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Abstract The lower crust of the Mesozoic Sierra Nevada
batholith was made up of high MgO, garnet-poor and
low MgO, garnet-rich pyroxenites. Both groups are
genetically linked and are collectively complementary to
the mafic to intermediate Sierran plutons. High MgO
pyroxenites represent high pressure cumulates from a
mantle-derived hydrous basalt or basaltic andesite,
resulting in derivative magmas having unusually low
MgO for a given SiO; as represented by the numerous
mafic enclaves found in many Sierran plutons. The low
MgO pyroxenites are either (1) shallow pressure cumu-
lates from these derivative magmas or (2) partial melting
residues (restites) of these derivative magmas after they
were emplaced and solidified at lower crustal levels. In
both cases, the complementary melt to the low MgO
pyroxenites is driven to higher SiO, contents, generating
diorites and granodiorites. However, this simple two-
stage scenario for the origin of Sierran granitoids cannot
explain the observation that the Mg# of Sierran inter-
mediate magmas remains roughly constant at ~0.45—
0.50 with increasing SiO,. Basaltic recharge/mixing with
the lower crust is suggested as one means of buffering
Mg#s and re-melting the lower crust to generate granitic
melts, the latter of which mix with more juvenile mag-
mas to complete the Sierran differentiation series.

Introduction

The continental crust, defined vertically as that part of
continents lying above the seismic Moho discontinuity
and laterally as that bound by continental shelves, is a
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significant repository for highly incompatible trace ele-
ments in the bulk Earth. In contrast, the upper portions
of the Earth’s mantle appear to be depleted in these
same elements, which has led to the widely held view
that the upper part of the mantle is simply the comple-
mentary residue of continental crust extraction (Hof-
mann 1988). The problem, however, is that in terms of
major elements, the average composition of the conti-
nental crust is too felsic (SiO,~60 wt. %) to have been
directly derived from the ultramafic lithologies (perido-
tite) believed to dominate the mantle (Kay and Kay
1988; Rudnick 1995)- melting of a peridotite generates
basalt and hence mafic compositions (SiO, <50 wt. %).
Indeed, oceanic plateaus and integrated crustal columns
in island arcs, both of which have been proposed to be
the building blocks of continental crust, are basaltic
(DeBari and Sleep 1991; Miller and Christensen 1993;
Fliedner and Klemperer 1999). This discrepancy forms
the essence of the well-known ‘“‘continental crust para-
dox” (Kay and Kay 1988; Kelemen 1995; Rudnick
1995). What this means is that if continental crust can be
ultimately traced back to a peridotitic mantle source, a
missing mafic to ultramafic reservoir is needed to bal-
ance the composition of the felsic crust with respect to a
basaltic parent (Kay and Kay 1988, 1993).

A number of hypotheses have been put forward to
reconcile the apparent paradox. The common feature of
most hypotheses is that the basaltic parent material must
be differentiated into complementary felsic and mafic
components, followed by physical separation of the
mafic component from the continental crust, driving
what remains of the continental crust towards felsic
compositions (in some models, the parental magma
could be a magnesian andesite; Kelemen et al. 2003).
One scenario for the formation of felsic continental crust
is via arc magmatism (Arndt and Goldstein 1989; Kay
and Kay 1993; Tatsumi 2000; Kelemen et al. 2003). In
this scenario, fractional crystallization of a basaltic
magma at depth generates a gabbroic or garnet pyrox-
enitic cumulate (depending on pressure), both of which
are mafic to ultramafic in composition. If accumulation



occurs at great enough depths or if the cumulate pile is
subsequently depressed into the garnet stability field, a
layer of garnet pyroxenite would form at the base of the
continental crust. Because of the high density of garnet
pyroxenite relative to peridotitic mantle, these cumulate
piles will eventually become negatively buoyant and may
perhaps founder or delaminate (this term is used loosely
here to describe any removal of lithosphere; no specific
mechanism is implied) back into the upper mantle
(Conrad and Molnar 1997; Jull and Kelemen 2001;
Morency and Doin 2004). The number of geophysical
and geochemical observations being interpreted to be
associated with delamination has increased dramatically
in the last two decades. For example, evidence for
delamination has been suggested beneath the Mesozoic
Sierra Nevada batholith in California (Zandt and
Carrigan 1993; Jones et al. 1994; Ducea and Saleeby
1996; Wernicke et al. 1996; Zandt et al. 2004), the Alb-
oran Sea in the western Mediterranean (Seber et al.
1996), and the Altiplano in the active Andean arc (Kay
and Kay 1993).

Evidence for delamination, however, does not mean
that the ““crustal paradox” is solved. What is missing is
the nature of the differentiation process that leads to the
formation of a mafic lower crust. It is thus necessary to
find these putative garnet pyroxenitic lithologies and
assess how they might balance the composition of the
continental crust with respect to a basaltic parent.
However, the delamination hypothesis predicts that any
putative reservoirs should in general be missing, making
the hypothesis difficult to test from the outset. Here, we
investigate garnet pyroxenite xenoliths from the Sierra
Nevada, California. Many of these samples are more
mafic than basaltic melts and thus at face value represent
reasonable candidates for the hypothesized missing mafic
component. Ducea and Saleeby (1996) showed that these
garnet pyroxenite xenoliths are present in late Miocene
alkali basalts erupted through the Sierra Nevada, but are
entirely absent from Late Pliocene volcanic centers. The
simplest interpretation of this temporal change in xeno-
lith demographics is that, prior to the Miocene, the Sierra
Nevada was underlain by a thick garnet pyroxenitic root
associated with Mesozoic arc formation (Ducea and
Saleeby 1996). Some time in the Pliocene, this root
probably foundered and was replaced by asthenospheric
mantle (Jones et al. 1994; Ducea and Saleeby 1996,
1998a; Wernicke et al. 1996; Lee et al. 2000, 2001;
Manley et al. 2000; Ducea 2001, 2002; Farmer et al.
2002; Boyd et al. 2004; Zandt et al. 2004). The Sierran
garnet pyroxenites may thus represent a fortuitous
snapshot of mafic lower crust prior to delamination.

Here, we build on the work of Ducea and Saleeby
(1996) by showing that the Sierran garnet pyroxenites
can be subdivided into two distinct but petrogenetically
related groups based on bulk composition and miner-
alogy. The recognition of two pyroxenite groups is
shown here to be fundamentally important in under-
standing the origin and evolution of Sierran mafic to
intermediate plutons.
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Samples and methods
Samples

Garnet pyroxenites are found in late Miocene alkali
basalts erupted through the central Sierra Nevada. The
samples examined here were collected from an 8.3 Ma
plug near Big Creek (see Dodge et al. 1988 for latitude
and longitude coordinates). The petrography and ther-
mobarometry of such pyroxenites have been investigated
in several earlier studies (Dodge et al. 1988; Mukho-
padhyay and Manton 1994; Ducea and Saleeby 1996,
1998b). Although considerable isotopic work has been
done on the pyroxenites, there has only been limited
discussion of their whole-rock major and trace-element
geochemistry (Ducea 2002). Here, we combine six sam-
ples described in Ducea (2002) with 13 new samples
presented here. Spinel peridotites and garnet-bearing
spinel peridotites also occur at this xenolith locality and
have been extensively described by Lee and co-workers
(Lee et al. 2000,2001; Lee 2002).

Methods

Depending upon how much sample was available, ma-
jor-element compositions of garnet pyroxenites were
determined by X-ray fluorescence spectroscopy (XRF;
Washington State University at Pullman), inductively
coupled plasma mass spectrometry (ICP-MS), or by
reconstruction using mineral chemistries (electron
microprobe analysis) and mineral modes (estimated
from point counting). Major element compositions are
shown in Tables 1 and 2. Trace-element compositions
were determined by ICP-MS although some elements
were also determined by XRF for comparison. Samples
were crushed and powdered in a ceramic disk mill (Spex)
that was free from metal contamination. For ICP-MS,
50-80 mg aliquot of sample powder was dissolved
overnight in a mixture of 0.25 mL of HF with 0.25 mL
HCIlO, at 140°C in a sealed wrench-top 2.5 mL Teflon
beaker. This was followed by open-air dry down at
175°C in a percholoric fume hood. This dissolution-dry
down procedure was repeated once more. Afterwards,
the contents of the beaker were diluted into 125 mL of
2 wt. % HNOs;, yielding a dilution factor of ~2000.
Indium tracer was added to the solution to yield roughly
a 1 ppb in concentration. The diluted solutions were
introduced into a ThermoFinnigan Element 2 ICP-MS
at Rice University. Indium was used as an internal
standard to correct for instrumental drift. Rock stan-
dards BHVO-1 (Hawaiian basalt) and BIR-1 (Icelandic
basalt) were used as external standards by processing
them through the same procedure as the samples. These
two standards have similar major-element matrices to
the Sierran garnet pyroxenites but importantly have
high and low contents of incompatible trace elements,
respectively, allowing us to bracket the range seen in the
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Table 1 Major element compositions

