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Recently deformed mantle peridotite xenoliths derived from Moho depths constrain the geothermal
gradient, stress magnitude, effective viscosity, and degree of localization in the uppermost mantle
within the tectonically active Mojave region of California. Microstructural observations and water
content measurements in the xenoliths indicate that upper mantle deformation is accommodated by
dislocation creep of modestly hydrated olivine. Differential stress measured in the xenoliths using olivine
paleopiezometry is 13–17 MPa, which is at least one order of magnitude less than peak stresses
estimated for the gabbroic lower crust and the brittle upper crust. Similarly, the mean effective viscosity
of ∼3 × 1019 Pa s for the uppermost mantle is one to two orders of magnitude less than the mean
viscosity estimated for the lower crust, consistent with recent models of postseismic relaxation following
the Landers (1992) and Hector Mine (1999) earthquakes. These results support a rheological model for
the Mojave region in which the peak stress resides in the crust, rather than within the lithospheric
mantle (consistent with the ‘crème brûlée’ model of lithospheric strength). Temperatures and pressures
recorded in the xenoliths indicate a high geothermal gradient of at least ∼30 ◦C/km, which may explain
the regional weakness of the mantle lid. Strain rates calculated for the uppermost mantle using the
xenolith data and olivine flow laws for wet dislocation creep are ∼7–70 times faster than bulk strain
rates estimated across the central Mojave region from GPS-constrained surface velocities. This suggests
that faults at the eastern border of the Eastern California Shear Zone persist through the seismogenic
zone and retain their identities as narrow ductile shear zones into the mantle beneath the Moho. The
observation that recent deformation is localized into only 10–25% of the rock body may explain why
upper mantle seismic anisotropy in the Mojave region is highly oblique to present-day plate boundary
motion.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Long-standing questions in geodynamics include: What is the
integrated strength of the crust and upper mantle, and at what
depth does the peak strength reside (Hanks and Raleigh, 1980;
Jackson, 2002; Burov and Watts, 2006)? Stress in the lithosphere
can be estimated by extrapolating laboratory deformation data to
natural conditions using flow laws of the form

ε̇ = Admσ n fH2O exp

(−Q + P V

RT

)
(1)

where ε̇ is strain rate, A is a material constant, σ is stress, fH2O
is water fugacity, d is grainsize, Q is the activation energy, R is
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the gas constant P is pressure, V is the activation volume and
T is temperature. The stress and grainsize exponents, n and m,
vary from ∼1–5 and 0–3, respectively, depending on deforma-
tion mechanism. These extrapolations lead to strength profiles
(Sibson, 1983), which form the basis for geodynamic models of
processes ranging from regional post-seismic relaxation (Freed and
Bürgmann, 2004; Bürgmann and Dresen, 2008) to global mantle
convection (Landuyt et al., 2008; Bercovici, 2003). Extrapolation of
flow laws to the lower crust and upper mantle requires assump-
tions about the rock type and deformation mechanism, as well as
grainsize, water content, thermal gradient, strain rate and scales
of localization—parameters that vary by two to three orders of
magnitude regionally within Earth, and by up to ten orders of mag-
nitude (for strain rate) in Earth relative to the laboratory. Advances
in electron-backscatter diffraction (EBSD) and high-resolution el-
emental mapping, however, have great potential for quantitatively
characterizing these parameters for individual regions. Quantitative
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Fig. 1. [A] Regional fault map of the Mojave block. Inset shows location of Mojave region within western US (grey box) and nearby areas mentioned in the text (WM =
Whipple Mountains; SC = San Carlos volcanic field). Black arrows bracket faults of the Eastern California Shear Zone and the direction of plate motion across this zone.
Green rectangle shows teleseismic transect across the San Andreas and ECSZ from the study of Zhu (2000) (discussed in Section 4.4). The dashed red line roughly outlines
the Cima Volcanic Field. The Landers (1992) and Hector Mine (1999) earthquake ruptures are shown in pink. Yellow line shows the location of the schematic cross-section
in [B]. SAF = San Andreas Fault; SJF = San Jacinto Fault; EF = Elsinore Fault; GF = Garlock Fault; HVF = Homestead Valley Fault; LLF = Lavic Lake Fault; BF = Baker
Fault. [B] Schematic cross-section through the Cima field based on petrological description of the Cima xenoliths from Wilshire (1990), and Cardon (2009); depth of the
mid-crustal/lower crust boundary from Romanyuk et al. (2007); depth of the Moho from Schulte-Pelkum et al. (2011) and Wilshire (1990); and depth of the LAB from Lekic
et al. (2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
measurements of stress, temperature, pressure, and water con-
tents, coupled to grain-scale observations of grainsize and defor-
mation mechanisms allow the problem to be inverted such that
the natural observations can place strong constraints on the ex-
trapolation of laboratory flow laws to Earth (Hirth et al., 2001;
Behr and Platt, 2011, 2013).

