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Abstract

Oxygen isotope ratios of zircon (Zc) from intrusives exposed in the Tehachapi Mountains, southern California, reveal large
inputs of high-6'%0 supracrustal contaminant into gabbroic and tonalitic magmas deep (>30 km) in the Cretaceous Sierra
Nevada batholith. High 8'0(Zc) values (7.8 +0.7%0) predominate in the deep parts of the batholith, but lower values
(6.1 +0.9%0) occur in shallower parts. This indicates a larger gradient in 6'%0 with depth in the batholith than occurs from
west to east across it. Oxygen, Sr, and Nd isotope data show that the supracrustal contaminant was likely young (Paleozoic or
Mesozoic), hydrothermally altered upper oceanic crust or volcanic arc sediments. Such rocks were subducted or underthrust
beneath the Sierran arc during accretion of oceanic terranes onto North America. This component yielded high-6'*0 magmas
that were added to the base of the batholith. On average, gabbros in the southern Sierra contain at least 18% of the subducted
supracrustal component. Some tonalite and granodiorite magmas were additionally contaminated by Kings Sequence metase-
dimentary rocks, as evidenced by d'80(Zc) and initial 3"Sr/**Sr that trend toward values measured for the Kings Sequence.
Besides high 580 values in the southern Sierra, xenoliths in the central Sierra also have elevated '%0, which confirms the
widespread abundance of supracrustal material in the sub-arc lithospheric mantle. In contrast to d'*0(Zc), whole rock 6'%0
values of many samples have undergone post-magmatic alteration that obscures the magmatic contamination history of those
rocks. Such alteration previously prevented confident determination of the mass of young, hydrothermally altered mantle rocks
that contributed to Sierran granitoids.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Understanding convergent margin magmatism is
* Corresponding author. Tel.: +1 608 263 3453. essential to unraveling processes of crustal growth
E-mail address: jadestar@geology.wisc.edu (J.S. Lackey). and maturation. Granitic batholiths at continental con-
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vergent margins are thought to represent crust gener-
ated by interaction of mantle-derived magmas and
pre-existing continental crust. Studies of continental
margin batholiths have sought to understand how
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mantle and crustal components interact at different
depths, and how much material is added versus
recycled (e.g., [1-3]). A particularly important but
elusive parameter of magma generation at convergent
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Fig. 1. Generalized geologic map of the Sierra Nevada batholith. Sample locations are indicated for rocks studied in the northern, western and
central Sierra Nevada. Sr;=0.706 isopleth [4] is shown for reference. Map after Jennings et al. [5] and Moore and Sisson [6].
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margin batholiths regards knowing the mass of young
(relative to the batholith’s age), mantle-derived rock
that is remelted and recycled. Knowing this parameter
is critical to understanding heat balance, cooling rates,
and volatile budgets (e.g., CO,), which are factors that
in turn affect processes of deformation, as well as ore
formation.

The Mesozoic Sierra Nevada batholith (SNB) in
California (Fig. 1) is one of the best studied conver-
gent margin batholiths. Excellent exposures and a
wealth of existing data make the SNB an ideal loca-
tion to study crustal growth and recycling processes.
Considerable uncertainty remains, however, as to the
sources and amounts of different crustal and mantle
“reservoirs” and the mechanisms by which they were
incorporated into Sierran magmas. Three reservoirs
generally thought to have influenced magma chemis-
try in the Sierran arc are: 1) craton-derived sedimen-
tary rocks; 2) ancient lower continental crust, and 3)

young depleted mantle. The location and relative
abundance of these reservoirs in the crustal cross-
section of the arc, especially at its deepest levels,
remain speculative and controversial.

Oxygen isotopes help fingerprint different reser-
voirs. They are particularly well suited for identifying
recycling of young, supracrustal (volcanic) rocks in
convergent margin arcs because 0 '%0 values in these
rocks are often reset by hydrothermal alteration, soon
after they crystallize. In contrast, radiogenic isotopes
are not modified considerably by hydrothermal altera-
tion [7], and they can only identify recycled material
that is sufficiently old to have undergone ingrowth of
radioactive decay products. Consequently, in young
mantle-derived rocks, like altered ocean crust, 650
values are often significantly shifted from mantle
values, whereas changes of Sr isotope ratio are mini-
mal, and Nd and Pb isotope ratios are essentially
unchanged [7]. Thus, in arc settings, oxygen isotopes
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Fig. 2. Geology of the southern Sierra, including the Tehachapi Gneiss complex and Bear Valley Springs intrusive suite. Metasedimentary rocks
are predominantly from the Kings Sequence. WWEF=White Wolf Fault; KCF=Kern Canyon Fault; LI=Lake Isabella; TC=Tunis Creek

Gabbro; BP=Bison Peak tonalite; after Wood and Saleeby [12].
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are unique monitors for recycling of young, mantle-
derived rock that resided near earth’s surface, and they
can provide a quantitative estimate of such recycling.
Furthermore, the interpretation of mass balance calcu-
lations is simplified by the fact that oxygen is a major
element in most rocks.

Taylor and Silver used oxygen isotopes to detect
recycling of supracrustal rocks in a classic study of the
Peninsular Ranges batholith of southern California
[8]. There, correlation of whole rock (WR) 6'%0 and
initial *’Sr/*®Sr (Sr;) revealed variable input of altered
ocean crust to magmas across the batholith [8]. A
similar study in the SNB [9] showed no clear trend of
d'80(WR) with respect to trends in the spatial and tem-
poral distribution of radiogenic isotope ratios. From
these results, it was concluded that many 6'*O(WR)
values were reset by extensive hydrothermal alteration.

