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Arc magmatism is a complex process involving generation of primary melts in the mantle wedge and
chemical refinement of these melts into differentiated products akin to continental crust. Interaction of
magmas (cooling, crystallization and assimilation) with the overlying crust, particularly if it is thick, is
one way by which primary basalts are refined into more evolved compositions. Here, we explore the role
of the mantle lithosphere as a trap and/or reactive filter of magmas. We use mantle xenoliths from the
Sierra Nevada continental arc in California as a probe into sub-Moho processes. Based on clinopyroxene
modal abundance and major, minor and moderately incompatible trace element concentrations, the
peridotites define a refertilization trend that increases with depth, grading from clinopyroxene-poor
(<5%), undeformed spinel peridotites equilibrated at <3 GPa (<90 km) to clinopyroxene-rich (10–20%),
porphyroclastic garnet peridotites equilibrated between 3 and 3.5 GPa (90–105 km), the latter presumably
approaching the top of the subducting slab. The petrology and geochemistry of the xenoliths suggest that
the fertile peridotites were originally depleted spinel peridotites, which were subsequently refertilized.
Incompatible trace element geochemistry reveals a pervasive cryptic metasomatic overprint in all
peridotites, suggesting involvement of small amounts of subduction-derived fluids from the long-lived
Farallon plate beneath western North America. However, bulk reconstructed δ18OSMOW values of the
peridotites, including the most refertilized, fall between 5.4 and 5.9�, within the natural variability of
unmetasomatized mantle (∼5.5 ± 0.2�). Together with Sm, Yb, and Ca compositional data, the oxygen
isotope data suggest that the role of slab or sediment melts in refertilizing the peridotites was negligible
(<5% in terms of added melt mass). Instead, binary mixing models suggest that many of the Sierran
garnet peridotites, particularly those with high clinopyroxene modes, had up to 30% mantle-derived
melt added. Our data suggest that refertilization of the deep arc lithosphere, via melt entrapment and
clinopyroxene precipitation, may be an important process that modifies the composition of primary arc
magmas before they reach the crust and shallowly differentiate. Comparison of our data with a global
compilation of arc-related mantle xenoliths suggests that sub-Moho refertilization may be more extensive
beneath mature arcs, such as continental arcs, compared to juvenile island arcs, possibly because of the
greater thickness of crust and lithosphere beneath mature and island arcs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Island arcs are potential building blocks of continents (Taylor,
1977), but an outstanding problem is how basalts, the domi-
nant product of island arcs, are refined into andesitic continental
crust. One end-member mechanism is single-stage differentiation
of granitoids from a basaltic parent (Bowen, 1928; Gill, 1981;
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Grove and Baker, 1984; Lee et al., 2007b; Jagoutz et al., 2009).
Another scenario is multi-stage differentiation of a basaltic parent
involving re-melting and assimilation of pre-existing lower crust
to generate granitoids (White and Chappell, 1977; Tatsumi et al.,
2008). Primary magmas are mixed, assimilated, stored, and ho-
mogenized in deep crustal magma chambers (Hildreth and Moor-
bath, 1988; Annen et al., 2006), and upon ascent through shallower
crust are further differentiated via lower pressure crystal fractiona-
tion and wallrock assimilation (DePaolo, 1981; Blatter et al., 2013;
Bohrson and Spera, 2001; Lee et al., 2013; Dufek and Bach-
mann, 2010). Such deep crustal magma chambers may be favored

http://dx.doi.org/10.1016/j.epsl.2014.04.022
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Fig. 1. Cartoon illustrating refertilization of the mantle lithosphere in juvenile and mature arcs. In A), mantle lithosphere is thin beneath juvenile arcs under extension.
Primary magmas from the mantle wedge do not stagnate extensively beneath the lithosphere, bypassing it and erupting as basaltic magmas (black arrows). However, cryptic
metasomatism of the mantle could occur, but this would not result in the formation of new mineral phases. In B), mantle lithosphere is thick beneath mature arcs under
compression. Primary magmas from the mantle wedge might stagnate extensively beneath the lithosphere and undergo increased differentiation (black to gray arrows), and
also experience high-pressure crystal fractionation which results in clinopyroxene-enrichment of the mantle. This type of modal metasomatism results in refertilization.

beneath thick, mature island and continental arcs, because primary
magmas may be more easily trapped beneath thick crust, enhanc-
ing differentiation to more felsic compositions (Leeman, 1983).
Indeed, crustal deformation studies of arc volcanoes suggest that
deep crustal magma chambers are more prevalent beneath com-
pressional, thick continental arcs compared to extensional, thin
island arcs (Chaussard and Amelung, 2012). As a consequence, con-
tinental arc magmas may experience greater differentiation and
processing through thicker crustal columns, erupting a larger pro-
portion of andesites, compared to their island arc counterparts
where the crust is thinner and the magma flux is dominated by
basalt (Fig. 1).

Despite the focus on the crust and its effect on magmatic
differentiation in arcs (Plank and Langmuir, 1988; Wallace and
Carmichael, 1999), comparatively few studies have addressed the
role of the mantle lithosphere. One important question in the
study of arc magmatism (and magmatism in general) is how
much differentiation of a primary melt occurs below the crust?
This question is important because in some arcs, particularly ma-

ture continental arcs, such as the Andes in South America and
Sierra Nevada in the Western USA, the deep sub-Moho arc litho-
sphere can reach considerable thickness (Kay et al., 1994; Ducea
and Saleeby, 1996; Lee et al., 2001a; Haschke and Gunther, 2003;
Chin et al., 2012). Field and xenolith studies from paleo-arcs such
as the Sierra Nevada (Lee et al., 2006), Talkeetna (Greene et al.,
2006), and Kohistan (Jagoutz et al., 2009, 2011) reveal an abun-
dance of mafic cumulates at lower crustal depths. While these
cumulates provide evidence for deep crustal crystal fractionation
of primitive arc magmas, how much crystal fractionation occurs
within the underlying mantle lithosphere is not well known. Be-
cause thicker crust favors fractionation of high-pressure phases
(e.g., pyroxene over olivine; Chen and Presnall, 1975), it might be
expected that thicker lithosphere would also promote the fraction-
ation of such phases. As a consequence, “primary” arc magmas
may undergo crystal fractionation at greater depths than previ-
ously recognized. Furthermore, melts passing through depleted arc
mantle can react with and modally metasomatize (refertilize) the
mantle, transforming it back into fertile lherzolite (Fig. 1B).
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Fig. 2. A) Map of study area, with locality of Sierran peridotite xenoliths shown by star. B) Modal mineralogies and micro-XRF maps of representative Sierran peridotites. (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Evaluating the relative contributions of crustal versus mantle
processes in arc magmatism is difficult because few arc magmas
preserve memory of their inception and early evolution in the
mantle. Mantle xenoliths, however, provide a potential window
into sub-Moho processes beneath arcs. Previous studies of such
xenoliths in various oceanic island arcs show evidence of inter-
action between depleted mantle and hydrous fluids and/or melts
(Maury et al., 1992; Kepezhinskas et al., 1996; McInnes et al.,
2001; Ionov, 2010). Mantle xenoliths from continental arcs are
found in the Sierra Nevada in the Western USA (Dodge et al., 1988;
Mukhopadhyay, 1989; Mukhopadhyay and Manton, 1994; Ducea
and Saleeby, 1996; Lee et al., 2001a, 2001b; Chin et al., 2012,
2013), Mexico (Liang and Elthon, 1990; Luhr and Aranda-Gomez,
1997; Blatter and Carmichael, 1998); and the Canadian Cordillera
(Peslier et al., 2002). Other studies from continental arcs examined
peridotites from back-arc settings, such as the Simcoe volcanic field
behind the Cascades arc (Brandon and Draper, 1996). Most, if not
all, published arc xenolith studies involved only peridotites from
the spinel facies. A notable exception is the Sierra Nevada xeno-
liths from California, many of which sample the garnet facies and
thus offer a rare view of the deep lithosphere beneath a mature
continental arc.

The goal of this paper is to place better constraints on what in-
fluence the deep lithosphere has on the compositional evolution of
continental arcs. Owing to their generally thicker lithosphere, con-
tinental arcs could undergo more extensive sub-Moho magmatic
differentiation compared to oceanic arc settings, which generally
have thinner lithosphere (Gill, 1981). Does the deep arc lithosphere
have an analogous role to thick crust, acting as a trap or reactive
filter for ascending arc magmas? How does the deep arc litho-
sphere evolve compositionally, given that primary melts impinge

and pass through it? What is the role of slab-derived melts and/or
fluids in the compositional development of the deep lithosphere or
as metasomatic agents in the mantle wedge (Straub et al., 2013)?

To address the questions above, we use a suite of peridotite
xenoliths from the Sierra Nevada arc in California, USA. The Sierra
Nevada is one of the type localities of a mature, continental arc,
and among the best-studied arcs in the world. We synthesize
textural, compositional, and oxygen isotope data on Sierran peri-
dotites, and show that magma-wallrock interaction and crystal
fractionation extends far below the Moho in some continental arcs.

2. Geologic setting

The Sierra Nevada Batholith was a long-lived (220–80 Ma)
(Stern et al., 1981) continental arc that formed due to subduc-
tion of the Farallon Plate beneath western North America (Fig. 2A).
The Mid to Late Cretaceous witnessed a period of especially volu-
minous magmatism, peaking at ∼93 Ma (Chen and Moore, 1982;
Barton, 1996; Coleman and Glazner, 1997). Magmatism was con-
comitant with compressional deformation at all levels of the litho-
sphere, ranging from upper crustal fold-and-thrust belts (Sevier
Orogeny), continental underthrusting beneath the arc at middle to
lower crustal levels (DeCelles et al., 2009; Chin et al., 2013), and
thickening of the mantle lithosphere (Chin et al., 2012). By around
74 Ma, Sierran volcanism ceased and magmatism swept eastward
into the continental interior (Coney and Reynolds, 1977). This shift
is attributed to flattening of the Farallon slab (Laramide Orogeny)
(Dickinson and Snyder, 1978; Bird, 1988; Saleeby, 2003), but mag-
matic thickening and pinch-out of the asthenospheric wedge may
be another explanation (Chin et al., 2012). Following the Laramide
Orogeny, roll-back of the slab induced ignimbrite flare-ups ∼40 Ma
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(Humphreys, 1995). At ∼20 Ma, subduction of the Pacific-Farallon
Ridge initiated the San Andreas Transform, the opening of a “slab-
less window” (Atwater, 1970; Dickinson and Snyder, 1979), and the
start of Basin and Range extension and basaltic volcanism which
continues to present (Wernicke et al., 1988).

