct group of xenoliths of the Central Sierra
Nevada is represented by garnet websterites. The garnet grains
are commonly clouded with inclusions, whereas clinopyroxene
has local orthopyroxene exsolution lamellae. The texture is
granoblastic characterized by polygonization of large, centime-
ter-size grains into smaller millimeter-size grains with abun-
dant triple points and equigranular mosaic aspect. Accessory
minerals include Cu-Fe sulfides (mainly chalcopyrite), rutile,
and amphibole.

Garnet peridotites, spinel-garnet peridotites, and spinel
peridotites [Dodge et al., 1988; Mukhopadhyay and Manton,
1994] were previously described in the Central Sierra suite. We
sampled a few garnet peridotites and spinel peridotites with
granoblastic polygonal to allotriomorphic granular textures.
Typically, the ultramafic xenoliths were recovered as samples
smaller than 5 cm in diameter.

Eastern Sierra Nevada Region Suite

The Eastern Sierra Region suite is very rich in upper mantle
assemblages (Figure 2) and is very different from the Central
Sierra suite. No garnet has been recorded in any of the Eastern
Sierra Region xenoliths, nor have mafic granulites been iden-
tified.

Xenoliths of granodioritic compositions from Golden Trout,
Oak Creek, and Aberdeen resemble batholithic rocks of the
Eastern Sierra Nevada in composition and texture. Some of
them, however, have a distinct gneissic texture, commonly dis-
playing a mylonitic texture with the mafic minerals (horn-
blende and biotite) stretched in foliation planes.

Gabbroic xenoliths are layered cumulates having green, 2- to
5-cm bands of augite alternating with plagioclase layers. Sparse
hornblende diorites grading to hornblendites with pegmatitic
textures are present as well. The typical size of these xenoliths
is 2-40 cm in diameter.

Clinopyroxenites, orthopyroxenites, and spinel websterites
are very common in the Eastern Sierra Region suite (Figure 2).
They contain rare olivine and small amounts of anorthitic
plagioclase. The textures are metamorphic and are usually
porphyroblastic. Accessory phases include Fe-Ti oxides and
sulfides.

Spinel lherzolites are common. There are two textural types,
an allotriomorphic type, with grain size up to 0.5 cm, and a
porphyroclastic type, sometimes completely annealed, with
grain size typically of the order of a few millimeters. Larger,
clastic olivine and orthopyroxene grains are occasionally
present as relics within the finer-grained porphyroclastic peri-
dotites.

Harzburgites and spinel dunites with minor amounts of or-
thopyroxene are texturally very similar to the porphyroclastic
lherzolites. The ultramafic lithologies described above are end-
member rocks, and transitions between them are common.
Most of the ultramafic xenoliths are small samples, 1-4 cm in
diameter.

Mineral Chemistry
Analytical Methods

The mineral chemistry of each petrographic type was inves-
tigated. Polished rock thin sections were analyzed on a JEOL
733 electron microprobe fitted with five wavelength spectrom-
eters. The accelerating voltage was 15 keV, the probe current
was 25 nA (measured on brass), count time was 60—80 s, and
probe diameter was 10 wm. Sodium was analyzed first in order

DUCEA AND SALEEBY: SIERRA NEVADA BUOYANCY

to reduce alkali migration. At least five grains of each mineral
phase were analyzed in every thin section to check for equilib-
rium attainment. Cores, rims, and spots on the extreme outer
limit of grains (“extreme rims”) were measured for each ana-
lyzed grain, usually averaged from two to five analyses. Several
traverses were performed across the most important phases.
Only the granulites showed noticeable compositional gradi-
ents, whereas most of the garnet clinopyroxenites as well as the
high-temperature rocks showed uniform compositions. The ex-
treme rim compositions were not used in interpretations be-
cause they systematically showed effects of heating due to
entrapment in the host melt. We used the chemistry of the
phases in conjunction with point countings on thin sections to
calculate the major element chemistry of some of the xenoliths
(reported in Table 2).

Described below are the compositions of the mineral phases
involved in the thermobarometric calculations. Representative
analyses given in Table 3 are average values for mineral rims
consisting of two to five spots.

Central Sierra Nevada Suite

Granulites and gabbros. Clinopyroxenes are diopsidic. In
thin section, they show weak pleochroism and are often
twinned. The magnesium number (Mg/Mg + Fe) varies be-
tween 0.42 and 0.7. The 'YAI/Y'Al ratios vary from 1/2 to 2 but
are commonly close to 1. The Fe®* calculated using the
method of Papike et al. [1974] is less than 10% of the total Fe.
The Na,O varies between 0.39% and 1.75%; none of the py-
roxenes have a significant jadeitic component.

Orthopyroxenes consist of bronzite and hypersthene com-
positions. In thin section, they show weak green-pink pleochro-
ism. Al,O; content is normally less than 3%. However, some
orthopyroxenes have up to 15-16% Al,O;. This feature was
observed in both orthopyroxene extreme rims and sometimes
in single grains and is probably a pyrometamorphic product
due to xenolith heating in the host magma [Zhang et al., 1993].
These Al-orthopyroxenes are not pure phases and were not
used for thermobarometry.

Garnet compositions are shown in Figure 3. The garnet
clinopyroxenites (see below) are richer in the grossular com-
ponent than the feldspathic granulites garnets, but they all fall
in the group B compositional range of Coleman et al. [1965].
The garnet in rocks with igneous textures (gabbros) is very rich
in the grossular component (Figure 3) and grew at the expense
of An-rich plagioclase, perhaps upon cooling, and at high pres-
sure. The garnets are commonly surrounded by thick kelyphitic
rims [see Mukhopadhyay, 1991b].

Plagioclase compositions vary from 95.5% to 38% anorthite
(An). The An content obtained from electron probe data has
also been determined with optical methods; the values agree to
within 5%.