In this study, we present analyses of 6'*0 made
by laser fluorination, from aliquots of zircon (Zc)
concentrates previously analyzed by U-Pb methods
(e.g., [10,11] and see Appendix A) to date igneous
rocks in the SNB (Figs. 1 and 2). Zircons were
analyzed because they are highly retentive of mag-
matic 8'%0 values and have been shown to preserve
those values better than other minerals, even through
hydrothermal alteration and protracted high-tempera-
ture metamorphism [13]. The hardiness of zircon is
key to studying high pressure igneous rocks of the
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Fig. 3. Inferred paleopressure map for the southern Sierra Nevada.
Pressures were determined primarily from igneous barometry and
metamorphic phase equilibria. After Wood and Saleeby [12].

southern Sierra (Figs. 2 and 3), which have been
intensely deformed [12] and altered, as shown by
5'80(WR) and 6D(WR) studies there and in the adja-
cent Mojave Desert [9,14]. Accordingly, analyzing
0'8%0 of zircon in the southern Sierra allows insight
into the record of magmatic processes deep in the
batholith that was otherwise obscured by post-mag-
matic alteration.

2. Geologic background

The Cretaceous part of the SNB represents a large
crustal mass with pronounced spatial variation in com-
position, age, and isotopic chemistry. The exposed
granitic batholith, approximately 35,000 km?* (Fig.
1), represents at least 1,000,000 km? of granitic crust
formed largely over 35 million years. On the west side
of the batholith, plutons are more mafic (gabbros,
tonalites, diorites, and quartz diorites); they progres-
sively become more felsic (granodiorites and granites)
to the east [15,16]. The changes of lithology correlate
to decreasing ages of the rock [17-20] from west
(Early Cretaceous) to east (Late Cretaceous) and
have also been shown to be accompanied by extreme
gradients in major and trace element geochemistry
[16,21] as well as in radiogenic isotopes of Sr [4,22],
Nd [23], and Pb [24]. The lateral variations of batholith
chemistry reflects a transition from accreted Phanero-
zoic (oceanic) rocks in the western Sierra, to Proter-
ozoic continental lithosphere in the eastern Sierra [4],
but also heterogeneity in the pre-batholithic litho-
spheric mantle beneath the batholith [25].

The depth of exposure throughout most of the Sierra
Nevada batholith is 7-13 km (2—4 kbar) [26,27]. In the
southern sierra, however, there is a continuous south-
ward deepening gradient between 10—17 km (35 kbar)
rocks in the Lake Isabella region to 23-30 km (7-9
kbar) rocks in the Tehachapi Mts. (Fig. 3, [26-29]).
This gradient has rendered an oblique crustal section
through the southern end of the batholith [30,31]. The
oblique section was exposed by tectonic uplift and
extensional denudation in conjunction with the Late
Cretaceous underthrusting of the Rand schist beneath
the southernmost Sierra (Fig. 2; [32]). The Tehachapi
Mts. exposures allow study of the magmatic processes
at and below the base of the granitic portion of the
batholith. The exposures include parts of the transition
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from granitic to underlying mafic cumulate zone, at
~35 km depth, which defined the seismic Moho of the
SNB in the Cretaceous [31]. The transition from grani-
tic to cumulate rocks also corresponds to the upper
boundary of a MASH (melting, assimilation, storage,
and homogenization, e.g., [33]) zone in the lithospheric
mantle beneath the SNB [31,34]. In the MASH zone,
conditions were favorable for hornblende breakdown
and high volume dehydration partial melting of pre-
existing lower crustal rocks. Homogenized magmas
generated in the MASH zone were then emplaced in
the middle and upper crust of the batholith.

High-pressure rocks in the Tehachapi Mts. are
divided into two groups that are lithologically and
temporally distinct (Fig. 2). The first and oldest
group is the Tehachapi Gneiss complex, which con-
tains tonalitic and dioritic gneisses (120 to 110 Ma),
plus minor paragneiss bodies. Igneous gneisses in the
complex underwent granulite facies metamorphism
manifested by garnet growth at the expense of horn-
blende [11,28,35]. Group two is the 102-97 Ma Bear
Valley Springs (BVS) intrusive suite and contains
three sub units: (1) the gabbro of Tunis Creek (~102
Ma); (2) the hypersthene tonalite of Bison Peak (~102
Ma); and (3) the tonalite of Bear Valley Springs
(~100 £ 2 Ma), including the tonalite of Mt. Adelaide.
The BVS rocks are increasingly evolved from the
Tunis Creek (~45% Si0O;), to Bison Peak (~60%
Si0O,) to the Bear Valley Springs (65% SiO;) units.
Contact relationships between the gneiss complex and
the BVS suite are often gradational and have been
transposed by ductile flow.

Other southern Sierra igneous rocks occurring east
and north of the BVS suite, including those near
Lake Isabella, are Mid- to Late Cretaceous (100 to
90 Ma) granodiorites and granites. Locally, these
magmas were contaminated (e.g., the granodiorite
of Claraville; S10, Fig. 2) by the Kings Sequence
[10,36,37].

Patterns of zircon inheritance in the southern
Sierra, recorded as U/Pb age discordance, plus Sr
and Nd isotope ratios, record progressive contamina-
tion of Tehachapi Mts. rock by the Proterozoic crust
and sedimentary rocks [10]. For example, only the
smallest zircons of the Tunis Creek gabbro have
evidence of inherited Proterozoic zircon, suggesting
minor late-stage contamination. In the BVS suite,
younger and shallower marginal phases and dikes of

the Bear Valley Springs tonalite, including the grano-
diorite of Claraville, have significant inheritance.
Initial Sr and Nd isotope ratios become progressively
more radiogenic in younger rocks and essentially
track patterns of U/Pb inheritance and demonstrate
progressive contamination [10,11].