Low-volume but widespread ultrapotassic and alkalic basalts
erupted synchronously with Basin and Range extension in the
central and eastern Sierra Nevada (Moore and Dodge, 1980;
Van Kooten, 1980). Geochemistry of the lavas reflect origin from
a K -metasomatized mantle source enriched in Pb, Sr, and other
fluid-mobile elements (Feldstein and Lange, 1999; Farmer et al.,
2002), probably inherited from Mesozoic subduction of oceanic
lithosphere beneath Western North America. The Cenozoic mag-
matic activity is divided into three episodes: Miocene (8–12 Ma),
Pliocene (3–4 Ma), and Quaternary (0–1 Ma) (Ducea and Saleeby,
1996). By the early Miocene, the slab window had begun to open
beneath the southern Sierra Nevada (Atwater and Stock, 1998).
Upwelling of asthenosphere induced by the slab window and as-
sociated crustal extension may have facilitated melting of Sierran
deep lithosphere and is thought to be a cause of late Miocene
magmatism in the central and eastern Sierra Nevada (Farmer
et al., 2002). Miocene lavas contain garnet-bearing deep litho-
spheric xenoliths, including garnet peridotites (Dodge et al., 1988;
Mukhopadhyay and Manton, 1994; Ducea and Saleeby, 1996;
Lee et al., 2001a), and thus attest to the presence of a thick
(∼100 km) mantle root that was present in Miocene times. In con-
trast, the lack of garnet-bearing xenoliths in Pliocene lavas suggests
that the ∼100 km lithospheric root was removed by the time of
these eruptions 3–4 Ma ago (Lee et al., 2000).

Of particular interest to this study and numerous previous
investigations (Dodge et al., 1988; Mukhopadhyay and Manton,
1994; Ducea and Saleeby, 1996; Lee et al., 2001a, 2001b) is the
Late Miocene Big Creek diatreme (37◦13′N, 119◦16′W). Big Creek
contains a wealth of xenoliths which have been used to reconstruct
the stratigraphy of the deep arc lithosphere (Saleeby et al., 2003).
Starting at the base of the seismically defined crust (Fliedner and
Ruppert, 1996), the lithosphere grades from low-Mg pyroxenitic
cumulates, to high-Mg pyroxenites interleaved with spinel peri-
dotite, and finally into garnet-bearing spinel peridotite (hereafter
referred to as “garnet peridotite”) at the base of the lithosphere
(Saleeby et al., 2003; Lee, 2014). According to Lee et al. (2006),
low-Mg pyroxenites are thought to represent cumulates of evolved,
hydrous basalt at lower crustal conditions (1.5 GPa). High-Mg py-
roxenites are considered higher pressure (2–3 GPa) cumulates of
a primary, hydrous basalt. The peridotites are thought to repre-
sent the deepest samples of the sub-arc lithosphere, with some
garnet peridotites recording equilibration up to 3.6 GPa (Ducea
and Saleeby, 1998; Chin et al., 2012). In this paper, we build on
the work of Chin et al. (2012), who focused on the pressure–
temperature-compositional history of Sierran garnet peridotites.
Combined with previously published data from Dodge et al. (1988),
Lee et al. (2001a), Lee (2005), and Chin et al. (2012), here we re-
port new whole-rock and mineral compositional data on Sierran
peridotite xenoliths.

3. Methods

Whole-rock major elements and selected trace elements were
analyzed by XRF at Washington State University at Pullman. Ad-
ditional details regarding the XRF method and analytical preci-
sion can be found online at http://environment.wsu.edu/facilities/
geolab.

Trace element abundances were also determined by ICP-MS us-
ing a ThermoFinnigan ELEMENT 2 at Rice University. Whole rocks
were crushed in a ceramic SPEX mill and powdered in a shatter-
box. For trace element analysis, 50–80 mg of whole rock powder

from each sample was added to a 2.5 ml Savillex wrench-top
beaker. After two sequential open-beaker digestions using a 1:1
HF:HClO4 mixture and complete open-air dry-down at ∼190 ◦C,
the samples were diluted to total volume ∼125 ml in 2% HNO3.
0.025 ml of concentrated HCl was added to each sample to keep
Fe in solution. A 1 ppb In tracer was added to each sample as
an internal standard. External standards (USGS powders BHVO-1,
BIR-1, AGV-1, DTS-1, JP-1; values from Eggins et al., 1997) and pro-
cedural blanks were prepared along with all unknown samples and
analyzed in the same runs. Li, Ga, Rb, Sr, Y, Zr, Nb, Cs, Ba, the rare
earth elements (REE), Ta, Tl, Pb, Thu, and U were analyzed in low
resolution (“low resolution ICP-MS or LR-ICPMS” where m/�m =
300). Sc, V, Cr, Co, Ni, Cu, Zn were analyzed in medium resolution
(“medium resolution ICP-MS or MR-ICPMS” where m/�m = 3000).
RSD (relative standard deviation) for all trace elements analyzed is
<10%, with most elements ranging between 1 and 5%.

Major element compositions of minerals (olivine, orthopyrox-
ene, clinopyroxene, spinel) in spinel peridotites 08BC10, BC10-1,
BC10-2 and BC10-4 were acquired using wavelength-dispersive
spectroscopy electron probe micro-analysis (EPMA) using a CAM-
ECA SX50 at Texas A&M University. Mineral data is reported in the
Supplemental Tables S1, S2, S3, and S4. Spot size was 1 micron,
operating conditions were 15 kV accelerating voltage, 5 nA cur-
rent, and 40 ms dwell time. Orthopyroxene, clinopyroxene, garnet,
olivine, and chromite standards were used.

For oxygen isotope analysis, minerals were separated as follows.
Whole rocks for 3 garnet peridotites (08BC03, 08BC08, 08BC04),
3 spinel peridotites (08BC13, BC10-1, 08BC10), and 4 garnet py-
roxenites (BC98-7, BC98-5, BC98-9, BCX) were gently disaggregated
using a rock hammer; the freshest, least altered gravel-sized pieces
were then gently crushed in an agate mortar and sieved for grain
sizes between 250 and 500 μm. From this size fraction, approx-
imately 2 mg of minerals (olivine, orthopyroxene, clinopyroxene;
garnet was picked from 1 garnet peridotite as well as from the
garnet pyroxenites) from each sample were hand-picked under
a binocular microscope. Only the cleanest, “gem”-like, alteration-
and inclusion-free grains were selected. The mineral separates
were then cleaned for several hours in dilute HCl, ultrasonicated,
and rinsed in de-ionized water.

Oxygen isotope ratios were determined using the laser fluorina-
tion technique of Sharp (1990) at the University of Texas at Austin.
∼2 mg of sample was heated with a CO2 laser in the presence of
BrF5 and subsequently cryogenically purified using the silicate ex-
traction line before introduction into a ThermoElectron MAT 253
isotope ratio mass spectrometer. In order to check for precision
and accuracy of oxygen isotope analyses, garnet standard UWG-2
(δ18O = +5.8�) (Valley et al., 1995), in-house olivine standard San
Carlos (δ18O = +5.2�), and in-house quartz standards Gee Whiz
(δ18O = +12.6�) and Lausanne-1 (δ18O = +18.1�) were run. All
δ18O values are reported relative to SMOW, where the δ18O value
of NBS-28 is +9.65�. Precision based on replicates of standards is
±0.09�.

4. The Sierran peridotite xenoliths

4.1. Sample descriptions

The Sierran peridotite suite is comprised of 14 spinel peri-
dotites and 13 garnet peridotites (Table 1). Here, we report new
whole-rock major element and trace element data on 8 spinel
peridotites (08BC01, 08BC10, BC10-1, BC10-2, BC10-3, BC10-4,
BCPL10-5, BC10-6) and 4 garnet peridotites (08BC05, 08BC11,
08BC23, P6). Only those samples with >95% anhydrous major
element oxide totals are of interest here. Furthermore, new min-
eral data are reported (Supplemental Tables S1–S4) for 08BC10,
BC10-1, BC10-2, and BC10-4. Of the new samples analyzed, 3 of
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Table 1
Whole-rock geochemistry and δ18O values of mineral separates.

Spinel peridotites

08BC01a 08BC02 08BC06 08BC10 08BC13 P-7 P-10 BC98-2 BC10-1 BC10-2 BC10-3 BC10-4 BCPL10-5 BC10-6
Reference This study 3 3 This study 3 2 2 2 This study This study This study This study This study This study

XRF Weight percent Moderate serp. Moderate serp.
XRF SiO2 47.70 44.85 47.90 45.10 45.52 45.45 48.97 46.18 45.64 47.05 53.50 44.95 44.89 48.09
XRF TiO2 0.03 0.04 0.03 0.02 0.01 0.09 0.05 0.03 0.01 0.03 0.01 0.02 0.06 0.05
XRF Al2O3 0.71 2.10 1.63 1.29 1.49 3.42 1.99 3.18 1.69 1.52 0.93 1.18 2.22 2.09
XRF Cr2O3 0.18 0.34 0.40 0.33 0.43 0.39 0.41 0.44 0.37 0.41 0.36
XRF FeOT 6.65 8.32 7.75 8.49 7.79 8.23 8.01 7.65 7.94 8.03 6.91 7.66 8.99 7.35
XRF MnO 0.11 0.14 0.26 0.13 0.13 0.14 0.21 0.14 0.14 0.12 0.28 0.12 0.15 0.23
XRF MgO 44.03 42.31 38.45 43.26 43.32 39.24 38.16 40.01 42.74 41.23 34.10 44.55 39.92 37.38
XRF CaO 0.54 1.48 3.47 1.31 1.24 3.14 2.36 2.49 1.41 1.45 3.79 1.11 3.17 4.20
XRF Na2O 0.06 0.20 0.08 0.03 0.04 0.28 0.17 0.21 0.03 0.07 0.00 0.01 0.13 0.11
XRF K2O 0 0.14 0.03 0.01 0.01 0.01 0.05 0.09 0.01 0.07 0.03 0.01 0.04 0.13
XRF P2O5 0 0.07 0.02 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.02 0.02