Garnet clinopyroxenites. Clinopyroxenes in the garnet cli-
nopyroxenites are very similar in composition to those in the
feldspathic granulites (in excellent agreement with data from
Mukhopadhyay [1989]). They are almost always unzoned. Am-
phiboles formed locally along rims. Their chemistry is domi-
nated by quadrilateral components (i.e., have a low jadeitic
component). The chemistry of the clinopyroxenes from gran-
ulites and garnet clinopyroxenites form continuous trends for
all major oxides and elements. In the quadrilateral diagram,
clinopyroxenes from the granulites and garnet clinopyroxenites
display a continuous linear trend, suggesting a common origin
(Figure 4). In Figure 4 we plot the Ca content versus the Mg#
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Table 3. Representative Mineral Compositions of the Analyzed Xenoliths
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Orthopyroxene Compositions

Central Sierra Nevada Xenoliths

Eastern Sierra Region Xenoliths

Feldspathic Cumulate
Granulite Gabbro Gabbro Websterite Peridotite Harzburgite Websterite Lherzolite
SiO, 52.00 50.11 51.48 54.23 56.32 54.05 52.95 52.76
TiO, e 0.01 - 0.01 .- 0.25 cee 0.11
Al,O,4 1.17 1.81 1.02 1.08 2.18 3.72 3.61 4.67
Cr,0, e .- 0.32 0.11 0.24 043 .. ax
FeO 26.26 28.40 2253 15.27 6.17 7.10 14.71 11.27
MnO 0.67 0.01 e 0.12 e .- 0.49 e
MgO 19.88 18.24 22.16 29.90 35.02 3249 26.64 28.82
CaO 0.59 0.59 1.32 0.42 0.27 1.01 0.61 1.15
Total 101.35 100.5 99.00 100.15 100.20 99.88 99.01 99.79
Clinopyroxene Compositions
Central Sierra Xenoliths Eastern Sierra Xenoliths
Feldspathic Garnet
Gabbro Cumulate Granulite Clinopyroxenite Websterite Peridotite Lherzolite Websterite Gabbro
$10, 51.89 53.07 50.59 53.28 53.89 53.55 49.68 49.06 55.03
TiO, 0.22 0.13 0.14 0.32 e 0.38 1.08 1.37 e
AlLO, 1.49 1.65 1.62 2.92 1.03 3.23 7.00 5.35 0.18
Cr,0; 0.37 oo 0.14 e 0.14 0.76 0.52 0.88 0.21
FeO 13.22 10.75 13.99 6.92 421 223 413 4.96 435
MnO 0.58 .- 0.56 0.34 0.06 .- 0.28 0.22 ..
MgO 12.80 13.78 8.94 14.46 16.47 15.03 15.47 13.79 17.06
CaO 19.24 18.89 2354 20.42 22.78 2213 20.12 22.77 24.88
Na,O 0.39 1.15 0.58 1.80 0.76 1.23 1.52 1.34 0.45
Total 100.20 99.42 100.10 100.46 99.34 98.53 99.80 99.74 102.21
Garnet Compositions in the Central Sierra Nevada Suite
Gabbro Feldspathic Granulite Garnet Clinopyroxenite Websterite Garnet Peridotite
Sio, 38.20 40.53 40.49 42.22 40.55
TiO, 0.39 .- s 0.15 0.21
AlLO, 20.56 23.88 23.56 2255 22.67
Cr,0, e .. ... 0.89 1.02
FeO 7.37 15.29 15.04 9.43 6.78
MnO 1.98 0.55 0.55 0.87 0.33
MgO 0.64 15.82 15.87 20.15 2235
CaO 29.70 5.84 579 4.97 511
Total 98.84 101.91 101.30 101.23 99.02
Plagioclase Compositions
Central Sierra Xenoliths
Eastern Sierra
Tonalite Gabbro Cumulate Gabbro Feldspathic Granulite Xenolith Gabbro
Si0, 54.54 58.17 44.17 51.27 54.46
AlLO, 28.08 26.12 36.38 30.77 29.04
CaO 11.31 742 18.44 12.17 10.53
Na,O 5.01 7.11 0.35 4.54 5.40
K,O 043 0.51 o 0.39 0.29
Total 99.37 99.33 99.34 99.14 99.72
Olivine Compositions
Eastern Sierra Region Xenoliths
Central Sierra Nevada
Xenolith Peridotite Olivine websterite Lherzolite Harzburgite
SiO, 40.92 39.42 39.04 39.84
FeO 9.22 10.40 15.41 10.68
MnO 0.04 e 0.49 0.18
MgO 49.72 48.49 43.88 47.67
CaO 0.05 0.11 0.35 0.43
NiO 0.44 .. E 0.48
Total 100.39 98.42 99.17 99.28
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Table 3. (continued)

DUCEA AND SALEEBY: SIERRA NEVADA BUOYANCY

Spinel Compositions of the Eastern Sierra Region Xenoliths

Lherzolite Harzburgite Spinel Websterite
TiO, 0.50 0.29 1.21
AlLOy 53.14 4471 53.46
Cr,0, 5.75 18.24 1.47
FeO 2197 16.62 24.49
MnO 0.19 0.25 0.29
MgO 18.09 18.64 16.62
NiO e 0.28 0.50
Total 99.64 99.55 98.55

(Mg/(Mg + Fe)) in clinopyroxenes from both types of rocks.
This suggests a common origin for the two groups.

Garnets have group B composition (Figure 3 [Coleman et al.,
1965]). Mukhopadhyay [1989] observed similar compositions
but with a wider range; some of his garnet compositions plot
outside the Group B garnet field. Garnets do not exhibit chem-
ical zoning except for the kelyphitization.

Peridotites and websterites. The chemistry of minerals
from these rocks is also shown in Table 3. The very similar
chemistry of the garnets, clinopyroxene, and orthopyroxene for
both rock types is an argument for chemical equilibration be-

Alm+Sps

mry

Gros Prp

amphibolites & gneisses, Southern Sierra Nevada.
garnet peridotites and websterites
feldspathic granulites and garnet clinopyroxenites

gabbros, grospydites

HENL

Figure 3. Summary of garnet compositions from various Si-
erra Nevada deep samples. Prp, pyrope component; Alm +
Sps, almandine and spessartine component; and Gros, grossu-
lar component. Data on amphibolites and gneisses from the
Tehachapi Mountains, Southern Sierra Nevada are from Pick-
ett and Saleeby [1993]. Peridotites, websterites, granulites, cli-
nopyroxenites, gabbros, and grospydites are xenoliths; their
analyses are from this study, Mukhopadhyay [1989], and Dodge
et al. [1986, 1988]. Fields A, B, and C are defined by Coleman
et al. [1965]; field A is typical for garnets in kimberlites, field B
corresponds to deep crustal garnets metamorphosed in the
amphibolite or granulite facies, and field C corresponds to
garnets from subduction-related complexes.

tween them. Again, none of the clinopyroxenes are rich in
jadeitic component. Garnets plot in the group A field of
Coleman et al. [1965] resembling kimberlitic garnets (Figure 3).
This is not surprising, since some of these rocks are unusually
deep samples for alkali-basalt-hosted xenoliths (3.5 GPa).

Eastern Sierra Nevada Suite

No significant differences between the allotriomorphic and
porphyroclastic type peridotites are apparent in the olivine and
pyroxene phase chemistry (Table 3). Pyroxenites, olivine py-
roxenites, lherzolites, and harzburgites exhibit very similar ma-
jor element compositions for all major phases present. We
describe below the mineral phases of the Eastern Sierra Re-
gion as a group.