The techniques described above are frequently applied to ex-
humed slices of continental crust or upper mantle, thus highlight-
ing the rheological evolution of a region during a past tectonic
event (e.g. Vissers et al., 1997; Newman et al., 1999; Skemer et
al., 2009; Higgie and Tommasi, 2012). In contrast, young xeno-
liths from tectonically active regions provide a unique opportu-
nity to examine the present-day rheology and appropriate flow
laws for a deforming region, and to make comparisons to esti-
mates of rheologic structure derived from geophysical methods
that are larger in scale, such as post-seismic relaxation mod-
els, seismic anisotropy and attenuation, and estimates of elas-
tic plate thickness (e.g. Vauchez et al., 2005; Titus et al., 2007;
Soustelle et al., 2010; Harigane et al., 2011; Gazel et al., 2012;
Palasse et al., 2012). Here we characterize the rheological prop-
erties of a lithospheric mantle section using peridotite xenoliths
erupted from the dominantly Pleistocene Cima Volcanic Field in
the tectonically active Mojave desert of California. This is a region
in which models of both the transient and steady-state rheology
structure of the lithosphere have been made from surface veloc-
ity measurements of post-seismic relaxation following the Landers
(1992) and Hector Mine (1999) earthquakes (Pollitz et al., 2000;
Freed and Bürgmann, 2004; Fialko, 2004; Freed et al., 2012). Ob-
servations from Cima xenoliths provide both a test of these models
and additional constraints on appropriate inputs for mantle rheol-
ogy in this region. We describe analyses of Cima xenoliths that
constrain the geothermal gradient, peak strength, long-term effec-
tive viscosity, and degree of strain localization within the litho-
spheric mantle at Moho depths, all of which influence the large-
scale patterns of deformation within the actively deforming Mojave
region.

2. The Cima Volcanic Field

The Cima Volcanic Field (CVF) consists of over 70 cinder cones
and associated basalt flows that cover an area of ∼600 km2

within the eastern Mojave desert (Fig. 1). Approximately 10% of
the cones and several of the flows contain abundant lower crust-
and mantle-derived gabbro, pyroxenite, and peridotite xenoliths,
some of which show primary igneous textures and several of
which are penetratively deformed (Wilshire, 1990). The petroge-
nesis of the xenoliths has been described in detail by Wilshire
(1990) and Wilshire et al. (1991). To summarize, the Cima suite
includes three groups: (1) a Cr-diopside group of spinel and pla-
gioclase peridotites; (2) a green-pyroxene group of websterite
and two-pyroxene gabbro; and (3) an Al-augite group of clinopy-
roxenite, wehrlite, and one-pyroxene gabbro. Cross-cutting rela-
tionships among the xenoliths indicate that originally feldspar-
free spinel peridotites were partly to pervasively infiltrated by
melts, which crystallized plagioclase in anastomosing and pla-
nar networks and along grain boundaries. More than half of
these infiltrated peridotites were penetratively deformed and dy-
namically recrystallized subsequent to melt infiltration (Wilshire,
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1990). The spinel and plagioclase peridotites are cross-cut by
mostly undeformed and unmetamorphosed, cm-scale dikes of the
green-pyroxene and Al-augite groups, which are interpreted to
represent recent magmatic infiltration and crystallization near
the Moho (Wilshire, 1990). Seismic transects across the CVF
image a strongly reflective Moho with low relief at ∼29 km
depth (Wilshire, 1990; Schulte-Pelkum et al., 2011). The peri-
dotite xenoliths are interpreted to be sourced from just below,
to up to ∼30 km below the Moho (Fig. 1) (Wilshire, 1990;
Cardon, 2009).

