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Abstract Mantle xenoliths from the Sierra Nevada, California, USA, sampled a vertical column
(60–120 km) of lithosphere that formed during Mesozoic continental arc magmatism. This lithosphere
experienced an anticlockwise P-T-t path resulting in rapid cooling that effectively ‘‘quenched in’’ features
inherited from earlier high-temperature conditions. Here we combine new mineral chemistry data (water,
trace element, and major element concentrations) with mineral crystallographic preferred orientations
(CPOs) to investigate the relationship between melt infiltration and deformation. The peridotites record a
refertilization trend with increasing depth, starting from shallow, coarse-protogranular, less-melt-infiltrated
spinel peridotite with strong, orthorhombic olivine CPO to deep, fine-porphyroclastic, highly melt-infiltrated
garnet peridotite with weak, axial-[010] olivine CPO. In contrast to the observed axial-[010] CPOs, subgrain
boundary orientations and misorientation axes suggest the dominant activation of the (001)[100] slip
system, suggesting deformation under moderately hydrous conditions. After accounting for effects of
subsolidus cooling, we see coherent trends between mineral trace element abundance and water content,
indicating that melt infiltration led to an increase in water content of the peridotites. However, measured
olivine and pyroxene water contents in all peridotites (5–10 and 30–500 wt ppm, respectively) are lower
than that required to promote dominant (001)[100] slip system observed in both natural and experimental
samples. These results suggest that deformation occurred earlier along the P-T path, probably during or
shortly after hydrous melt infiltration. Subsequent rapid cooling at 90 Ma led to water loss from olivine
(owing to decreased solubility at low temperature), leaving behind a deep arc lithosphere that remained
viscously coupled to the Farallon slab until the opening of the slab window in the late Cenozoic.

1. Introduction

The lower crust and uppermost mantle beneath volcanic arcs, here collectively defined as the deep litho-
sphere, plays a central role in the chemical differentiation and density stratification of arc crust. Residues of
mantle wedge melting may be preserved via magmatic and tectonic thickening as new arc mantle lithosphere
[Chin et al., 2012]. During active subduction, the arc mantle lithosphere can be metasomatized by diverse
agents. Refertilization (readdition of basaltic melt components to depleted peridotite) may occur by infiltration
of Si-rich fluids derived from the slab that result in orthopyroxene enrichment [Kelemen et al., 1998; Rapp et al.,
1999], or by basaltic melt addition at depths great enough to precipitate garnet and clinopyroxene as melt
crystallization products [Chin et al., 2014]. Fluids and melts can also enrich residual peridotites in trace elements
without forming new mineral phases (‘‘cryptic’’ metasomatism), imparting the ‘‘arc’’ signature of elevated large
ion lithophile elements (LILE) and depleted high field strength (HFSE) elements [Pearce and Peate, 1995].

The presence of even small melt fractions and hydration of nominally anhydrous minerals (NAMs) has been
shown to strongly weaken mantle rocks [Blacic, 1972; Mackwell et al., 1985; Boudier, 1991; Hirth and Kohl-
stedt, 1995; Mei and Kohlstedt, 2000a, 2000b; Mei et al., 2002; Zimmerman and Kohlstedt, 2004; Li et al., 2008;
Baptiste et al., 2012; Demouchy et al., 2012] and may also modify the deformation mechanisms responsible
for crystallographic preferred orientation (CPO) in olivine [Jung and Karato, 2001; Holtzman et al., 2003a].
Recent studies in peridotite massifs and xenoliths also highlight that reactive melt percolation in the upper
mantle may lead to enrichment in pyroxene, dispersion of the olivine CPO, localized phase mixing, and
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grain size reduction [Le Roux et al., 2008; Soustelle et al., 2009, 2010, 2013], which could favor strain localiza-
tion [Warren and Hirth, 2006; Skemer et al., 2010; Hidas et al., 2013] and therefore affect lithospheric stability.

Subduction zones are an ideal natural setting to examine the links among water content in NAMs, melt infil-
tration, and deformation in the mantle [e.g., Peslier and Luhr, 2006; Tommasi et al., 2006; Soustelle et al., 2010,
2013]. Most subduction zones lack enough xenoliths that span a wide range in composition and depth of
equilibration to fully sample lithosphere-scale processes of melting, metasomatism, and deformation. A nota-
ble exception is the Sierra Nevada (California, USA), a Mesozoic continental arc containing xenoliths that
sampled all depths of a lithospheric arc root. Over the past three decades, a wealth of studies on Sierran
lower crustal and upper mantle xenoliths has revealed (1) the architecture of the deep arc lithosphere [Dodge
et al., 1988; Mukhopadhyay, 1989; Mukhopadhyay and Manton, 1994], (2) the genetic link between residual
mantle and crystal cumulates in the deep lithosphere and arc granitoids [Ducea and Saleeby, 1996, 1998a,
1998b; Lee et al., 2006, 2007], and (3) the P-T-X-t (pressure-temperature-composition-time) evolution of the
arc mantle lithosphere [Chin et al., 2012, 2015]. However, the hydration state of the Sierran arc lithosphere
and its deformation history in the context of the P-T-X-t path have not been directly investigated. The Sierran
peridotite xenoliths, as we discuss below, are particularly useful because they record a depth gradation in
composition ranging from depleted harzburgite to fertile lherzolite, interpreted as a refertilization (melt infil-
tration) trend [Chin et al., 2014]. Thus, the Sierran peridotites provide a valuable opportunity to test hypothe-
ses involving the role of melt and/or water in deformation.

2. Geologic Background

Here we focus our study on upper mantle xenoliths from the Late Miocene Big Creek diatreme (378130N,
1198160W) [Lee et al., 2001; Chin et al., 2012]. Below, we summarize the key findings of previous studies
[Ducea and Saleeby, 1998a, 1998b; Lee et al., 2000; Chin et al., 2012, 2014, 2015] in the framework of the
regional geologic evolution of the Sierra Nevada continental arc (Figure 1). Subduction-induced magmatism
occurred in ‘‘flare-ups’’ throughout the Mesozoic [Ducea and Barton, 2007; Paterson et al., 2014], with the
most voluminous pulse at �93 Ma [Coleman et al., 1992; Barton, 1996]. During each flare-up, the mantle

Figure 1. Cartoons illustrating the evolution of the Sierra Nevada continental arc (boxed area in map at right). Green shaded areas
represent the arc mantle lithosphere, transitioning from light green 5 melt-depleted spinel peridotite to darker green 5 fertile garnet
peridotite. Rectangle below map represents a cross section of the mantle lithosphere formed during arc activity and subsequently sampled
by xenoliths erupted at 9 Ma.
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wedge experienced moderate to high degrees of melting (15–20%), leaving behind residual coarse-grained,
protogranular spinel peridotites. Magmatic inflation combined with tectonic compression resulted in wide-
spread lithospheric thickening, transporting the originally shallow spinel peridotites to greater depths and
metamorphosing them into porphyroclastic garnet peridotites that reached final equilibration at 3 GPa and
700–8008C [Chin et al., 2012]. Similarities in Cr# of spinel, core-rim pyroxene zonation [Chin et al., 2012],
and Mesozoic Re repletion ages [Lee et al., 2000] all support a common origin for the spinel and garnet peri-
dotites as a coherent package of lithosphere that formed and cooled during Mesozoic arc magmatism.

Metasomatism in the form of melt infiltration occurred along the high-pressure leg of the P-T path and is
most pronounced in the deeper garnet peridotites, manifested texturally by formation of pervasive clino-
pyroxene and garnet-rich bands and geochemically by excess Ca and Yb in the bulk peridotite with coexist-
ing high Cr# spinel [Chin et al., 2012, 2014]. By contrast, the spinel peridotites do not show excess modal
clinopyroxene at high Cr# spinel. However, all peridotites (both spinel and garnet) show enrichment in LILE
and depletion in HFSE relative to anhydrous primitive mantle, probably associated with fluid influx derived
from the Farallon slab [Lee, 2005].

In addition to the observed depth gradient in refertilization, diffusion modeling of garnet exsolution from
orthopyroxene and dating of similarly equilibrated Sierran xenoliths [Chin et al., 2015] indicate a gradient in
cooling rate—the shallow lithosphere (�60 km) cooled more slowly than the deeper lithosphere
(�100 km). One interpretation of these data is that thickening of the lithospheric root was limited by the
average slab depth of �110 km [Tatsumi, 1986] beneath the arc front, causing the deepest garnet perido-
tites at �3 GPa to cool most rapidly owing to their proximity to the slab.