Low MgO garnet pyroxenite

High MgO garnet pyroxenite

BC98-9 BC52 BCX BC49 1026S 1026P 1026R  BC76 BC41 BC98-5 BC72 BC98-7 BC98-1

Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Cpx Gt-Web  Gt-Web
XRF
Si0,  42.70 41.85 45.17 49.11 48.90 49.34 49.80 49.55 48.43
AlLO3 9.81 16.93 15.11 7.67 7.69 7.45 6.68 8.53 10.13
TiO, 042 1.70 0.40 0.75 0.49 0.61 0.54 0.37 0.49
FeOT 13.19 13.86 13.55 8.83 8.36 9.44 8.94 11.31 11.88
MnO 0.52 0.25 0.30 0.16 0.15 0.19 0.17 0.22 0.22
CaO  26.09 13.59 12.70 15.43 12.92 12.84 13.53 8.09 6.28
MgO 4.33 8.77 9.81 15.58 17.77 17.56 18.63 20.04 20.67
K,0 0.03 0.16 0.41 0.23 0.42 0.06 0.15 0.10 0.12
Na,O 0.69 0.92 1.39 1.09 1.22 0.70 0.57 0.69 0.63
P,Os 0.22 0.69 0.11 0.02 0.02 0.01 0.02 0.01 0.01
Total 98.00 98.72 98.95 98.86 97.95 98.19 99.03 98.90 98.87
Meg#  0.37 0.53 0.56 0.76 0.79 0.77 0.79 0.76 0.76
Reconstructed (Electron microprobe)
SiO, 43.73 46.99 43.86 48.03 41.37 50.39 48.92 50.62 50.82 4991 47.53
Al,O4 16.56 14.95 17.75 11.06 18.61 7.53 8.30 7.72 7.46 8.10 12.62
TiO, 0.19 0.11 0.13 0.11 0.20 0.11 0.81 0.04 0.12 0.05 0.07
Cr,0;5 0.06 0.01 0.02 0.04 0.06 0.04 0.26 0.07 0.17 0.09 0.14
FeOT 14.37 13.12 13.67 11.55 13.84 7.24 6.12 8.50 6.85 9.20 12.56
MnO 0.39 0.35 0.35 0.18 0.38 0.15 0.11 0.21 0.20 0.21 0.32
CaO 13.80 13.36 12.75 13.92 10.69 18.35 17.14 15.22 18.43 11.96 7.61
MgO 10.22 9.55 11.23 12.45 13.20 14.26 15.26 16.65 14.89 18.31 18.46
Na,O 0.40 1.63 0.75 1.28 0.46 1.27 1.53 0.79 0.57 0.80 0.41
Total 99.72 100.1 100.51  98.62 98.80 99.34 98.45 99.82 99.50 98.65 99.71
Meg# 0.56 0.56 0.59 0.66 0.63 0.78 0.82 0.78 0.80 0.78 0.72
ICPMS
AlLO; 8.71 16.14 14.78 19.79 7.33 7.13 7.50 6.46 8.51 9.96
TiO,  0.402 1.653 0.406 0.386 0.796 0.479 0.617 0.609 0.418 0.518
FeOT 12.07 12.85 12.68 12.88 8.81 8.23 9.47 8.74 11.20 11.89
MnO 0.459 0.227 0.276 0.306 0.148 0.142 0.178 0.162 0.210 0.217
CaO  23.23 12.35 12.07 10.36 14.87 11.89 12.34 13.52 7.97 6.07
MgO 3.90 8.30 9.42 11.49 15.43 17.49 17.90 18.02 19.56 20.54
K>,O 0.11 0.40 0.21 0.19 0.34 0.14 0.06 0.08
P,Os 0.219 0.672 0.111 0.018 0.016 0.015 0.010 0.009 0.009 0.012
Meg#  0.37 0.54 0.57 0.61 0.76 0.79 0.77 0.79 0.76 0.75

garnet pyroxenites. Calibration values are taken from
Eggins et al. (1997). Procedural blanks were subtracted
from all samples. Rock standards AGV-1 (andesite) and
JP1 (peridotite) were treated as samples to monitor
quality. For most trace-elements, ICP-MS analyses were
conducted under low mass resolution mode (where
sensitivity is highest), that is, m/4m=300. For major
elements and low mass elements that are complicated by
various molecular interferences, we used the medium
resolution option on the ICP-MS (m/4m = 3,000). In
these cases, magnetic drift was corrected for by locking
onto the Ar dimer. Systematic offsets due to magnet
hysteresis were corrected for empirically using the ‘mass
offset’ option. Zr and Hf concentrations of the pyroxe-
nites were also measured by isotope dilution. Isotope
dilution measurements follow the same wet chemistry
procedure as described above, but instead of using an
external standard, a mixed-tracer solution containing
calibrated quantities of enriched Zr (°*Zr) and Hf
('8°Hf) was used.

Electron microprobe measurements were done in
wave-length dispersive mode on JEOL JXA-8600 at the

Texas Center for Superconductivity and Advanced
Materials at the University of Houston. Olivine,
pyroxene and garnet standards were used for external
calibration.

Results
Sierran garnet pyroxenites
Petrologic and geochemical distinctions

The garnet pyroxenites are dominated by clinopyroxene
and garnet with lesser amounts of orthopyroxene,
occasional amphibole, and accessory phases, such as
rutile, Fe-Ti oxides, and apatite. There is no evidence
for olivine in any of the pyroxenite samples selected for
this study. Clinopyroxenes and orthopyroxenes both
show an extensive pyroxene exsolution lamellae. Exso-
lution lamellae of garnet in both pyroxenes are also seen.
Garnet exsolution lamellae have also been seen in garnet
peridotites from the same xenolith suite (Lee et al. 2001).
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BC52 BCX 1026S 1026P 1026R BC49 BC76

Cpx gt cpx gt Ccpx gt cpx gt amph cpx gt cpx gt cpx gt
Mode 34 67 50 50 30 70 50 40 10 23 77 44 56 79 21
SiO, S1.19 3997 5442  39.56 53.70 39.65 54.66 39.51 4895 51.85 38.24 41.22 52.86 40.87
TiO, 0.34 0.12 0.14 0.08 0.15 0.12 0.10 0.06 0.34 0.12  0.22 0.09 0.12 0.09
ALO; 4.56  22.61 7.50 2241 506 23.18 377 2093 8.07 431 22.88 23.54 3.50 23.06
Cr,05 0.15  0.01 0.01 0.00 0.03 0.02 0.03 005 0.02 007 0.05 0.01 0.02 0.15
FeO 4.62 1927  5.69 20.54 3.64 1797 4.11 21.36  9.52 3.03 17.07 1594 427 18.69
MnO 0.25 0.46 0.08 0.63 0.03 0.49 0.03 041 0.09 0.04 048 048 0.05 0.51
NiO 0.18  0.01 0.01 0.00 0.00 0.00 0.03  0.03 0.03 0.01 0.01 0.17 0.00
MgO 14.64 8.00 11.57  7.54  13.59 1022 1330 9.76 1897 1493 12.68 9.96 14.85 12.00
CaO 21.39 9.98 17.54  9.18 21.10 9.17 21.17 6.44 7.54 2193 7.34 829 21.75 5.24
Na,O 1.13  0.03 3.24 0.02 244 0.02 2.31 0.02 1.15 1.90  0.03 0.33 1.59  0.02
Total 98.44 100.47 100.19 99.96 99.74 100.84 99.51 98.57 94.65 98.21 98.99 99.87 99.18 100.64
Mg# 0.85 043 0.78 040 087 0.50 0.85 045 0.78 090 0.57 0.53 086 0.53
TEG (1.5 Gpa) 756°C 831°C 771°C 695°C 724°C 740°C
Density (g/cm3) 3.737 3.626 3.705 3.600 3.746 3.458
Vp (km/s) 8.501 8.445 8.590 8.287 8.632 8.065
Vs (km/s) 4.861 4.829 4.908 4.727 4.924 4.604