Collectively, field, petrologic, and geochemical
and isotopic studies of the southern Sierra indicate
that magmas there are variably contaminated, and that
much of the deep, pre-batholithic crust was recycled
in the MASH zone of the batholith [31]. The oldest,
high-pressure rocks in the Tehachapi Mts. (Figs. 2 and
3) are representative of the magmas produced in the
MASH zone of the batholith. However, Sr and Nd
isotope compositions in these rocks are inconsistent
with recycling of large amounts of Proterozoic pre-
batholithic rock [11]. Field and isotopic evidence in
shallower rocks near Lake Isabella (Figs. 2 and 3) is
consistent with contamination by metamorphic wall-
rocks with Proterozoic isotopic compositions, but this
superimposed contamination is modest.

3. Sample selection, preparation, and analysis

Sampling focused on rocks of the southern Sierra
oblique crustal section that crystallized at 5 to 9 kbar
conditions (Figs. 2 and 3). This is thought to proxy for
a vertical transect through batholithic rocks which
ascended directly from their source regime with little
crustal assimilation to medial levels where modest
degrees of assimilation are recorded by geologic
observations and geochemical data. For comparison,
we analyzed representative suites of zircon from the
western foothills, northern, and central Sierra (Fig. 1)
to determine how &'®0(Zc) varies regionally in the
expansive, shallow to medial level, exposures (1—4
kbar). Many of the Southern SNB samples were pre-
viously analyzed for d'*O(WR), Rb—Sr, and Sm-Nd
isotopes [10,11]; Sr;, and initial "*Nd/'"**Nd (eNd)
values are calculated from U-Pb zircon ages. Values
of §'%0(Zc) have not previously been measured and
can be directly compared to zircon U/Pb ages (which
range from 81 to 167 Ma, but most are Cretaceous;
see Table 1).

Because the zircons in this study were previously
analyzed for U-Pb geochronology, considerable infor-
mation is already published regarding grain size and
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Table 1
5"80 of zircon (%o VSMOW) in the Sierra Nevada batholith
Sample Lithology Age Grain diameter 0 %0 1SD. n= Sample Lithology Age  Grain diameter o 0 1SD. n=
(Ma)  (um) (Ma)  (um)
Western foothills Southern Sierra: East Tehachapis, Lake Isabella
Wi Tonalite 134 45-62 5.15 0.04 2 S1 Granite 83 45-80 795 0.09 2
w2 Gabbro 120 74-149 564 004 2 " " 80-120 7.92 0.00 2
w3 Gabbro 110 <45 547 0.00 2 S2 Granite 85  60-100 8.21 0.06 1
w4 Tonalite 123 120-165 629 0.04 2 S3 Rhyolite 101 45-62 794 0.03 2
W5 Granodiorite 120 <44 560 002 2 sS4 Granodiorite 98 45-80 7.80 0.09 2
" " 44-74 570 0.04 2 S5 Granite 90 48-80 7.66 0.01 2
w6 Granodiorite 118 74-149 5.58 0.01 2 S6 Rhyolite 105 45-80 850 0.07 2
w7 Gabbro 115 <44 6.76  0.00 2 S7 Granite 98 45-80 8.88 0.00 2
W8 Quartz Diorite 102 44-74 6.17 0.09 2 S8 Granite 100 45-80 921 0.02 2
S9 Granite 95 62-80 8.18 0.01 2
Central and High Sierra S11 Quartz Diorite 93 62-80 8.56 0.02 2
Cl Granite 99 45-62 6.66 0.00 2 S12 Granite 81 120-165 9.06 0.00 2
" " 62-80 6.80 0.00 2 S13 Tonalite 95 120-165 8.61 0.04 2
C2 Granodiorite 88 80-100 599 0.09 3 S14 Tonalite 96 120-165 954 0.04 2
C3 Dacite 105 45-62 774 0.05 2 S15 Gabbro 105 120-165 777 0.04 2
C4 Granodiorite 102 60-80 7.38 0.04 2 S16 Granodiorite 90 62-80 791 0.02 2
C5 Rhyolite 106 45-80 732 0.01 2 S17 Granodiorite 97 62-80 795 0.06 2
" " 80-120 739 0.02 2 S18 Tonalite 101 62-80 7.99 0.00 2
C6 Dacite 102 45-80 5.55 0.01 2
Cc7 Granite 103 45-80 741 0.00 2 Southern Sierra: Tehachapi Gneiss complex
C8 Granite 105 45-80 497 007 2 S20 Granodiorite 117 80-120 790 0.02 2
C9 Granodiorite 102 45-80 5.07 0.02 2 S25 Tonalite 115 >120 7.67 0.00 2
" " 80-120 479 002 2 S29 Tonalite 117 80-120 785 0.02 2
C10 Granite 105 45-80 5.40 0.01 2 S30 Tonalite 115 120-165 6.77 0.00 2
Cll Rhyolite 164 45-80 641 0.02 2 S31 Diorite 115 120-165 6.78 0.03 2
C12 Rhyolite 165 62-100 634 0.04 2 S34 Tonalite 113 >120 743 0.02 2
Cl13 Rhyolite 167 62-100 633 0.02 2 S35 Granite 117 80-120 7.89 0.00 2
Cl4 Rhyolite 105 62-80 721 0.03 2 S36 Tonalite 113 45-80 632 0.02 2
Cl15 Tonalite 115 80-100 5.70 0.11 2 S37 Granite 114 120-165 792 0.02 2
Cl6 Quartz Diorite 162 45-62 5.81 0.01 2 S38 Granite 113 120-165 8.03 0.00 2
C17 Rhyolite 105 62-80 734 0.04 2 S39 Tonalite 117 120-165 699 0.02 2
C18 Granodiorite 84 <45 5.67 0.01 3 S40 Granite 115 80-120 7.88 0.00 2
S41 Granite 110 80-120 779 0.02 2
S42 Tonalite 112 80-120 790 0.02 2
Southern Sierra: Bear Valley Springs suite S43 Tonalite 115 80-120 6.63 0.01 2
S10 Granodiorite 90 45-80 941 0.02 2 S44 Tonalite 101 45-62 7.45 0.02 2
S19 Tonalite 97 80-120 842 0.02 2 S45 Diorite 105 45-62 6.67 0.06 2
S21 Tonalite 98  120-165 7.36 0.01 2 " " >120 690 0.05 2
S22 Tonalite 97 120-165 737 0.00 2 S46 Paragneiss 1460 45-80 11.32 0.00 2
S23 Tonalite 101 120-165 7.28 0.05 1 S47 Quartzite 1708 45-80 11.63 0.02 2
" " 80-120 7.29 0.05 1
S24 Quartz Diorite 100 80-120 7.71 0.01 2 Northern Sierra
S26 Tonalite 100 120-165 7.83  0.05 1 N1 Granodiorite 140 45-80 6.00 0.02 2
" " 45-80 7.78 0.05 1 " " 80-120 6.16 0.05 1
S27 Tonalite 100 120-165 777 0.02 2 N2 Granodiorite 140 45-80 5.90 0.01 2
S28 Tonalite 102 120-165 7.15 0.01 2 " " 80-120 568 0.07 2
S32 Gabbro 102 120-165 7.11 0.01 2 N3 Granodiorite 143 45-62 475 0.10 2
S33 Gabbro 102 80-120 698 003 2 " " 62-80 484 004 2
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shape, U and Pb isotopic variability, patterns of inheri-
tance and Pb loss and/or U gain [10]. In general,
zircons display sizes, shapes, and textures typical of
igneous plutonic rocks. Inheritance in zircon can dras-
tically affect U/Pb zircon ages. Oxygen, however, is
~50 wt.% of zircon and thus minor amounts of inher-
ited zircon do not markedly shift the 6'*0 value of host
zircons. From a mass balance perspective, if a popula-
tion of zircon and cores inherited therein contrasted in
5"30 by 3%o, the effect of 5 wt.% cores on the resultant
5"%0 of the sample would be minimal (~0.15%o). Thus
a sample with 5 vol.% inheritance, which can look like
much more in a two-dimensional thin section, is not
seriously affected in 6'®0. Furthermore, samples con-
taining inherited cores were identified in the previous
geochronology studies and were avoided in this study,
except for two samples of detrital zircons separated
from a paragneiss and quartzite (Table 1).