Although arc magmatism waned in the Sierra Nevada by �74 Ma, the �100 km lithospheric root persisted
for several tens of Myr. By the early Miocene (�20 Ma), collision of the Farallon ridge resulted in the opening
of a slabless window beneath the Sierra Nevada [Atwater, 1970] and associated asthenospheric upwelling
may have triggered late Miocene (8–10 Ma) alkalic volcanism that entrained spinel and garnet peridotite
xenoliths of the relict Sierran arc root. In contrast, garnet peridotites are absent in later Pliocene lavas
(�3 Ma), supporting the hypothesis that the Sierran arc root was convectively removed by that time [Ducea
and Saleeby, 1996; Zandt et al., 2004].

3. Xenolith Descriptions

3.1. Overview
The Sierran peridotites (27 xenoliths) are divided into two groups, spinel peridotites (n 5 15) and their refertil-
ized products, garnet peridotites (n 5 12). The spinel peridotites are predominantly coarse grained and do
not show significant textural evidence for deformation. In contrast, the garnet peridotites are all fine grained,
show evidence of deformation (bent pyroxenes, elongated olivines, and elongated clusters of spinel 1 gar-
net), as well as textures indicative of melt infiltration. Lee et al. [2001] and Chin et al. [2012, 2014, 2015]
reported compositional data for the entire suite. The majority of the xenoliths are small (2–5 cm in diameter),
making it difficult to determine the orientation of foliation and lineation. In addition, many of the xenoliths
show varying degrees of serpentinization. Thus, for the dual goals of this study (microstructural analysis) and
determination of primary water concentrations in NAMs, we selected five of the largest and freshest xeno-
liths: BC10-1, BC10-4, BC77, 08BC03, and 08BC08. Based on previous petrographic and geochemical analyses
in Chin et al. [2012], the textures and compositions of these five xenoliths are representative of the suite as a
whole. With the exception of the coarse-grained BC10-1, all of the xenoliths show features consistent with
the formation of a foliation and/or lineation during deformation (elongated olivines, elongated spinels, and
pyroxene-rich bands oriented parallel to these features). The lineation was identified by noting the direction
with the maximum elongation of aligned spinels and/or spinel 1 garnet clusters.

The five xenoliths were selected as representative of a three stage history of the Sierran arc lithosphere:
Stage (1) melt depletion and formation of spinel peridotite, Stage (2) tectonic 6 magmatic thickening and
melt infiltration, creating the depth gradation in refertilization, and Stage (3) final equilibration and cooling,
with the garnet peridotites equilibrating at �3 GPa, 7508C and spinel peridotites at <3 GPa, 750–8208C [Lee
et al., 2001]. Stage (1) is represented by spinel peridotite BC10-1, which displays a coarse-protogranular tex-
ture [Harte, 1977] with olivine, orthopyroxene, and clinopyroxene grain sizes ranging from 1 to 3 mm, 2 to
4 mm (with some up to 1 cm), and 1 to 2 mm, respectively (Figures 2a and 2b). Stage (2) is represented by
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spinel peridotite BC10-4 and garnet peridotites BC77, 08BC03, and 08BC08. BC10-4 is the only spinel perido-
tite with a distinctive very fine-grained granuloblastic texture composed of olivine and pyroxene grains less
than 1 mm and 30–300 mm, respectively (Figures 2c and 2d). A few porphyroclasts (�1–3 mm) of olivine,
pyroxene, and spinel are also present in BC10-4. In addition, this xenolith contains pyroxene-rich lenses
elongated parallel to the foliation. The garnet peridotites BC77, 08BC03, and 08BC08 all display porphyro-
clastic textures composed of fine-grained (50–500 mm) olivine and pyroxene (Figures 2e and 2f). Porphyro-
clasts of olivine and orthopyroxene (some are bent and show kink bands) range from 2 to 4 mm. Garnet
occurs as coronas around spinel, as fine grains disseminated together with clinopyroxene, and as exsolution
lamellae in orthopyroxene. Compositional banding consisting of fine-grained, dispersed clinopyroxene and
orthopyroxene aligned in the foliation (similar to BC10-4; Figures 2c and 2d), has been interpreted as evi-
dence for melt infiltration [Chin et al., 2012, 2014].

Cooling associated with Stage (3) is identified by textural features and chemical disequilibrium, particularly
garnet and amphibole exsolution lamellae from orthopyroxene and associated Al-depletion haloes [Chin
et al., 2012, 2014]. In addition, trace amounts of hydrous phases are present in all xenoliths; petrographic
relationships for these hydrous phases suggest that they crystallized during late-stage cooling. For example,
pargasitic amphibole is observed replacing interstitial clinopyroxene (Figure 3a) and as lamellae replacing
clinopyroxene and garnet [Chin et al., 2012]. The replacive amphibole has a ‘‘spongy,’’ mottled texture. Iso-
lated amphibole grains are rare; one grain of isolated phlogopite was observed in BC77. Despite the overall
freshness of the xenoliths, some incipient serpentinization is evident.

3.2. Spinel Peridotites
In both protogranular (BC10-1) and granuloblastic (BC10-4) spinel peridotites, olivine occurs as anhedral
grains characterized by slightly curved grain boundaries and interlobate phase boundaries with pyroxene
(Figure 3d). In BC10-1, the latter texture dominates due to the high modal content (�30%) and uniform dis-
tribution of orthopyroxene. In BC10-4, interlobate phase boundaries show deeper embayments for olivine-
pyroxene boundaries than the curvature of olivine-olivine grain boundaries (Figure 3b). In addition, ortho-
pyroxene in BC10-4 is uniformly distributed throughout, rimming olivine and occurring as fine, interstitial
grains (Figure 3g). Less abundant clinopyroxene shows a similar texture as orthopyroxene (Figure 3b).

In both BC10-1 and BC10-4, olivine grains are mostly free of internal deformation microstructures, except
for occasional grains displaying widely spaced (�500 mm) subgrain boundaries (Figure 3e), indicating defor-
mation by dislocation creep under high temperature and low stress. Orthopyroxene-orthopyroxene boun-
daries are straight to slightly curved, and orthopyroxenes appear free of deformation microstructures.

3.3. Garnet Peridotites
Porphyroclastic garnet peridotites contain subhedral olivines with slightly curved grain and phase bounda-
ries. Small, rounded olivines, similar to those found in the protogranular and granuloblastic spinel perido-
tites, are also observed. Intracrystalline deformation microstructures in olivine are scarce and consist of
undulose extinction and widely spaced (300–500 mm) subgrain boundaries. We distinguish two stages of
pyroxene crystallization. When referring to grains that we interpret crystallized during these stages, we
denote them as opx(1) and opx(2), for example, to refer to opx crystallized during Stages (1) and (2). Opx(1)
are large (2–4 mm) subhedral orthopyroxene porphyroclasts, with strongly interlobate phase boundaries on
some edges that are often optically continuous with nearby smaller orthopyroxene grains, suggesting
recrystallization of an originally larger porphyroclast (Figure 3f). Many opx(1) porphyroclasts also show inter-
nal deformation textures such as kink bands and bending (e.g., shown for sample BC77 in Figure 3f). Cpx(1)
are much less abundant than opx(1), and do not show internal deformation textures. Opx(2) and cpx(2) are
generally less than 1 mm and dispersed in diffuse, fine-grained bands; these pyroxenes are anhedral with
interlobate and deeply embayed phase boundaries suggesting an interstitial origin (Figures 3b and 3c). We
link the two stages of pyroxene crystallization to the textural and compositional evolution described in sec-
tion 3.1. Stage (1) was most likely associated with formation of a primary texture consisting of an olivine
matrix and opx(1) porphyroclasts. Subsequent melt infiltration during Stage (2) resulted in the crystallization
of opx(2) and cpx(2) in fine-grained bands overprinting the primary texture.
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Figure 2. Scanned thin section images in cross-polarized light (left column) and EBSD phase maps of Sierran xenoliths (right column).
(a, b) Coarse-protogranular spinel peridotite BC10-1, (c, d) granuloblastic spinel peridotite BC10-4 (white rectangle in Figure 2c is the
mapped area in Figure 2d), (e, f) porphyroclastic garnet peridotite BC77, (g, h) porphyroclastic garnet peridotite 08BC03, and (i, j)
porphyroclastic garnet peridotite 08BC08.
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4. Analytical Methods

4.1. Secondary Ion Mass Spectrometry (SIMS) for Water Content in NAMs
Olivine, pyroxene, and garnet grains were handpicked under a binocular microscope after hand-crushing
3–5 cm pieces of each xenolith in a steel mortar. For all xenoliths, we selected grains that were optically
clear and free of visible alteration and cracks. To sample the large range of grain sizes present in the xeno-
liths, grains were sieved within a size window of 0.2–5 mm. In garnet peridotites, both opx(1) and opx(2)
were separated, but only cpx(2) were separated due to scarcity of the cpx(1). In both spinel peridotites
(BC10-1 and BC10-4), most of the sieved olivine and orthopyroxene grains were between 1 and 3 mm. In
BC10-1, clinopyroxenes were �1 mm whereas in BC10-4, clinopyroxenes were �200–500 lm.