BC41 BC98-5 BC72 BC98-7 BC98-1

cpx gt cpx gt opx cpx gt opx cpx gt opx Amph Cpx gt opx
Mode 57 3 61 25 14 74 26 0 48 27 25 0 23 50 27
SiO, 53.89 41.06 53.14 4096 56.88 54.37 40.73 56.69 52.48 41.11 54.48 42.46 52.61 41.28  54.93
TiO, 0.18  0.07 0.07 0.01 0.00 0.11 0.13 0.01 0.09 0.04 000 1.75 0.11  0.08 0.02
AL O3 276 2292 3.02 2293 094 210 2270 1.79 3.14 23.15 140 1489 283 2318 1.13
Cr,05 0.21  0.37 0.01 0.23 0.04 0.12 028 0.06 0.01 031 0.01 032 0.10 0.21 0.03
FeO 393 17.15  3.72 17.95 12.16 3.46 1650 11.03 3.43 16.70 12.13 8.29 4.01 16.91 11.74
MnO 0.07 0.54 0.06 0.61 0.13  0.06 0.60 0.14 0.05 053 0.15 0.14 0.18  0.50 0.12
NiO 0.02  0.00 0.27 0.00 0.04 0.03 0.00 0.06 040 0.01 0.11 0.06 0.28  0.00 0.06
MgO 15.18 12.84 1576 11.77 28.99 15.51 13.15 29.66 15.28 12.40 30.40 1552 16.51 12.70 31.08
CaO 22.32 5.55 22.80  5.50 0.17 2289 573 020 21.79 542 034 10.76 21.00 5.37 0.22
Na,O 0.84 0.01 1.15 0.36 0.01 0.75 0.04 0.01 .52 025 0.03 262 .22 0.24 0.02
Total 99.40 100.52 100.00 100.31 99.34 99.39 99.86 99.64 98.19 9991 99.05 96.79 98.84 100.47 99.34
Meg# 0.87 0.57 0.88 0.54 0.81 0.89 0.59 083 089 057 082 0.77 0.88  0.57 0.83
TEG (1.5 Gpa) 760°C 701°C 739°C 719°C 740°C
PBKN-TBKN 1.1 Gpa — 576°C 1.2 Gpa — 734°C 0.6 Gpa — 561°C 2.9 Gpa - 901°C
PBKN-TEG 1.9 Gpa — 713°C 1.2 Gpa — 730°C 1.4 Gpa -714 C 2.0 Gpa — 756°C
PBKN-TH 1.8 Gpa — 689°C 1.0 Gpa — 681°C 1.2 Gpa — 694°C 1.7 Gpa — 698°C
Twells 727°C 832°C 704°C 899°C
Density (g/cm3) 3.473 3.454 3.477 3.478
Vp (km/s) 8.083 8.093 8.111 8.102
Vs (km/s) 4.642 4.625 4.680 4.677

gt Garnet, opx orthopyroxene, cpx clinopyroxene, amph amphibole, TEG Fe-Mg exchange between garnet and clinopyroxene (Ellis and
Green 1979), PBKN Al in orthopyroxene coexisting with garnet (Brey and Kohler 1990), TBKN Fe-Mg exchange between orthopyroxene
and clinopyroxene (Brey and Kohler 1990), TH Fe-Mg exchange between garnet and orthopyroxene (Harley 1984), TWells Fe-Mg
exchange between orthopyroxene and clinopyroxene (Wells 1977), Vp compressional velocity at STP conditions, Vs shear velocity at STP

conditions

Rutiles occur predominantly as euhedral amber-colored
grains, but also occasionally as exsolution products from
garnet. In most cases, Fe—Ti oxides are associated with
rutile and occur as opaque rims or opaque lamellae.
Whole-rock major and minor element data deter-
mined by XRF and ICP-MS are shown in Table 1.
Major and minor element chemistries of garnet and
pyroxenes are shown in Table 2. We have combined
mineral chemistries with mineral modes determined by
point counting (Table 2) to reconstruct the major and
minor element compositions of the pyroxenites. It can be
seen in Table 1 that reconstructed and measured whole-
rock compositions agree very well for major elements

and some minor elements (Na,O). However, for TiO,,
reconstructed values are systematically less than that of
the measured whole-rock values. This is due to the
presence of rutile and Fe-Ti oxides, which were not
factored into the reconstruction. Assuming that all the
“missing”” TiO, is associated with rutile (and that Fe-Ti
oxides have mostly exsolved from rutile or represent
reactions between rutile and the silicate matrix), we
estimate the weight concentration of rutile in all samples
to be less than 0.6% (with the exception of BC52, which
could have 1.5 wt. % rutile).

Based on these major element compositions and
modal mineralogies, the Sierran garnet pyroxenites can
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be subdivided into two distinct geochemical and petro-
logic groups (Figs. 1, 2) even though they have been
previously treated as one group (Ducea 2002). The
Sierran garnet pyroxenites are represented by a high
MgO (> 15 wt.%) and a low MgO (<15 wt.%) group
(Figs. 1, 2a). The high and low MgO groups do not
represent a compositional continuum as seen in Fig. 2.
The former is dominated by clinopyroxene (>50%)
with lesser amounts of garnet and some orthopyroxene;
both garnet websterites (garnet + clinopyrox-
ene + orthopyroxene) and garnet-poor clinopyroxenites
are represented by this group. The low MgO group, in
contrast, contains garnet, clinopyroxene and occasional
amphibole and plagioclase but no orthopyroxene. Un-
like the high MgO group, garnet mode is > 50% in the
low MgO group. Both groups have been referred to in
the literature as “eclogites”, but strictly speaking should
be referred to as garnet pyroxenites or clinopyroxenites
because the clinopyroxenes are not particularly om-
phacite rich (Mukhopadhyay and Manton 1994).
Additional differences in the major element compo-
sitions of the two groups are as follows. The high MgO
group is characterized by bulk SiO, contents generally
between 45-52 wt. %, Al,O5 contents less than ~10 wt.
% and Mg#s (molar Mg/(Mg+ Fe)) between 0.75-0.82
(Fig. 2a—d). The low MgO group is characterized by
SiO, contents <45 wt. %, and Al,O5 contents > 10 wt.
%. There is no obvious distinction between the two
groups in terms of FeO, Na,O, and CaO contents
(Figs. 2b,e,f). The higher SiO, and lower Al,O; content
of the high MgO group is a manifestation of its more

Sierran Garnet Pyroxenites

i 'r -
MgO < 15 wt. %
Gt + cpx + rt Gt+cpx +rt

opx amph

Fig. 1 Representative thin sections of the high (> 15 wt. % MgO)
and low (<15 wt. %) MgO pyroxenites

pyroxene-rich and garnet-poor nature compared to the
low MgO group (pyroxene is Si-rich and Al-poor com-
pared to garnet). Although, this may suggest that the
gross compositional differences between the two pyrox-
enite groups may be artifacts of metamorphic segrega-
tion of a garnet pyroxenite into garnet-rich and
pyroxene-rich zones, the bulk compositional differences
are demonstrably real. This is evidenced by the obser-
vation that mineral chemistries of garnets and clinopy-
roxenes also differ between each group. For example, in
Fig. 3a, b, it can be seen that clinopyroxenes from the
high MgO group have high MgO and low Al,O3 con-
tents compared to those from the low MgO group.
Similarly, garnets from the high MgO group have higher
MgO and lower CaO contents.

The two pyroxenite groups are further distinguished
by their trace element compositions. The high MgO
group has distinctly higher Ni and Cr contents than the
low MgO group (Fig. 4). The very high Cr contents in
the high MgO group are undoubtedly due to the higher
clinopyroxene mode as Cr is known to be compatible in
clinopyroxene. Combined with their characteristically
high Mg#s, the high Ni and Cr contents of the high
MgO group indicates that the high MgO group is more
primitive than the low MgO group. Another important
distinction between the two pyroxenite groups is that the
heavy rare-earth element (HREE) contents of the low
MgO group are higher than that of the high MgO group
(Figs. 5a,b). In particular, some of the low MgO garnet
pyroxenites are characterized by HREE enrichments
relative to the light rare earth elements (LREESs), con-
sistent with the higher abundance of garnet in this group
and requiring that garnet was a primary magmatic phase
(LREE enrichments may be due to the late stage meta-
somatism and/or contamination from the host lava and
are hence ignored; (Lee 2005)). In contrast, the lack of
pronounced HREE enrichment in the high MgO group
is consistent with the lower abundance of garnet in this
group. Garnet may or may not have been present as a
primary magmatic phase in the high MgO pyroxenites.
The flat HREE abundance patterns suggest that small
amounts of garnet may have been present as a magmatic
phase. However, given the similarity of HREE abun-
dances with garnet-free gabbroic cumulates (Fig. 5), it is
more likely that most of the garnet present in the high
MgO group exsolved from pyroxenes, a feature that
would be consistent with the textural evidence (see
above).