Values of 6'®0 were also measured on several
mantle xenoliths collected at Chinese Peak, in the
central SNB (Fig. 1). The xenoliths are entrained in
Miocene trachybasalts and represent fragments of the
“root” of residual, melt-depleted rocks, produced dur-
ing magma generation beneath the Sierran Arc [34].
Xenoliths from levels deeper than the present expo-
sures in the SNB provide important constraints on the
vertical 5'®0 composition of the batholith.

Zircon was separated by standard crushing and
density separation techniques. Least magnetic frac-
tions were concentrated with a Frantz separator as
described by Saleeby et al. [10]. Zircon separates
were leached with nitric acid, to dissolve non-mag-
netic phosphate and sulfide minerals, and hydrofluoric
acid, which dissolves radiation damaged domains in
zircon that are subject to post-magmatic oxygen iso-
tope exchange [13]. Zircon separates were purified by
hand-picking under a binocular microscope. Zircon
grains were powdered with a boron-carbide mortar
and pestle to limit grain size effects and maximize
fluorination efficiency. For xenolith analysis, a repre-
sentative fragment was lightly crushed, and treated

with dilute hydrochloric acid to remove grain bound-
ary alteration; individual minerals were then hand-
picked to assure purity. The 6'®0 of each major
phase in a xenolith, and its modal abundance was
used to calculate a 6'*O(WR) value (Table 1).

Oxygen isotope analyses were performed in the
University of Wisconsin stable isotope laboratory by
CO, laser fluorination as described by Valley et al.
[38]; isotope ratios were measured on a gas source
Finnigan MAT 251 mass spectrometer. Analyses were
standardized daily by four or more analyses of UWG-
2, Gore Mountain garnet standard. Sample §'%0
values were corrected to the accepted value of
5.80%0 for UWG-2 [38]. The average 0'°0 of the
UWG-2 for 7 days of analyses was 5.72 £ 0.13%o
(day-to-day average=5.71+ 0.07%0; standard error
(1 S.D./(n*”) =+ 0.03, n=26); the average daily cor-
rection was 0.09%o.