The timing of deformation in the Cima xenoliths is critical to
relating their fabrics to present-day tectonic processes. The host
basalts are young enough—7 Ma to present, with many less than
1 m.y. in age—that the xenoliths likely record conditions similar to
the present-day upper mantle. This is supported by the presence of
cross-cutting, cm-scale dikes in some composite xenoliths, which
are un-metamorphosed, suggesting they could not have been em-
placed under conditions significantly different from their condi-
tions just prior to eruption (Wilshire et al., 1991). Furthermore,
Mukasa and Wilshire (1997) demonstrated that igneous-textured
pyroxenite and gabbro dikes are similar in isotopic composition
to the basalts that host them, and that these represent intrusions
of the same magmas that form lavas of the CVF. The feldspathic
peridotites show isotopic compositions intermediate between the
igneous-textured dikes and the nonfeldspathic mantle rocks, indi-
cating they were infiltrated by CVF magmas, and many were sub-
sequently deformed. This suggests that the deformation occurred
sometime after the start of magmatism in the CVF (at 7 Ma), and
before the xenoliths were erupted to the surface (∼1 Ma). An addi-
tional argument that the deformation fabrics in the Cima xenoliths
are young is the lack of very large grainsizes or other evidence of
static annealing. Based on grain growth parameters (Karato, 1989),
deformed xenoliths that remained at temperatures above 900 ◦C
for the past >10 m.y. should show equilibrated grainsizes of at
least 4 mm and up to 8 mm (Fig. DR1)—these are not observed
in the Cima suite, even in samples in which olivine is entirely un-
pinned by secondary phases.

3. Rheological properties of the Cima xenoliths

We examined ∼40 thin sections of variably deformed peri-
dotites from the Cr-diopside group within the CVF, focusing on
plagioclase-bearing lherzolites because these can be ascribed to a
specific depth range within the lithospheric mantle. Because the
CVF has been over-sampled, we used thin sections sourced from
the collection of H.G. Wilshire curated by the Smithsonian Museum
in Washington D.C. All of the samples are fresh peridotites that
show no evidence for late-stage infiltration or deformation during
entrainment or eruption. The sample modes range from 70 to 85%
olivine, 5–25% orthopyroxene, 3–15% clinopyroxene, 2–8% oxides
and 2–5% plagioclase and/or spinel.

3.1. Deformation microstructures

The xenoliths exhibit a range in textures, from protogranular
to porphyroclastic to mylonitic, which we interpret to reflect dif-
ferent amounts of strain related to the most recent phase of de-
formation. Samples with protogranular textures typically show no
discernible foliation (Fig. 2A, B), or in some cases, a weak foli-
ation defined by 5 to 8-mm-scale compositional banding and/or
weak mineral elongation (Fig. 2C, D). In samples with compo-
sitional banding, the bands consist of nearly pure olivine layers
separated by layers of mixed dominantly olivine and orthopyrox-
ene. Olivine grains are equant with gently curved grain boundaries;
some show 120◦-triple-junctions when in contact with neighbor-
ing olivine. Olivine grain sizes are ∼1–2 mm, but local domains
of dispersed grains of similar orientation suggest they may have
originally been derived from much coarser grains (Fig. 2B). Many
of the olivine grains exhibit planar subgrains that are elongate at
high angles to the foliation; some also have recrystallized grains
on their margins that range from 300 to 600 μm in diameter. Or-
thopyroxene typically occurs as equant to slightly elongate grains
∼1–6 mm in diameter. The larger orthopyroxene grains commonly
show warped exsolution lamellae, subgrains, and minor marginal
dynamic recrystallization. Recrystallized olivine and orthopyroxene
locally occur in patchy domains of mixed phases.

Porphyroclastic samples exhibit a moderate foliation defined by
5–6-mm-scale compositional banding, tabular olivine, and/or elon-
gate spinel. Olivine and orthopyroxene porphyroclasts are similar
in size to those in the protogranular samples, but are more elon-
gate and show more irregular and strongly curved grain bound-
aries. Subgrains are also more prominent, and in some samples
they occur at a consistent angle relative to the foliation (∼60–80◦),
defining an oblique grain shape fabric (Fig. 2F). Dynamic recrystal-
lization is much more pervasive than in the protogranular rocks,
and ‘core-and-mantle’ structures, in which elongate olivine por-
phyroclasts are mantled by recrystallized grains (300–600 μm), are
common (Fig. 2E, F).

Mylonitic samples show strong foliations defined by 2–4-mm-
scale compositional banding and elongate olivine, orthopyroxene
and spinel (Fig. 2G, H). Olivine porphyroclasts are smaller than
in the protogranular and porphyroclastic samples, but are signifi-
cantly more elongate, showing aspect ratios of 3:1 to 5:1. Marginal
dynamic recrystallization is pervasive and forms equant grains
with slightly curved boundaries. Recrystallization also appears to
have occurred within original olivine porphyroclast interiors by
progressive rotation of planar subgrains; the recrystallized grains
are typically more tabular than those formed along porphyro-
clast margins (Fig. 2G, H). In domains that lack orthopyroxene and
other secondary phases, dynamically recrystallized olivine grains
are similar in size to those in the porphyroclastic and protogran-
ular samples (∼300–600 μm). Orthopyroxene porphyroclasts are
also smaller than in the porphyroclastic and protogranular sam-
ples, ranging from ∼1 to 3 mm. They show highly irregular,
‘amoeboid’ grain boundaries associated with pervasive marginal
recrystallization to grainsizes of ∼100–200 μm. Several samples
exhibit 2–4-mm-thick-layers of well-mixed, dynamically recrystal-
lized olivine and orthopyroxene.