Grains were first pressed into 1 cm diameter aluminum disks, which were previously filled with indium metal
and then pressed flat. In each mount, a piece of basalt glass 519-4-1 with a known water content of 0.17 wt %

Figure 3. (a) Backscattered electron (BSE) image of spongy, mottled amphibole (amph) replacing clinopyroxene (cpx) in BC77. (b) Sample
BC10-4: BSE image of interstitial cpx with highly lobate grain boundaries. Opx (outlined in white) mantle primary olivine (ol) and also form
interstitial blebs. (c) BSE image of deeply embayed cpx enclosing ol and opx grains in BC77. (d) Curved olivine grain boundaries in BC10-1.
(e) Interlobate opx-ol grain boundaries and subgrain boundaries in ol in sample BC10-1. (f) Large, primary ‘‘Stage (1)’’ (opx(1)) orthopyrox-
ene porphyroclast, showing slight bending and garnet exsolution lamellae in sample BC77. (g) Fine-grained pyroxene-rich band in BC10-4.
Opx(2) and cpx(2) refer to ‘‘Stage (2)’’ pyroxenes (see text for details).
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[Hauri et al., 2002] and a piece of commercially available Suprasil glass (water content of 0.99 6 0.36 ppm;
E. Hauri, personal communication, 2015) were mounted along with the sample grains. The former was used as
an independent check for standard calibration (since standards were not mounted in the same block as sam-
ples) and the latter as a monitor of the instrument water background level. Before polishing, we pressed the
disks again to achieve a flat surface, then ground them with 400, 800, and 1200 alumina sandpaper, and
finally polished by hand with diamond suspensions successively from 6, 3, 1, and 0.25 lm.

Prior to analysis, the ion microprobe was ‘‘baked’’ for 48 h to achieve ultra-high vacuum of �2 3 10210 torr;
samples and standards were introduced into the airlock at �5 3 1029 torr at least 48 h before analysis.
Analyses were acquired using a Cameca 7f-Geo SIMS at Caltech with a primary Cs1 beam with a current of
4.5–5 nA and accelerating voltage of 10 kV. The primary beam was rastered over a 20 3 20 lm area,
whereas the secondary ions were collected from an 8 lm spot in the center of the rastered area, limited
with a field aperture. A mass resolving power (m/Dm) of �5200 was used to separate 16O1H from 17O. Each
analysis consisted of 2 min of presputtering followed by 30 cycles through the mass sequence 12C, 16O1H,
18O, 19F, 27Al, and 30Si with counting times of 3, 2, 1, 1, 1, and 1 s, respectively. 12C/30Si was used to monitor
contamination (e.g., cracks and dust) and 27Al/30Si was used to track compositional zoning in pyroxenes
(discussed in a later section). Water concentrations were determined from calibration curves developed
using standards from Aubaud et al. [2007], Mosenfelder et al. [2011], and Mosenfelder and Rossman [2013a,
2013b]. Uncertainties on the measured concentrations were determined by propagating the uncertainty on
the calibration line slope (6%, 2r; calculated using a York fit regression), the uncertainty on the OH/30Si ratio
of the sample (2 SE), and the uncertainty on the OH/30Si ratio (2 SE) of the Suprasil glass that was used as
monitor of the background; the last two uncertainties were weighted by the concentration. The average
water concentration of the Suprasil glass (4 sample mounts, 4 days of analyses) was 1.2 6 0.44 ppm. Analyti-
cal precision at the lowest concentrations analyzed (4 ppm) was �10–15% (2 RSE) and at highest concentra-
tions analyzed (400–500 ppm) �6% (2 RSE).

4.2. Electron Microprobe Microanalysis (EPMA)
Following SIMS analyses, we measured major element compositions of olivine and pyroxene as close as
possible (within �10 mm) to the ion probe pits. Major elements were measured using the CAMECA SX100
electron microprobe at Brown University. Operating conditions were accelerating voltage of 15 kV, beam
current of 20 nA, and spot size of 1 mm. For calibration, we used the following in-house standards: Si and
Ca, Wakefield diopside; Ti, synthetic rutile; Al, Kakanui hornblende; Cr, synthetic MgCr2O4; Fe, Rockport fayal-
ite; Mn, rhodonite; Mg, synthetic forsterite (Fo97); and Na, Amelia albite. Secondary standards used were
Lunar Crater augite, San Carlos olivine, and Natural Bridge diopside. The relative standard deviation on pre-
cision is less than 1% for major elements and 3–5% for minor elements. All analyses were corrected for
instrumental drift using standards with known homogeneous values.

4.3. Laser Ablation ICP-MS
After SIMS and EPMA, trace element concentrations of olivine and pyroxene were determined by laser abla-
tion ICP-MS (193 nm wavelength excimer Analyte G2 laser coupled to a Thermo Scientific X-Series II at Brown
University). Laser ablation spots were selected to be close as possible to the same areas that were analyzed by
SIMS and EPMA. Laser spot sizes were 65 mm for clinopyroxene and garnet and 85 mm for orthopyroxene and
olivine. Samples were ablated with a laser fluence of 3.78 J/cm2 at 50% energy level and frequency of 10 Hz.
Prior to analysis, the ICP-MS was tuned manually on NIST 612 glass to achieve a sensitivity of at least 90,000
cps per 35 ppm La. Tuning was done using a 65 mm spot on a line traverse. ThO/Th was monitored and tuned
to be less than 1% to minimize oxide production, and Th/U ratios �1 to minimize fractionation. Each analysis
consisted of 30 s of background Ar gas collection followed by 40 s of ablation. USGS glass standards (BHVO2-
G, BIR1-G, and BCR2-G) were used as external standards; 26Mg was used as the internal standard. Analytical
precision for elements with concentrations greater than 10 ppm ranged from 10 to 15% (RSD) on average; for
elements with concentrations less than 1 ppm precision was typically 20–35% (RSD).

4.4. Electron Backscatter Diffraction (EBSD) Methods
Crystallographic preferred orientations (CPOs) were determined by automated mapping of thin sections and
were acquired using a Tescan Mira 3 LMU Schottky field emission scanning electron microscope equipped
with an Oxford Instruments Nordyls Max2 EBSD detector at the Department of Earth and Environmental Sci-
ences at Boston College. Prior to analysis, thin sections were polished for 4 h with a 0.06 mm colloidal silica
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suspension on a Buehler Vibromet vibratory polisher. The thin sections were then carbon coated to reduce
charging within the scanning electron microscope (SEM). The accelerating voltage was 25 kV and beam cur-
rents ranged from 40 to 70 nA. Large area crystallographic orientation maps of thin sections (Figure 2) were
acquired using the Oxford Instruments AZtecHKL acquisition and analysis software (version 3.0). The settings
for the indexing of electron backscatter patterns (EBSPs) were 2 3 2 (320 3 240 pixels) or 4 3 4 (160 3 120)
camera binning, a Hough resolution of 100, and center detection of 12 bands using the ‘‘refined accuracy’’
mode. Sampling steps of 7.5 mm were used for map regions in order to ensure multiple solutions within the
smallest resolvable grain size of each sample. Indexing rates in the raw maps were above 90%.

The methodology described by Bestmann and Prior [2003] was used to produce microstructural maps of the
EBSD data (Figure 2). Apparent ‘‘grains’’ composed of only one or two indexed points were removed from
the data set to minimize the impact of misindexed crystal orientations on subsequent CPO calculations.
Similarly, crystallographic orientations for non-indexed pixels were sequentially filled using a nearest neigh-
bor filling method. Systematic indexation errors due to the olivine hexagonal pseudo-symmetry, which
results in similar diffraction patterns for orientations differing by a rotation of 608 around [100], were also
corrected. At each step, the resulting orientation maps were verified by comparison with the band contrast
and EDS phase maps (Figure 2) to avoid overextrapolation of the data.

Crystallographic orientation maps were further processed and CPOs were plotted using MTEX (v4.2.1), an
open source software for MatlabVR (Mathworks, Natick, MA, USA). Grain sets in MTEX were constructed using
misorientation boundaries of �108 [Bachmann et al., 2011; Mainprice et al., 2014]. The calculation of the orien-
tation distribution functions (one point per grain) for olivine and pyroxene, which allow the contouring of the
CPO data and calculation of the J-index [Bunge, 1982], were carried out using a Gaussian half width of 108.