4. Results

A wide range of 6'*0(Zc) values occur through-
out the SNB. These values, grouped by geographic
region, are given in Table 1. Rocks from the south-
ern Sierra, in the Tehachapi Mts. and Lake Isabella
areas, have the highest 6'*0(Zc) values (7.8 + 0.7%o,
n=42) in the batholith (Fig. 4A). A subset of samples
from the eastern Tehachapi Mts., including the Lake
Isabella area, have the highest d'%0(Zc) values of all
(8.3£0.6%0, n=17). The southern Sierra samples
not only lack primitive mantle values (5.3 £ 0.3%o
(1 S.D.); [39]), but also are generally much higher
than the mantle, and higher than other northern,
central, and foothills exposures of the batholith
(6.1£0.9, n=25). Additional 6'®*0(Zc) values in
plutonic rocks near Sequoia National Park [40],
and in the central Sierra [41] have a similar distribu-
tion to values reported herein for the central Sierra
(Fig. 4B). The considerable lateral gradients of com-
position, age, and isotopic chemistry in the central

Notes to Table 1:

See Figs. 1 and 2 for sample locations. Latitude and longitude of sample locations and list of references for geochronology are given
in Appendix A. Analysis of multiple grain-sizes of zircon for a sample are indicated by ditto (") marks. Precision of analyses, standard
deviation (S.D.), is one-half the difference between duplicate analyses. For samples analyzed only once, precision is estimated from the standard
deviation of UWG-2 analyzed the same day. Values of 0'#0 for metamorphic garnet in three samples are: 7.34 (PC36); 7.37 (PC129); 5.05

(WRO1A).
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SNB are also reflected in a wide range (3.5%0) of
6'%0(Zc); however, higher 6'*0 values in the south-
ern SNB and a wider range (4%o) indicates a larger
gradient in 6'®0 with depth in the batholith than
occurs from west to east.

In the southern Sierra there are distinct trends
0'80(Zc) for each group of intrusives (Fig. 5),
which correlate to age (Fig. 6A). Nearly identical
0'80(Zc) values are seen in the BVS (7.5 + 0.4%o,
n=10) and Tehachapi Gneiss complex (7.4 0.6,
n=17), but the BVS rocks record increasing 6'*0 in
younger rocks of the suite (Fig. 5C). Values of
8'80(Zc) from the oldest and least evolved mafic
magmas of the BVS suite, the Tunis Creek/Bison
Peak plutons, have a very narrow range of 6'*0(Zc)
values (7.0-7.2%o, Figs. 5C and 6A), but highly vari-
able 6'*O(WR) values (5.7-8.2%0) due to alteration

(Fig. 5B). The 8'80(Zc) values emphasize how altera-
tion of 5'®*O(WR) can obscure important details about
magmatic processes, in this case the remarkable simi-
larity in 6'®0 of the oldest BVS suite magmas. Dif-
ferences between the Gneiss complex and BVS rocks
are evident when ¢'%0(Zc) is considered relative to
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Sr; (Fig. 5B and C). The BVS suite has a clear
correlation of increasing 6'%0(Zc) to Sr;, with no
such correlation in the Tehachapi Gneiss complex.
Additionally, over time, there is more variability of
6'%0(Zc) throughout the SNB (Fig. 6B). This increase
in the range of §'%0 in the SNB appears to indicate
greater supracrustal input with time and is presently
under investigation.

In a number of cases, different zircon grain size
cohorts were analyzed for 6'®0 to test for zoning in
the grains or evidence of assimilation (Table 1). For
instance, smaller zircons are often younger and would
be predicted to capture a later record of contamination
in magmas than older ones. Contamination by high-
6"80 wallrocks would thus be expected to increase

magma 00 and consequently the 5'%0 of the young-
est zircons. The variation of '®0 between large and
small zircons was found to be minor; the largest
difference of 6'®0 is 0.32%0 (Table 1). Moreover,
younger zircons show no systematic increase in
6'%0. The lack of significant §'®0 variability between
grain sizes suggests individual grains lack notable
zoning of 8'80. Thus it appears that zircon did not
crystallize over long enough periods to record variable
6'%0 due to contamination by wallrocks.

Ultramafic xenoliths from Chinese Peak have high
0'80 wvalues (Table 2). The average calculated
5'80(WR) of the Chinese Peak pyroxenite xenoliths
is 7.24+1.0%0. Pyroxene ¢'%0 fractionations,
A'®0(orthopyroxene—clinopyroxene), are all positive
and generally small (0.3 £0.06%0, Table 2), except
samples A and B-1, which indicates high-temperature
fractionations were preserved. Also, average xenolith
d'80(WR) values are essentially identical to pyroxe-
nite xenolith values (7.2 £ 1.0%0) that Ducea (2000)
[34] reported at Big Creek, a second locality in the
San Joaquin volcanic field. While high 6'*0O values
were measured in granulite xenoliths at Chinese Peak
[42], elevated pyroxenite 0'%0 values confirm that
high-6"%0 eclogitic residues were widely distributed
under the central SNB.

Table 2
Chinese peak pyroxenite xenolith 4'0 values
Sample 5'%0 80 5'%0 5'%0
(Cpx) (Opx) (Phlg) (WR)*
1S85A 6.82 (85) 7.82 (15) 6.97
1S85B-1 5.64 (90) 6.28 (10) 5.70
1S85E 7.85 (10) 8.10 (80) 8.49 (10) 8.11
1S85E-1 7.89 (25) 8.09 (70) 8.25 (5) 8.05
1S85E-2 8.17 (90) 8.91 (10) 8.24
1S85G 5.87 (55) 6.22 (45) 6.03
1885J-1 6.06 (85) 8.10 (15) 6.37
1S85K-2 7.93 (100) 7.93
1S85L-2 8.27 (50) 8.56 (50) 8.42
1S85M-1 7.35 (95) 7.69 (5) 7.37
1S85M-2 6.23 (90) 8.32 (10) 6.44
Average: 724+1.0