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Difference 1.82 4.15 3.14 2.01 1.02 1.19 0.62 2.53 3.58 4.00 1.60 1.29 5.84
Mg# 92.19 90.06 89.85 90.08 90.84 89.47 89.46 90.31 90.57 90.15 89.80 91.21 88.79 90.07

ppm
LR-ICPMS Li 5.05 17.7 14.4 20.3 5.41 3.47 19.1 7.23 22.7 27.0 43.4 31.8 10.8 39.5
MR-ICPMS Sc 6.24 5.91 8.18 7.93 9.49 12.9 6.75 10.7 8.95 6.55 9.52 8.67 12.3 10.7
XRF 8 9 8 10 8 8 8 8 12 11
MR-ICPMS V 20.9 26.8 41.0 33.8 41.0 59.2 36.6 43.0 38.2 27.8 39.6 37.1 60.3 48.2
XRF 36 42 35 45 44 39 28 36 63 52
MR-ICPMS Cr
XRF 2358 2751 2265 2954 2688 2827 3044 2555 2794 2459
MR-ICPMS Co 107 121 96 108 103 112 116 109 97 123 100 104 113 124
MR-ICPMS Ni 2295 2268 2050 2223 2068 2415 2490 2504 2120 2778 2526 2412 2272 2261
XRF 2405 2072 2419 2210 2272 2420 2079 2441 2114 2130
MR-ICPMS Cu 7.28 27.6 18.9 6.88 6.39 24.8 1.95 1.26 8.36 15.6 17.7 15.7 27.0 7.76
XRF 14 24 11 12 7 6 8 12 30 11
MR-ICPMS Zn 38.7 40.3 41.9 47.7 42.3 44.4 51.2 48.6 38.3 38.0 42.4 45.1 43.4 31.6
XRF 46 48 51 49 49 50 44 44 56 44
LR-ICPMS Ga 0.65 1.24 1.42 1.22 0.96 2.95 1.94 2.59 1.32 1.35 2.71 1.13 2.43 1.92
XRF 3 3 3 2 2 1 2 0 3 1
LR-ICPMS Rb 1.09 7.75 2.62 2.26 1.00 1.20 5.89 5.05 0.75 9.47 10.51 0.57 2.47 9.83
XRF 9 2 2 0 0 11 7 0 2 10
LR-ICPMS Sr 6.90 31.0 41.0 25.5 17.0 20.7 58.9 61.3 11.2 37.7 102 8.10 61 93
XRF 52 41 26 17 N/A N/A N/A 11 39 110 6 65 94
LR-ICPMS Y 0.58 0.67 1.49 0.19 2.34 0.68 1.18 0.50 0.31 2.36 0.50 1.33 1.41
XRF 3 2 3 1 3 3 3 2 4 3
LR-ICPMS Zr 1.72 8.52 1.12 0.52 0.51 4.40 1.75 5.90 1.29 2.76 1.34 2.30 3.56 3.64
XRF 13 3 2 2 1 5 2 3 5 4
LR-ICPMS Nb 0.112 1.108 0.222 0.339 0.125 0.061 0.060 0.364 0.308 0.377 0.771 0.107 0.943 0.765
LR-ICPMS Cs 0.60 2.99 2.54 1.74 0.85 1.09 5.13 2.73 0.65 9.99 9.69 0.64 1.37 9.18
LR-ICPMS Ba 21.2 27.9 19.7 15.7 16.6 9.2 18.6 44.5 6.2 15.9 100 14.5 23.6 33.9
XRF 51 30 20 21 15 23 43 18 33 38
LR-ICPMS La 0.189 2.01 0.992 0.778 0.0819 0.201 0.384 1.14 0.456 0.539 2.95 0.137 0.673 1.40
LR-ICPMS Ce 0.337 3.59 0.846 0.353 0.142 0.559 0.411 2.15 0.653 1.02 2.57 0.239 1.23 1.78
LR-ICPMS Pr 0.0468 0.389 0.0854 0.190 0.0186 0.105 0.0556 0.295 0.0839 0.137 0.269 0.0592 0.167 0.218
LR-ICPMS Nd 0.210 1.42 0.349 0.799 0.079 0.589 0.254 1.21 0.306 0.555 1.02 0.388 0.721 0.905
LR-ICPMS Sm 0.0609 0.234 0.0744 0.201 0.0212 0.211 0.0700 0.234 0.0579 0.113 0.184 0.115 0.202 0.208
LR-ICPMS Eu 0.0238 0.0894 0.0271 0.0539 0.008 0.0855 0.0318 0.0784 0.0139 0.0350 0.0836 0.0333 0.0744 0.0706
LR-ICPMS Gd 0.0735 0.107 0.244 0.0277 0.284 0.0883 0.216 0.0918 0.121 0.260 0.0891 0.205 0.237
LR-ICPMS Tb 0.0147 0.0433 0.0147 0.0370 0.00433 0.0531 0.0151 0.0324 0.0099 0.0136 0.0259 0.0151 0.0357 0.0317
LR-ICPMS Dy 0.0979 0.116 0.0920 0.229 0.0275 0.367 0.0918 0.188 0.0611 0.0732 0.142 0.0869 0.235 0.193
LR-ICPMS Ho 0.0224 0.0227 0.0217 0.0494 0.0070 0.0887 0.0211 0.0425 0.0141 0.0114 0.0303 0.0181 0.0522 0.0402
LR-ICPMS Er 0.0688 0.0685 0.152 0.0253 0.275 0.0631 0.139 0.0498 0.0335 0.0898 0.0573 0.157 0.122
LR-ICPMS Tm 0.0112 0.0105 0.0105 0.0253 0.00542 0.0419 0.00984 0.0231 0.00876 0.00262 0.00936 0.00947 0.0211 0.0152
LR-ICPMS Yb 0.0663 0.0698 0.0604 0.155 0.0321 0.260 0.0679 0.159 0.0554 0.0367 0.0686 0.0572 0.146 0.118
LR-ICPMS Lu 0.0122 0.0109 0.0111 0.0257 0.0073 0.0401 0.0109 0.0262 0.0114 0.00667 0.0125 0.0111 0.0236 0.0194
LR-ICPMS Hf 0.0575 0.188 0.0307 0.0148 0.0126 0.127 0.0501 0.156 0.0302 0.0805 0.0400 0.0575 0.112 0.106
ID
LR-ICPMS Ta 0.0094 0.0691 0.013 0.032 0.0029 0.0045 0.0021 0.022 0.027 0.035 0.048 0.0065 0.056 0.092
LR-ICPMS Tl 0.0480 0.0510 0.0170 0.0570 0.0210 0.0794 0.0595 0.0857 0.008 0.0190 0.0190 0.0210
LR-ICPMS Pb 0.341 1.95 0.948 0.673 0.425 0.227 0.507 0.794 0.896 0.338 1.07 0.314 0.648 1.69
LR-ICPMS Th 0.069 1.07 0.087 0.092 0.035 0.034 0.041 0.412 0.147 0.217 0.188 0.021 0.367 0.336
LR-ICPMS U 0.0599 0.469 0.091 0.077 0.024 0.017 0.063 0.211 0.140 0.093 0.188 0.011 0.218 0.479
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Table 1 (continued)

Spinel peridotites

08BC01a 08BC02 08BC06 08BC10 08BC13 P-7 P-10 BC98-2 BC10-1 BC10-2 BC10-3 BC10-4 BCPL10-5 BC10-6

δ18OSMOW (�) of mineral separates in selected samples
olivine 5.1 5.2 5.2
orthopyroxene 6.6 5.9 5.8

clinopyroxene 5.6 5.2 5.5

garnet

�cpx-olv 0.5 0.0 0.3
�opx-cpx 1.1 0.7 0.3
T (°C)opx-olv 685 1225 1215
T (°C)cpx-olv 1100 1450

Garnet-bearing spinel peridotites Garnet pyroxenites

BC77 1026V P-1 P-6 96D-18 08BC03 08BC04 08BC08 08BC07 08BC05b 08BC14b 08BC11b 08BC23b BC98-7 BC98-5 BC98-9 BCX
Reference 2 2 1 XRF from 3;

ICPMS
this study

3 3 3 3 3 This study 3 This study This study 4 4 4 4

XRF Weight
percent

Serpentinized Serpentinized Serpentinized Serpentinized

XRF SiO2 47.55 47.95 45.30 45.73 48.46 46.65 50.75 46.67 46.89 49.76 51.73 46.36 50.1 50.25 43.57 45.65
XRF TiO2 0.03 0.03 0.12 0.14 0.15 0.06 0.19 0.02 0.03 0.07 0.07 0.06 0.37 0.62 0.43 0.41
XRF Al2O3 2.60 3.59 2.78 4.20 6.63 3.16 4.81 2.43 1.86 3.28 4.06 2.39 8.62 7.59 10.01 15.27
XRF Cr2O3 0.25 0.41 0.40 0.42 0.38 0.51 0.52 0.38 0 0
XRF FeOT 7.54 7.08 8.93 8.24 7.61 7.68 8.06 7.74 7.66 7.71 6.45 7.37 11.43 9.61 13.45 13.69
XRF MnO 0.14 0.15 0.15 0.13 0.15 0.25 0.12 0.13 0.16 0.61 0.82 0.45 0.22 0.19 0.53 0.30
XRF MgO 39.17 35.48 37.62 37.31 33.14 37.00 31.07 40.26 41.87 25.83 24.82 32.49 20.26 17.88 4.42 9.91
XRF CaO 2.76 5.40 4.81 3.61 3.45 4.56 3.98 2.17 1.08 11.89 11.31 10.29 8.18 13.08 26.62 12.83
XRF Na2O 0.19 0.28 0.29 0.34 0.35 0.13 0.48 0.11 0.03 0.18 0.14 0.12 0.70 0.71 0.70 1.40
XRF K2O 0.02 0.04 0.01 0.03 0.05 0.06 0.11 0.04 0.03 0.13 0.06 0.06 0.10 0.06 0.03 0.41
XRF P2O5 0.00 0.00 0.00 0.01 0.01 0.03 0.03 0.01 0.02 0.03 0.02 0.02 0.01 0.01 0.23 0.11

Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
Difference 1.00 1.44 0.84 0.60 0.79 4.21 3.72 1.90 2.79 13.98 10.66 10.03 1.10 1.81 2.00 1.05
Mg# 90.26 89.93 88.25 88.98 88.59 89.57 87.29 90.27 90.70 85.66 87.27 88.71

ppm
LR-ICPMS Li 23.9 14.0 23.6 18.8 37.0 10.3 12.7 22.0 59.5 21.3 64.4 9.8 11 8.8 20
MR-ICPMS Sc 8.98 17.6 12.1 15.9 16.6 12.1 5.85 7.64 12.8 14.4 8.58 48.6 62.7 8.1 52.8
XRF 14 17 13 9 14 19 12 53 59 0 53
MR-ICPMS V 62.5 86.6 65.0 66.7 84.6 52.4 28.1 65.6 74.9 76.6 67.5 233 294 118 542
XRF 67 92 58 33 79 75 79 214 283 128 507
MR-ICPMS Cr 2301 1731 112 105
XRF 2788 2770 2879 2621 3506 3588 2641 1829 1485 117 108
MR-ICPMS Co 111 100 102 119 113 112 109 77.9 135 100 117 70.5 54.9 20.0 41.1
MR-ICPMS Ni 2406 2297 1831 2505 2360 2380 2308 1284 2699 1515 2033 298.8 268.6 86.8 61.4
XRF 2124 1976 2182 2348 2249 1524 2213 283 233 52 51
MR-ICPMS Cu 1.1 43.8 22.3 24.3 26.6 23.1 2.38 16.9 37.1 28.3 16.7 73.8 61.4 7.73 76.4
XRF 28 30 26 7 44 32 26 76 65 11 88
MR-ICPMS Zn 49.6 50.2 42.9 29.1 33.2 29.2 38.0 37.8 30.6 49.9 37.3 90.2 68.1 54.0 155.2
XRF 42 57 45 48 58 52 45 82 69 55 155
LR-ICPMS Ga 2.02 2.28 2.12 3.61 1.80 0.98 2.52 2.63 3.57 1.59 8.90 9.71 11.5 14.0
XRF 5 5 4 2 2 3 3 10 14 16 18
LR-ICPMS Rb 2.02 2.58 3.65 4.97 13.1 2.18 2.50 5.00 14.2 5.33 6.67 2.4 1.03 0.857 11.4
XRF 5 13 2 2 13 6 8 3 2 0 13
LR-ICPMS Sr 16.5 33.2 16.5 60.8 45.4 15.4 23.7 362 335 138 100 87.5 60.6 72.4 136.4
XRF 67 51 19 30 324 372 122 93 67 81 147
LR-ICPMS Y 0.57 2.17 3.77 3.51 0.90 0.92 4.13 4.30 7.03 2.84 8.55 12.8 21.4 34.7
XRF 5 5 2 2 4 9 5 8 13 23 32

(continued on next page)
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Table 1 (continued)

Garnet-bearing spinel peridotites Garnet pyroxenites

BC77 1026V P-1 P-6 96D-18 08BC03 08BC04 08BC08 08BC07 08BC05b 08BC14b 08BC11b 08BC23b BC98-7 BC98-5 BC98-9 BCX
Reference 2 2 1 XRF from 3;

ICPMS
this study

3 3 3 3 3 This study 3 This study This study 4 4 4 4

LR-ICPMS Zr 4.39 4.46 5.08 3.61 9.54 0.63 0.98 1.73 3.44 5.15 2.28 11.2 21.3 56.6 25.3
XRF 10 12 2 2 5 4 3 15 26 67 34
ID 8.92 18.4 56.3 22.3
LR-ICPMS Nb 0.043 0.066 0.154 0.184 0.153 0.051 0.197 0.140 0.209 0.139 0.299 0.304 0.224 0.157 1.45
LR-ICPMS Cs 1.67 2.85 4.96 3.76 6.28 1.78 1.71 3.94 12.6 4.49 6.55 0.117 0.205 0.288 1.86
LR-ICPMS Ba 16.9 9.80 17.8 57.5 50 20.4 25.9 73 112 42 67 257 50 14 184
XRF 64 53 29 44 111 98 79 245 61 13 186
LR-ICPMS La 0.245 0.228 0.923 0.863 0.758 0.115 0.267 2.79 2.41 2.97 1.12 0.990 0.971 8.27 2.63
LR-ICPMS Ce 0.850 0.877 0.803 1.26 1.58 0.231 0.407 2.88 2.53 3.05 1.55 3.01 3.68 17.9 6.28
LR-ICPMS Pr 0.0760 0.0680 0.258 0.166 0.258 0.0300 0.0614 0.299 0.294 0.350 0.185 0.494 0.700 2.80 0.888
LR-ICPMS Nd 0.317 0.315 1.33 0.740 1.37 0.137 0.305 1.22 1.27 1.65 0.792 2.74 4.24 13.4 5.03
LR-ICPMS Sm 0.0599 0.100 0.398 0.203 0.439 0.0471 0.0929 0.246 0.296 0.448 0.190 0.901 1.58 3.02 2.90
LR-ICPMS Eu 0.0233 0.0417 0.138 0.0566 0.154 0.208 0.124 0.708 0.573 1.42 1.28
LR-ICPMS Gd 0.0741 0.160 0.282 0.499 0.0651 0.425 0.799 1.37 3.39 2.18
LR-ICPMS Tb 0.0121 0.0323 0.0695 0.0580 0.0924 0.0154 0.0153 0.0515 0.0655 0.0855 0.0380 0.142 0.244 0.541 0.424
LR-ICPMS Dy 0.103 0.295 0.575 0.452 0.589 0.121 0.130 0.307 0.434 0.763 0.327 1.01 1.66 3.14 3.35
LR-ICPMS Ho 0.0172 0.0767 0.127 0.122 0.131 0.0321 0.0300 0.0716 0.106 0.176 0.0817 0.298 0.461 0.639 1.17
LR-ICPMS Er 0.0465 0.259 0.414 0.379 0.109 0.184 0.337 0.397 0.203 0.853 1.29 1.90 3.46
LR-ICPMS Tm 0.0070 0.0422 0.0547 0.0671 0.0561 0.0185 0.0147 0.0263 0.0505 0.0757 0.0442 0.125 0.188 0.283 0.516
LR-ICPMS Yb 0.0420 0.273 0.300 0.440 0.355 0.123 0.0849 0.139 0.319 0.403 0.249 0.730 1.11 1.68 2.99
LR-ICPMS Lu 0.0063 0.0427 0.0463 0.0696 0.0533 0.0203 0.0139 0.0209 0.0521 0.0621 0.0420 0.112 0.162 0.246 0.452
LR-ICPMS Hf 0.110 0.104 0.188 0.111 0.283 0.0196 0.0303 0.0667 0.116 0.186 0.0814 0.432 0.845 1.90 0.884
ID 0.386 0.862 2.10 0.903
LR-ICPMS Ta 0.0023 0.0038 0.0149 0.0093 0.0117 0.0031 0.0187 0.00839 0.0112 0.0100 0.0179 0.023 0.025 0.029 0.088
LR-ICPMS Tl 0.0624 0.129 0.193 0.351 0.129 0.026 0.05 0.291 0.05 0.08 0.082 0.235 0.012 0.151
LR-ICPMS Pb 0.236 0.603 0.464 0.214 1.12 0.155 0.184 1.37 0.664 1.36 0.366 0.413 0.551 0.223 1.53
LR-ICPMS Th 0.0077 0.0087 0.078 0.181 0.175 0.0126 0.058 0.058 0.157 0.037 0.116 0.019 0.060 1.202 0.495
LR-ICPMS U 0.011 0.007 0.116 1.02 0.0821 0.0158 0.185 0.094 2.98 0.368 5.65 0.142 0.030 0.779 0.242

δ18OSMOW (�) of mineral separates in selected samples
olivine 5.2 5.4 5.4
orthopyroxene 6.2 6.0 5.8

6.0 6.0
clinopyroxene 5.5 5.7 5.9

5.4
garnet 5.3 6.7 5.5 6.5 10.6

10.8
�cpx-olv 0.3 0.2 0.5
�opx-cpx 0.6 0.3 -0.1
T (°C)opx-olv 1000 1330 1585
T (°C)cpx-olv 1630 1690 1130

Difference = Normalized XRF total (100% volatile-free basis) – Unnormalized XRF total
Mg# = (atomic Mg/(Mg + FeT) × 100)

LR-ICPMS = low resolution ICPMS (m/�m = 300)
MR-ICPMS = medium resolution ICPMS (m/�m = 3000)
[1] Dodge et al., 1988
[2] Lee, 2005
[3] Chin et al., 2012
[4] Lee et al., 2006

a Major elements recalculated from solution MR-ICPMS (SiO2 determined by difference). Sample is fresh and un-serpentinized in hand specimen.
b Highly serpentinized samples (not plotted in Figs. 2, 3, 6, 7)
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Fig. 3. CaO (A), Al2O3 (B), Na2O (C) and SiO2 (D) plotted against MgO (wt.%). Sierran spinel peridotites are shown as black circles and Sierran garnet peridotites as yellow tri-
angles. Gray circles represent literature-compiled arc peridotites from mature island and continental arcs (Mexico, Canadian Cordillera, Kamchatka, Lesser Antilles, Philippines,
and Ichinomegata) (see text for references). Blue squares represent global arc peridotites from juvenile island arcs and backarcs (Izu Bonin, South Sandwich, and Simcoe) (see
text for references). Primitive mantle of McDonough and Sun (1995) shown as star. Melt depletion curves of primitive mantle are shown as red lines (see text for details).
Black, orange, and blue lines represent mixing between 20% depleted primitive mantle and MORB end-members H, L, and D from Elthon (1992) (see text for details). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the 4 garnet peridotites (08BC05, 08BC11, 08BC23) are extensively
serpentinized with anhydrous whole-rock totals <90%. In addition,
these 3 samples show evidence of carbonate infiltration, borne out
in their high CaO (>10 wt.%) and high Sr (>100 ppm). We thus
exclude these 3 samples from further discussion owing to the un-
certainty in how serpentinization and other alteration processes
have affected whole-rock compositions, but report all data in Ta-
ble 1 for completeness.

4.2. Xenolith textures

Previous studies of Sierran mantle xenoliths (Ducea and Saleeby,
1996; Lee et al., 2001a; Chin et al., 2012) showed that the sub-
arc mantle is compositionally stratified. The lithosphere transitions
from shallow spinel peridotites (<3 GPa) into deep (3–3.5 GPa)
garnet peridotites. The lithological transition is not sharp, as shown
by the overlap in modal clinopyroxene between spinel and gar-
net peridotites (modal mineralogies are reported in Supplemental
Table S5). Despite the overlap, spinel and garnet peridotites ex-
hibit disparities in mineral modes and petrographic textures. In
general, spinel peridotites have <10% clinopyroxene and have
a coarse-grained, protogranular texture. Garnet peridotites have
higher clinopyroxene modes (up to 20%) and are characterized by
a fine-grained, highly deformed and recrystallized porphyroclastic
texture (Chin et al., 2012; Fig. 2B).