Clinopyroxene (present in all samples) and plagioclase (present
in most) are small (100–500 μm), irregularly shaped, and dispersed
(Fig. 2A–D). In some porphyroclastic and mylonitic samples, these
phases are elongate parallel to the foliation. Plagioclase exhibits
lenticular deformation twinning and sweeping undulose extinction
whereas clinopyroxene grains show little internal deformation.

3.2. Lattice preferred orientations

EBSD data were collected on seven samples using thin sec-
tions that were polished in colloidal silica for 1–4 h. Data were
collected using Oxford Instruments Aztec software and a Nordlys
EBSD detector attached to a Philips/FEI XL30 environmental scan-
ning electron microscope at the UT Austin. Samples were analyzed
under variable pressure and were not carbon coated. Beam voltage
was set to 30 kV. Indexing rates for all maps were 80% or higher
and required only minimal noise reduction during post-processing.
Several of the olivine lattice preferred orientations (LPOs) were de-
rived from high-resolution (step-size <15 μm) EBSD maps like the
one shown in Fig. 3. In some cases lower resolution maps were
acquired, and the maps were combined to produce a single set
of LPO data. At least two and up to ten regions (depending on
grain size) were examined for each thin section to check for lo-
cal variations in LPO. Most of the sections used were borrowed
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Fig. 2. Photomicrographs illustrating the range of textures preserved in the Cima xenoliths. [A–B] Sample 117199-104 in plane [A] and crossed polarized light [B]. Pro-
togranular texture with no visible foliation. Olivine porphyroclasts have curved boundaries and show marginal dynamic recrystallization; in some places they meet in
120◦-triple-junctions (white arrow). Dashed white outline highlights patchy region of mixed recrystallized olivine and orthopyroxene. [C–D] Sample Ki-5-12 in plane [C] and
crossed polarized light [D]. Protogranular texture showing a weak foliation. Abundant planar subgrains are visible within both olivine and orthopyroxene porphyroclasts. [E–F]
Sample Ki-5-82 in plane [E] and crossed polarized light [F]. Porphyroclastic texture showing a moderately developed primary foliation defined by compositional layering and
elongate minerals (S1a) and a secondary oblique grain shape fabric defined by planar subgrains in olivine porphyroclasts (S1b). The amount of dynamic recrystallization in
this sample is greater than in the protogranular samples shown in [A–B] and [C–D]. [G–H] Sample Ki-5-32 in plane [G] and crossed polarized light [H]. Mylonitic sample
exhibiting a strong foliation. Recrystallization along olivine porphyroclast margins is pervasive and forms equant and slightly curved recrystallized grains (white arrows in in-
set). Recrystallization also appears to have occurred within porphyroclast interiors by progressive rotation of planar subgrains forming more blocky or tabular recrystallized
grains (red arrow in inset). (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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Fig. 3. EBSD data from porphyroclastic sample Ki-5-19. [A] Band contrast map of analyzed region showing the relative intensities of the EBSD pattern for different grains.
[B] Phase map of the same region showing the distribution of recrystallized olivine, orthopyroxene and clinopyroxene. [C] IPF-Y orientation map of olivine grains. [D] Olivine,
orthopyroxene and clinopyroxene pole figures from the mapped region.
from the Wilshire collection; some of these were cut parallel to
lineation and foliation; others were cut obliquely to one or both.
We measured the samples regardless of thin section orientation to
check for the presence of an LPO in various minerals. To display the
fabrics, we rotated those with unknown lineation and/or foliation
directions such that the olivine [100] axes lie in the XY plane and
the [010] axes were perpendicular to the XY plane along the Z axis.

All of the samples show moderate to strong olivine LPOs
(Fig. DR2), including the protogranular samples in which the grains
exhibit little internal deformation and show annealed grain bound-
aries (Fig. DR3); it also includes regions of significant phase mixing
(Fig. 3). Samples that did not require rotation exhibit a-axes in
the XY plane, b-axes with tight to diffuse maxima perpendicular
to the XY plane, and c-axes with weaker maxima within the XY
plane sub-parallel to the y-axis (Fig. 3). These fabrics are similar
to those measured via U-stage on other xenoliths from the CVF
(Soedjatmiko and Christensen, 2000) and are consistent with an
A-type olivine LPO (Jung et al., 2006), which is associated with
dislocation creep of olivine under low to moderate water con-
tents and a wide range of temperatures. In a few samples, enough
orthopyroxene grains were measured to define an LPO; orthopy-
roxene [001] axes are parallel to olivine [100] axes, also consistent
with [100] as the dominant slip direction in olivine (Fig. 3) (e.g.
Soustelle and Tommasi, 2010).