5. Deformation Microstructures

5.1. Crystallographic Preferred Orientations (CPOs) of Olivine and Pyroxene
CPOs of olivine, orthopyroxene, and clinopyroxene are shown in Figures (4 and 5), and 6, respectively. Oli-
vine CPO is relatively weak in all xenoliths. With the exception of the orthorhombic CPO of BC10-1, the CPO
of all the other xenoliths is characterized by a strong concentration of [010] axes and concentrations of
[100] and [001] axes forming girdles; this pattern is commonly referred to as ‘‘axial-[010],’’ ‘‘[010]-fiber’’ [Ben
Ismail and Mainprice, 1998; Tommasi et al., 2000] or ‘‘AG type’’ [Mainprice, 2010]. For three of the samples,
the [010] maxima are oriented perpendicular to the foliation, however in sample 08BC08, the [010] maxi-
mum lies within the foliation. The BA index [Mainprice et al., 2014], which combines the point maxima and
girdle fabric indices [Vollmer, 1990], provides a quantitative discriminator of the CPO pattern symmetry,
ranging between axial-[010] (BA< 0.35), orthorhombic (BA 5 0.35–0.65) and axial-[100] (BA> 0.65). BA indi-
ces for the Sierran peridotites are as follows: BC10-1 5 0.66, BC10-4 5 0.23, BC77 5 0.35, 08BC03 5 0.07, and
08BC08 5 0.14. Based on these BA indices, only BC10-1 qualifies as having a strongly orthorhombic CPO; all
of the other peridotites exhibit clear axial-[010] CPO symmetry.

Pyroxene CPOs are shown in Figures 5 and 6. For BC10-1, we have only limited data (45 grains); in this sam-
ple orthopyroxene [001] is roughly parallel with olivine [001]; clinopyroxene CPO is random (only 24 grains).
BC10-4 exhibits the weakest orthopyroxene CPO of the other four samples. In this xenolith, orthopyroxene
[001] is parallel to olivine [001] (and the lineation), as well as a weaker olivine [100] maximum. In BC77,
orthopyroxene [001] is aligned with olivine [001] and the lineation, while orthopyroxene [100] and [010]
show maxima roughly parallel to the pole of the foliation (and approximately parallel to olivine [010]).
BC77’s orthopyroxene pattern indicates dominant activation of [001](100), the most commonly observed
slip system in upper mantle orthopyroxenes [Christensen and Lundquist, 1982]. 08BC03 shows an axial-[010]
fabric in olivine, and orthorhombic fabrics for both orthopyroxene and clinopyroxene with the [010] max-
ima parallel to the olivine [010] and pyroxene [001] maxima within the foliation and perpendicular to the
lineation. At face value, these pyroxene textures suggest slip on the (010) plane [Jung et al., 2010; Toy et al.,
2009; Manthilake et al., 2013]. 08BC08 shows the second strongest axial-[010] fabric (BA 5 0.14). In this xeno-
lith, orthopyroxene [100] parallel is roughly parallel to olivine [010].

In BC10-1, the foliation and the lineation could not be identified from thin section or the hand specimen.
Given that this is often an issue with xenoliths, other lines of evidence such as comparison between olivine
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Figure 4. Olivine crystallographic preferred orientations (CPOs). Pole figures are plotted as lower hemisphere, equal-area projections,
contours at one half multiple of uniform distribution. N 5 number of grains, J 5 J-index. Star marks the lineation, which was estimated
using elongated spinels or spinel 1 garnet clusters (see Figure 2). Dashed line in 08BC08 marks trace of foliation plane (see Figure 2).
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Figure 5. Orthopyroxene crystallographic preferred orientations (lower hemisphere, equal-area projections). N 5 number of grains,
J 5 J-index, contours at one half multiple of uniform distribution. Star marks lineation as in Figure 4. Dashed line in 08BC08 marks trace
of foliation plane (see Figure 2).
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Figure 6. Clinopyroxene crystallographic preferred orientations (lower hemisphere, equal-area projections). N 5 number of grains,
J 5 J-index, contours at one half multiple of uniform distribution. Star marks lineation as in Figure 4. Dashed line in 08BC08 marks trace
of foliation plane (see Figure 2).
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and pyroxene CPOs, subgrain boundary analysis, and misorientations across grains (discussed in the next
section) may provide clues for dominant slip systems.

The strength of the CPO can be evaluated using the dimensionless J-index, which is the volume-averaged
integral of the squared orientation densities [Bunge, 1982]. The J-index depends on the number of grains
analyzed, and decreases with increasing number of grains [Ben Ismail and Mainprice, 1998]. To evaluate the
effect of number of grains on J-index and to facilitate comparison between samples with different amount
of grains, we randomly sampled 200 and 1000 grains (supporting information Figures 1 and 2) and com-
pared the calculated J-indices to the full data sets. Olivine J-indices (for the full data sets) of the Sierran
xenoliths range from 1.5 to 4.36 and are relatively weak compared to the typical range of 2–20 observed for
natural peridotites [e.g., Ben Ismail and Mainprice, 1998]. For both olivine and orthopyroxene, J-indices for
200 randomly sampled grains (supporting information Figures 1 and 2) varied by no more than 30% from
the J-index for the total number of grains; the variation for 1000 randomly sampled grains varied less than
15% of the J calculated for total number of grains. Olivine J-index also varies with texture: the lowest
J-index is associated with the finest-grained granuloblastic BC10-4 and highest J-index associated with the
coarse-protogranular BC10-1. The relationship between J-index and grain size is further suggested in BC77,
where calculation of the J-index for grains with a diameter >500 mm yields a value of 3.9, whereas the
J-index for grains <500 mm is 1.9. The lower J-index in small grains relative to coarse grains suggests a con-
tribution of grain-size-sensitive creep resulting in weakened CPOs [Newman et al., 1999; Warren and Hirth,
2006; Precigout and Hirth, 2014].

5.2. Subgrain Boundary and Misorientation Axes
To better constrain the dominant slip systems during deformation of the xenoliths, we analyzed crystallo-
graphic orientations of subgrain boundaries, and misorientation axes within grains defined as having
between 28 and 108 of misorientation. In Table 1, we show, for reference, possible outcomes for subgrain
boundaries corresponding to tilt boundaries (composed of primarily edge dislocations) and twist bounda-
ries (screw dislocations). For example, observation of subgrain boundaries parallel to (100) (tilt boundaries)
and (010) (twist boundaries) would be consistent with an olivine A-type fabric. Grains with these boundaries
would be expected to exhibit misorientation axes around [001] (tilt boundary) or [010] (twist boundary),
respectively. Note that such twist boundaries would also require screw dislocations with [001] burgers
vectors.

Using the reconstructed grain maps, we identified large grains that contained low-angle (28–108) subgrain
boundaries. Figure 7 shows an example of a subgrain boundary analysis. The inferred subgrain boundary
(dashed line) is plotted on the pole figure. In this example, the subgrain boundary is oriented normal to
[100] (or parallel to (100)), and the pole figure shows dispersion of both [100] and [001] axes, indicating a
misorientation axis close to [010]. In Figures 8a–8e, we plot the number of subgrain boundaries for which
we could identify a clear crystallographic orientation for the misorientation axis (i.e., the direction with least
dispersion in pole figures such as shown in Figure 7). Care was taken to select only subgrains no more than
208 from vertical (based on the orientation of the boundary trace relative to the crystallographic orientation
of the crystal). The insets in Figures 8a–8e show the approximate orientation of all of the subgrain

Table 1. Relationship Between CPO, Subgrain Boundary Orientations and Misorientation Axes

Slip System & CPO Tilt Boundary Twist Boundary

Plane // to subgrain bndry.
Rotation axis

Plane // to subgrain bndry.
Rotation axis

(010)[100]
A-type

(100)
[001]

(010)
[010]; requires [001] and [100]
screws

(010)[001]
B-type

(001)
[100]

(010)
[010]; requires [100] and [001]
screws

(100)[001]
C-type

(001)
[010]

Unlikely, since b 5 [010] do not
occur

(001)[100]
E-type

(100)
[010]

Unlikely, since b 5 [010] do not
occur
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boundaries identified in this manner from the
EBSD maps. Our analysis shows that subgrain
boundaries parallel to (100) are abundant in all
xenoliths, suggesting dislocation slip in the
[100] direction. In detail, each sample shows
variation: In BC10-1, 08BC08, and BC77 subgrain
boundaries parallel to (100) are most abundant;
in BC10-4 and 08BC03, subgrain boundaries
parallel to (100) and (010) are equally abundant.
BC10-1, 08BC03, and 08BC08 are dominated by
subgrain boundaries parallel to (100) with rota-
tion axes around [010]. BC10-4 contains an equal
number of subgrain boundaries parallel to (100)
with rotation axes around [010] and subgrain
boundaries parallel to (010) with small misorien-
tation and indistinct misorientation axes. BC77
has a nearly uniform distribution of subgrain
boundary orientations, with boundaries parallel
to (100) with rotation axes around [001], bounda-
ries parallel to (001) with rotation axes around
[010], and boundaries parallel to (100) with rota-
tion axes around [010].