Temperatures and pressures of equilibration

One question that arises is whether the two pyroxenite
groups derive from different depths in the lithosphere.
Suitable barometers exist only for those assemblages
containing orthopyroxene and garnet (Harley and Green
1982; Brey and Kohler 1990). For those samples con-
taining orthopyroxene (some of the high MgO pyroxe-
nites), we obtain equilibration pressures between
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Fig. 2 Variation diagrams illustrating geochemical relationships
between Sierra Nevadan garnet pyroxenites (this study), Sierran
cumulate gabbros (Sisson et al. 1996), cumulate compositions from
high pressure crystallization experiments of hydrous basalts and
basaltic andesites (Miintener et al. 2001), Sierran mafic to felsic
plutons (see text for data sources), and Cascades arc lavas (from
GEOROC database). Dashed outlined region represents field for
mid-ocean ridge basalts from RidgePetDB (Lehnert et al.2000).
Sierran magmas are interpreted to represent the products of a
mature arc, whereas the Cascades arc is taken to represent a

1-3 GPa, corresponding to depths between 30-90 km
(Table 2), which is consistent with previous studies
(Mukhopadhyay and Manton 1994; Ducea and Saleeby
1996, 1998). These equilibration pressures roughly
overlap those estimated from garnet-bearing peridotites
from the same xenolith suite (Mukhopadhyay and
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juvenile or incipient arc. Numbered curves represent differentiation
paths: 1—differentiation of mafic to intermediate plutons, 2—com-
plementary differentiation trend seen in the pyroxenites, and
3—generation of granitic magmas by partial melting of pre-existing
crust. a MgO versus SiO,, b total Fe as FeO versus SiO,, ¢ Mg#
(molar Mg/(Mg+ Fe)) versus SiO,, d Al,O versus SiO,, e Na,O
versus SiO,, and f CaO versus SiO,. All concentrations are in
weight percent. Open cross symbol labeled “BCC” refers to estimate
of global average bulk continental crust (Rudnick and Fountain
1995)

Manton 1994; Ducea and Saleeby 1996, 1998a; Lee et al.
2001). For the low MgO pyroxenites, which do not
contain orthopyroxene, we are unable to estimate pres-
sure reliably. Chromium contents are too low in the
clinopyroxenes in the low MgO group to use a Cr-in-
diopside barometer (Nimis and Taylor 2000).
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Fig. 3 Mineral chemistries of

Sierran xenoliths — mineral chemistries
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Temperatures for the low MgO garnet pyroxenites,
which contain only garnet and clinopyroxene, can be
made using thermometers based on Fe-Mg exchange
between garnet and clinopyroxene (Ellis and Green
1979). The temperatures last recorded by the low MgO
pyroxenites range between 695-831°C (Table 2). For the
high MgO pyroxenites, which contain orthopyroxene in
addition to garnet and clinopyroxene, temperatures can
be estimated using thermometers based on Fe-Mg ex-
change between two pyroxenes (Wells 1977; Brey and
Kohler 1990), garnet and orthopyroxene (Harley 1984),
and garnet and clinopyroxene (Ellis and Green 1979).
Temperatures calculated as such range between ~500—
900°C. We caution that there is considerable mismatch
in temperatures calculated based on different equilibria
(200°C difference), indicating considerable disequilib-
rium. For these reasons, we do not feel that any of the
subtle differences in temperature between the two
pyroxenite groups are robust, and it is not possible to

MgO (wt. %)

determine if the two pyroxenite groups come from dif-
ferent parts of the Sierran lithosphere based on ther-
mobarometry alone. We are, however, confident that
both pyroxenite groups record equilibration tempera-
tures below 900°C. Extensive exsolution textures are
probably attributable to cooling. This is consistent with
peridotite xenoliths from the same xenolith suite
showing zoned mineral chemistries and textures (garnet
rimming spinel) indicating cooling from temperatures
from at least as high as 1,000°C to temperatures as low
as 700°C (Lee et al. 2000; Lee et al. 2001).

Sierran plutons

The Sierra Nevada is dominated by granitic and
granodioritic plutons, with mafic plutons (gabbros and
diorites) making up less than 5% of the outcrop area of
the batholith (Bateman and Chappell 1979; Moore 1987,
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Sisson 1992). Although the outcrop area of mafic plu-
tons is small, mafic plutons are widespread in the
batholith and small mafic inclusions (enclaves) are found
in most plutons at an abundance of several per square
meter of outcrop (Barbarin et al. 1989; Sisson et al.
1996). In Fig. 2, a compilation of Sierra Nevadan mafic
to felsic plutonic rocks (Peck and Van Kooten 1983;
Ague and Brimhall 1988; Bateman et al.1988; Barbarin
et al. 1989; Batemanl989; Sisson 1992; Sisson et al.
1996; Ratajeski et al. 2001; Wenner and Coleman 2004)
has been plotted for comparison with the garnet
pyroxenite xenoliths as discussed above. Mafic and felsic
rocks are represented from both west and east of the
87Sr/*®Sr; =0.706 line, which is generally taken to rep-
resent the transitional boundary from Phanerozoic
lithosphere to the west and Precambrian cratonic litho-
sphere to the east (Kistler and Peterman 1973; Kistler
1990). There has been no attempt to distinguish mafic
plutons from enclaves because their FeO, SiO,, MgO,
Al,O3 and CaO systematics are very similar.

It can be seen from Fig. 2 that the Sierran magmatic
series extend from rather primitive endmembers (SiO; ~
48-55 wt. %), as represented by gabbroic and dioritic
plutons and mafic enclaves, to highly evolved endmem-
bers (SiO, ~ 60-70 wt. %) as represented by granodi-
orites, tonalites, and granites. However, an important
feature to recognize is that although many of the mafic
plutons and enclaves have basaltic to basalt-andesitic
bulk compositions in terms of SiO, content (SiO, ~ 48—
55 wt. %), their MgO (4—6 wt. %) contents and Mg#s
(0.4-0.5) are much too low to have been directly derived
from a peridotitic mantle having Mg#s of 0.88-0.89
(Figs. 2a, ¢). Magmas derived directly from melting of
such peridotite should have Mg#s of ~0.7 and MgO
contents typically greater than or equal to 8 wt. %
MgO. This can be seen from Figs. 2a, c: the MgO and
Mg#s of the mafic Sierran magmas are significantly
lower than basaltic lavas from the Cascades arc and
mid-ocean ridge basalts at a given SiO, content (GEO-
ROC http://www.georoc.mpch-mainz.gwdg.de/georoc/
and RidgePetDB databases (Lehnert et al. 2000). The
Cascades arc, which extends from northern California
north through Washington, were chosen to serve as an
endmember example of an incipient arc where many of
the eruptives are basaltic and undoubtedly mantle-de-
rived (Leeman et al. 2005). Sierran mafic magmas also
appear to have slightly higher Al,O3 for a given SiO,
content than Cascades basalts (Fig. 2d). Sisson et al.
(1996) were the first to point out the unusually low Mg
and high Al contents of mafic plutons in their study of
the Onion Valley intrusive suite in the high Sierra Ne-
vada. The regional data synthesis presented here indi-
cates that this distinctive geochemical signature is a
general feature of nearly all mafic magmas (enclaves and
plutons) in the Sierra Nevada. What is clear from the
comparison of Sierran mafic plutons to Cascades basalts
is that the Sierran mafic plutons, despite their low SiO,
contents, have experienced more deep level fractionation
than have mid-ocean ridge basalts and basalts in young

arcs built upon thin pre-existing lithosphere, such as the
Cascades. These compositional distinctions will be dis-
cussed in the next section.

Discussion

High MgO garnet pyroxenites are cumulates
from hydrous basalts or basaltic andesites

We consider four hypotheses for the origin of high MgO
garnet pyroxenites: (1) trapped and solidified melts,(2)
melt-rock reaction products, (3) solid residues of partial
melting, and (4) cumulates.

Hypothesis 1: solidified melt

We begin our discussion by referring to Fig. 2, where
major-element compositions of the Sierran garnet py-
roxenites are compared to Sierran plutonic rocks and to
extrusive rocks in the active Cascades arc (mid-ocean
ridge basalts have roughly similar Mg#, MgO, SiO; and
Al,O5; compositions to the primitive Cascades lavas and
are hence not plotted). It can be seen that the major
element systematics of the high MgO garnet pyroxenites
do not match any of the primitive magma compositions
shown in the plot. The MgO and Al,Oj3 contents are too
high and low, respectively, to represent typical basaltic
melts. In particular, the Mg#s (up to 0.82) are much too
high to represent any magma observed in the Phan-
erozoic. Only picrites (basalts that have experienced
olivine accumulation) or Archean komatiites can reach
Mg#s so high. However, such magmas have low SiO,
contents because they have either accumulated olivine
or are olivine-saturated even at high pressure. The
higher SiO, and CaO contents of the high MgO py-
roxenites compared to any Sierran magma compositions
preclude the involvement of olivine accumulation at any
point in the history of the high MgO pyroxenites. The
Sierran high MgO garnet pyroxenites thus are not
solidified melts.