3.3. Deformation conditions

3.3.1. Mineral compositions
Mineral compositions were measured in nine samples on a JEOL

JXA-8200 electron microprobe at the University of California, Los
Angeles. Beam voltage, current and diameter were set to 15 kV,
10 nA, and 1–10 μm, respectively. Count times were 20 s on
peaks and 5 s on background. In all samples major and minor el-
ement concentrations were analyzed in olivine, orthopyroxene and
clinopyroxene. In several samples, plagioclase and/or spinel were
also analyzed.

Plagioclase in four samples range from 46 to 53 mol % An,
45–54 mol % Ab, and 0.4–1.8 mol % Or. Spinel grains in eight sam-
ples show a range in Cr# from 0.10 to 0.45, with little variation in
individual samples. Neither plagioclase nor spinel shows significant
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Table 1
Summary of data from all Cima samples analyzed in this study.

Sample Microstructure # pairs T
(◦C)

Grainsize
(μm)

No. of grains Stress
(MPa)

H in Ol
(ppm)

Ki-5-39 mylonitic 7 893 ± 9 484 ± 23 77 13 ± 0.5
Ki-5-1 porphyroclastic 10 909 ± 9 469 ± 20 70 14 ± 0.4
Ki-5-82 porphyroclastic 35 890 ± 5 374 ± 18 81 16 ± 0.6 16 ± 3.3
Ki-5-110 porphyroclastic 359 ± 17 115 17 ± 0.6 18 ± 2.3
Ki-5-29 porphyroclastic 9 905 ± 4
Ci-1-108 porphyroclastic 9 952 ± 5
Ci-1-200 protogranular 7 935 ± 5
Ci-1-184 protogranular 7 951 ± 5
Ci-1-196 protogranular 13 871 ± 11
117199-104 protogranular 6 893 ± 6
Fig. 4. Compositional data of orthopyroxenes from two Cima samples. Both show a
gradual decrease in Al2O3 concentration from the cores of porphyroclasts to their
rims. An even further decrease occurs in recrystallized new grains.

compositional zoning. Olivine exhibits Mg#s ranging from 88 to
92. Olivine porphyroclasts show slightly higher average Mg#s than
recrystallized grains in several samples, but in all cases the compo-
sitions of the two overlap. Large orthopyroxene porphyroclasts in
several samples show compositional zoning from core to rim, with
Al2O3 concentrations decreasing outwards. Al2O3 concentrations
are lower in dynamically recrystallized grains in the rock matrix
than in porphyroclast rims or cores (Fig. 4). CaO concentrations do
not vary much amongst the different microstructural types, likely
because orthopyroxene porphyroclasts show prominent clinopyrox-
ene exsolution lamellae. Clinopyroxenes show a range in wt% CaO
from 20.2 to 21.8 and wt% Al2O3 from 3.5 to 6.8. Individual sam-
ples show much smaller variations from grain to grain.

3.3.2. Thermometry
The observation that recrystallized matrix grains exhibit dif-

ferent compositions from both the rims and the cores of host
porphyroclasts suggests they re-equilibrated with ambient defor-
mation conditions prior to eruption. This interpretation is also
consistent with the observation that only orthopyroxene porphryo-
clasts exhibit clinopyroxene exsolution lamellae, whereas recrystal-
lized orthopyroxene does not. We calculated temperatures for nine
samples using the two-pyroxene thermometer of Taylor (1998)
on recrystallized orthopyroxene–clinopyroxene pairs, assuming a
pressure of 0.9 GPa. This thermometer is based on Ca and Mg
exchange between orthopyroxene and clinopyroxene. At least five
clinopyroxene–orthopyroxene pairs from at least two separate re-
gions of a thin section were examined for each sample. The de-
formation temperature estimates from all eight samples cluster
into a narrow range of ∼871–952 ◦C, with standard errors in
individual samples ranging from 4 to 10 ◦C (Table 1). The cal-
culated temperatures show no correlation with microstructural
type or the presence or absence of plagioclase (Table 1). These
temperatures are consistent with previously published estimates
from other Cima xenoliths (Wilshire et al., 1991; Smith, 2000;
Cardon, 2009).