Another distinction between spinel and garnet peridotites, as
discussed in Chin et al. (2012), is that in garnet peridotites,
clinopyroxene occurs in fine-grained, diffuse bands juxtaposed on
the relict olivine-dominated matrix. These clinopyroxene bands
were interpreted as evidence for melt infiltration, and combined
with geochemical data, were used to suggest that the garnet peri-
dotites experienced refertilization by basaltic melt. In this paper,
we aim to place better constraints on the nature and magnitude of
the refertilization.

5. Results

5.1. Whole-rock geochemistry

5.1.1. Major element composition
Major element data are reported in Table 1 and selected oxides

(wt.%) are plotted against MgO (wt.%) in Fig. 3. Negative trends are
observed in the Sierran data between CaO, Al2O3, Na2O, and SiO2
versus MgO. Garnet peridotites generally plot at the low-MgO, “fer-
tile” end whereas spinel peridotites trend towards the high-MgO,
“depleted” end. However, no sharp boundary separates the two
peridotite groups in any of the binary oxide plots, with some spinel
peridotites overlapping in composition with garnet peridotites.
Several garnet peridotites are enriched in CaO, even more so than
primitive mantle (McDonough and Sun, 1995) (Fig. 3A). These gar-
net peridotites also have high modal abundances of clinopyroxene
(Fig. 2).

5.1.2. Trace elements
Trace element abundances are reported in Table 1. Spinel peri-

dotites are distinguished from garnet peridotites by having mostly
flat rare earth element (REE) element primitive mantle normal-
ized patterns (not shown). In contrast, several garnet peridotites
have normalized REE patterns that are enriched in the heavy REEs
(HREE) relative to the middle REEs (MREE) (Chin et al., 2012). If all
trace elements are plotted in order of increasing compatibility with
respect to anhydrous melting of peridotite (Hofmann, 1988), both
spinel and garnet peridotites show depletion in Nb relative to La,
as well as depletion in Ti relative to Sm (Fig. 4). Positive anoma-
lies in fluid-mobile elements (Cs, Li, Ba, Rb, Sr) are also observed
in such a plot, as shown previously by Lee (2005) and Chin et al.
(2012), and were interpreted as evidence that the Big Creek peri-
dotites interacted with fluids and/or hydrous melts. However, we
cannot rule out the possibility that elevated Cs, Li, Ba, Rb, and Sr
reflect recent metasomatism/contamination by the host lava.



Author's personal copy

192 E.J. Chin et al. / Earth and Planetary Science Letters 397 (2014) 184–200

Fig. 4. Ti/Sm versus Nb/La ratios (ppm/ppm) of Sierran peridotites.

5.2. Oxygen isotope compositions of minerals

Oxygen isotope ratios for olivine, orthopyroxene, clinopyroxene,
and garnet separates are reported in Table 1 and plotted in Fig. 5.
The average δ18O values of olivine in spinel peridotites (n = 3)
and garnet peridotites (n = 3) are 5.2� and 5.3�, respectively.
The average δ18O value of orthopyroxene in spinel peridotites is
6.1� and in garnet peridotite is 6.0�. The average δ18O value
of clinopyroxene in spinel peridotite is 5.4� and in garnet peri-
dotite is 5.6�. These values are representative of typical mantle
olivine (5.2�), garnet (5.5�), and orthopyroxene and clinopy-
roxene (5.6�) (Deines and Haggerty, 2000). We also report δ18O
values of garnet from four garnet pyroxenites: BC98-7, BC98-5,
BC98-9, and BCX. Samples BC98-7 and BC98-5 are high-MgO gar-
net pyroxenites, whereas BC98-9 and BCX are low-MgO garnet py-
roxenites (Lee et al., 2006).

Reconstructed whole-rock δ18O values, based on the average
δ18O values of different minerals and their modal abundance,
in spinel and garnet peridotites range from 5.4 to 5.9�. These
whole-rock values overlap δ18O values of typical mantle (∼5.5 ±
0.2�; Mattey et al., 1994; Eiler, 2001). In Fig. 5, we also plot for
reference δ18O values of minerals in peridotites interpreted to be
metasomatized by slab-derived and/or carbonatitic melts (Perkins
et al., 2006; Rehfeldt et al., 2008). The Sierran xenoliths mostly plot

in the typical mantle field, although some samples, such as spinel
peridotite 08BC13, extend into the “metasomatized” field.

Temperatures calculated based on equilibrium oxygen isotope
exchange between clinopyroxene and olivine (Chiba et al., 1989)
and orthopyroxene and olivine (Rosenbaum et al., 1994) support
a high-temperature origin (>700 ◦C), with some temperatures as
high as 1690 ◦C. In contrast, temperatures obtained using sub-
solidus mineral thermobarometry (Fe–Mg exchange between or-
thopyroxene and clinopyroxene coupled with Al net-transfer be-
tween orthopyroxene and garnet; (Brey and Kohler, 1990) are con-
siderably lower, ranging from 670 to 870 ◦C (Chin et al., 2012)).
Even if the high uncertainties associated with oxygen isotope tem-
peratures (±200 ◦C; Chazot et al., 1997) compared to the Brey and
Kohler thermobarometer (±20 ◦C) are taken into account, oxygen
isotope temperatures are still considerably higher than those ob-
tained using subsolidus mineral thermobarometry.

Substantial zoning in Al and Ca is observed in pyroxenes from
the Big Creek peridotites (Lee et al., 2001a; Chin et al., 2012), and
CaO-in-orthopyroxene thermometry (Brey and Kohler, 1990) of py-
roxene cores yield higher “peak” temperatures between 900 and
1140 ◦C (Lee et al., 2001a) compared to temperatures obtained
from rims. These features also support a high-temperature origin
of the Sierran peridotites, followed by subsequent cooling rapid
enough that the final mineral assemblage is in disequilibrium on
the μm to mm scale. Thus, one possible explanation for the dis-
crepancy between garnet-pyroxene thermobarometry and oxygen
isotope thermometry is that in contrast to the small spot sizes
(1 μm) used for garnet-pyroxene thermobarometry, laser fluorina-
tion is a bulk technique ablating several mineral grains simulta-
neously and therefore homogenizing any core–rim compositional
disequilibrium. For the purposes of this study, any small oxygen
isotope deviations from equilibrium are not significant.

6. Discussion

6.1. Sierran peridotites reflect a refertilization trend

Major element compositional trends observed in the Sierran
peridotites (Fig. 3) appear consistent with those predicted for melt
depletion from an originally fertile primitive mantle. However, sim-
ple melt depletion of canonical primitive mantle is difficult to
reconcile with the anomalously high CaO and SiO2 (correspond-
ing to high modal abundances of clinopyroxene) observed in some

Fig. 5. δ18O values of minerals from Sierran peridotites. A) δ18O values in orthopyroxene vs. δ18O values in olivine; B) δ18O values in clinopyroxene vs. δ18O values in olivine.
Typical mantle peridotites from Mattey et al. (1994) and metasomatized peridotites from Rehfeldt et al. (2008) and Perkins et al. (2006) are also shown as white circles and
blue circles, respectively. Temperature-dependent fractionation between minerals (dashed lines) are from Chiba et al. (1989) and Rosenbaum et al. (1994). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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of the Sierran garnet peridotites (Fig. 2B, Fig. 3A, D) as well as
some spinel peridotites. These samples also have low MgO rela-
tive to primitive mantle and thus do not resemble typical residues,
which would have elevated MgO relative to primitive mantle. In-
stead, several lines of evidence, as we discuss below, suggest that
the Sierran peridotites may have had a melt component added
back to it, a process which we refer to here as refertilization, as
for example, described by Ionov et al. (2005), Le Roux et al. (2007)
and Luffi et al. (2009).

In Fig. 3, we show batch melting curves (red lines) calcu-
lated using pMELTS (Ghiorso et al., 2002), beginning with a prim-
itive mantle source (McDonough and Sun, 1995). Melting is mod-
eled along an isentropic path initiating at 3 GPa and terminat-
ing at 0.3 GPa (assuming surface mantle potential temperature of
1300 ◦C). Also plotted are mixing lines (solid red, orange, and blue
lines) between a melt-depleted peridotite (residue from 20% melt-
ing, corresponding to the most depleted spinel peridotites in terms
of major elements) and three end-member mid-ocean ridge basalt
(MORB) compositions, “H”, “L”, and “D” (Elthon, 1992). These
MORB end-members approximate melts produced by decompres-
sion melting of upwelling mantle beneath mid-ocean ridges, with
the “H” end-member corresponding to a low-F melt segregated
at high pressures (2.5–3 GPa), followed by the “L” and “D” end-
members which correspond to higher extents of melting with in-
creased decompression. For CaO, Al2O3, and SiO2, refertilization
and melt depletion are for the most part indistinguishable. How-
ever, because Na is incompatible, it is rapidly depleted from the
residue, resulting in concave upwards melting arrays in a plot of
Na2O versus MgO (Fig. 3C). Had melt extraction been assumed to
be instantaneous (e.g., fractional melting), the melting array would
be predicted to be even more non-linear owing to more efficient
removal of Na. Thus the roughly linear trend displayed by the Sier-
ran peridotites in Na2O versus MgO is thus difficult to explain by
melt depletion and may be better explained by mixing or reac-
tion between a basaltic melt and a harzburgitic endmember as
we discuss below. Re-introduction of basaltic melt and associated
clinopyroxene precipitation would also explain the elevated CaO
and SiO2 (relative to primitive mantle) observed in garnet peri-
dotites.

High Cr# (atomic (Cr/(Cr + Al)) × 100) of relict spinels in com-
bination with fertile bulk rock compositions may also suggest
refertilization (Chin et al., 2012). Cr# in spinel is an indicator of
the melting degree of mantle peridotites (Dick and Bullen, 1984),
and increases with melting owing to the compatibility of Cr. Re-
introduction of melt would decrease the whole-rock Cr#, but Cr#
of relict, refractory spinel cores may survive post-melting phe-
nomena (Voigt and von der Handt, 2011) and thus can preserve
original melt depletion signatures. Cr# of spinel cores in both Sier-
ran spinel peridotites and garnet peridotites range between 30 and
40, with the exception of two samples which have low (<20)
Cr# spinel (Cr# of spinel rims in garnet peridotites has been in-
creased relative to core compositions by garnet corona formation
and thus only core compositions are of interest here). Cr#’s be-
tween 30 and 40 correspond to 15–20% melt depletion (Hirose and
Kawamoto, 1995; Matsukage and Kubo, 2003). At these degrees of
melting, modal clinopyroxene should be ∼5% (Baker and Stolper,
1994). Some Sierran garnet peridotites, despite having high Cr# in
relict spinel, have excess modal clinopyroxene (10–20%), which is
greater than that predicted by simple melt depletion (Fig. 6). This
suggests that the bulk rock has been refertilized, but the cores of
spinels preserve a memory of prior melt depletion due to slow
equilibration of Cr between spinel and whole-rock. The decoupling
between Cr# in relict spinel and modal clinopyroxene in Fig. 6 is
consistent with earlier findings of Chin et al. (2012), who showed
similar decouplings between spinel Cr# and whole-rock composi-
tion. Major element compositional trends and high Cr# of relict

Fig. 6. Cr# (atomic (Cr/(Cr + Al)) × 100) in spinel vs. clinopyroxene mode in Sier-
ran peridotites. Data shown are from Lee et al. (2001a), Chin et al. (2012), and
this study. Also plotted are spinel peridotites from Kamchatka (Ionov, 2010), Mex-
ico (Liang and Elthon, 1990; Luhr and Aranda-Gomez, 1997; Blatter and Carmichael,
1998), and Lesser Antilles (Parkinson et al., 2003). Blue field represents peridotites
from Izu Bonin (Parkinson and Pearce, 1998). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

spinel decoupled from modal clinopyroxene thus suggest a refer-
tilization trend from a depleted harzburgitic precursor.