Inverse pole figures (IPFs) showing rotation axes
accommodating misorientation within grains
defined as having between 28 and 108 misorien-
tation are shown in Figures 8f–8j. All of the
xenoliths except BC10-1, show a maximum clus-
tered near [010]. The CPOs of three of these
samples (BC10-4, BC77, and 08BC03) show that
olivine [010] axes cluster normal to the foliation
(Figure 4), suggesting that (010) was the domi-
nant glide plane. At face value, this observation,
together with the [010] maxima in the IPFs sug-
gest twist boundaries from activation of the

(010)[100] and/or (010)[001] slip systems (Table 1). However, we did not observe any pure twist boundaries in our
survey of subgrain boundaries described in Figures 8a–8e. In contrast, the predominance of subgrain boundaries
parallel to (100) with rotation axes around [010] is consistent with tilt walls from the (001)[100] slip system (Table
1). The orthorhombic CPO of BC10-1 (Figure 4), the lack of a kinematic reference frame, and the girdle between
[001] and [100] in the IPF (Figure 8f) make it more difficult to constrain a dominant slip system. However, the
larger number of subgrain boundaries parallel to (100) relative to (010) and (001), together with [010] as the dom-
inant misorientation axis (Figure 8a) suggest that (001)[100] could have been the dominant slip system.

Our combined analysis of CPO, IPF, and subgrain boundaries are summarized in Table 2. The CPOs of BC10-
4, BC77, 08BC03 are all axial-[010]; the CPO of BC10-1 is orthorhombic. In all xenoliths, subgrain boundaries
parallel to (100) are abundant, yet the dominant rotation axis of both the subgrains and the IPF is [010],
which would be inconsistent with those slip systems that have [010] as the glide plane (Table 1). We explore
interpretations of these results in section 8.

6. Major and Trace Element Geochemistry and Water Contents in Minerals

6.1. Olivine
Major element, trace element, and water concentrations of olivines are shown in Figure 9a and reported in
supporting information Tables 1 and 2. No zoning in major or trace element composition was resolved
within individual olivine grains. Olivine Mg# is homogeneous within individual xenoliths and nominally the

Figure 7. Example of determination of plane parallel to subgrain
boundary. Pole figure in the sample reference frame, lower
hemisphere, equal-area projections.
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same for all of the xenoliths we ana-
lyzed (average Mg# 5 91.1 6 0.22
(1r)). Average NiO in olivine for all
xenoliths is 0.44 6 0.06 wt % (1r). Oli-
vine Ti content, measured by LA ICP-
MS, is higher in garnet peridotites (25
ppm in 08BC08, 26 ppm in BC77, and
40 ppm in 08BC03) than in spinel peri-
dotites (13 ppm for BC10-1 and 21
ppm for BC10-4).

Water concentration in olivine is homo-
geneous within individual grains; trans-
ects across grains showed little variation
from core to rim (61 ppm) (Figure 9a).
Water concentration is also relatively
homogeneous within individual xeno-
liths but varies between samples. There
is a rough inverse correlation between
water content and the average olivine
grain size of the xenolith: the coarse-
protogranular xenolith BC10-1 has the
lowest olivine water content (average
4.3 ppm), followed by the porphyroclas-
tic garnet peridotites—which have oli-
vine water content ranging from 4.6 to
5.7 ppm—and finally, the fine-grained
granuloblastic xenolith BC10-4 which
has the highest olivine water content at
8.5 ppm.

6.2. Orthopyroxene
Major element, trace element, and
water concentrations of orthopyrox-
enes are presented in Figure 9b and
all data reported in supporting infor-
mation Tables 1 and 3. Opx(1) were
analyzed in BC10-1, opx(2) in BC10-4
and both opx(1) and opx (2) in BC77,
08BC03 and 08BC08. In 08BC03 and
BC77, we also measured transects of
water and major element concentra-
tion across large (�4 mm) opx(1) por-
phyroclasts (supporting information
Table 5).

Orthopyroxene cores in garnet perido-
tites are zoned from high Al, high Ca
cores to low Al, low Ca rims, consistent
with previous studies on Sierran perido-
tites [Lee et al., 2001; Chin et al., 2012,
2014, 2015]. In contrast, orthopyroxenes
in spinel peridotites show less pro-

nounced zoning, on the order of 0.5 wt % difference (compared to >1 wt % difference in garnet peridotites)
between core and rim. Mg# does not vary from core to rim and is also uniform across samples, ranging from 91
to 92.

Figure 8. (a–e) Histograms showing distribution of subgrain boundary types for a
subset of the full subgrain data set, denoted by the crystallographic plane and
direction parallel to the subgrain boundary and its rotation axis, respectively. Insets
show the number of subgrain boundaries (full subgrain data set) parallel to the
planes (100), (010), and (001); (f–j) Inverse pole figures showing the distribution of
rotation axis accommodating 28–108 misorientation in the olivine crystal reference
frame. Individual points omitted and only contours shown for clarity.
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Primitive-mantle-normalized rare earth element diagrams for orthopyroxene (core compositions) are shown
in Figure 10a. Overall, orthopyroxenes in garnet peridotites show smooth patterns decreasing from LREE to
HREE, similar to orthopyroxenes equilibrated with garnet in cratonic peridotites [e.g., Simon et al., 2003].
LREE can vary by an order of magnitude within one sample, but HREE show less dispersion. In contrast,
orthopyroxenes in spinel peridotites, which lack garnet exsolution, show smooth patterns increasing from
LREE to HREE with little dispersion (Figure 10a).

Water concentrations in orthopyroxene span a wide range from 42 to 243 ppm (Figure 9b). Orthopyroxenes
in spinel peridotites are unzoned. In contrast, orthopyroxene porphyroclasts in garnet peridotites show zon-
ing from water-rich cores (average 152 6 47 ppm) to water-depleted rims (80 6 18 ppm). In Figure 11a, we
plot the Al (IV) content (Al in the tetrahedral site of orthopyroxene) against water concentration in orthopyr-
oxene. Al (IV) is selected over Al2O3 because water (or hydrogen) can be incorporated into orthopyroxene
via exchange reactions such as Al31 1 H1 5 Si41 or Al31 1 H1 5 2Mg21 [Rauch and Keppler, 2002; Bromiley
et al., 2004; Stalder, 2004; Mierdel et al., 2007]. Individual porphyroclasts show positive correlations between

Table 2. Summary of Results From CPO, IPF, and Subgrain Boundary Analyses

CPO IPF Subgrain Boundaries

BC10-1 Orthorhombic Girdle between
[001] and [100]

Mostly // to (100), [010] rot (rotation) axis

BC10-4 Axial-[010] Maximum [010] Equal number // to (100) and (010)
Opx [001] // to lineation [010] rot axis

BC77 Orthorhombic with girdles in [100] and [001] Maximum [010] Mostly // to (100)
Opx [001] // to lineation and olivine [100] axes Equal distribution of [010]

and [001] rot axis
Opx [100] // to olivine [010]

08BC03 Strongest axial-[010] Maximum [010] Equal number // to (100) and (010)
Opx [010] // to olivine [010] [010] rot axis

08BC08 Axial-[010] Maximum [010] Mostly // to (100)
Olivine [010] normal to lineation

in the foliation plane
[010] rot axis

Opx [100] // to olivine [010]

Figure 9. Water concentrations (ppm) in Sierran xenolith minerals. (a) Water concentration (ppm) in olivine. Analyses denoted by asterisk
represent transects across an individual grain (n 5 number of spots along transect). (b) Water concentration in orthopyroxene. Lines
connect analyses of the same individual porphyroclast or grain. (c) Water concentration in clinopyroxene; lines connect analyses of same
grain. Error bars represent 1 standard deviation of n measurements (multiple spots per grain) or if only one spot per grain was analyzed,
the analytical precision.
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water and Al(IV) with similar slopes (Figure 11a). The slope defined by our data is similar, within error, to the
experimentally determined slope from Hauri et al. [2006] (inset in Figure 11a).