3.3.3. Constraints on depth
Of the eight samples used for thermometry, six contain plagio-

clase and spinel, whereas two contain spinel only. Plagioclase is
stable in peridotite up to pressures of ∼0.95 GPa at the tempera-
tures recorded in the Cima xenoliths (Green and Ringwood, 1968;
Gasparik, 1987). To convert this to depth we used a detailed
density transect for the Mojave region described by Romanyuk
et al. (2007), which is based on gravity inversion and seis-
mic and geological constraints. Based on this model, a pressure
of 0.95 GPa equates to a depth of ∼35 km. Since the depth
of the Moho is constrained to be at ∼29 km, the plagioclase-
bearing xenoliths must be sourced from just below the Moho
in the 29–35 km depth range. The two plagioclase-free samples
(117199-104, Ci-1-108) yield temperatures that fall within the
same range as the plagioclase-bearing samples, suggesting they
are sourced from the same depth.

3.4. Stress estimates

Dislocation creep experiments demonstrate that the dynami-
cally recrystallized grainsize, Dr , scales with applied stress, σ , as
in:

Dr = Kσ−p (2)

where K and p are material parameters obtained by fitting the
experimental data. Such recrystallized grainsize piezometers pro-
vide the basis by which stress can be estimated in natural rocks
deformed by dislocation creep. The theoretical basis behind this
correlation has been debated for decades, but experiments con-
ducted over the past twenty years consistently demonstrate that
this relationship holds for olivine, and that it is independent of
temperature and pressure (e.g. van der Wal et al., 1993; Drury,
2005). Jung and Karato (2001) suggested that the piezometer
depends on water content, but only for water contents above
∼800 ppm H/Si, higher than measured in the Cima samples (see
Section 3.5). The piezometer is applicable to polyphase materials
as long as the phases are not completely interspersed and the
phase of interest forms interconnected weak layers (Handy et al.,
1999). Although some xenoliths show deformation-induced mixing
of olivine and orthopyroxene, in several samples olivine remains
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Fig. 5. Photomicrographs of two peridotite samples used for grainsize analysis
(crossed polarized light). They show elongate olivine porphyroclasts with planar
internal subgrains (blue arrows) and dynamically recrystallized grains along the por-
phyroclast margins (black arrows). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

the primary interconnected phase and exhibits clear-cut relation-
ships between deformed porphyroclasts and recrystallized grains
concentrated along the porphyroclast margins and un-pinned by
secondary phases (Fig. 5).

We selected four peridotite samples and measured both recrys-
tallized grainsize and subgrain spacing within each. To estimate
the recrystallized grainsizes, the long and short axes of recrystal-
lized grains un-pinned by secondary phases were measured op-
tically and converted to equivalent circle diameters. A correction
factor of 1.2 was applied to account for 2D sectioning, consis-
tent with the correction factor used by van der Wal et al. (1993).
The recrystallized grainsizes generally show log-normal distribu-
tions with geometric means ranging from 359 to 484 μm, which
equates to differential stresses of 13–17 MPa (Fig. DR3). Average
subgrain widths are slightly smaller than recrystallized grains and
show narrower grainsize distributions (Fig. DR3).

3.5. Water contents

Water contents in olivine were measured in two xenoliths using
Fourier Transform Infrared Spectroscopy (FTIR). The measurements
were unpolarized, so we used the calibration of Paterson (1982)
to convert the spectra to ppm H2O. However, Bell et al. (2003)
demonstrated that the Paterson calibration underestimates water
contents by ∼3.5 times when unpolarized spectra are obtained
from minerals with unknown orientation. We therefore multiply
our calculated water contents by 3.5 to be consistent with the Bell
et al. (2003) calibration. Average water contents for olivine, or-
thopyroxene and clinopyroxene from the two samples are listed
in Table DR1. They yield ∼16–18 ppm H2O (222–250 H/Si) in
olivine, 91–154 ppm H2O in orthopyroxene and 118–159 ppm H2O
in clinopyroxene. Within uncertainty, the ratios of water contents
between clinopyroxene and olivine (∼7–10 cpx/ol) are consistent
with H2O partitioning in these minerals observed in experiments
(8–16 cpx/ol) (Hauri et al., 2006; Tenner et al., 2009), suggesting
that late-stage diffusion of H through olivine crystals is not signif-
icant.
4. Discussion