Olivines from Eastern Sierra Region peridotites, olivine py-
roxenites, and olivine xenocrysts are Fo,,—Fo,, There is a
significant variation in the CaO content in olivines (0-0.8 wt
%), indicative of a wide equilibration pressure range for these
rocks [Kohler and Brey, 1990]. Zoning is rare in the olivines.

Orthopyroxene compositions are on average Eng, and are
relatively uniform in all lithologic types. Mineralogically, some
of the magnesian pyroxenes are clinoenstatites with somewhat
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Figure 4. Quadrilateral components of clinopyroxenes in the
Central Sierra Nevada feldspathic granulites and garnet cli-
nopyroxenites. Mg# represents the Mg/(Mg + Fe) ratio in
clinopyroxenes. The two petrographic groups display a coher-
ent trend and significant overlap.
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Central Sierra Nevada
A Peridotite (Dodge et al., 1986)
v Eclogite (Dodge et al., 1986)

B Garnet clinopyroxenites
(Mukhopahdyay, 1989)

° Feldspathic granulites

O Grossular-albite quartzite
© Garnet clinopyroxenites

¥ Garnet peridotites
A Garnet websterites
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Figure 5. Equilibration temperatures and pressures for the Sierra Nevada xenoliths, including data from this
study, Dodge et al. [1986, 1988], and Mukhopadhyay [1989]. Error bars include experimental and analytical
uncertainties. Trends A, B, and C are explained in the text. Curve 1 represents the garnet breakdown reaction
described in text (reaction (1)), calculated with the thermodynamic data set of Powell and Holland [1988].
Curve 2 is the spinel to garnet peridotite transition, based on the Basaltic Volcanism Study Project (BVSP)
[1981], and curve 4 and 5 are the wet and dry solidi for mantle peridotite [BVSP, 1981]. Curve 3 is the low
crustal geothermal gradient of the western Sierra Nevada, based on the heat flow measurements of Lachen-
bruch and Sass [1977], perhaps the typical thermal gradient of the entire Sierra Nevada for Cenozoic times,
before the Basin and Range extension [see Dumitru, 1990].

higher Al and Ti contents, perhaps also a measure of a range
of equilibration pressures.

Clinopyroxenes are on average EngyFs,Wo,,, very similar to
values reported by Beard and Glazner [1995]. The Al,O; con-
tent varies from 6 to over 8 wt %. Zoning is uncommon in the
pyroxenes.

Equilibration Pressures and Temperatures

For many of the investigated xenoliths, we calculated the
temperatures and pressures at which they equilibrated. We will
describe below the thermometers and barometers that we
used, the results of the pressure-temperature calculations, and
the interpretation of the obtained geotherms (paleogeotherms
and pseudogeotherms). The results are shown in Figure 5.

Methods

The equilibration temperatures for the granulites and garnet
clinopyroxenites were determined using a single thermometer
[Ellis and Green, 1979] and a single method of calculating the
Fe** in the pyroxenes [Papike et al., 1974]. Several barometric
calibrations are available for the feldspathic lower crustal
lithologies (e.g., garnet-clinopyroxene-plagioclase-quartz). The
equilibration pressures from different barometers applied on
each feldspathic granulite sample [Perkins and Newton, 1981;
Harley, 1984; Harley and Green, 1982; Perkins and Chipera,

1985] did not differ by more than 0.2 GPa. The equilibration
pressures of the garnet clinopyroxenites were calculated using
the Mukhopadhyay [1991a] barometer. To our data, we added
thermobarometric results from Mukhopadhyay [1989] on the
Big Creek and the Pick and Shovel garnet clinopyroxenites. In
order to check consistency between the two types of barome-
ters applied on the two different groups of rocks, we did two
tests: (1) we calculated pressures of the clinopyroxene- and
garnet-bearing feldspathic granulites using the Mukhopadhyay
[1991a] barometer and compared these values with the much
more reliable plagioclase-garnet-pyroxene-quartz barometers
le.g., Perkins and Newton, 1981], and (2) we calculated the
CaQ/(CaO + MgO) ratios for garnets coexisting with py-
roxenes for all xenoliths. The lower ratios of the garnet cli-
nopyroxenites prove that they represent rocks that equilibrated
at consistently higher pressures [Brey et al., 1986]. We observed
that the pressures obtained on feldspathic samples with the
Mukhopadhyay [1991a] barometer show consistently ~0.1-0.2
GPa higher pressure than the typical feldspathic granulite ba-
rometers [e.g., Newton and Perkins, 1982] and corrected the
values obtained for garnet clinopyroxenites by subtracting 0.15
GPa from the values calculated using the Mukhopadhyay
[1991a] calibration. The pressure data points in Figure 5 rep-
resent averages of the barometers for the feldspathic granulites
and the Mukhopadhyay [1991a] corrected values for the garnet
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clinopyroxenites. We applied this correction also for the Big
Creek and the Pick and Shovel data obtained by Mukho-
padhyay [1989] using his calibration.

We analyzed four garnet websterites and one garnet perido-
tite and added the analyses on similar rocks from Mukho-
padhyay and Manton [1994]. Temperatures are calculated with
the Harley [1984] garnet-orthopyroxene thermometer for both
the peridotites and websterites. Temperatures are ~100°C
higher when using the Ellis and Green [1979] calibration. Pres-
sures were obtained by the Harley [1984] Al-in-orthopyroxene
coexisting with garnet barometer. The difference between the
results obtained with the Harley [1984] barometer on garnet
websterites and the Mukhopadhyay [1991a] barometer on gar-
net clinopyroxenites was nonsystematic, as large as 0.35 GPa.

The temperatures for the spinel peridotites, spinel dunites,
and olivine clinopyroxenites were determined using the follow-
ing thermometers: two-pyroxene [Wells, 1977; Brey and Kohler,
1990], Ca-in-orthopyroxene, the partitioning of Na between
the two pyroxenes (both described by Brey and Kohler [1990]),
the Mg-Fe exchange between olivine and spinel [Sack and
Ghiorso, 1991]. All determined temperatures, including those
lacking barometric data and not represented in Figure 5, fall
between 1180 and 1250°C. The pressures were determined on
lherzolites and olivine clinopyroxenites using the Ca-in-olivine
coexisting with clinopyroxene barometer [Kohler and Brey,
1990].

Results

The thermobarometric results are shown in Figure 5. Two
pressure-temperature trends, “A” and “B,” are characteristic
for the Central Sierra Nevada and a third trend, “C,” is char-
acteristic for the Eastern Sierra Region.

Interpretation

Trend A. The results shown in Figure 5 reveal that the
garnet clinopyroxenites show consistently higher equilibration
pressures than the feldspathic granulites. A value of ~1.2 GPa
would correspond to the transition from feldspar-bearing to
feldspar-absent lithologies.