Filtering the data to a window of Al(IV) content between 0.08 and 0.1 (to filter out effect of subsolidus cool-
ing; see section 8.1 for discussion), we observe weak correlations between water content and major/trace
element concentrations. An exception is water in orthopyroxene versus La in orthopyroxene (as well as
other LREE, not shown), which shows a positive correlation (r2 5 0.84) (Figure 11b). No good correlation was

Figure 10. Primitive-mantle-normalized (values from McDonough and Sun [1995]) rare earth element diagrams of Sierran pyroxenes
(all analyses represent cores of mineral grains). (1) refers to Stage (1) porphyroclasts (2–4 mm); (2) refers to nonporphyroclastic pyroxenes
with grain sizes generally less than 1 mm. Symbols same as in Figure 7. (a) Representative orthopyroxene analyses from each xenolith.
(b) Clinopyroxene analyses.

Figure 11. Orthopyroxene and orthopyroxene versus clinopyroxene water and major, trace element variations. (a) Opx Al(IV) versus Opx water content. Smaller symbols represent spot
analyses along transects. Inset shows experimental relationship between water and Al(IV) in orthopyroxene from Hauri et al. [2006]; x and y axes are same as in larger figure. In (b-e), we
plot only those orthopyroxene compositions that fall between a range of Al(IV) between 0.08 and 0.1 (yellow band in Figure 11a) to filter out effect of subsolidus cooling (average value
for the two analyses in BC10-1 is plotted). (b) Opx La versus Opx water content. (c) Opx water versus Cpx La content. (d) Opx La versus Cpx La content. (e) Opx water versus Ti olivine
content.
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observed for orthopyroxene water content versus Y (not shown, used here as a proxy for HREE because of
its higher abundance).

6.3. Clinopyroxene
Clinopyroxene major element, trace element, and water concentrations are shown in Figure 9c and
reported in supporting information Tables 1 and 4. Only cpx(2) were analyzed due to the rarity of cpx(1).

Owing to the smaller grain size of clinopyroxene compared to orthopyroxene in the majority of xenoliths,
we did not do systematic core-rim analyses of clinopyroxene. Clinopyroxene major element compositions
are similar across xenolith types, with the exception of Na2O which is slightly higher in garnet peridotites
(average 1.3 wt %) compared to spinel peridotites (average 0.86 wt %).

Primitive-mantle-normalized rare earth element diagrams show distinct differences between clinopyrox-
enes from spinel and garnet peridotites (Figure 10b). Clinopyroxenes in garnet peridotites are LREE and
MREE enriched relative to HREE; this probably reflects subsolidus reequilibration with garnet [Chin et al.,
2012]. HREE can show wide dispersion within one xenolith, indicating varying degrees of clinopyroxene-
garnet equilibration. In contrast, LREE to MREE patterns are tightly collimated indicating less perturbation
by garnet. In spinel peridotite BC10-1, clinopyroxene patterns are flat with slight increases in HREE. BC10-4
has a distinctive, sinusoidal primitive-mantle-normalized pattern with MREE enriched up to 10 times relative
to LREE but only 2 times enriched relative to HREE.

Clinopyroxene water contents range from 32 to 479 ppm (Figure 9c). Water contents are variable at both
the grain-scale and between xenolith samples. 08BC03 contains the largest clinopyroxene grains with some
up to 2 mm, but no systematic core-rim zoning in water content was observed. However, water content is
variable within grain populations for an individual xenolith—for example, BC77 contains clinopyroxene
water contents ranging from 33 to 351 ppm (five grains).

A positive correlation between clinopyroxene water content versus Al(IV) (r2 5 0.79) (Figure 12a) is observed
across all xenoliths (both spinel and garnet peridotites). Considering only garnet peridotites, water content
and CaO are negatively correlated (r2 5 0.79) (Figure 12b). This observation is consistent with experiments
that show that water solubility in clinopyroxene is partly controlled by the Ca-Eskola (Ca0.5 w 0.5AlSi2O6

where w represents a cation vacancy) and the Ca-Tschermak (CaAlAlSiO6) components [Bromiley and Kep-
pler, 2004; Hauri et al., 2006; Gavrilenko and Keppler, 2007]. There is a weak positive correlation between
water and La with spinel and garnet peridotites forming two separate trends (Figure 12c). No correlation
was observed between water and Y (not shown). We observe a weak positive correlation (r2 5 0.56)
between water and Na2O (in garnet peridotites only; not plotted), which has also been observed in xenolith
suites worldwide [Peslier, 2010].

6.4. Garnet
Major and trace element compositions of garnet in Sierran garnet peridotites were previously reported in
Chin et al. [2012]. Most garnet grains in the Sierran xenoliths are surrounded by late-stage kelyphite rims
with high water content (>1000 ppm). In contrast, clean areas of garnet yielded water contents of �1 ppm.

Figure 12. Clinopyroxene water and major, trace element variations. (a) Cpx Al(IV) versus Cpx water content. (b) Cpx CaO versus Cpx water
content. (c) Cpx La versus Cpx water content.
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7. Intermineral Partitioning of Water and Implications for Hydrogen Incorporation
in Nominally Anhydrous Minerals (NAMs)

We evaluate the extent of equilibrium in water content between minerals in the Sierran xenoliths by com-
paring measured concentration ratios (Rmineral 1/mineral 2) to experimental partition coefficients. For clinopyr-
oxene and orthopyroxene, we test the assumption that the rims of orthopyroxene porphyroclasts are in
equilibrium with entire clinopyroxene grains. This assumption is reasonable because the porphyroclasts are
often at least 10 times larger than clinopyroxene, and if water incorporation in pyroxene is limited by slow-
diffusing Al [Rauch and Keppler, 2002], then rims of large grains should be in equilibrium with small grains.
Raverage cpx/average opx rim values for our xenoliths are as follows: 1.9 (BC10-1), 0.6 (BC10-4), 2.5 (BC77), 0.68
(08BC08), and 2.2 (08BC03). These ratios are similar to those determined experimentally. For example, we
used the relationship between pyroxene Al(IV)/total(IV) from Hauri et al. [2006] to calculate D values appro-
priate for orthopyroxene rims and average clinopyroxenes for each xenolith. We calculate Dcpx/opx between
0.4 and 2.6 from these experimental constraints, in good agreement with our measured Rcpx/opx values, sug-
gesting that orthopyroxene rims and average clinopyroxenes were in equilibrium.

Ropx-rim/average olivine values range from 7 to 16 for garnet peridotites and are more variable in spinel perido-
tites (10–48). For comparison, Dopx/ol calculated using the relationships from Hauri et al. [2006] and assum-
ing a constant Dol/melt of 0.0017 [Aubaud et al., 2004] range from 2.5 to 7.7 for garnet peridotites and 4 to
8.1 for spinel peridotites. Rcpx/average olivine show wide variation within individual xenoliths and across the
suite, ranging from 6 to 115. By contrast, calculated Dcpx/ol (using average clinopyroxene Al(IV)/Total(IV) and
constant Dol/melt 5 0.0017) range from 2.1 to 6; other experimental values for Dcpx/ol range from 12.5
[Aubaud et al., 2004] to 27 [Tenner et al., 2009]. Thus, all of our measured pyroxene/olivine concentration
ratios are significantly higher than equilibrium D values determined from experimental mineral/melt parti-
tioning data. This discrepancy could be due to (1) diffusive loss of water from olivine during xenolith erup-
tion or (2) inappropriate application of high-temperature experimental mineral/melt partition coefficients to
the much colder subsolidus conditions of the Sierran peridotites [e.g., Warren and Hauri, 2014].

Eruption-related water loss in olivine is typically associated with bell-shaped concentration profiles
[Demouchy et al., 2006; Peslier and Luhr, 2006]. No such profiles are observed in the Sierran olivines, suggest-
ing that they preserved mantle water contents. Furthermore, there is no correlation between measured oli-
vine grain size and water content (a positive correlation might be expected if eruptive loss occurred). Thus,
we need to consider whether the difference between measured concentration ratios and D values could be
related to the colder equilibration temperatures (700–8008C) of the xenoliths. Based on the experimental
data from Hauri et al. [2006], extrapolation of Dol/melt to temperatures <9008C predicts a Dol/melt of 0.00088
(i.e., lower than the value of 0.0017 used above to calculate equilibrium D values). Using D 5 0.00088, gives
values of 8.2, 12, and 4.1 for 08BC08, BC77, and 08BC03, respectively, which are closer to the measured con-
centration ratios of 7, 11, and 16, respectively.