* Whole rock (WR) 6'80 values are calculated for each xenolith
based on the '%0 of the phases analyzed and their approximate
modal abundance, in parentheses. Samples were collected at the
toe of a trachybasalt flow east of Chinese Peak (37°13/05"N,
119°09'04"W). Cpx=clinopyroxene; Opx=orthopyroxene; Phlg=
phlogopite.
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5. Discussion
5.1. High-6"%0 source rocks

Values of §'®0(Zc) in both the Tehachapi Gneiss
complex and BVS intrusive suite are considerably
higher than uncontaminated mantle values. However
most of these rocks have relatively low Sr; (<0.705)
and high ¢Nd (>0) values, indicating they contain less
than 15% of Proterozoic basement or sediments
thereof [10,11]. The combination of the high §'%0,
low Sr; and high eéNd values, especially in BVS rocks
requires: (1) input of material into the source that was
previously altered and had its §'®O reset (raised) at or
near Earth’s surface during exchange with low tem-
perature (<300 °C) hydrothermal fluids; (2) that the
same material was mantle-derived and relatively
young (Phanerozoic) at the time of contamination,
which explains why it has relatively non-radiogenic
isotope ratios. Rocks that meet these criteria include
the upper portions of oceanic crust that are hydrother-
mally altered at spreading ridges [43,44]. This
includes serpentinized peridotite, which is common
along large transform faults and slow spreading
ridges, as well as subduction complexes [45]. Other
possible rocks include hydrothermally altered submar-
ine volcanic arc rocks and derivative turbidite
sequences [46].

Wallrock exposures of accreted oceanic lithosphere
and associated cover strata in the western SNB [47],
are possible candidates or remnants of the high-6'%0
source. In the western Sierra, serpentinized peridotite
massifs and bounding serpentinite-matrix ocean floor
mélange belts derived from Paleozoic abyssal litho-
sphere constitute an extensive basement complex.
Thick Paleozoic to lower Mesozoic hemipelagic
deposits are associated with the basement complex,
and are themselves overlain by thinner lower Meso-
zoic submarine volcanic arc and turbiditic strata.
These rocks are sutured to the North American
crust along a truncation zone that cut obliquely
across the North American passive margin; juxtapo-
sition entailed a combination of transform faulting
and subduction.

Subduction or underthrusting of such rocks could
have delivered them to the base of Sierran arc where
they were incorporated into magmas. Once sub-
ducted, the high 6'®0 signature of these rocks was

conveyed to magmas in the lower crust of the SNB
by fluids and hydrous silicate melts. Isotope and
trace element studies of modern arcs indicate that
fluids and melts released from oceanic crust, mostly
from hydrated upper parts and overlying sediments,
initiate melting in the sub-arc mantle, which forms
hydrous silicate melts that ultimately enter the base
of the arc [48].

5.2. Quantifying supracrustal input

Oxygen isotopes provide a basis for estimating a
minimum quantity of crust incorporated by the deep
SNB. Mass balance calculations can be made assuming
magmas and contaminant fluids/melts contain equal
amounts of oxygen (~50 wt.%), that initial 5'*O(WR)
was 5.7%o (mantle value), and final 5'*O(WR) was
in equilibrium with measured &'%0(Zc) values.

The values of 6'®O(WR) in equilibrium with
0'80(Zc) can be calculated. This is possible using the
recognized relationship that increasing SiO, results in
an increasing proportion of felsic, high-6'*0 minerals
in a granitic rock, which increases 6'*O(WR) regularly
during fractional crystallization [13]. Values of 4 %0
(WR—Zc) will change at approximately the same rate
as 6'*O(WR) assuming all minerals and melt exchange
oxygen and are in equilibrium. Since equilibrium frac-
tionation between minerals changes minimally over the
temperature ranges encountered during crystallization
of a magma, the effect of temperature in calculating
d'8O(WR) is very small [13]. As an approximation,
A" 0(WR-Zc) can be related to the weight percentage
of SiO,. As shown by Valley et al. (1994) [49] rocks
ranging in composition from gabbro and granite have
approximately linear dependence of A'*0O(WR-Zc),
such that 8'8O(WR) = 0.06(wt.% SiO,)—2.25+
"®0(Zc). For a worked example, the 6'*0(Zc) value
of the Tunis Creek gabbro (7.0%o) yields a calculated
58 O(WR) of 7.4%o for its 45% SiO,. It follows that
increasing a typical uncontaminated mantle value
(5.7%0) to the value calculated of the Tunis Creek
gabbro requires minimum supracrustal additions of
18% of altered oceanic crust (3'*O(WR)=15%o), or
27% of greywacke (6'*O(WR)=12%o).

To determine if observed 8'%0-Sr; trends (Fig. 5)
could be accounted for by mixing of melts with upper
mantle compositions with melts from Kings Sequence
metasedimentary rocks (Fig. 5A), both bulk mixing
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and assimilation-fractional-crystallization (AFC) [50]
scenarios were conducted. Modeling reveals unrealis-
tic amounts of assimilation and unrealistic solid—
liquid Sr partitioning values are required to reproduce
the measured '%0 and Sr; values of the Tunis Creek
gabbro. However, 6'®0 vs. Sr; values can be reason-
ably reproduced by mixing melts of primitive upper
mantle and altered ocean crust. Additionally, both
bulk and AFC modeling of modest input (8—12%)
of Kings Sequence rocks into the Tunis Creek gabbro
or Bison Peak tonalite reproduces the §'*0-Sr; trend
seen in the Bear Valley Springs tonalite (Fig. 5B and
C). Collectively, the modeling suggests the parent
magmas (i.e., the Tunis Creek gabbro) of the BVS
suite had a high 6'®0 source. Ascent of these magmas
into the base of the arc then allowed contamination by
the Kings Sequence, producing the Bear Valley
Springs tonalite. As described earlier, patterns of
Proterozoic zircon U/Pb inheritance in the BVS are
also consistent with progressively greater contamina-
tion by the Kings Sequence in the younger and shal-
lower rocks, like those in the eastern Tehachapis (Fig.
6A). The elevated 6'®0(Zc) and Sr; values of these
rocks indicate such contamination, and approach
values of the highly contaminated granodiorite of
Claraville and other small granite and leucogranite
bodies in the eastern Tehachapis, which show a
clear trend toward higher §'®0 with younger age
(Fig. 6A).