Based on thermobarometric constraints from our previous stud-
ies (Lee et al., 2001a; Chin et al., 2012), the extent of refertilization
appears to increase with depth. Shallow depths (<90 km, 3 GPa)
are dominated by undeformed, clinopyroxene-poor (<10%) spinel
peridotites and smaller amounts of more fertile, clinopyroxene-
rich (10–15%) spinel peridotites. At greater depths (90–110 km,
3–3.5 GPa) highly deformed garnet peridotites with excess clinopy-
roxene (>10%) are present. Chin et al. (2012) showed that the
garnet peridotites originally formed as shallow spinel peridotites,
which were subsequently transported to garnet facies depths and
rapidly cooled, as evidenced by widespread preservation of min-
eral zonation and Al-depletion halos next to exsolved garnet and
amphibole lamellae (Lee et al., 2001a; Chin et al., 2012). Based on
their bulk rock compositions and their metamorphic histories, the
Sierran peridotites have been interpreted to represent a cogenetic
package of mantle lithosphere, initially formed by melt depletion
associated with Mesozoic arc magmatism (Lee et al., 2001b) and
then compressed and cooled as the lithosphere was thickened to
pressures of 3–3.5 GPa, presumably approaching the top of the
subducting slab (Chin et al., 2012).

Finally, although refertilization is most apparent in the gar-
net peridotites (e.g., excess clinopyroxene), both spinel and garnet
peridotites were also affected by cryptic metasomatism, wherein
the trace-element geochemistry appears to have been modified
without concomitant changes in major elements or modal min-
eralogy. As shown in Fig. 4 and described earlier, both Sierran
spinel peridotites and garnet peridotites have low Ti/Sm and Nb/La,
but relative enrichment in large ion lithophile elements (LILE),
such as Sr. We interpret the anomalously low Ti/Sm (<3000) and
Nb/La (<1) ratios as indicating the involvement of a fluid meta-
somatic component, because of low solubility of Ti and Nb in
fluids (Tatsumi et al., 1986). Interestingly, neither Sr/Nd nor U/Pb
shows any systematic variation between the two lithologies, in
contrast to the marked gradient in clinopyroxene mode with in-
creasing pressure. Thus, the fluid-enriched signature of the Sierran
xenoliths may represent a pervasive overprint, perhaps related to
slab-derived fluids from the Farallon plate, as proposed by Lee
(2005). Because the Farallon plate persisted beneath the Sierra
Nevada arc long after arc magmatism ceased (Dumitru et al., 1991;
Humphreys et al., 2003), it is not clear if this fluid signature was
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Fig. 7. Sm–Yb–CaO systematics of Sierran peridotites and binary mixing models (Sm and Yb in ppm and CaO in wt.%). Mixtures between 20% depleted primitive mantle and
mantle-derived melts shown as solid colored lines (black for melts originating in the garnet facies; orange for melts originating in the spinel facies); contours of constant
percentage of melt added to the depleted peridotite (5% increments) shown as dashed lines. Mixtures between depleted peridotite and slab melts (F ranging from 1 to 15%)
plot in the blue fields in A) and C). Melt depletion curves (red lines) from primitive mantle (star) also shown for reference. The garnet and spinel facies melting curves are
nearly identical for the Sm/Yb vs. CaO plots; thus only the garnet facies curve is shown. A) Sm/Yb versus Yb (ppm); melts originate from garnet facies B) Sm/Yb vs. CaO
(wt.%); melts originate from garnet facies C) Sm/Yb versus Yb (ppm); melts originate from spinel facies D) Sm/Yb versus CaO (wt.%); melts originate from spinel facies. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

coeval with the major element refertilization or due to later meta-
somatism.

6.2. Refertilization models

In this section, we constrain the nature and extent of refer-
tilization of the Sierran peridotites. How did the fertile garnet
peridotites, which were demonstrated above to have originated as
depleted spinel peridotites, come to contain excess clinopyroxene
(and garnet), in contrast to the shallower spinel peridotites which
appear to have experienced less refertilization? Was the refertil-
ization related to infiltration of a slab melt or mantle melt? Here,
we explore two end-member refertilization scenarios (Bodinier et
al., 1988). The first scenario is that the refertilized peridotites rep-
resent a mixture between trapped melt and an original depleted
harzburgite (batch melt addition). For example, clinopyroxene and
garnet-enrichment in the mantle might be a product of high-
pressure (>2 GPa) crystal fractionation of hydrous arc magmas
(Green, 1972). The second scenario is that the refertilized peri-
dotites represent products of melt-rock reaction between a passing
melt and a peridotite protolith.

To evaluate these hypotheses, we modeled the behavior of trace
elements because the major elements alone are not sufficient to
distinguish between mixing and melt-rock reaction. We choose
moderately incompatible trace elements because these elements
are sensitive to mineralogic changes associated with refertiliza-
tion, but rather insensitive to cryptic metasomatism (Canil, 2004;
Lee et al., 2007a). MREEs and HREEs, in this regard, are useful
because they are moderately incompatible and their partition co-
efficients are relatively well-constrained. We avoid the use of LREE

because these elements are more susceptible to cryptic metaso-
matism (Nixon et al., 1981; Condie et al., 2004). In our models, we
use Yb, which is sensitive to garnet growth, and Sm, which is more
sensitive to clinopyroxene growth.

6.2.1. Binary mixing between melt and harzburgite
In Fig. 7, we show simple mixing models between a depleted

peridotite precursor and various melts. In all mixing models, the
depleted end-member is formed by 20% melt depletion of prim-
itive mantle with composition of McDonough and Sun (1995),
reflecting the most depleted Sierran spinel peridotites in terms
of major element systematics (Fig. 3). This 20% depletion is also
within the bounds estimated using Cr# of relict spinel cores, as
described above and in Chin et al. (2012). To be consistent with
the P–T path of the Sierran garnet peridotites interpreted by Chin
et al. (2012), we assume that the depleted end-member originated
in the spinel facies. To this depleted end-member peridotite, we
add mantle-derived melts from both the spinel and garnet facies.
Mixing with eclogite-derived melts was also modeled to simulate
slab melt addition.

To model the trace element composition of mantle-derived
melts and the initial composition of the depleted end-member
residue, we used a non-modal, fractional melting model using
starting mineral modes and melting modes from Johnson et al.
(1990). Melts from the garnet stability field (black lines Fig. 7A, B)
and spinel stability field (orange lines, Fig. 7C, D) were calculated.
As mentioned above, a single depleted end-member formed in the
spinel facies is used in all mixing scenarios. Slab-derived melts
were calculated using an eclogitic source (62% garnet, 38% clinopy-
roxene) based on the melting relationships in Kessel et al. (2005).
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Additional details on model set up can be found in the Supple-
mental Appendix 1.

For spinel-facies melting, Sm and Yb mineral/melt partition co-
efficients for clinopyroxene are from Hauri et al. (1994) and for
olivine and orthopyroxene are from Lee et al. (2007a), the latter
of which were determined so that they are internally consistent
with the Hauri et al. (1994) clinopyroxene partition coefficients.
Sm and Yb partition coefficients for spinel are from Stosch (1982).
For garnet-facies melting, Yb mineral/melt partition coefficients for
olivine, orthopyroxene, clinopyroxene, and garnet were taken from
Canil (2004); Sm mineral/melt partition coefficients for olivine, or-
thopyroxene, and clinopyroxene were from Lee et al. (2007a) and
for garnet from Johnson et al. (1990). Mineral/melt partition coef-
ficients for eclogitic systems were taken from Barth et al. (2002).
CaO contents of 1, 5, 10, and 15% melts of primitive mantle were
obtained from the isentropic melting calculation described in Sec-
tion 6.1. CaO in these mantle melts ranged from 5 to 12 wt.%.

In Fig. 7, mixing lines between the depleted peridotite end-
member and mantle-derived melts corresponding to different
melting fractions (F = 1–15%) are plotted as solid lines; dashed
lines represent contours of 5% melt increments added to the mix-
ture. In Fig. 7A and B, mixing of depleted peridotite with melts
derived from the garnet facies is shown, whereas in Fig. 7C and
D, mixing with spinel peridotite melts is shown. Melt depletion
trends predicted for residual peridotite are also shown for compar-
ison (red lines).

The results of these models can be summarized as follows. Melt
depletion results in depletion in Sm and Yb, but greater deple-
tion in Sm compared to Yb and CaO because CaO and Yb are
less incompatible than Sm. This results in concave up positive
correlations of Sm/Yb versus Yb and CaO during melting. Mix-
ing, however, gives fundamentally different trends. Mixing with
mantle-derived melts gives convex upwards mixing lines in Sm/Yb
versus Yb or CaO diagrams because the relative enrichment of
Sm in mantle melts is far higher than that of Yb and Ca. Due
to the differences in compatibility of these elements, the addition
of low degree melts will increase Sm/Yb at a rate faster than Yb
or Ca, increasing the nonlinearity of the mixing curves. In detail,
because melts derived from garnet peridotite melting have signifi-
cantly lower Yb than melts derived from spinel peridotites, mixing
with garnet peridotite melts causes a greater increase in Sm/Yb
for the same amount of mixing with a spinel peridotite melt. Fi-
nally, because of the large amount of garnet (>50%) in the residue
of slab melts, Yb behaves as a compatible element during slab
melting, generating hypothetical melts with extremely high Sm/Yb.
This results in nearly vertical mixing lines in Sm/Yb versus Yb
plots.