4.1. Geothermal gradient in the Mojave region

The constraints on depth and temperature recorded in the
xenoliths allow us to estimate the geothermal gradient for the
eastern Mojave region and compare it to geotherms derived from
other methods. The crustal geotherm in the Mojave has been es-
timated based on heat flow measurements (Lachenbruch et al.,
1985; Sass et al., 1994). Williams (1996) compiled all of the heat
flow measurements and calculated an average geothermal gradient
near Cima of ∼22–26 ◦C/km, equating to 660–785 ◦C at the Moho
(Fig. 6). Yang and Forsyth (2008) estimated the geothermal gradi-
ent in the Mojave using a thermal model that includes heat pro-
duction and conduction overlying a convective asthenosphere, and
assuming thermal steady state. Their calculations predict Moho
temperatures ranging from 700 to 825 ◦C (Fig. 6), although these
authors preferred the hottest geotherm because it provided the
best fit to observed shear velocities in the mantle above ∼70 km.
The temperatures recorded in the Cima xenoliths overlap with
the hottest geotherm from Yang and Forsyth (2008), suggesting
temperatures of at least 825 ◦C at the Moho. If we assume this
geothermal gradient, the range in temperatures preserved in the
plagioclase-bearing xenoliths indicates a source depth of 3–4 km
below the Moho.

4.2. Implications for relative strengths of the crust and mantle

Since the xenoliths examined are sourced from just below the
Moho, we interpret our stress measurements to approximate the
peak stress in the lithospheric mantle, as flow stress will decrease
with increasing depth owing to increasing temperature. The stress
magnitudes of 13–17 MPa can be compared to estimates of the
peak stress at the brittle–ductile transition (BDT) and within the
lower crust to infer where the peak strength in this region re-
sides.

To compare our measurements to stress estimates for the lower
crust, we must assume an appropriate flow law applicable to the
Mojave region. Flow laws typically applied to lower crustal rocks
include dislocation creep of felsic or mafic granulite (Wilks and
Carter, 1990), dislocation creep of dry diabase (Mackwell et al.,
1998), as well as dislocation or diffusion creep of wet or dry diop-
side + anorthite mixtures (Dimanov and Dresen, 2005) or pure
anorthite (Rybacki et al., 2006). Anorthite flow laws are typically
assumed for high modal abundances of plagioclase, and particu-
larly when plagioclase forms interconnected weak layers (Rybacki
and Dresen, 2004; Mehl and Hirth, 2008). Diffusion creep is appli-
cable to fine-grained rocks (Rybacki and Dresen, 2004).

Observations from CVF xenoliths again place valuable con-
straints on which of these experimental flow laws is appropriate
for the region. The lower crustal xenoliths at Cima are primarily
gabbros and no granulites have been observed (Wilshire, 1990).
The gabbros are typically coarse-grained (1–4 mm), with 30–50%
modal abundances of plagioclase (Wilshire, 1990); few show evi-
dence for deformation, but those that do show undulose extinction
in pyroxene and plagioclase and/or mechanical twinning in plagio-
clase, suggesting deformation by dislocation creep, consistent with
their coarse grainsizes. Several of the gabbros contain hornblende
(Wilshire, 1990), indicating the presence of water. These obser-
vations suggest that the bulk lower crust beneath Cima is best
approximated by a flow law for dislocation creep of wet diopside–
anorthite mixtures with anorthite contents of less than 50%.

Because the CVF does not sample middle or upper crustal
lithologies, direct observations about recent deformation in the
middle crust are not possible. However, a felsic composition can
be assumed based on observations of exhumed rocks elsewhere
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Fig. 6. Depth-pressure-temperature plot showing the deformation conditions of the Cima xenoliths relative to the plagioclase–spinel transition (after Gasparik, 1987 and the
mantle solidus. The range of possible geothermal gradients estimated for the Mojave region from Williams (1996) and Yang and Forsyth (2008) are also plotted—the Cima
data are consistent with the maximum estimate of geothermal gradient from these studies, which indicate approximately 825 ◦C at the Moho.
in the Mojave and nearby Basin and Range (Anderson et al., 1988;
Bartley et al., 1990; Fletcher et al., 1995). Furthermore, recent stud-
ies of exhumed mid-crustal regions demonstrate that the naturally
calibrated (Hirth et al., 2001) flow law for wet quartzite best ap-
proximates the rheology of felsic rocks at mid-crustal depths (Behr
and Platt, 2011; Kidder et al., 2012). Additionally, stress in the
upper crust can be estimated by applying Coulomb friction with
an assumed pore fluid pressure. Experiments suggest that most
rocks have coefficients of friction ranging from 0.6 to 1.0 (Byerlee,
1978). Whether rocks in actively deforming regions conform to
this empirical relationship (Byerlee’s law) is debated, particularly
for those distributed along large-displacement, plate boundary
faults such as the San Andreas fault (Lachenbruch and Sass, 1992;
Scholz, 2000; Zoback, 2000). Nonetheless, several deep drilling
and seismological studies indicate that rocks along low displace-
ment faults and in intraplate regions conform to Byerlee’s law
and maintain hydrostatic pore fluid pressures (Brudy et al., 1997;
Townend and Zoback, 2000; Zoback and Townend, 2001), including
studies within the Western US (e.g. Cajon Pass, Zoback and Healy,
1992, and Nevada test site, Stock et al., 1985). Based on these mea-
surements and the observation that faults of the Eastern California
Shear Zone (ECSZ) have small displacements, we assume the upper
crust conforms to Byerlee’s law and exhibits hydrostatic pore fluid
pressures.