The negative slope in the PT diagram for trend A needs
further explanation. One possible explanation is the presence
of an inverted metamorphic gradient in the Sierra Nevada
deep crust due to the presence of a shallow Cenozoic sub-
ducted slab, postulated by previous theoretical studies [e.g.,
Atwater and Molnar, 1973] and favored by thermochronologic
[Dumitru, 1990] and geophysical data [Henyey and Lee, 1976].
If this is the case, the trend, although probably transient, would
reflect PT conditions attained at some point in the Sierra
Nevada. Such an interpretation would be bolstered if some or
all of the eclogite facies xenoliths from the Central Sierra
represent fragments of oceanic crust, as suggested by Dodge et
al. [1986].

Alternatively, this slope might be an artifact of the conduc-
tive cooling undergone by the Sierra Nevada after the period of
batholith generation. Deeper rocks in the suite cooled more
slowly and can potentially equilibrate at lower temperatures
[Frost and Chacko, 1989]. The effect should be significant be-
cause the deepest garnet clinopyroxenites equilibrated at 2
GPa, almost twice as high a pressure as most of the feldspathic
samples. Therefore they cooled ~4 times slower, based on the
assumption of one-dimensional conductive cooling of the
crust. We prefer the later hypothesis because all the current
evidence on the origin of the rocks that define trend A [Ducea
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et al., 1995; Mukhopadhyay and Manton, 1994; Dodge et al.,
1988] suggest a common, most likely batholithic origin for the
garnet clinopyroxenites, gabbros, and mafic granulites. How-
ever, the very low temperatures recorded at deep levels in the
batholith might overall be the result of the Cenozoic “slab
refrigeration” advocated by Dumitru [1990].

Trend B. Trend B resembles a solid adiabat. Our results
are remarkably similar to those of Mukhopadhyay and Manton
[1994], confirming that the garnet websterites of the Central
Sierra Nevada are the deepest rocks in the suite, associated
with the mantle peridotites rather than with the crustal garnet
clinopyroxenites.

Trend C. Trend C characterizes the Eastern Sierra Region
for which both thermometric and barometric determinations
were possible. It also has an adiabatic slope and is defined to
depths as shallow as 35-40 km, which corresponds ta the base
of the crust in the area. This implies that the convective mantle
upper boundary is close to or at the base of the crust in the
eastern Sierra—-Owens Valley region. The error bars on this
barometer are ~0.3 GPa. Nevertheless, the consistent pressure
variation at nearly constant temperature suggests that the adi-
abatic, asthenospheric-like slope in PT space is probably real.

The xenolith thermometry also suggests a late Cenozoic
lateral temperature variation in the sub-Sierra upper mantle
(trends B and C). The recorded difference in the xenolith
assemblage is ~250°C, but this can be higher than the real
lateral temperature difference in the Sierra Nevada lithosphere
because it was recorded at different times.

One important problem with the thermobarometry is the
timing of the equilibration. Geochronometric work is in
progress. As a working model based on the geologic history of
the Sierra Nevada and adjacent Basin and Range, we hypoth-
esize that trend A is a cooling slope for the deep batholithic
rocks and was probably attained between 100 and 80 Ma. This
hypothesis is consistent with a 100 Ma zircon U/Pb data from
a granulite xenolith from Chinese Peak [Dodge et al., 1986].
Trends B and C are possibly related to the young (post 20 Ma)
extension in the Basin and Range and formation of the eastern
Sierra Nevada range front. Lack of timing information for the
described trends leaves several unanswered questions; for ex-
ample, if the rocks forming trend A were at their equilibration
depths during establishment of trend B, why did they fail to
reequilibrate at higher temperatures?

Another potential problem with the high temperatures of
trends B and C is to what extent they have been influenced by
the presence of magmas similar to the xenoliths’ hosts? Are we
looking at PT trends indeed representative for the Sierra Ne-
vada mantle at a regional scale or at an uppermost mantle that
was anomalous because of the very existence of magmatism?
For example, the temperatures of trend B imply a relatively
high heat flow in recent past, in contrast with present-day
measurements of heat flow in the same region [Lachenbruch
and Sass, 1977]. Yet the differences between the mantle com-
positional properties in the central versus the eastern part of
the range exist and they need to be interpreted.

Composition and Structure of the Sierra Nevada

We will use the petrographic and thermobarometric results
to constrain (1) the composition and crustal thickness of the
Sierra Nevada during batholith generation, (2) the present-day
composition and crustal thickness, and (3) the position of the
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lithosphere-asthenosphere boundary during late Cenozoic
time beneath the Sierra Nevada.

Before Basin and Range Extension

The central region of the Sierra Nevada batholith is exposed
to an average crustal depth of ~10 km [Ague and Brimhall,
1988] and has an average tonalitic composition for the upper to
mid-crustal levels [Saleeby, 1990], typical of the Circum-Pacific
Cordilleran-type batholiths.

The composition of the lower continental crust is a subject of
intense controversy [e.g., Kay and Kay, 1986; Meissner, 1986;
Rudnick and Taylor, 1987; Hanchar et al., 1994] for the south-
western United States. Geochemical calculations based on
planetary models and evidence from crustal xenoliths point to
a mafic composition (~48-50 wt % SiO, [Rudnick, 1993;
Griffin and O’Reilly, 1986], while exposed lower crustal terranes
suggest a more intermediate, andesitic composition (up to
55-60wt % SiO,, [Taylor and McLennan, 1985; Saleeby, 1990]).
Several hypotheses have been proposed to explain this differ-
ence: mafic compositions may be more resistant as xenoliths;
exposed deep crustal terrains may represent anomalously
buoyant lower crust; or since exposed lower crustal fragments
are often Precambrian in age, they might be representative of
a different, more silicic lower crustal composition of the early
Earth [e.g., Rudnick, 1993].

In the case of the deep exposure of the southernmost Sierra
Nevada, tonalite (~55 wt % SiO,) with subordinate mafic-
ultramafic cumulates of the primary batholithic crust equili-
brated from 27- to 35-km depth, equivalent to pressures of
0.8-1 GPa [Pickett and Saleeby, 1993]. We note that the mafic
feldspathic granulite xenoliths of the Central Sierra Nevada
suite yield pressures of 0.8—1.2 GPa, which overlap this depth
range. Additionally, there are tonalite xenoliths from the Cen-
tral Sierra Nevada suite which could have likewise formed at
pressures of 0.8—1 GPa, but useful barometric indicators have
yet to be found. Overall, the average composition of the xeno-
liths that equilibrated at ~1 GPa in the Sierra suites is more
mafic than the average xenoliths equilibrated at ~1 GPa in the
Mojave desert (Figure 1) [Hanchar et al., 1994].