8. Discussion

8.1. Melt Infiltration, Water Contents in NAMs, and the Sierran P-T Path
Following an initial melt depletion event (recorded by high Cr# spinel cores) [Chin et al., 2012], the Sierran
peridotites were infiltrated with melt, resulting in a depth gradation in fertility [Chin et al., 2012, 2014] (Fig-
ure 1). This lithosphere grades from the least melt-infiltrated, coarse-protogranular spinel peridotites (BC10-
1) into highly melt-infiltrated, fine-grained porphyroclastic garnet peridotites (BC77, 08BC08, and 08BC03).
BC10-4, the only fine-grained spinel peridotite, may represent a fossil melt channel. This interpretation is
based on (a) distinctive sinusoidal REE clinopyroxene patterns in BC10-4 (Figure 10b), which suggests the
combined action of chromatographic effects and melt-rock reaction [Bodinier et al., 1990; Takazawa et al.,
1992; Le Roux et al., 2007; Soustelle et al., 2009], and (b) olivine with the highest water contents (Figure 9a).
These features suggest that the clinopyroxene in BC10-4 crystallized in a highly permeable melt-rich chan-
nel; finer-grained domains can hold more melt [Wark and Watson, 2000].

The presence of excess whole-rock Yb and CaO in the garnet peridotites, borne out by excess garnet and
clinopyroxene, respectively, for a given degree of melting [Chin et al., 2012] indicates that the melt infiltra-
tion event occurred in the garnet stability field (�2 GPa). Based on the whole-rock and spinel geochemistry

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006156

CHIN ET AL. DEEP ARC LITHOSPHERE 2514



and modal mineralogy, we assume that most of the clinopyroxene in the garnet peridotites (and garnet)
crystallized during melt infiltration; some garnet also exsolved from pyroxene upon cooling). As such, corre-
lations among orthopyroxene and clinopyroxene major element, trace element and water concentrations
can be related to melt infiltration. As noted in section 6.2, to evaluate this hypothesis, we first need to
account for the effects of subsolidus cooling and associated garnet exsolution, which both decrease the Al
content (and therefore water content) of pyroxene. The effects of cooling are best seen in Figure 11a, where
transects across individual orthopyroxene porphyroclasts define similar slopes of Al(IV) versus water con-
tent, despite being from different xenoliths.

To investigate potential correlations between water content and trace element abundance resulting from
metasomatism, we plot data for orthopyroxene cores with the highest Al(IV) 0.08–0.1 in Figures 11b–11e,
assuming that the cores were not affected by garnet exsolution. In Figure 11b, we show that orthopyroxene
La correlates strongly with orthopyroxene water content. We also observe positive correlations between
orthopyroxene water content and both orthopyroxene La, and clinopyroxene La (Figures 11c and 11d).
Orthopyroxene water content also correlates with the Ti content of olivine (Figure 11e), another indicator of
metasomatism [Foley et al., 2011]. These observations indicate that the metasomatic event resulted in an
increase in the water content of the peridotites.

We can further constrain the conditions of metasomatism by considering the solidus of the melt-infiltrated
peridotites. Here we account for the influence of water content on the peridotite solidus [Katz et al., 2003;
Langmuir et al., 2006]. Assuming that the peridotites remained a closed system after melt infiltration, the
reconstructed bulk water contents can be used to constrain the solidus associated with the melt infiltration
event. Using mineral modes reported in Chin et al. [2014], a maximum bound on the bulk water contents of
the Sierran peridotites was determined in two ways: (1) using the water content of olivine calculated to be in
equilibrium with the maximum water content measured for orthopyroxene cores (with appropriate Dopx/ol

values) [Hauri et al., 2006], together with the maximum measured water contents of orthopyroxene and cli-
nopyroxene and (2) using the recalculated olivine water contents (as above) and recalculated pyroxene water
contents (using Dcpx/opx 5 1.4) [Aubaud et al., 2004] that are set by the highest measured orthopyroxene or
clinopyroxene water content in each xenolith. Reconstructed bulk water contents in the Sierran peridotites
range from 68 to 163 ppm and 81 to 186 ppm for methods 1 and 2, respectively. For simplicity, we assume a
value of 100 ppm (0.01 wt %); the solidus for this water content is shown in Figure 13.

Despite their mantle wedge provenance, the Sierran peridotite xenoliths are quite dry. The range of maxi-
mum reconstructed bulk water contents is similar to the average MORB mantle (50–200 ppm; Hirschmann
[2006] and falls below the range estimated for residues of subduction zone melting (180–540 ppm), based
on calculations using primitive arc basalts containing 2–6 wt % H2O [Grove et al., 2002; Kelley et al., 2010]
and Dperidotite/melt 5 0.009 [Aubaud et al., 2004]). Mantle peridotites from other subduction zones are simi-
larly dry [Peslier and Luhr, 2006; Soustelle et al., 2010; Soustelle et al., 2013]. The solubility of water in olivine is
greater at high temperatures and elevated water fugacity [e.g., Zhao et al., 2004]. Extrapolation of the olivine
water saturation relationship from Zhao et al. [2004] for Fa0.09 olivine (representative of the homogeneous
olivines in the xenoliths) to the average final P-T conditions (2.7 GPa, 7408C) determined from thermobar-
ometry [Chin et al., 2012], predicts an olivine water content of 84 ppm for the garnet peridotites 08BC08,
08BC03, and BC77. Thus, the maximum bounds on the recalculated olivine water contents (16–32 ppm)
based on our analyses fall significantly below the predicted saturation value, indicating that the Sierran peri-
dotites were water-undersaturated at their final P-T conditions.

Finally, textural relationships (e.g., pargasitic amphibole replacing interstitial clinopyroxene; Figure 3a) sug-
gest that the hydrous mantle phases overprint earlier magmatic textures; we can therefore assume that
they formed near the final P-T conditions. We propose that water was lost from olivine during cooling to
form water-poor garnet peridotite. Since amphibole remains stable at aH2O< 1, water exchange reactions
during cooling can produce solid-state transformation of pyroxene to amphibole (Figure 3a). There is �0.1
vol % amphibole in each xenolith; assuming a water content of 2 wt % for amphibole, the trace amount of
amphibole accounts for an additional 20 ppm of water. The difference between the maximum recalculated
olivine water contents (16–32 ppm) and measured olivine water contents (4–10 ppm) in our xenoliths is
similar to the 20 ppm ‘‘lost’’ water calculated due to amphibole formation. Thus, the apparent discrepancy
between the olivine and pyroxene water contents may arise from the formation of trace amounts of amphi-
bole at lower temperatures. Such repartitioning of water between NAMs during cooling (due to decreasing
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solubility) is an alternative explanation
(to diffusive water loss during eruption)
for why olivine water contents are
often far lower than pyroxene water
contents in peridotites worldwide.

8.2. Deformation and the P-T Path
Following melt infiltration, the perido-
tites, particularly the deepest equili-
brated and most refertilized garnet
peridotites, cooled within 10 My [Chin
et al., 2015] from >12008C to <8008C.
Such rapid cooling resulted in ortho-
pyroxene Al zoning (and we suggest
the complementary zoning in H1

coupled to Al31; Figure 11a). The low
temperatures of final equilibration
(�7508C) correspond to very high
effective viscosities of �1025 Pa s (cal-
culated using flow laws from Hirth
and Kohlstedt [2003], assuming a dif-
ferential stress of 7 MPa based on an
average grain size of 1 mm from the
olivine piezometer [Van der Wal et al.,
1993], and the average recalculated
olivine water content of 22 wt ppm).
Compared to the much lower viscos-
ity of the surrounding mantle (�1019

Pa s) [Hirth and Kohlstedt, 2003], such high viscosities preclude significant deformation occurring at the cold
final temperatures of the Sierran peridotites. Thus, deformation must have occurred earlier along the P-T
path, either during Stage (1) (upwelling and melt depletion) or Stage (2) (melt infiltration) (Figure 13).

The correlation of weak, axial-[010] CPOs in those peridotites with strong geochemical evidence of metaso-
matism suggests that melt infiltration and processes resulting from it (e.g., grain size pinning due to second-
ary phase precipitation) influenced the textural development [Holtzman et al., 2003b; Le Roux et al., 2008;
Higgie and Tommasi, 2012, 2014]. For example, the presence of melt during deformation may relax strain
compatibility constraints at grain boundaries, facilitating rigid grain rotation and alignment of [010] perpen-
dicular to the shear plane [Higgie and Tommasi, 2012; Deems et al., 2014; Higgie and Tommasi, 2014]. In addi-
tion, the presence of melt provides fast diffusion pathways which promotes diffusion creep; these
processes may weaken the alignment of [100] and [001] axes, leading to development of axial-[010] CPO
[Holtzman et al., 2003b]. The role of melt infiltration on the evolution of CPO is also supported by the obser-
vation that the metasomatic pyroxenes mainly reside in bands or lenses aligned and/or elongated in the
foliation [Chin et al., 2014]; similar textures observed in other subduction zone peridotite xenoliths have
been attributed to melt-rock reaction during deformation [Dijkstra et al., 2002; Soustelle et al., 2010, 2013].
Similarly, deformation experiments involving melt-rock reaction demonstrate that pyroxene crystallizing
from the melt aligns within the foliation [Soustelle et al., 2014].