With the understanding of these trends in place, we can now
examine the Sierran peridotites. The spinel peridotites have vari-
able Yb and CaO, but some have anomalously high Sm/Yb com-
pared to the garnet peridotites. The garnet peridotites have vari-
able Yb and CaO, but are generally higher in Yb and CaO than the
spinel peridotites. In particular, the Sm/Yb ratios of the garnet peri-
dotites show no correlation with Yb or CaO. Some of the spinel and
garnet peridotites overlap in composition. There appears to be no
strong evidence that the peridotites have mixed with any signifi-
cant amount (e.g., >5%) of a slab melt. While four of the spinel
peridotites have Sm–Yb systematics consistent with small amounts
of added slab melt, these samples can also be explained by the
addition of low-degree garnet peridotite melts, resulting in cryp-
tic metasomatism. For the rest of the peridotites, it can be seen
that the Sm–Yb–CaO systematics of both the spinel and garnet
peridotites can be explained by mixing of up to 30% of a 10–15%
melt of a garnet peridotite or 15–30% of a 5–10% melt of a spinel
peridotite (Fig. 7). Assuming clinopyroxene has a CaO content of
∼20 wt.% and that the mantle melts have ∼10% CaO and assuming

that all the CaO in the added melt is eventually accounted for by
clinopyroxene, such mixing proportions of melt correspond to the
addition of ∼7–17% of clinopyroxene added to the harzburgite. Al-
though this mixing scenario is simplistic, the estimated amount
of clinopyroxene added is consistent with the observed mineral
modes.

6.2.2. Melt-rock reaction
We now examine the second refertilization scenario: melt-rock

reaction. Here, a passing melt reacts with a protolith, leaving be-
hind a reacted rock that has partially or fully equilibrated with, but
no longer contains, the melt. Depending on the melt/rock ratio, the
extent of equilibration between melt and rock, and the composi-
tions of melts and harzburgitic precursors, melt-rock reaction can
generate a diversity of reacted rock types (Garrido and Bodinier,
1999). We model the end-member case where the melt is in excess
and the protolith compositionally equilibrates with the melt, re-
sulting in an increase in clinopyroxene along with a change in trace
element composition. In other words, we assume the melt/rock ra-
tio is so high that the melt does not change its composition, but
the major and trace element composition of the rock changes ac-
cordingly. In this model, we evaluate the extreme case in which
the observed mineralogy represents the product of melt-rock re-
action rather than mixing, and our goal is to quantify how this
reaction is manifested in whole-rock trace element composition.
Although this approach is simplistic, it bounds the geochemical
modification of peridotites by melt-rock reaction.

In our model, the reacted mineral compositions are constrained
by the equilibrium partition coefficient. We use the garnet-facies
melt compositions (1, 5, 10, and 15% melts of primitive mantle)
from the mixing calculations discussed in the previous section
(Fig. 7). We assume that the observed mineral modes are already
the product of refertilization. Our goal is to calculate the trace ele-
ment signature of the peridotites upon equilibration with the melt.
For a given melt composition and known partition coefficients
(see above), we calculate olivine, orthopyroxene, clinopyroxene,
and garnet trace element compositions in equilibrium with the
melt. Hypothetical bulk rock compositions are then estimated with
a weighted average of all the minerals according to their observed
modes. To explore the plausible variable space so that the entire
spectrum of peridotites is encompassed, we generated two hypo-
thetical arrays. In one, we varied clinopyroxene mode from zero to
100%, keeping the olivine/orthopyroxene ratio constant at 2. In the
second array, we varied garnet mode while keeping clinopyrox-
ene/olivine and clinopyroxene/orthopyroxene ratios fixed at 0.15
and 0.2, respectively. For further details on the model setup, the
reader is referred to Supplemental Appendix 1.

In Fig. 8, we summarize our model results. When only clinopy-
roxene is varied, the suites of reacted rocks follow positive, con-
cave down trajectories on a plot of Sm/Yb versus Yb (Fig. 8A),
superficially resembling binary mixing (Fig. 7A). An additional fea-
ture of the Sm/Yb versus Yb plot in Fig. 8A is that rocks reacted
with low-F melts fall on highly non-linear trends compared to
rocks reacted with higher F melts. This is because clinopyroxenes
in equilibrium with low-F melts have higher Sm/Yb compared to
clinopyroxenes in equilibrium with high-F melts, in which Sm is
diluted.

When garnet is varied, the reaction arrays in the Sm/Yb versus
Yb plots have negative slopes and are concave up (Fig. 8B) com-
pared to the clinopyroxene-only case. Sm/Yb ratios in reacted rocks
decrease with increasing garnet mode, owing to the compatibil-
ity of Yb in garnet. Finally, isopleths of clinopyroxene and garnet
mode in Fig. 7 have negative slopes because the concentrations of
Sm and Yb in the melts decrease and increase, respectively, with
increasing F for garnet-facies melting.
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Fig. 8. Sm–Yb systematics of Sierran peridotites and melt-rock reaction models.
Arrays of reacted rocks are shown as solid blue lines. Contours of constant clinopy-
roxene (cpx) mode or garnet (gt) mode shown as dashed blue lines. Melt depletion
curves (red lines) from primitive mantle (star) also shown for reference. Gray field
represents range of observed modal clinopyroxene or garnet in the Sierran peri-
dotites. A) Sm/Yb versus Yb (ppm), varying clinopyroxene mode while olivine/or-
thopyroxene ratio fixed at 2 in reacted rocks. B) Sm/Yb versus Yb (ppm); varying
garnet mode while clinopyroxene/olivine = 0.15 and clinopyroxene/orthopyroxene
=0.2. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

We now compare the Sierran peridotite compositions to the hy-
pothetical melt-rock reaction arrays. As an additional constraint,
we also denote the field (gray), which corresponds to the ob-
served range of clinopyroxene (Fig. 8A) and garnet (Fig. 8B) modes
in the Sierran peridotites. In Fig. 8A, half of the spinel peri-
dotites fall within the gray field, suggesting they could repre-
sent reacted rocks containing 10% or less modal clinopyroxene
and reacted with low F (1–5%) melts. However, some spinel peri-
dotites cannot be explained as melt-rock reaction products be-
cause to fit their Sm/Yb systematics would require reaction with
modal clinopyroxene (>30%) higher than observed. Similarly, to
fit the Sm/Yb of most of the garnet peridotites would require
reaction with protoliths having >50% modal clinopyroxene, far
higher than observed. If we examine the models where garnet
mode is varied, even fewer data can be explained as melt-rock
reaction products (only one sample falls within the gray field
in Fig. 8B). Several garnet peridotites plot above the trend of
rocks reacted with a low-F melt. In summary, melt-rock reac-
tion at best explains a small subset of the observed trace el-
ement compositions. The variable clinopyroxene model (Fig. 8A)
can only reproduce trace element signatures with unreasonably
high clinopyroxene modes, and the variable garnet model (Fig. 8B)
fails to explain the majority of garnet peridotites (except for
one sample). The simplest model for explaining the major and
trace element systematics of the Sierran peridotites is thus bi-
nary mixing, that is, the addition of a melt to a depleted peri-
dotite.

Fig. 9. Reconstructed bulk δ18O value of Sierran peridotites versus fraction of melt
added based on batch addition model (see Fig. 6). Mixing end-members sediment
(pelagic clay with a δ18O value of 20� from Clayton et al., 1972, and slab melt
with a δ18O value of 11.3� from Eiler et al., 1998) also shown. Field of Sierran
pyroxenites is from Ducea (2002) and field labeled “mantle minerals” from Mattey
et al. (1994).

6.3. Constraints on origin of the refertilizing melt from oxygen isotopes

A key question is whether the refertilizing magmas are mantle-
derived melts or slab melts. In our above discussion of Sm–Yb–CaO
systematics, the contribution of slab melts to major element refer-
tilization was considered to be small or negligible (<5%). Oxygen
isotopes can provide additional constraints on the origin of the
refertilizing magmas. In particular, because O is a major element,
any observed changes in bulk rock O isotopes require significant
amounts of open system behavior.

In Fig. 9, we compare the reconstructed bulk δ18O value of the
Sierran peridotites to hypothetical mixing lines between mantle
harzburgite (5.5�) and three melt endmembers: mid-ocean ridge
basalt (MORB; 5.5�), a slab melt (11.3�; Eiler et al., 1998), and
pelagic clay (20�, Clayton et al., 1972; Savin and Epstein, 1970).
The slab melt composition from Eiler et al. (1998) was chosen be-
cause as a trapped melt inclusion in a mantle olivine xenocryst,
this melt might approximate a pristine slab-derived melt undis-
turbed by any crustal contamination. In addition, the pelagic clay
average of 20� was selected as a lower limit of the spectrum of
oceanic sediments (marine carbonates and cherts would have even
higher δ18O values: 25–32� and 35–42�, respectively; Kolodny
and Epstein, 1976).

In Fig. 9, we plot bulk δ18O value versus estimated amount of
melt added. To change bulk the δ18O value significantly requires
the addition of large amounts of melt, which would be reflected in
high clinopyroxene mode. Samples with high clinopyroxene mode
have mantle-like δ18O values. Thus, it is clear that the Sierran peri-
dotites are best explained as mixtures with mantle-derived melts,
such as MORB, not with endmembers with anomalously high δ18O
values because the bulk δ18O value is indistinguishable from man-
tle values to within error of our measurements and natural varia-
tion of unmetasomatized mantle rocks.

6.4. Timing of refertilization

Although absolute age constraints are unavailable for the Sier-
ran peridotites, we can still narrow down when refertilization was
likely to have occurred based on the nature of the melt infiltration
event, patterns of chemical zonation in minerals, and regional geo-
logic context. Our binary mixing model in Section 6.2.1, combined
with oxygen isotope data in Section 6.3, show that refertilizing
melt was derived from the mantle, not the subducting slab. Thus,
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refertilization had to have occurred while asthenospheric mantle
was still present beneath the Sierras – at high temperatures at
or above the mantle solidus (>1000 ◦C). There were two peri-
ods in Western US geologic history when asthenospheric mantle
was present beneath the Sierras: 1) during arc magmatism in the
Mesozoic, and 2) during the slab window opening in the Cenozoic.