We tentatively interpret the above relations to indicate that
at ~1 GPa the primary batholithic composition graded upward
from predominantly mafic (48-50 wt % SiO,) to predomi-
nantly tonalitic (55-60 wt % SiO,). The Central Sierra Nevada
xenolith data further suggest that the deep mafic batholith
extends or extended downward to ~65-70 km (pressures of 2
GPa). At the time of xenolith entrapment, depths correspond-
ing to pressures greater than 1.2 GPa within this layer were in
the eclogitic facies. The rocks are garnet clinopyroxenites
which fall in the group B eclogites of Coleman et al. [1965] and
are different from the eclogites described in kimberlites and
subduction complexes. They resemble granulite-facies to eclo-
gite-facies assemblages, and some may be high-pressure mag-
matic eclogitic assemblages [Mukhopadhyay, 1991b]. These
eclogites are mafic rocks, part of the petrologically defined
crust, but are also dense and have high seismic velocities yield-
ing properties of the seismic mantle. The Moho discontinuity
would correspond in these situations with the basalt-eclogite
transition, a phase change rather than a chemical boundary
[Wyllie, 1963; Ito and Kennedy, 1970; Dewey et al., 1993].

Preliminary trace element [Ducea et al., 1995] and isotopic
[Mukhopadhyay, 1989] data on the feldspathic granulites and
the garnet clinopyroxenites support the above proposition that
these assemblages represent a coherent mafic igneous proto-
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lith suite directly related to the overlying batholith. A close
relationship between the feldspar-free and feldspar-bearing
deep mafic rocks is further suggested by the recovery of a few
composite granulite-garnet clinopyroxenite layered xenoliths
[Dodge et al., 1988].

A bulk mafic composition of the lower crustal xenoliths
would undergo a basalt-eclogite transition following the garnet
breakdown reaction:

pyrope + grossular = anorthite + 2 diopside + spinel (1)

This univariant reaction, although a simplified one, uses the
rough composition of the garnets in the xenoliths. We calcu-
lated the PT position of this univariant curve (labeled “1” in
Figure 5) using the thermodynamic data set of Powell and
Holland [1988]. The calculated PTs from xenoliths are consis-
tent with the reaction (1). It should be noticed that during high
heat flow periods, such as batholith formation, little if any
mafic crust would be in eclogite facies down to ~70-km depths.
In contrast, the extremely low heat flow regime which followed
batholith generation in the Cenozoic [Dumitru, 1990] strongly
favors eclogitic conditions for the deep mafic batholithic rocks,
below ~35 km (Figure 6).

Given the rapid increase in cooling rates following the Cre-
taceous batholith emplacement [Renne et al., 1993], the batho-
lith exhumation must have been rapid and of the order of
0.2-0.3 GPa. This is further supported by the thick Cretaceous
stratigraphy with a batholithic source in the Great Valley
[Mansfield, 1979] and leaves very little exhumation as a result
of the commonly presumed late Cenozoic uplift. From the
above observations, we can speculate about the original thick-
ness of the Sierra Nevada batholithic crust: the abundant
growth of garnet in the lower crustal rocks took place during
cooling of the batholith, most likely after the initial rapid
exhumation of the batholith which followed its emplacement.
Therefore, to the pressures recorded, we could add ~0.3 GPa,
the average pressure of exposure in the batholith today [Ague
and Brimhall, 1988], which corresponds to ~11- to 12-km ero-
sional removal from its top. The implied crustal thickness of
~75-80 km would be very similar to the crustal thickness of
the modern day Andes [Isacks, 1988]. Given the coherency of
the surface batholith, we will assume that this primary batho-
lith “thickness” applies to the entire Sierra Nevada crustal
section before extension (Figure 6).

Modern Crustal Thickness

The modern Sierra Nevada has a thin, ~35-km-thick crust
(Figure 7) [Wernicke et al., 1996], which is on average only 5 km
thicker than the Basin and Range crust [Mooney and Weaver,
1989] (also, S. Ruppert and M. M. Fliedner, Crustal structure
and thickness of the Southern Sierra Nevada from seismic
refraction profiles, submitted to Geophysical Research Letters,
1995; hereinafter referred to as submitted manuscript, 1995).
The seismic results show a slight westward thickening (35-42
km) within the Sierra Nevada and also a change from a sharp
Moho in the east, beneath the Sierra Nevada crest to a diffuse
Moho under the western side of the range (S. Ruppert and M.
M. Fliedner, submitted manuscript, 1995). The recorded
crustal thickness and the sharpness of Moho are in agreement
with the transition from mafic to ultramafic assemblages found
in Eastern Sierra Region xenoliths and also with the granulite-
eclogite facies transition suggested by the Central Sierra Ne-
vada xenolith petrography and thermobarometry. Therefore
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Figure 6. Schematic cross section (not at scale) of the composition and structure of the Sierra Nevada (a)
at the time of batholith formation (~Cretaceous) and (b) during the Cenozoic, but prior to the extension of
the westernmost Basin and Range. The figure emphasizes the existence of a thick (~80 km) crust, generated
mainly during batholith-related magmatism. Ten kilometers of the crustal section were lost during the late
Cretaceous rapid exhumation of the batholith [e.g., Renne et al., 1993]. The temperature-depth schematic
diagrams show how an average basalt-eclogite univariant curve would intersect the geothermal gradients
typical for the Sierra Nevada during batholith generation and the low Cenozoic heat flow, respectively. The
mafic “root” of the batholith was probably metamorphosed in the eclogite facies for most of the Cenozoic.

the recorded Moho can be a phase change in the western side
of the batholith and a chemical change on the eastern side. The
two important implications of these observations are (1) the
seismologically defined crust under the western-central Sierra
Nevada may be ~25 km thinner than the petrologically defined
crust, and (2) the lowermost batholithic crust has been re-

placed by peridotitic upper mantle rocks under the high part of
the range, the eastern Sierra Nevada (Figure 7). Possible
mechanisms of removal will be addressed below. Recent inves-
tigations of xenolith-bearing volcanics younger than 3.5 Ma
from the central Sierra Nevada (M. N. Ducea and J. B.
Saleeby, unpublished data, 1995) show that garnet is absent in
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Figure 7. Schematic cross section (not to scale) of the recent to present-day composition and structure of
the Sierra Nevada. The depth and sharpness of Moho are based on the results of the Sierra Nevada
Continental Dynamics Project seismic refraction study (S. Ruppert and M. M. Fliedner, submitted manuscript,
1995). It is possible that the mafic lower crust was also removed from the western Sierra Nevada.
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the lower crustal lithologies. It is therefore possible that the
lower crust was removed from the central Sierra Nevada, as
well, since the time when the xenoliths reported in this study
were sampled by their host ~Miocene volcanics.