However, for our sample suite we also need to evaluate other hypotheses put forward to explain the develop-
ment of axial-[010] olivine fabrics. For example, axial-[010] CPO (or CPOs with low BA index) can form during
axial compression and/or transpression [Ave Lallemant and Carter, 1970; Nicolas et al., 1973; Ave Lallemant,
1975; Tommasi et al., 1999, 2008], for transpression [100] and [001] maxima would also be observed within the
girdle. Axial compression should result in uniform distribution of [100] and [001] without point maxima in the
foliation plane [Tommasi et al., 1999; Bascou et al., 2008] at conditions where (010)[100], or (010)[001] are the
dominant slip systems. Tilt boundaries produced via (010)[100] slip result in subgrain boundaries parallel to
(100) with misorientation axes parallel to [001] (Table 1) [cf., Hansen et al., 2014]; only one sample shows a sig-
nificant fraction of such boundaries (Figure 8c). In contrast, our combined analysis of subgrain boundaries and

Figure 13. P-T-X path of the Sierran peridotites, starting from 1. Melt depletion of
�15% [Chin et al., 2012], based on a fertile mantle composition following the
parameterization of Katz et al. [2003] 2. Subsequent melt infiltration and
deformation. 3. Final equilibration based on major element garnet-orthopyroxene
thermobarometry [Chin et al., 2012]. Red band represents possible P-T range along
the 0.01 wt % water-undersaturated solidus (calculated using the model of
Langmuir et al. [2006]), where melt infiltration could occur based on the
reconstructed water content of the Sierran bulk peridotites.
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IPFs (Figure 8, Table 2) mostly show subgrain boundaries parallel to (100) with rotation axes around [010] and
misorientation axes around [010] in the IPFs (Figure 8), suggesting that most subgrain boundaries are tilt
boundaries from the (001)[100] slip system (Table 1). We did not identify any (010) twist boundaries (which
could arise if (010)[100] was the dominant slip system, assuming that [001] screw dislocations were also preva-
lent). Furthermore, the observation that the orthopyroxene CPOs are orthorhombic while olivine CPOs are
clearly axial-[010] seems inconsistent with axial compression. A second mechanism involves a significant con-
tribution of diffusion and/or dislocation accommodated grain boundary sliding (GBS) under solid-state condi-
tions [Sundberg and Cooper, 2008; Miyazaki et al., 2013; Precigout and Hirth, 2014], which could result in strong
girdle component in the distribution of the [100] and [001] axes. In the case of the Sierran peridotites, it is pos-
sible that crystallization of fine-grained pyroxene associated with melt infiltration led to a reduction of the oli-
vine grain size by pinning, promoting deformation by grain-size-sensitive creep at sub-solidus conditions. A
third mechanism involves increasing pressure that promotes equal activation of [100] and [001] slip [Mainprice
et al., 2005; Raterron et al., 2007]. Again, the relative lack of substructures consistent with (010)[100] slip
appears inconsistent with this hypothesis.

Finally, we note that deformation via the (001)[100] slip system is thought to be activated at elevated water
contents [Mehl et al., 2003; Katayama et al., 2004; Skemer et al., 2013]. However, the maximum recalculated
olivine water contents in our sample suite all fall below the minimum (�40 wt ppm) required to promote
the transition from A to E-type CPO based on both experimental and geologic sample analyses [Karato
et al., 2008; Skemer et al., 2013]. We speculate that the discrepancy between our combined subgrain boun-
dary 1 IPF analyses and the bulk CPO could represent a ‘‘ghost signature’’ of the earlier, higher T, wetter
conditions [e.g., Katayama et al., 2011] associated with hydrous melt infiltration along the P-T path (Figure
13) when water solubility in olivine was greater compared to solubility at the cold final T’s. The preservation
of subgrain boundaries consistent with the (001)[100] slip system attests to an earlier deformation episode
at hydrous conditions. Assuming that the olivine elongation direction in 08BC08 represents the trace of the
foliation, the CPO of this sample is unusual (Figure 4)—as the olivine [010] maximum would plot in the folia-
tion plane and the [100] and [001] girdles would define a plane normal to the foliation. Such a CPO could
result from a mixture of C-type and E-type fabrics (Table 2). Interestingly, 08BC08 also contains the largest
number of subgrain boundary orientations consistent with (001)[100] slip system (Figure 8e). Another pecu-
liar aspect of this sample is the oblique fabric defined by aggregates of clinopyroxene oriented roughly NE-
SW (Figure 2j). Intriguingly, similar foliations have been observed in experimentally deformed samples of oli-
vine and clinopyroxene in which deformation is accommodated by grain boundary sliding [Hiraga et al.,
2013]. The presence of this secondary foliation, defined by what we interpret as clinopyroxene that crystal-
lized during melt infiltration, supports the hypothesis that grain-size-sensitive creep plays a role in the CPO
development.

9. Summary and Implications for Longevity of Lithosphere in Arcs

Peridotite xenoliths from the Sierra Nevada Batholith, California, USA, provide new constraints on the rela-
tionship between metasomatism and deformation in the subduction zone mantle lithosphere. We show
that Sierran peridotites represent a lithospheric column that grades from shallow, less-melt-infiltrated spinel
peridotite with strong orthorhombic fabric to deep, highly melt-infiltrated garnet peridotite with weak
axial-[010] fabric. In contrast to the observed axial-[010] fabric, intragranular microstructures suggest defor-
mation under wetter conditions (in which the (001)[100] system is dominant), possibly associated with the
earlier melt infiltration event that rehydrated the peridotites. However, measured and recalculated water
contents in NAMs are too low to account for an E-type fabric. We suggest that melt infiltration and associ-
ated precipitation of fine-grained pyroxene and garnet promoted grain-size-sensitive creep—allowing
deformation to be localized in fine-grained regions formed during melt infiltration—and leading to grain
rotation and grain boundary sliding that led to development of axial-[010] CPOs. So while (001)[100] slip
may have been the dominant active slip system, E-type fabrics were not produced because the overall CPO
was dominated by the grain-size-sensitive creep process promoted by the presence of melt. Subsequent
cooling resulted in water loss from olivine owing to the significant lowering of water solubility with decreas-
ing temperature; but temperatures were too low (�7508C) for significant deformation to occur—preserving
the intragranular microstructures indicative of (001)[100] slip. Our coupled data set of deformation micro-
structures and water contents in NAMs show that the interpretation of deformation and geochemical
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evolution in the context of the lithospheric P-T path in a subduction zone can be complex. The mobility of
water in olivine, combined with the lowering of solubility in olivine with decreasing temperatures, should
be important caveats when interpreting water contents in olivine (and NAMs in general) in the context of
deformation and P-T histories.

Our study also has implications for the seismic structure subduction zones globally. We show that lithosphere
in the overriding plate, often understudied in subduction zone geodynamics, is stratified by depth in terms of
fertility and olivine fabric. The transition from orthorhombic, wet olivine fabric (e.g., E-type fabric) to weak
axial-[010] fabrics results in a significant decrease in Vp anisotropy [Michibayashi et al., 2016]. Seismic anisot-
ropy in subduction zone mantle is complex [e.g., Abt and Fischer, 2008], and thus the interplay between com-
positional gradients created by processes such as melt infiltration and the effect on CPO development needs
to be considered when interpreting both the xenolith record and seismic anisotropy at arcs.

Finally, we note that although subduction zones are generally viewed as ‘‘wet,’’ arc mantle lithosphere left
behind after melt depletion and cooling has water contents similar to MORB mantle, even after a secondary
melt infiltration event. The combination of cold temperatures and low water contents result in very high
effective viscosities and therefore promote long-term preservation of arc mantle lithosphere, perhaps in a
process similar to the stabilization of depleted, dry and cold Archean cratonic lithosphere [Lee et al., 2011].
However, unlike Archean cratons which persist for billions of years, continental lithosphere formed in the
Phanerozoic appears to be shorter lived, as the Sierran arc root lasted less than 100 Myr until it was convec-
tively removed.
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