Despite the deep (3–3.5 GPa, or 90–105 km) and cold
(670–870 ◦C) final equilibration P-T of the garnet peridotites, their
high degree of melt depletion (15–20%), high Al in orthopyroxene
cores, and low whole-rock HREE concentrations argue against melt
depletion at 3–3.5 GPa, because anhydrous decompression melt-
ing at these pressures would correspond to unusually high mantle
Tp (Chin et al., 2012). Instead, Chin et al. interpreted a P–T path
where the (now garnet) peridotites were originally melt-depleted
in the spinel facies, and were then transported into the garnet
facies, where the peridotites were cooled. Equilibration at ∼3 GPa
approaches the average depth to the slab (Tatsumi, 1986), and thus
cooling due to slab impingement can explain the observed zona-
tion in pyroxenes from high Al and Ca cores to low Al and Ca
rims, as well as the presence of late-stage amphibole lamellae (Lee
et al., 2001a; Chin et al., 2012). Sm–Nd ages on garnet pyroxenites
that equilibrated within the same P–T interval as garnet peridotites
also indicate that the ∼100 km root was in place by the time of
peak Late Cretaceous arc magmatism (Ducea and Saleeby, 1998).
Residence of the peridotites in the vicinity of a slab is also sup-
ported by the peridotites’ whole-rock trace element geochemistry,
which shows enrichments in fluid-mobile elements and depletion
in high-field strength elements.

Based on the above, the Sierran peridotites were most likely
refertilized during Mesozoic arc magmatism. Refertilization oc-
curred prior to the peridotites’ reaching their final equilibration
P–T at ∼3 GPa and from 670 to 870 ◦C, conditions approaching
the slab top. It is unlikely that the peridotites were refertilized as
a result of asthenospheric influx due to slab window opening in
the Cenozoic. If that were the case, we would expect to see ev-
idence of heating (e.g., high Al, Ca pyroxene rims), re-set Sm–Nd
ages, and lack of a distinctive “subduction zone” trace element sig-
nature in the whole rocks. Instead, we suggest that the opening of
the slab window was more likely the trigger for the deep-seated
eruption that entrained the cold overlying lithosphere as xenoliths
in the Late Miocene.

6.5. The deep lithosphere filter in global arcs

We showed that the Sierran mantle lithosphere, particularly
the deepest garnet peridotites, experienced pervasive refertilization
by basaltic, mantle-derived melts rather than slab-derived melts.
In contrast, most shallow spinel peridotites experienced smaller
degrees of refertilization. Both spinel and garnet peridotites also
record a cryptic metasomatic overprint, with enriched LILE and
depleted HFSE in whole-rocks, probably related to the long-lived
Farallon slab beneath the Western USA.

To explain the depth-gradation in refertilization, we propose
the following scenario (Fig. 1). Where mantle lithosphere is thick,
as in continental arcs such as the Sierra Nevada, we hypothesize
that the longer crustal and lithospheric column more efficiently
traps rising magmas, resulting in refertilization of the deeper por-
tions of the mantle lithosphere and manifesting as the addition
of clinopyroxene. The deepest arc garnet peridotites thus appear
anomalously fertile. We hypothesize that, in arcs with thin litho-
sphere (e.g., most island arcs), melts are granted easier passage and
thus are not trapped as efficiently within the crust or lithospheric
mantle. These shallow peridotites are thus predicted to show less
refertilization. However, shallow peridotites may still be affected
by cryptic metasomatism.

Our hypothesis predicts that there should be a contrast in ma-
jor element fertility of the lithospheric mantle underlying oceanic
island arcs and continental arcs, with continental arc lithospheric
mantle being more fertile because they are generally underlain
by thicker crust, and by implication, thicker lithosphere. In Fig. 3,
we plot global peridotites from various arcs and back-arcs. Adopt-
ing Gill’s (1981) classification, we define arcs as “juvenile” if they
have crust <25 km thick and arcs as “mature” if they have crust
>25 km thick. Crustal thickness does not equate with lithosphere
thickness, but we assume that thick crust implies thicker litho-
sphere in tectonically active areas.

Juvenile arcs for which peridotite xenolith data are available
include Izu Bonin (Parkinson and Pearce, 1998), South Sandwich
(Pearce et al., 2000), and Simcoe Volcanic Field in the Cascade
backarc (Brandon and Draper, 1996). Crustal thicknesses of the
Izu Bonin and South Sandwich arc are estimated to be 22 km
and 20 km, respectively (Takahashi et al., 1998; Larter et al.,
2003). We consider Simcoe “juvenile” based on crustal thickness
estimates between 20 and 30 km in the neighboring Columbia
Plateau region (Hill, 1972; Catchings and Mooney, 1988). Ma-
ture arcs with available peridotite xenolith data include Mexico
(Liang and Elthon, 1990; Luhr and Aranda-Gomez, 1997; Blatter
and Carmichael, 1998), Kamchatka (Ionov, 2010), the Ichinomegata
Crater on Honshu (Canil, 2004), Canadian Cordillera (Peslier et al.,
2002), the Philippines (Maury et al., 1992), and the Lesser An-
tilles (Parkinson et al., 2003). Crustal thicknesses for these arcs
are: Mexico, 35–50 km (Urrutia-Fucugauchi and Flores-Ruiz, 1996);
Kamchatka, 30–40 km (Levin et al., 2002); Ichinomegata, 30–35 km
(Taira, 2001); Canadian Cordillera, 35–40 km (Cook et al., 1988);
Philippines, 34 km (Besana et al., 1995); and Lesser Antilles, 33 km
(Boynton et al., 1979).

From Fig. 3, it is apparent that mature arcs (including the Sier-
ran peridotites), span the entire spectrum from depleted to fertile
compositions, with some arcs containing peridotites even more
fertile than primitive mantle. Similar to the Sierran xenoliths, peri-
dotites from the Lesser Antilles were interpreted by Parkinson and
Pearce (1998) as refertilized, clinopyroxene-enriched harzburgites.
The Mexican arc also contains some highly fertile peridotites, but
whether these have been refertilized by recent arc magmatism or
are remnants of non-arc mantle from the distant past is unclear,
given the long and complex tectonic history in that region. In con-
trast to the mature arcs, very few peridotites from juvenile arcs
extend to highly fertile compositions, with the majority plotting
at the melt-depleted end. However, one caveat to bear in mind is
that the peridotites from juvenile arcs (e.g., Izu Bonin and South
Sandwich) are from the forearc, and thus it is not clear whether
they are truly residual mantle associated with arc magmatism or
accreted oceanic lithosphere that was subsequently modified by
subduction processes.

Although the number of peridotites sampled at mature arcs
outnumbers those from juvenile arcs based on the literature data
shown in Fig. 3, lithospheric mantle beneath mature arcs seem to
trend towards higher fertility than beneath juvenile arcs. Higher
fertility, particularly in CaO, could be the result of refertilization
by melt entrapment and high-pressure clinopyroxene fractiona-
tion, similar to what is observed in the Sierran peridotites. That
this trend is observed in the global data supports our hypoth-
esis that thicker arcs could cause primary arc magmas to frac-
tionate within the lithospheric mantle and therefore before rising
across the Moho and into the crust. Mafic minerals such as gar-
net, amphibole, and pyroxenes comprise deep crustal cumulates
of arc magmas, and fractionation of these minerals is considered
one mechanism by which primitive magmas evolve to granitoid
compositions (Ducea, 2001; Greene et al., 2006; Lee et al., 2006;
Müntener and Ulmer, 2006; Alonso-Perez et al., 2009; Jagoutz et
al., 2009). Our observations suggest that magmas may fractionate
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clinopyroxene well before entering the crust. Such fractionation
would increase Al and decrease Ca without significant change in
SiO2 in the magma, generating an evolved basalt from which all
shallower fractionation in the crust must derive.

7. Conclusions

Peridotite xenoliths from the Sierra Nevada reveal a depth-
gradation in refertilization from depleted spinel peridotite at
depths < 90 km to fertile garnet peridotites between depths of 90
and 105 km. Textural, modal and geochemical observations show
that spinel peridotites are undeformed, clinopyroxene-poor, and
generally depleted in magmaphile elements (CaO, Na2O), whereas
garnet peridotites are highly deformed, clinopyroxene-rich, and
have fertile major element compositions, with some garnet peri-
dotites even more fertile than canonical primitive mantle. High
Cr# of relict spinels in the garnet peridotites suggest that the
garnet peridotites were original depleted spinel peridotites that
were subsequently refertilized. The simplest explanation for the
observed refertilization trends is that the fertile Sierran peridotites
represent binary mixtures between a depleted spinel peridotite
and up to 30% of a mantle-derived melt. As such, refertilization
temperatures had to have been as high as that of ambient con-
vecting mantle, suggesting that refertilization was concomitant
with Mesozoic arc magmatism rather than the Laramide Orogeny
(70–40 Ma), when lithospheric temperatures were cold and a man-
tle wedge was absent beneath the arc (Dumitru et al., 1991;
Bird, 1988). It is unlikely that opening of the slab window at
10–15 Ma caused refertilization. Inflow of asthenosphere asso-
ciated with the slab window should cause heating of the deep
lithosphere, but abundant evidence for cooling (zoned pyroxenes,
garnet exsolution) is preserved in deep lithospheric xenoliths.

Our study provides some new insights into the nature of meta-
somatism in a continental arc setting. We show that the residual
arc mantle is refertilized while the arc is still magmatically ac-
tive, and that the source of refertilizing melts is from the man-
tle itself rather than the subducting slab. However, evidence of
slab metasomatism is observed as a ubiquitous cryptic overprint
(enriched LILE, depleted HFSE) in all Sierran peridotites, proba-
bly owing to the prolonged residence of the Farallon slab beneath
the Western US. In many island arcs worldwide, the slab has
been implicated as the primary source for both cryptic and modal
metasomatism (Maury et al., 1992; Kepezhinskas et al., 1996;
McInnes et al., 2001). Here, we show that the mantle wedge also
contributes a significant modal metasomatic component to the
deep arc lithosphere. We suggest that thicker mantle lithosphere,
a feature of most mature continental arcs, facilitates entrapment of
primary mantle-derived melts at depth, resulting in a refertilized,
clinopyroxene-enriched mantle. In contrast, the thinner lithosphere
beneath most juvenile island arcs prevents deep melt entrapment,
thus only preserving the cryptic slab component.

Comparison to mantle xenoliths from other arc environments
suggests that refertilization of arc lithospheric mantle may be an
important process associated with arc magmatism. The global arc
peridotite data shows a general trend towards higher fertility in
mature arcs with thick crust compared to juvenile arcs with thin
crust. Significant sub-Moho magmatic fractionation may thus occur
beneath mature arcs, implying that “primary” arc magmas may un-
dergo high-pressure fractionation before they reach the crust.
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