Lithosphere-Asthenosphere Boundary

Several geophysical studies of the Sierra Nevada [e.g.,
Crough and Thompson, 1977; Jones, 1987] postulate a shallow
lithosphere-asthenosphere boundary beneath the easternmost
part of the range. The thermobarometry of the Eastern Sierra
Region xenoliths investigated in this study confirms this hy-
pothesis. Although the barometry on garnet-absent lithologies
of the Eastern Sierra Region is subject to large errors, there is
a ~1 GPa range in the spinel lherzolites, and all samples show
remarkably similar temperatures (1180°-1250°C). A solid adi-
abatic geotherm can be defined 35-37 km (~1 GPa) beneath
the Owens Valley. The recrystallization textures observed in
many of the Eastern Sierra Region xenoliths suggest a dynamic
evolution of the Eastern Sierra Region upper mantle. These
observations are consistent with having the convective upper
mantle at the base of the crust beneath the eastern side of the
Sierra Nevada and Owens Valley. The juxtaposition of hot
asthenospheric mantle with the lower crust in the Owens Val-
ley can be responsible for the significant fraction of crustal
melts identified throughout the Owens Valley, including the
Long Valley caldera.

The Central Sierra Nevada peridotites and garnet webster-
ites also define an adiabat (Figure 5), but the temperatures are
around 950°-1000°C, which is ~250°C less than the Eastern
Sierra Region adiabat.

One possible explanation for this adiabat is that the mantle
beneath the Central Sierra Nevada behaved as a convective
domain at the time of xenolith entrapment. This hypothesis is
based on the magnitude of extension that occurred since Mio-
cene in the area to the east. However, the chemical and iso-
topic signature of the ultramafic xenoliths and their host ba-
salts from both the Central Sierra Nevada and the Eastern
Sierra Region is characteristic of mantle lithosphere [Mukho-
padhyay and Manton, 1994; Beard and Glazner, 1995]. In par-
ticular, if we were to postulate the presence of the convective
upper mantle as shallow as ~65 km in the Central Sierra
Nevada and ~35 km in the Eastern Sierra Region, it should be
pointed out that this asthenosphere-like behavior is a small-
scale convection [Buck, 1985] of the old, thinned mantle litho-
sphere, in response to extension. However, an adiabatic gradi-
ent in a convective upper mantle is unlikely at ~950°C, that is,
beneath the Central Sierra (trend B).

The adiabatic-like trend B could, alternatively, be an artifact
produced by side heating from the Basin and Range. In order
to test this possibility, we modeled the temperature distribu-
tion in the Sierra Nevada cold upper mantle and the changes
associated with the juxtaposition of hot, asthenospheric mantle
to the ecast. We solved the transient, two-dimensional heat
conduction equation:

*T  9°T

19T A,
ax "oyt K~

for a rectangular slab representing a west-east cross section
through the Sierra Nevada (Figure 8), down to 150 km, where
T is temperature, ¢ is time, x is horizontal distance, y is depth,
and A4, is heat production in the crust. As boundary conditions,
we used a temperature of 15°C at the surface (y = 0), a
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mantle heat flux (q,,) of 16 mW/m?> [Lachenbruch and Sass,
1977], and a constant, high thermal gradient at the eastern
edge of the rectangle, such that temperatures of 1250°C are
attained at a depth of 65 km, which is also set to be the
lithosphere-asthenosphere boundary. The initial condition is
represented in this problem by the low, conductive thermal
gradient deduced from today’s heat flow measurements in the
western Sierra Nevada [Lachenbruch and Sass, 1977], applied
throughout the Sierra Nevada block. The problem was solved
by the finite difference method using a computer program by S.
Tulaczyk (Caltech). Results for the change in the temperature
distribution after 4 and 10 m.y. are shown in Figure 8. The
eastern edge boundary condition is somewhat unrealistic be-
cause it is more likely that the high heat flows at the edge were
attained gradually. The general trends shown in Figure 8 will,
however, be similar. The results show that it is very likely that
heating during a reasonable timescale of 10 m.y. can produce
an adiabatic-like temperature distribution in the Sierra Nevada
lithosphere without any convection being involved in the top
150 km beneath the Sierra Nevada.

Buoyancy Sources and Lithospheric Dynamics

As demonstrated above, the present-day Sierra Nevada has
a thin crust. The crustal thickness is insufficient to hold the
mountain range’s elevations. We will define below the “missing
root problem” for the Sierra Nevada [see also Jones et al., 1994,
Wernicke et al., 1995]. Then our results from xenolith petrog-
raphy and thermobarometry will be used to constrain the pos-
sible buoyancy sources for the “unrooted” Sierra Nevada. In
order to assess the buoyancy of the Sierra Nevada, the effects
of lithospheric thinning and melting as well as crustal thinning
must be considered.

Missing Root Problem

The Sierra Nevada crustal root is defined here as the differ-
ence between Sierra Nevada and western Basin and Range
crustal thickness. As previously mentioned, recent seismic re-
fraction experiments show an average crustal root of ~5 km for
the Southern Sierra [Wernicke et al., 1996]. The xenolith data
presented here are consistent with a shallow Moho underneath
the Sierra Nevada. Regardless of the nature of the crust-
mantle boundary beneath the Sierra Nevada and westernmost
Basin and Range, the thin, low-density (low seismic velocity)
crustal material is insufficient to hold up the 2800-m average
elevation mountain range, 1800 m higher than the neighboring
western Basin and Range [Wernicke et al., 1996], assuming
isostatic equilibrium (Airy equilibrium). If the average lower
crust in the Sierra Nevada above 35 km is tonalitic (p = 2800
kg/m®) and the Basin and Range deep crust is basaltic (p =
3000-3100 kg/m>), only 15-20 km of thicker crust in the Sierra
Nevada than in the Basin and Range would be required to
support the mountain range’s elevation (Figure 9a). A mafic
lower crust in the Sierra Nevada would require 20-25 km of
crustal root, and the elevation must be explained mainly by
localized mantle buoyancy beneath the Sierra Nevada. These
figures are based on the assumption of a constant mantle
density of 3300 kg/m°>.

Jones et al. [1994] showed that lateral density variations
within the Sierra Nevada crust (crustal Pratt equilibrium) are
also insufficient to create the large elevation differences (Fig-
ure 9b).