Hypothesis 2: melt-rock reaction

The next hypothesis to consider is the high MgO garnet
pyroxenites as melt-rock reaction products. It has been
shown on theoretical, observational, and experimental
grounds that pyroxene-rich mantle assemblages can be
generated by reaction of a silicic melt with peridotite
(Sekine and Wyllie 1982; Johnston and Wyllie 1989; Sen
and Dunn 1994; Kelemen 1995; Kepezhinskas et al.
1995; Rapp et al. 1999; Liu et al. 2005). Such a scenario
might arise if a silicic melt derived from slab melting
rises into the hotter mantle wedge. Reaction with a silicic
melt would result in the conversion of olivine to
pyroxene, generating pyroxenites or pyroxene-rich per-
idotites. In some cases, garnet would also form if at
sufficiently high pressures and/or water fugacities. The



melt, itself, would remain relatively silicic but would
have its Mg#, Ni, and Cr contents increased. Natural
examples of veined mantle formed by such processes are
rare or at least difficult to demonstrate. However, some
xenoliths in northeastern China can be unequivocally
demonstrated to be melt-rock reaction products because
the original reaction ‘“‘contacts” are preserved in large
composite xenoliths (Liu et al. 2005). Such garnet py-
roxenites are distinctive in that their Mg#s range con-
tinuously from 0.8 to 0.9, overlapping that of primary
wallrock peridotite. In addition, the Chinese garnet
pyroxenite reaction veins have compositions that point
toward conversion of olivine to garnet and pyroxene by
reaction with a silicic endmember. None of these fea-
tures are shown by the Sierran high MgO garnet py-
roxenites. Their Mg#s reach a maximum of 0.82, which
begs the question of where the intervening Mg#s are if
these samples are truly reaction products with perido-
tites having Mg#s of 0.89 or greater. In addition, we
have never observed any composite xenoliths in the
xenolith suites. Finally, as pointed out in the previous
paragraph and demonstrated in Fig. 2, the Sierran
high MgO pyroxenites show little to no composi-
tional evidence for the involvement of olivine in their
formation.

Fig. 6 MgO (a) and Mg# (b)
versus SiO,, as in Figs. 2a and
2c, respectively. Results of
basalt melting experiments in
the eclogite stability field (2 and
3 GPa) are shown (Pertermann
and Hirschmann 2003a, b).
Gray diamondsrepresent partial
melts of eclogitized basalt while
black diamondsrepresent
reconstructed residues of
melting. BCC bulk continental
crust. Open cross symbol
labeled “BCC” refers to
estimate of global average bulk
continental crust (Rudnick and
Fountain 1995)
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Hypotheses 3 and 4. restites and cumulates

We now consider the last two hypotheses, restite and
cumulate origins. Cumulate textures have been reported
in some of the Sierran garnet pyroxenite xenoliths
(Ducea and Saleeby 1996), but in many cases, these
samples have recrystallized, obfuscating original igneous
textures. For these reasons, we turn to compositional
data. We appreciate that distinguishing between restite
and cumulate origins based on compositional data alone
is notoriously challenging because, in a closed system at
equilibrium, cumulates are compositionally indistin-
guishable from restites for a given melt fraction. How-
ever, we can still gain insight by considering what melt
fractions are implied by the compositions of the high
MgO pyroxenites, allowing us to assess the physical
plausibility of the deduced melt fractions. To do so, we
begin by considering batch melting (or batch crystalli-
zation) experiments for two different starting composi-
tions.

The first starting composition is that of a typical
tholeiitic basalt (G2 in Pertermann and Hirschmann
2003a, b; 50.1 wt. % SiO,, 7.90 wt. % MgO, 9.35 wt. %
FeO*, Mg# = 0.60). Plotted in Fig. 6 are experimental
melts and reconstructed residues from partial melting

L A Basalt melting experiments
« Eclogite residues
< Partial melts

Sierra Nevada

M High MgO gt pyroxenite
O Low MgO gt pyroxenite
O Cumulate gabbros
Cascades lavas

35 40 45 50 55 60 65 70 75 80
Si0, (wt. %)
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experiments of this starting composition at 2 and 3 GPa,
wherein garnet and clinopyroxene are stabilized (Per-
termann and Hirschmann 2003a, b). Partial melting of
“eclogitized” basalt results in silicic melts with lower
MgO and Mg# and higher SiO, relative to their parent.
In contrast, the complementary solid residues trend to-
wards higher MgO and lower SiO, contents. However,
only under extremely high degrees of melting (>90%)
for this particular starting composition (or equivalently,
extremely low degrees of crystallization from a magma
having a composition equal to the starting composition
in these experiments) are the high MgO values charac-
teristic of the high MgO Sierran garnet pyroxenites even
approached (Pertermann and Hirschmann 2003a, b). If
the high MgO garnet pyroxenites represent restites or
cumulates from a typical tholeiitic basalt starting com-
position, very small fractions of high MgO pyroxenites
are implied. However, high MgO garnet pyroxenites are
not only abundant in the xenolith population but also
derive from pressures between 1 and 3 GPa, corre-
sponding to a ~60 km interval (Table 1). This suggests
that the high MgO pyroxenites are volumetrically sig-
nificant (Dodge et al. 1988; Mukhopadhyay and Man-
ton 1994; Ducea and Saleeby, 1996), hence, it seems
unlikely that the high MgO pyroxenites are derived from
a typical tholeiitic basalt, regardless of a restite or
cumulate origin.

More reasonable cumulate (or restite) fractions arise
if we assume instead that the composition of the
parental magma (or starting composition) is more Mg-
rich, that is, more primitive. An example of a more
primitive magma would be one that is more saturated in
olivine; such a magma would consequently have higher
MgO and lower SiO,. However, the high SiO, contents
of the high MgO garnet pyroxenites and the absence of
olivine suggests derivation from a pyroxene-saturated
magma rather than an olivine-saturated magma. What
seems necessary is a parental magma or solid having
high MgO content and higher SiO,. One such compo-
sition is a high MgO content basaltic andesite. Miintener
et al. (2001) studied the crystallization products of a
basaltic andesite from Mount Shasta, California
(51.7 wt. % SiO,, 10.79 wt. % MgO, 7.93 wt. % FeO,
and a Mg# of 0.71; Baker et al. 1994) at 1.2 GPa and
under hydrous conditions (by adding 3.8 to 5 wt. %
H->0). They showed that such magmas would crystallize
clinopyroxene—orthopyroxene (= garnet) assemblages
instead of olivine-bearing assemblages due to a decrease
in olivine saturation field by a combination of increased
pressure and hydrous conditions. The compositions of
their crystallization products are shown as crosses in
Fig. 2. It can be seen that for all the major elements
plotted in Fig. 2, there is a close similarity to the Sierran
high MgO garnet pyroxenites. We recognize that the
Sierran high MgO garnet pyroxenites have more modal
garnet than those of Miintener et al. (2001). However,
the Sierran high MgO garnet pyroxenites have already
cooled down to temperatures ~700°C, which is at least
300°C lower than the temperatures at which pyroxenite

assemblages crystallized in the experiments of Miintener
et al. The higher garnet mode in the Sierran high MgO
pyroxenites could be due in part to subsolidus exsolution
from high temperature, and hence, high Al pyroxenes
(this is consistent with the textures described earlier). It
is also likely that the Sierran high MgO garnet pyroxe-
nites formed at pressures greater than the experimental
pressures of 1.2 GPa (see Sect. 3.1.2) and, as such, would
probably have had more garnet on the liquidus (or sol-
idus, if a restite origin is preferred).