5.3. Timing and distribution of supracrustal input

The age of the supracrustal rocks is older and more
variable, as is the timing of their emplacement, than
the resultant high-0'®0 granitic rocks. As described
earlier, pronounced chemical and compositional gra-
dients across the batholith reflect the different source
characteristics of juxtaposed Phanerozoic and Proter-
ozoic lithospheres. Because accretion of oceanic ter-
ranes occurred in the Paleozoic, the timing of delivery
of the supracrustal rocks beneath the SNB arc is
Paleozoic to Mesozoic in age.

The fate of accreted Paleozoic or Mesozoic oceanic
terranes relative to the arcs under which they were
subducted/emplaced is uncertain. Conceivably these
terranes contributed to the formation of magmas that
migrated into or underplated the then active arc; they
may also have contaminated the sub-arc lithospheric

mantle (Fig. 7A); or both processes may have
occurred.

Regardless of the early fate of these subducted
rocks, the onset of voluminous Cretaceous magma-
tism reconstituted the entire crustal column in the
Sierran arc [30,31]. Reconstitution of crustal rocks is
inferred to have occurred in the MASH zone beneath
the arc (Fig. 7B). As homogenized felsic magmas
were emplaced in the middle and upper crust above
the MASH zone, eclogitic residues were expelled
below it and would eventually form the root of the
batholith (Fig. 7B). Abundant Proterozoic sediments
were deposited at the edge of North America before
the batholith formed, however these sedimentary
rocks would be expected to be incorporated into
magmas in and above the MASH zone. Melting of
such rocks in the MASH zone requires considerable
downward wallrock transport [30,31], or lithospheric-
scale thrusting (Fig. 7B) beneath the arc [51]. In the
eastern Sierra, significant volumes of granitic crust
were generated directly from enriched Proterozoic
lithospheric mantle (Fig. 7B), which was undisturbed
until a sufficiently large magmatic event in the Cre-
taceous led to massive melting and magma generation
[25,51]. Preconditioning of the lithospheric mantle
before the Cretaceous likely occurred in the western
SNB, and the lithospheric mantle there stored Phaner-
ozoic rocks.

Central SNB xenoliths provide insight about the
vertical distribution of Proterozoic versus Phanerozoic
supracrustal rock beneath the arc. The two groups of
Cretaceous age xenoliths in the central Sierra have
distinct isotope ratios as shown by this and other
studies [34,42,52]. Felsic, granulitic xenoliths have
elevated Sr; values (>0.707), and most have high
S'8O(WR) values (9—14%0). Such isotope patterns
indicate that the granulitic xenoliths contain a large
component of crust or sedimentary rocks of Protero-
zoic age. In contrast, mafic, eclogitic xenoliths have
Sr; values (0.7051-0.7062) consistent with Pre-Cre-
taceous supracrustal input, but their elevated
5'"8O(WR) values (7-9%o, Table 2) are 1-2%o greater
than would be expected of Proterozoic supracrustal
rocks with the same Sr;. Furthermore, 6'®0 and Sr; for
the two xenolith suites show distinct correlations for
each suite [42]. The 6'*0 vs. Sr; trend in the pyrox-
enite suite can be reproduced as a mixture of Phaner-
ozoic supracrustal material and depleted mantle.
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150 Ma: Phanerozoic subduction preconditions lithospheric mantle
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Fig. 7. Proposed model to produce the high-0'%0 intrusives in the deep crust of the Sierra Nevada. (A) At 150 Ma, the lithospheric mantle
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Notably, the pyroxenite xenolith Sr; and &'*O(WR)
values overlap remarkably with gabbros of the Bear
Valley Springs suite. The eNd values of the two
xenolith suites overlap, suggesting homogenization
of Nd isotope ratios during magma genesis in the
lower crust and sub-arc mantle, and possibly involve-
ment of aged lithospheric mantle (e.g., [25]). From a
mass balance point of view, pyroxenite xenoliths
appear representative of the batholithic root between
40 and 70 km depth [31] (Fig. 7B), which suggests
~20% of the arc’s supracrustal 6'%0 signature is
Phanerozoic.

5.4. High-6"%0 rocks and the 0.706 line

The general correspondence of the Sr;=0.706 iso-
pleth to the pre-batholithic suture between accreted
oceanic lithosphere and North American lithosphere
has been well established by both geochemical and
geologic studies (cf. [4,47]). Recognizing that some of
the highest 6'*0 values measured in the SNB are from
rocks with <0.706 Sr; values is particularly important,
because it proves that those rocks were not primitive
and derived solely from mantle sources. High-0'%0
rocks with <0.706 Sr; values in the SNB are in fact
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prevalent. Beside deep crustal exposures of high-6'*0
tonalitic magmas in the southern SNB, a number of
high 6'®0 values are reported for tonalites and diorites
in the western SNB near Sequoia National Park [40].
Other high §'®0 values are found in the Bass Lake
tonalite [41], west of Yosemite National Park. The
Bass Lake tonalite has a large area similar to that of
the Bear Valley Springs tonalite, and it appears to
have relatively deep igneous crystallization pressures
(>4 kbar [26]) like the Bear Valley Springs tonalite.
The similarity of these tonalites is intriguing and
suggests they have similar origins. At the least, the
tonalites’ large areas (>1000 km?> each) shows that
supracrustal recycling occurred on a large scale.