None of these scenarios for crustal composition can explain
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Figure 8. Changes in the Sierra Nevada thermal gradient due to the juxtaposition of hot, asthenospheric
mantle to the east, in the westernmost Basin and Range. The figure shows the solution to the transient,
two-dimensional heat conduction equation ((2), see text). The horizontal length in the problem is 100 km (the
label 100.0 corresponds to Owens Valley). The vertical dimension in the problem is 150 km (0 corresponds to
the surface). The initial condition is a low thermal gradient [Dumitru, 1990], applied throughout the rectan-
gular slab. A boundary kept at high and constant thermal gradient (1200°C at 65 km) is imposed on the eastern
margin. The changes in the thermal gradient in the slab (shown here for 4 and 10 m.y. after the juxtaposition
of the hot boundary) can generate an adiabatic-like temperature gradient in the slab. This general trend holds
true when this slab (which stands for cold Sierra Nevada lithosphere) is thinner.

the Sierra Nevada elevations. Ten to 20 km of root are “miss-
ing,” and a support mechanism within the seismologically de-
fined upper mantle must be found (Figure 9¢). The Sierra
Nevada seems to be a typical rift shoulder, and an elevation
support mechanism that incorporates extension-related pro-
cesses must be found.

Lithospheric Thinning and Melting

Extensional processes tend to thin the lithosphere by replac-
ing it with hotter, asthenospheric material. The decrease in
density due to replacement of lithosphere with asthenosphere
due to increased temperature is given by ¢:

¢ = pilp. = 1/(1 + aAT) (3

where p,, is asthenosphere density, p,. is lithosphere density, c
is volumetric coefficient of thermal expansion, and AT is the
temperature difference between asthenosphere and litho-
sphere. For a 250°C temperature difference (shown by xeno-
liths) and a = 3.4 X 107° °C™! [Cochran, 1982; White and
McKenzie, 1989], replacement of only 33 km of cold with hot
material can account for a 3000-m difference in elevation. If
the AT is smaller, say, 150°C, or even 100°C, 60 km or 82 km
of lithosphere, respectively, must be removed. If this is com-
bined with the use of smaller &, as much as 150 km of litho-
sphere must be removed in order to support the average 2800-
to 3000-m elevations.

Therefore the dynamic lithosphere-asthenosphere replace-
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Figure 9. Possible support mechanisms for the present-day
Sierra Nevada topography (modified after Jones et al. [1994]).
(a) An Airy model would require ~15-25 km of low-density
“root”; (b) a crustal Pratt model cannot explain the topogra-
phy (see text); (c) a mantle Pratt model, involving a lower-
density mantle beneath the eastern part of the range than the
western part of the range, is supported by xenolith data. The
overall high topography of the Sierra Nevada + Basin and
Range compared to the area to the west (Great Valley, see
Figure 1) can be explained by lithospheric mantle thinning.

ment process would in general hold the Sierra Nevada approx-
imately 3000 m higher than the neighboring Great Valley to
the west (sea level mean elevations) if ~35-150 km of litho-
sphere was removed from beneath the Sierra Nevada and
further to the east.

Partial melting of the upper mantle beneath the eastern
Sierra Nevada during asthenospheric upwelling is another po-
tential source of buoyancy [McKenzie and Bickle, 1988].

The upper mantle beneath the Eastern Sierra has undergone
partial melting with the generation of alkali basalts and tho-
leiitic basalts in the Big Pine Volcanic Field [Ormerod et al.,
1988], the Coso Region, and the Long Valley Region [Luedke
and Smith, 1981]. There is also strong evidence for the pres-
ence of fluids, including melt inclusions not related to the host
basalts in almost all Eastern Sierra Region xenoliths (M. N.
Ducea and J. B. Saleeby, unpublished data, 1995) and high
electrical conductivity of the eastern Sierra Nevada upper
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mantle (S. K. Park et al., Magnetotelluric evidence of mantle
thinning beneath the Sierra Nevada, submitted to Journal of
Geophysical Research, 1995). However, melting may only be of
second-order importance for the Sierra Nevada support mech-
anism problem. For the recorded AT, small stretching factors
(compared to the oceanic lithosphere case) and initial lithos-
pheric thickness of =200 km, such as in young orogenic re-
gions, the melt “thickness” is negligible and produces at most
0.3 km of uplift [White and McKenzie, 1989).

Crustal Thinning

In general, crustal thinning produces subsidence. We will
show that in the particular case of the Sierra Nevada, this
might not be true because thinning involves the removal of a
very dense (eclogite facies) lowermost crust by lower-density
material. We want to estimate the net result of crustal thinning
in this case. The magnitude of the subsidence generated by the
thinning alone and the uplift generated by lowering the density
of the lithospheric column will be estimated below.

The amount of crustal thinning is most easily quantified by
the stretching factor (B). The B factor is based on the assump-
tion of instantaneous extension of vertical columns of litho-
sphere and crust by equal amounts and passive response of the
asthenospheric mantle which upwells to maintain isostatic
equilibrium. When a vertical column of the lithosphere is
stretched by a factor of B, it thins to 1/B8 times its original
thickness [McKenzie, 1978]. If the Sierra Nevada is viewed as a
rigid block which did not experience crustal thinning (Bg,e;ra
~1), the uplift-generating effects of mantle lithosphere thin-
ning described in the previous section can hold the mountain
range at its current elevations. A 2000-m difference in eleva-
tion between the Sierra Nevada and the Basin and Range
would be predicted by the White and McKenzie [1989] pure
shear stretching model solely based on the increase of the 8
factor from 1 for the Sierra Nevada to ~2.5 for the Basin and
Range. The type of lithospheric stretching is an important
factor in determining the magnitude of the effect. A simple
shear model would raise this number to ~2300-2400 m [Buck,
1985].

At the edge of the Sierra Nevada, in Owens Valley, mantle
peridotites are found as shallow as 35 km, strongly favoring the
hypothesis of complete lower batholithic crust removal. We
think that this is strong evidence for significant crustal thin-
ning, by a factor of at least 2, beneath the highest part of the
Sierra Nevada.

Mass conservation in the adjacent Basin and Range also
requires the involvement of the Sierra Nevada in the significant
thinning process [Wernicke, 1992]. Wernicke et al. [1996] predict
an average B of ~2 for the Sierra Nevada. If this is the case,
and about 30 km of lower crustal Sierra was removed in the
process, an unusually thick lithosphere (~250-300 km) must
have been replaced with asthenosphere if we are to explain
the buoyancy by this process. Also, the small Bgrra —
Bgasin and Range WOUld not explain the difference between Sierra
Nevada and Basin and Range elevations. Instead, a process
involving some particular buoyancy source beneath the Sierra
Nevada would be required.