If the Sierran high MgO garnet pyroxenites are in-
deed derived from hydrous basaltic andesite composi-
tions, the implied residual melt fraction (cumulate
origin) or partial melting degree of the parent (restite
origin) is probably around 50% (Miintener et al., 2001)
and hence still high. We also note that significantly lower
melt fractions (e.g., <10-20%) are unlikely. These py-
roxenites are not residues of small degree melting or
cumulates from near-complete crystallization. As poin-
ted out above, the compositions of these high MgO
pyroxenites do not approach any typical melt composi-
tion. Moreover, low melt fractions are inconsistent with
the Ti systematics. Recent rutile solubility experiments
have shown that for TiO, contents typical of average
tholeiitic basalts (e.g., MORB), rutile will be present on
and/or slightly above the solidus of eclogite melting, but
absent at higher degrees of melting (20%) due to dis-
solution into the melt (Klemme et al. 2002). However,
despite the presence of rutile in the Sierran high MgO
pyroxenites, nearly all have very low TiO, contents
compared to most basaltic magmas, suggesting that ru-
tile may not have been present on the solidus or liquidus.
The same conclusion can be drawn from Nb/Ta sys-
tematics (Table 3). Sierran high MgO pyroxenites have
Nb/Ta ratios overlapping the range seen in arc lavas
from the Cascades and elsewhere (Miinker et al. 2004),
yet if rutile was involved during magmatic petrogenesis,
Nb-Ta systematics would have been controlled solely by
rutile and low Nb/Ta ratios would be expected for the
high MgO pyroxenites (because Nb and Ta are ex-
tremely compatible in rutile and, in addition, rutile
prefers Ta much more than Nb; (Foley et al. 2002; Rapp
et al. 2003; Klemme et al. 2005). These observations
indicate that rutile was never involved in the magmatic
origin of Sierran high MgO pyroxenites. The rutile
currently present in our samples most likely exsolved
from pyroxenes and garnet during cooling. More
importantly, the lack of rutile hints at fairly large melt
fractions, consistent with our interpretation that the
high MgO pyroxenites derive from ~50% melting or
crystallization of a basaltic andesite.

We are now faced with the question of whether the
high MgO pyroxenites are cumulates or restites? Our
preferred interpretation is that they are cumulates. This
is because if they were restites, we would expect a con-
tinuum of compositions ranging from the unmelted
parent material to residues that have experienced high
degrees of melt extraction. This conclusion is based on
the following argument. Consider the physical
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Table 3 (Contd.)
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0.465

0.992 0.386

0.589 2.060

0.903

1.11

0
0.029 0.025 0.353 0.088 0.078 0.048 0.205 0.060 0.031 0.029 0.025 0.021 0.028 0.023
0.003 0.471 0.409 <LOD 0.012 0.014 0.153 0.151 0.124 1.27 0.123 0.175 0.080 0.072 0.235 0.205 0.072 0.082

1

2

0.104 0.104 0.123
28.6 319 304

0.202 0.161 0.222
12.6

0.086 0.073 0.107

0.466 NA NA

0.027 0.025 0.019

26.0

1.263 1.53 NA 0.605 0.491 NA 0.737 NA 0.551 NA 0467 0413
0.834 0.495 0.450 0.049 0.209 0.188 0.202 0.193 0.060 0.058 0.267 0.019

0.779 0.722 0.256 0.242 0.222 0.129 0.082 0.078 0.134 0.132 0.030 0.030 0.109 0.142

1.11

29.8 340 226 28.6 323 309 283 28.6 254 289 253 278 245

0.223 NA
1.20

0.809 0.779 0.006
NA 0.037

6.28 5.65 0.014
1.68 0.015

45.8

1.90
47.3 551
17.0

17.1

0.001

0.041 0.001
2.97 0.003
0.03 0.001

0.01

LR-ICPMS 1.14
LR-ICPMS 0.059
LR-ICPMS 2.1

LR-ICPMS 1.26
LR-ICPMS 0.42

Zr/Hf

Ta
Tl
Pb
Th
U

18.0

14.5

11.2 13.0

11.0

13.1 95 11.8 9.1

13.0

18.5 49

59 232 16.6

5.4

14.0

17.9

LR-ICPMS Low resolution ICP-MS, MR-ICPMS medium resolution ICPMS, ID isotope dilution, XRF X-ray fluorescence spectroscopy, N4 not analyzed, LOD limit of detection,

Nb/Ta

<LOD below limit of detection, ppm parts per million by weight

conditions necessary for re-melting basaltic lower crust.
In order to do so, the lower crust would have to be
heated up by underplating or by crustal thickening (the
latter followed by radioactive heating). In either case,
one would expect temperature gradients into the wall-
rock, such that some regions would melt considerably
and others less, but since there can be no first order
discontinuities in temperature, it follows that there can
be no gaps in the observed degree of melting. The
Sierran high MgO pyroxenites, however, form a distinct
compositional group, far removed from any plausible
parental magma protolith.

We conclude that the Sierran high MgO pyroxenites
are cumulates from a hydrous basalt or basaltic andesite.
This parental magma could have formed by hydrous
melting of peridotite in the asthenospheric mantle wedge
above the subducting Farallon plate.

Low MgO pyroxenites are cumulates or restites
from evolved basaltic compositions

Like the high MgO pyroxenites, the low MgO garnet
pyroxenites also do not have major-element composi-
tions matching most known melt compositions. Most
melts having low SiO, contents should have higher MgO
contents and Mg#s, but this is not the case for the low
MgO pyroxenites. Their low Mg#s and Ni and Cr
contents also suggest that they are not likely to be the
reaction products of silicic magmas with peridotite
(Kelemen 1995; Kelemen et al. 1998). This leaves a
restite and/or a cumulate origin. They cannot, however,
be restites/cumulates from a typical tholeiitic basalt.
Low pressure (<1 GPa) restites/cumulates would ex-
hibit olivine control, but the low MgO contents of these
pyroxenites preclude the involvement of olivine. The
MgO, Al,O3, and SiO, contents suggest that the low
silica mineral controlling most of the compositional
variation is instead garnet or plagioclase. Higher pres-
sure (2-3 GPa) restites/cumulates from a tholeiitic
magma would result in a slight increase in MgO and a
slight decrease in SiO, in the solid residue or cumulate as
shown in Fig. 6 where we have plotted solid melting
residues of 2-3 GPa eclogite melting experiments of
Pertermann and Hirschmann (2003a, b). The SiO, and
MgO contents of the Sierran low MgO pyroxenites are
too low to have been derived from tholeiitic parental
material.

The Sierran low MgO pyroxenites may instead be
cumulates/restites from a more evolved magma. It is
noteworthy that their Ni, Cr, and major element com-
positions are very similar to some Sierran gabbroic
plutons and sills, which have been reported to exhibit
unequivocal cumulate textures (Sisson et al. 1996).
Sierran gabbros have been interpreted by Sisson et al.
(1996). to represent cumulates from the mafic to inter-
mediate Sierran plutons (50-60 wt. % SiO,). Thus, one
possibility is that the Sierran low MgO pyroxenites were
once represented by the Sierran gabbros but were



metamorphosed into garnet-clinopyroxene assemblages
by subsequent increases in pressure and decreases in
temperature. However, the flatter HREE abundance
patterns and the higher abundances of HREEs in the
low MgO garnet pyroxenites compared to the Sierran
gabbroic plutons and sills strongly suggests that the
garnet presently in these samples had a primary mag-
matic origin. We interpret these observations to indicate
that many of the Sierran low MgO garnet pyroxenites
were probably high pressure (>2-3 GPa) cumulates
from an evolved basaltic to basaltic andesitic magma.
Alternatively, the low MgO pyroxenties represent the
residues of melting pre-existing basaltic lower crust after
it had been depressed into the garnet stability field and
subsequently heated to partial melting conditions.

The significance of differentiation trends in Sierran mafic
to intermediate plutons

It is clear from the chemical variation diagrams in Fig. 2
that granodiorites in the Sierras must be related to the
Sierran mafic plutons and enclaves. In all major-element
variation diagrams, there is a continuous and smooth
differentiation trend linking the mafic to the felsic end-
member (granites). In particular, as pointed out earlier,
the mafic endmember actually has low Mg and slightly
high Al for a given SiO, content when compared to
extrusive analogs, such as mid-ocean ridge and Cascades
arc basalts. The Sierran diorite-granodiorite-tonalite
series appear to have inherited the low Mg and high Al
signatures, underscoring their genetic relationship with
the Sierran mafic plutons and enclaves. Three possibili-
ties, none of which are mutually exclusive, are that (1)
the more felsic plutons represent residual liquids from
fractional crystallization of a low MgO basaltic parental
magma, (2) the felsic plutons represent liquids formed by
re-melting pre-existing lower crust having the composi-
tion of a low MgO basalt, and (3) the felsic plutons
represent mixtures of the low MgO mafic plutons with
granitic magmas, produced by melting of pre-existing
upper crustal material, such as sediments. Sisson et al.
(1996) suggested that Sierran granodiorites were prob-
ably formed by mixing between granitic magmas
(formed by melting of pre-existing continental crust)
with these low Mg, high Al mafic intrusives rather than
by continuous fractional crystallization. It has also been
shown that the granitic magmas, themselves, could have
formed by re-melting of pre-existing ancient crust or by
re-melting recent mafic intrusives (Sisson et al. 1996;
Ratajeski et al. 2001,2005; Wenner and Coleman 2004).