5.5. Processes of crust formation in the Sierra Nevada

The site of supracrustal additions to SNB magmas
sheds considerable light on the processes of crust
formation in the batholith. In particular, the high
6'80(Zc) values in Tehachapi diorites and tonalites
require that supracrustal rocks were added to SNB
magmas in the lower crust and below, in a MASH
zone (Fig. 7B). The geophysical structure of the Sierra
Nevada indicates that the Tehachapis are probably
representative of the deep crust throughout the bath-
olith [53]. If the high pressure rocks of the southern
Sierra are representative of the deep crust of the entire
batholith, then it is likely that large amounts of high-
0'80 material were added to magmas at depth
throughout the Sierran arc. Granitoids found in the
Salinian block of west-central California, a displaced
part of the Sierran arc, also have high '*0 values [9],
which further indicates widespread high-6'%0 input.
The high 6'%0 Bass Lake tonalite in the central SNB
hints at such continuity. High-6'%0 xenoliths in the
central Sierra extend the region of supracrustal addi-
tion downward. Pyroxenite xenoliths, including some
from up to 70 km beneath the arc [54], confirm that
high-6'%0 material extended to much greater depths
than the limit of the lower crust of a significant part of
the eclogitic root of the batholith (Fig. 7).

While the geochemistry of most plutons in the SNB
reflects processes occurring in the lithospheric mantle
and lower crustal sources, contamination by Protero-
zoic metasedimentary rocks is detectable in small gran-
ite plutons of the younger eastern Tehachapis (Fig. 2).
Detailed study of some of these plutons indicates that

their radiogenic isotopic heterogeneity is a function of
deeper sources, but that they have detectable contam-
ination proximal to thin migmatite zones that border
them [37]. Garnet bearing, peraluminous granites in the
central SNB also record oxygen isotope evidence of
contamination, at scales of meters to tens of meters, at
their margins [55,56]. The highly evolved chemistry of
the peraluminous plutons seems largely to be a lower
crustal feature, with superimposed middle and upper
crust contamination. For instance, while '%0(Zc)
values of peraluminous granitoids are high (7.5-
8.0%0) throughout, Sr; values in these plutons are
relatively low (0.704-0.707), except at their margins.
Therefore their isotope patterns are not consistent with
abundant input of Kings Sequence metasediments;
instead they likely were generated from sources like
that proposed for rocks in this study.

It is intriguing that 4 '%0(Zc) values vary with depth
in the batholith (Fig. 4A). This “stratification” of %0
suggests that assimilation of supracrustal rocks was
more efficient at depth, and resulted in formation of
large, high-6 'O tonalitic magmas like the Bear Valley
Springs and Bass Lake tonalites. These plutons seem to
have stalled in the lower crust, presumably due to
density filtering, just above the arc’s MASH zone
(Fig. 7B). Greater numbers of felsic plutons above
the MASH zone suggest that mafic and felsic magmas
were emplaced separately in some cases and that the
felsic magmas were capable of rising higher into the
crust. While a MASH zone would be expected to
homogenize 'O values in the mafic and felsic gran-
ites, it is possible that tonalitic magmas were precursors
that effectively “purged” the lithospheric mantle of
Phanerozoic high-6'*0 material (Fig. 7A). This may
have allowed later magmas to form with more mantle-
like 0'%0 values. Potentially this 0'%0 stratification
extends throughout the entire SNB. Such stratification
is the subject of ongoing research. Regardless of its
distribution, vertical stratification begs revision of
models for convergent margin magmatism based on
two-dimensional geochemical gradients.

We note that globally, mafic lower crust has been
shown to have a high average 6'®0 in many cases
[49,57-61]. This suggests that addition of high-6'*0
material to mafic magmas in the lower continental
crust is common. Recognition of this process may
be obscured in many cases due to post-magmatic
alteration or simply due to a lack of sufficient expo-
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sures of deep crustal rocks, which generally is the case
in modern convergent margin batholiths.

6. Conclusions

Oxygen isotopes show that granitoids from
exposed high-pressure rocks in the southern Sierra
Nevada contain a significant portion, at least 18% by
mass, of supracrustal material. The supracrustal com-
ponent was young mantle-derived rock that was hydro-
thermally altered and then subducted beneath the arc in
the Mesozoic or Paleozoic. Additional contamination
(8-12%) of such magmas occurred by interaction with
the Kings Sequence in the upper parts of the batholith.
Vigorous magmatism in the Cretaceous melted these
rocks and relayed the supracrustal signature to mag-
mas in the base of the batholith and above. The pre-
sence of high-6'%0 values in xenoliths confirms that
supracrustal rocks were present in the sub-arc litho-
spheric mantle. These findings indicate that additions
of high-8'®0 material to the lower crust may be sig-
nificant in convergent, continental margin arcs through
recycling of young, mantle-derived material. Recog-
nizing these contributions has been hindered by non-
exposure of the roots of convergent margin batholiths,
vertical geochemical gradients, and interaction with
overlying continental crust.
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