The extension must have been “hidden,” since there is no
significant extensional feature observable at the surface. Little
is known about the extension mechanism. Wernicke [1990] pro-
posed as a stretching mechanism, the removal of the midparts
of the Sierran quartz-rich crust by laterally pumping it into the
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Table 4. Summary of Relevant Differences Between the Central Sierra Nevada and

Eastern Sierra Region Xenolith Suites

Central Sierra Nevada Xenoliths

Eastern Sierra Region Xenoliths

Age of host 8-11 Ma

Garnet very common in lower crustal and
upper mantle xenoliths

Deepest crustal rocks, equilibrated at ~2
GPa (~65 km)

Mainly metamorphosed lower crust
(granulite and eclogite facies)

Adiabatic PT slope below 65 km;
temperatures 950°-1000°C

Upper mantle most common lithologies:
lherzolites and garnet websterites

Age of host 0-1 Ma
Garnet absent in all xenoliths

Crustal rocks not found below ~1 GPa (35 km)

Igneous, nonmetamorphosed lower crustal
xenoliths

Adiabatic PT slope below 35 km; temperatures
1200°-1250°C

Upper mantle most common lithologies:

lherzolites and olivine clinopyroxenites

adjacent Basin and Range. The xenolith data suggest a more
likely removal of the mafic lower crust.

We showed that the equilibration pressures of the Central
Sierra Nevada suite lower crustal rocks exhibit a distinct
change from feldspar-dominated granulites to bimineralic gar-
net clinopyroxenites at ~1.2 GPa. This is consistent with the
garnet breakdown reaction (1) that we calculated for the gar-
net with average xenolith-like composition at the low temper-
atures of the Cenozoic Sierra Nevada forearc (Figures 5 and
6). The loss of the eclogite facies lowermost crust in the East-
ern Sierra and possibly, more recently in the Central Sierra,
too, could have taken place by (1) a static process of garnet
breakdown as a result of side heating of the Sierra Nevada or
(2) a dynamic process.

The first mechanism seems to be negated by the lack of
xenoliths in the Eastern Sierra Region carrying the garnet
breakdown mineral assemblages. The presence of mantle peri-
dotites as shallow as 35 km strongly favors the hypothesis of
complete lower crustal removal, if an initial, Central-Sierra-
Nevada-like, coherent batholithic section throughout the Si-
erra Nevada is assumed.

A dynamic process involving lower crustal removal is our
preferred alternative. Lower crustal mafic rocks are less likely
to flow than midcrustal quartz-rich rocks [Wernicke, 1990]. 1t is
possible that the mafic root beneath the Eastern Sierra Region
was transported en masse either laterally along a deep, crustal-
scale detachment surface [Wernicke, 1990], or delaminated and
sunk into the less dense peridotitic upper mantle [Kay and Kay,
1993). There are no data at present to support either mecha-
nism.

The dynamic process of lower crustal removal would lead to
the replacement of dense eclogitic assemblages (3400-3550
kg/m>, based on the average modal composition of the garnet
clinopyroxenites of the Central Sierra Nevada, 70% clinopy-
roxene and 30% garnet) with peridotitic upper mantle (3300
kg/m®). The 100-250 kg/m* decreasc in density is a significant
buoyancy source. For a 30-km initial thickness of eclogitic
lower crust and a 200 kg/m* change in density, 1800-m eleva-
tion can be supported using the isostatic equilibrium assump-
tion.

Therefore in the Sierra Nevada case, a ~2000-2400 m sub-
sidence produced by a B factor of 2 [White and McKenzie, 1989]
would be almost completely annihilated by the density de-
crease due to eclogite replacement by peridotite. The eclogite
removal and peridotite replacement-related buoyancy effect
discussed here is the only source we can deduce from the
xenolith studies that can significantly enhance buoyancy be-

neath the high Sierra Nevada. The process could have removed
the central Sierran lower crust since 8 Ma as well.

Conclusions

We defined two distinct xenolith suites, one from the Central
Sierra Nevada (8-10 Ma volcanics) and one from the Eastern
Sierra Nevada, Owens Valley, and Inyo Mountains (0-1 Ma
volcanics). Thermobarometric data cover the depth range be-
tween ~25 and 100 km and reveal several differences between
the two xenolith suites, which are summarized in Table 4. The
main results from xenolith petrography and thermobarometry
are as follows.

1. Central Sierra Nevada lower crustal and mantle xeno-
liths are commonly garnet bearing, while the Eastern Sierra
Nevada xenoliths have no garnet at all.

2. The Central Sierra Nevada lower crustal xenoliths con-
sist of mafic lithologies down to ~65 km. The deeper 25-30 km
of the mafic assemblages were sampled at ~8-10 Ma (host
volcanic age) in the eclogite facies as garnet clinopyroxenites.
The equilibration of the lowermost mafic crust as eclogite
facies rocks is a consequence of the very low heat flows in the
Sierra Nevada throughout the Cenozoic [Dumitru, 1990]. It is
unclear if there are any more eclogite facies rocks in the Cen-
tral Sierra Nevada today.

3. The mafic, batholith-related lower crust of the Central
Sierra Nevada localities is absent in xenoliths from the Eastern
Sierra Nevada region. Mantle peridotites are found in the
Eastern Sierra Region below 35 km.

4. The mantle samples deeper than 65 km in the Central
Sierra and ~35 km in the Eastern Sicrra Region define adia-
batic slopes in PT space resembling convective upper mantle
behavior. It is very likely that the lithosphere-asthenosphere
boundary is very shallow, perhaps close to the base of the crust
beneath Owens Valley and the eastern side of the Sierra. The
adiabatic-like behavior of the Central Sierra mantle is either a
result of small-scale convection in response to crustal thinning
or an artifact of heating from the east.

5. There is general agreement between the shallow Moho
observed by a recent seismic refraction experiment in the
southern Sierra Nevada [Wernicke et al., 1996; S. Ruppert and
M. M. Fliedner, submitted manuscript, 1995] and the xenolith
thermobarometry, i.e., we systematically recorded lithologies
that behave seismically as “mantle” at pressures higher than
1-1.3 GPa (equivalent to 35-45 km).

It has been shown that the support mechanism for the Sierra
Nevada can be constituted by the replacement of most of the
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lithosphere with asthenosphere if and only if the Sierra Nevada
did not experience significant crustal thinning. The amount of
thinning experienced by the Sierra Nevada is a parameter of
great importance for our understanding of the behavior of rift
shoulders, and its determination is currently being addressed.
Xenolith evidence from the Eastern Sierra Region suggests a
significant thinning of the crust by a factor of 2 or more (~35
km of crust versus ~65-75 km original crustal thickness).
Therefore an additional process must explain the buoyancy of
the Sierra Nevada mantle. The replacement of dense, eclogite
facies rocks of the preextension Sierra Nevada lowermost crust
by peridotitic upper mantle can produce a ~100-250 kg/m®
decrease in density, enough to annihilate the subsidence effect
induced by the thinning itself. The presence of partial melt in
the uppermost mantle of the eastern Sierra Nevada has, most
likely, a second-order effect in enhancing mantle buoyancy.
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