Of equal importance is how the mafic plutons and
enclaves came to be Mg-poor and Al-rich. Sisson et al.
(1996) suggested that the parental magmas to these
mafic plutons and enclaves must have originally under-
gone fractional crystallization at greater depths before
rising up to mid-crustal levels. They hypothesized that
crystallization of primary basaltic magmas at such
depths and in the presence of some water would generate
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pyroxene-rich cumulates due to the decrease in the
olivine saturation liquidus surface and the increase in the
pyroxene saturation surface with increasing pressure and
water content (Grove and Kinzler 1986; Miintener et al.
2001). Although they found little evidence for relict
pyroxene in the mafic plutons that they studied, it can be
seen that the low MgO and high Al,O; contents of the
Sierran mafic plutons (and enclaves) requires the early
removal of some component having high MgO contents
but having SiO, contents similar to that of basalt. The
high MgO Sierran garnet pyroxenites, which are rich in
pyroxene, satisfy this requirement (Fig. 2a).

The link between garnet pyroxenites and Sierran mafic
to intermediate magmas

In the previous section, it was shown that unlike basaltic
lavas from mid-ocean ridges and the Cascades arc, the
Sierran mafic magmas have Al,O5 contents too high and
MgO and Mg#s too low to have been derived directly
from the mantle. These features cannot be generated by
the removal of olivine-rich residues/cumulates because
the low SiO, content of olivines would drive derivative
liquids towards slightly higher SiO, contents. In an
MgO-SiO; plot, this would be manifested as a negative
trend as seen in basaltic lavas from mid-ocean ridges and
arcs. However, removal of pyroxene-rich components,
such as the high MgO garnet pyroxenites, would easily
explain the low MgO and high Al,O5 signature of the
Sierran mafic magmas at a given SiO, content because of
the high MgO, low Al,O; and similar SiO, contents of
pyroxenes relative to a parental primary mantle-derived
basalt. On an MgO-SiO, and Al,O5-SiO, diagram, re-
moval of high MgO Sierran garnet pyroxenites results in
nearly vertical differentiation trajectories (Fig. 2).

We suggest that, after segregation from the mantle,
the parental basalt to the Sierran mafic plutons under-
went high pressure fractional crystallization (> 1 GPa),
wherein pyroxene instead of olivine was the stable lig-
uidus phase. Pyroxene crystallization could have been
further enhanced by the presence of water (Miintener
et al. 2001). This scenario differs from basaltic lavas
from the Cascades and mid-ocean ridges, wherein frac-
tional crystallization appears to have occurred at lower
pressures as evidenced by olivine-controlled differentia-
tion trajectories (cf. Leeman et al. 2005). We suggest
that the Sierran lithosphere was probably thicker than
that presently underlying the Cascades arc, an example
of a young incipient arc (active since 35 Ma ago). The
thicker lithosphere beneath the Sierras could be due to
the Sierra Nevada arc being much more mature than the
Cascades—the Sierras were active between 200 and
74 Ma (Bateman et al. 1963). Thus, a thicker lithosphere
beneath the Sierras forced mantle-derived magmas to
temporarily stall at greater depths (lower crustal or up-
permost mantle), allowing for the crystallization of the
high MgO garnet pyroxenites. In contrast, a thinner
lithosphere beneath the Cascades allows the magmas to
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ascend to shallower depths, where the olivine phase field
increases.

Crystallization of high MgO garnet pyroxenites
should drive the derivative liquid to low Mg and high
Al contents at a constant SiO, content. As a conse-
quence, the derivative liquid would eventually be forced
to crystallize cumulates with greater proportions of an
aluminous phase and low MgO contents, or if subse-
quently solidified, it could be re-melted leaving behind
restites having such a composition. At lower crustal
pressures, low MgO, garnet-rich pyroxenites would
form and at mid-crustal pressures olivine-plagioclase-
pyroxene gabbros would crystallize. It can be seen that
many of the Sierran gabbros and low MgO garnet
pyroxenites have low SiO,, which would then drive
later magmatic differentiation towards increasing SiO,
content (Fig. 2). We suggest that the low MgO garnet
pyroxenites probably represent cumulates of the
evolving basaltic magma at lower crustal pressures
(some could also be restites), whereas the gabbros,
some of which contain olivine, represent cumulates of
equivalent evolved magmas at mid-crustal pressures
where the olivine phase volume has increased and
plagioclase instead of garnet is stable.

In conclusion, a two-step differentiation history is
suggested, somewhat akin to an earlier model by Arndt
and Goldstein (1989). The Sierran plutonic series ap-
pears to first decrease in MgO and increase in Al,O5 at
constant SiO,. This is then followed by a kink in the
differentiation trend wherein derivative magmas are
driven towards more silicic compositions with only
slight decreases in MgO and Al,O; (Fig. 2). The py-
roxenites record a complementary two-step trend: early-
formed cumulates are pyroxene-rich (high MgO garnet
pyroxenites) and later stage cumulates are garnet-rich or
plagioclase-rich depending upon the pressure of crys-
tallization. The Sierran high and low MgO pyroxenites
are thus complementary to the mafic to intermediate
plutons.

The need for basaltic recharge in crustal level
differentiation

One feature that cannot be explained solely by physical
removal of pyroxenite cumulates or restites is that, al-
though MgO contents decrease in the Sierran plutonic
series, Mg#s remain constant at ~0.45 between 50 to
60 wt. % SiO, (Fig. 2¢). The decrease in MgO content
can be explained, at face value, by removal of the low
MgO garnet pyroxenites, but the constancy of Mg# in
the Sierran plutons cannot be explained by this process
alone. This is because the Sierran low MgO garnet py-
roxenites mostly have higher Mg#s (0.5-0.6) than the
Sierran plutons, hence fractional crystallization of low
MgO Sierran garnet pyroxenites or gabbros alone
should drive Sierran plutons towards low Mg#s.

The high Mg#s in Sierran plutons require a mecha-
nism for buffering Mg# during the differentiation

process. One possibility is to call upon interaction of
evolved melts with peridotitic mantle. For example,
proponents of making continental crust by slab melting
invoke hybridization of the low Mg# slab melts with the
ultramafic mantle wedge, which buffers the Mg# (and Ni
contents) at relatively high values (Kelemen 1995;
Drummond et al. 1996; Kelemen et al. 1998). However,
in the case of the Sierran plutons, most of the magmatic
differentiation involving removal of low MgO garnet
pyroxenites probably occurred within the crust as there
is no intervening mantle wedge to interact with. In
addition, those magmas that have been argued to have
reacted with the mantle (e.g., high Mg# andesites; Kel-
emen 1995) have higher Mg#s (> 0.6) than the Sierran
plutons (0.5).

An alternative hypothesis is to call upon basaltic
underplating or recharge. Recharge can be manifested
in two ways. In the first way (cumulate scenario),
basaltic magma is simultaneously recharged into an
evolving magma chamber, which is simultaneously
undergoing fractional crystallization. In the second
way (restite scenario), basaltic magma is intruded into
already pre-existing lower crust. This causes some of
the pre-existing crust to re-melt and mix with the
underplated magma (this could also be followed by
fractional crystallization). The second process is clearly
a discontinuous process, but if we integrate the com-
position over long periods of time (e.g., the lifespan of
an arc), both processes can be treated as somewhat
continuous. Thus, the mass transport equations
describing both processes can be grossly treated in the
same way. As a simple demonstration of the under-
plating/recharge hypothesis, we begin with the
assumption that the size of the magma chamber
remains constant, that is, the amount of mass leaving
the system via crystallization is equal to the amount of
replenished magma. It follows that the rate of change
in the concentration C of an element in the magma
chamber can be expressed as:
Cii_c = Ci %_ Cout@

t M M

where Cj, is the concentration in the new magma
entering the system, C,, is the concentration in the
cumulates, M, is the rate of replenishment, My, is the
rate of crystallization, and M is the mass of the magma
chamber. In our case, M;, is assumed to be equal to
Moy If Ci, and Cgy are assumed to be constant, then
Eq. 1 can be integrated to yield:

()

M,

C(I) = (Cl - Cout) Vot + Co (2&)

where C, is the initial concentration in the magma
chamber. Eq. 2 can be re-expressed in terms of the

fraction of material added to the system, f :?\’[4': t, to
yield
C(f) = (Cin = Cou)f + Co (2b)
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Fig. 7 MgO (a), total Fe as 25
FeO (b), and Mg# (c) versus [
SiO,. Symbols as in previous
figures. Pure fractional o0
crystallization trends are shown
as curves with square symbols.
Fractional crystallization
combined with basaltic
recharge trends are shown as
curves with circle symbols. The
differentiation trends of both
magmas and complementary
cumulates are shown. Fields of
high and low MgO garnet
pyroxenites from Fig. 2 are
outlined. Open cross symbol
labeled “BCC” refers to
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On the other hand, if C,; is assumed to be related to
the concentration of the element in the magma chamber
C by a bulk partition coefficient, that is, Co = DCj,, the
solution of Eq. 1 is

C(f) = ]l) (Cin — (Cin — DCo)e™ ™) (3)

where we have transformed ¢ into f. Egs. 2b and 3 give
the general relationships for simultaneous crystallization
and recharge.

40 45 50 55 60 65 70 75 80
SIO, (wt. %)

We use Eq. 2b to model the evolution of SiO, content
and Eq. 3 for MgO and FeO. We assume that the
composition of the recharging basalt is similar to that of
a primitive mantle-derived basalt (MgO=9 wt. %,
FeO=8. wt. %, SiO,=49 wt. %). We make the
approximation that the SiO, contents of the cumulates,
as represented by the low MgO garnet pyroxenites and
gabbros, remains constant (as represented by the low
MgO garnet pyroxenites and gabbros, SiO, ~43 wt. %).
We assume a bulk Dyje0 (Wt. %) of ~2 and a Do of
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e

Assimilation
(granitic melts)

2nd stage melts
(granodiorites)

Low MgO

Fig. 8 a schematic diagram showing the two-step differentiation
process for forming and refining arc continental crust. Step 1
(circle labeled ““1”’). Hydrous basalts or basaltic andesites are
generated in the wet mantle wedge. These magmas (vertical arrows)
rise to the base of the overriding lithosphere, crystallizing high
MgO garnet pyroxenites. Step 2 (circle labeled <“2”’). The derivative
melt, e.g., the second stage melt, continues to rise upwards and
intrudes into the base of the lower crust. This melt can undergo
fractional crystallization, generating low MgO garnet pyroxenite
or plagioclase-bearing gabbro cumulates depending on the

~1.2. The bulk MgO partition coefficient was estimated
from basalt melting experiments (Pertermann and Hir-
schmann 2003a). The choice of Dy, is higher than that
expected for garnet and clinopyroxene, wherein Fe is
slightly incompatible. However, to explain the negative
correlation between FeO and SiO, in the Sierran magma
series, the bulk D for FeO and MgO must be greater
than 1 (Figs. 7a,b). This is most likely due to the
involvement of Fe-Ti oxides during crystallization. Our
bulk Dg.o was thus chosen so as to fit the FeO-SiO,
differentiation trend using the simple fractional crystal-
lization (no recharge) and simultaneous crystallization/
recharge models (Eq. 3). The FeO- and MgO-SiO, dif-
ferentiation trends are not very sensitive to whether
fractional crystallization or simultaneous recharge-
crystallization is assumed (Figs. 7a,b). This suggests that
our indirect estimate of bulk Dg.o is reasonable. How-
ever, in contrast to the MgO- and FeO-SiO, systematics,
the predicted Mg#s of the melt are very sensitive to
whether recharge occurs. Without recharge, the Mg#s of
the melt drop rapidly, but allowing for basaltic recharge,
the Mg# can be maintained at high levels, possibly even
increasing slightly (Fig. 7c).

pyroxenites [——

High MgO
pyroxenites

pressure. Partial melting of country rock might also occur,
generating granitic magmas. The composition of the second stage
melt evolves as a consequence of fractional crystallization and
assimilation of country rock partial melts (final step labeled *“3”),
the latter of which generates granitic magmas. Superimposed on
this two-step scenario is a constant background flux of hydrous
basaltic magmatism. Note that Step 2 could also involve re-melting
of fully crystallized stage 2 magmas such that the low MgO
pyroxenites represent restites instead of cumulates

It can be seen that magmatic underplating/recharge
can explain the constancy of Mg# in the Sierran plutons.
A similar recharge model, albeit at a much smaller scale,
has been proposed to explain the compositional evolu-
tion of rhyolitic magma chambers in Medicine Lake,
northern California (Grove et al. 1997; Kinzler et al.
2000). More sophisticated models can be used to refine
this simple model in the future.

An extended model for making and refining crust
in continental arcs

In this section, we build on a developing model for the
formation and refinement of continental crust in mature
arcs (Arndt and Goldstein 1989; Pearcy et al. 1990; Kay
and Kay 1993; Rudnick 1995; Tatsumi 2000; Ducea
2002; Kelemen et al. 2003). Hydrous basaltic to basaltic
andesite magmas are generated in the mantle wedge
overlying a subducting slab (Fig. 8). This magma rises
upwards, crystallizing along its way. In the early growth
of an arc (incipient arc), the overlying lithosphere is
likely to be initially thin, and hence, crystallization
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occurs at shallow pressures where magmatic differenti-
ation involves olivine (as exemplified by the Cascades
magmatic arc). However, as the magmatic arc matures
(as exemplified by the Sierra Nevada), the crust will
thicken, eventually forcing mantle-derived magmas to
differentiate at progressively higher pressures, where the
olivine saturation surfaces decreases and that of clino-
pyroxene increases. The higher pressures and the pres-
ence of water (Mintener et al. 2001) allow for the
crystallization of pyroxene-rich cumulates (with small
amounts of garnet) as represented by the high MgO
pyroxenites. The derivative magma is consequently dri-
ven to low MgO contents without a significant increase
in SiO,. This derivative magma then rises and cools,
crystallizing garnet-rich or plagioclase-rich pyroxenites
(depending on pressure) having compositions similar to
the low MgO garnet pyroxenites. Alternatively, this
derivative magma can crystallize completely and be re-
melted later; in this case, the low MgO pyroxenites
would be restites. Regardless of a restite or cumulate
origin for the low MgO pyroxenites, basaltic recharge
must accompany this part of the differentiation se-
quence. In the cumulate scenario, fractional crystalliza-
tion of the second stage magma chamber must be
periodically recharged. In the restite scenario, recharge
takes the form of basaltic underplating, which melts
previously solidified melts and mixes with them.

% Deviation from peridotite
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This two-step process of basaltic differentiation is
undoubtedly accompanied by variable extents of partial
melting of pre-existing wallrock (Fig. 8). Granitic melts
could form from such melting (Ratajeski et al. 2005).
These granitic melts will ultimately mix with the mafic
magmas interpreted here to derive largely from the
addition and differentiation of mantle-derived magmas
(Coleman et al. 1992; Coleman and Glazner 1997; Ra-
tajeski et al. 2001). This mixing will contribute to gen-
erating the intermediate compositions. Such mixtures of
granitic melts derived from ancient crust with more
juvenile and primitive magmas will give rise to inter-
mediate magmas having transitional Sr and Nd isotopic
signatures as well as non-mantle-like oxygen isotopes
(Ducea and Saleeby 1998b). This indirect link between
juvenile magma additions and granitoid production has
been documented isotopically in other batholiths as well
(Holden et al. 1987).

We believe that this two-step differentiation process
must eventually be followed by recycling of the
pyroxenite layers back into the convecting mantle. The
high densities of the Sierran pyroxenites (Fig. 9a)
indicate that, once formed, they are likely to ‘““‘delami-
nate” on geologically reasonable timescales (Jull and
Kelemen 2001). Thus, although the main driving
mechanism for basaltic recharge/underplating is the
background magmatism associated with hydrous flux
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melting in the mantle wedge, this background mag-
matic flux could be punctuated by magmatic pulses
associated with the aftermath of delamination of the
mafic pyroxenite layers (Bird 1979; Kay and Kay 1993;
Elkins Tanton and Hager 2000). Assuming that the
Sierra Nevada batholith has an average MgO and SiO,
content of ~4 and ~60 wt. % (Fleidner et al. 2000),
respectively, and that the parental magma to the mafic
to intermediate differentiation series is a basalt to
basaltic andesite having MgO and SiO, of 9 and 50 wt.
%, the amount of complementary high MgO and low
MgO pyroxenite collectively is 30-70% of the total
parental magma. This flux of material may form
important heterogeneities in the Earth’s mantle as
pointed out by Arndt and Goldstein (1989) and Tats-
umi (2000). Such reservoirs could preferentially re-melt
due to their low melting temperatures compared to
peridotite, contributing to intraplate or mid-ocean
ridge magmatism (Hirschmann and Stolper 1996;
Kogiso et al. 2003; Pertermann and Hirschmann 2003a,
b; Keshav et al. 2004; Sobolev et al. 2005). Some of
these “‘eclogite” reservoirs may be detectable by seismic
methods: the low MgO garnet pyroxenites have high
compressional and shear wave velocities (Fig. 9b—d)
compared to average peridotite (Lee 2003) owing to
their high garnet contents. The high MgO garnet
pyroxenites have only slightly lower velocities com-
pared to average peridotite and may hence be difficult
to detect seismically (Fig. 9b—d).
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