A minimum bound on strain rate for the region can be de-
rived from geodetic observations of surface deformation across the
ECSZ south of the Garlock fault. Several studies estimate a cumu-
lative slip rate across the ∼125-km-wide ECSZ of 12 ± 2 mm/yr
(Sauber et al., 1994; Bennett et al., 2003; Meade and Hager, 2005;
Platt and Becker, 2010). Through the relationship ε̇ = γ̇ /2 =
1/2(dV /dx) where V is the surface velocity and x is the distance
over which the velocity is measured, the cumulative strain rate
across the ECSZ is 1–1.5 × 10−15/s. Assuming this strain rate for
the deeper lithosphere would imply that deformation at depth is
evenly distributed across the entire 125-km-wide zone. However,
deformation is localized into faults at the surface, and may also be
localized into shear zones at depth. We investigate this further in
Section 4.4

In Fig. 7 we plot a strength profile for the lithosphere within
the Mojave region based on the xenolith constraints (for the lower
crust and upper mantle) and geological and geophysical observa-
tions (for the middle and upper crust). For the upper mantle we
show the stresses estimated from the Cima xenoliths along with
strain rate contours calculated using the xenolith parameters (wa-
ter content, stress magnitude, temperature, Table 1) and the Hirth
and Kohlstedt (2003) flow law for wet olivine (parameters listed
in Table DR3). The strain rate contours are plotted for the hot
geotherm from Yang and Forsyth (2008) (Fig. 6). For reference, we
also show the range of stresses (recalculated using the van der Wal
et al., 1993 piezometer) for xenoliths derived from greater depths
in the Basin and Range region (Kilbourne Hole, NM, and San Car-
los, AZ), as compiled by Ave’Lallemant et al. (1980).

For the lower crust, we interpret the strength to be bracketed
by (1) a maximum based on a flow law for wet, 50/50 diop-
side/anorthite mixtures (Dimanov and Dresen, 2005) for a slow
strain rate of 10−15/s, consistent with the high diopside contents
and the low degree of strain observed in the crustal xenoliths;
and (2) a minimum based on a flow law for wet anorthite at a
fast strain rate of 10−13/s, which represents the possibility that
some localized shear zones may be present in the lower crust, but
were not sampled by the CVF. (Localization in lower crustal gab-
bros is ubiquitously associated with coalescence of plagioclase into
interconnected weak layers and the strength can therefore be ap-
proximated by flow laws for pure anorthite; Mehl and Hirth, 2008;
Platt and Behr, 2011).

Stress-depth relationships for the upper crust were plotted
by assuming deformation in the eastern Mojave is dominantly
strike-slip, consistent with the pattern of faulting in the ECSZ;
and assuming the BDT in the crust coincides with the aseismic–
seismic transition at 10–13 km (Williams, 1996), which indicates
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Fig. 7. Stress profile for the continental lithosphere in the eastern Mojave region. The
lower crustal and upper mantle sections of the profile are constrained by xenolith
data (colored regions) whereas middle and upper crustal strength is inferred from
general geological and geophysical data for the region (see text for details). The
profile emphasizes that the Mojave region is an example of a ‘creme brûlée’ model
of lithospheric strength in which the crust is the primary load-bearing layer within
the lithosphere. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

steady-state strain rates in the middle crust of 10−14–10−12/s. This
10–18 km depth range of the strength profile is consistent with
a naturally constrained strength profile for the middle crust from
the nearby Whipple Mountains (Behr and Platt, 2011). The bound-
ary between the lower and middle crust is based on gravity and
seismic data for the Mojave region, which indicates mafic lower
crust is present from ∼22 km down to the Moho (Romanyuk et
al., 2007). The strength contrast at that mid-crust boundary may
be gradual, rather than abrupt, if the lower crust in the 18–22 km
depth range is dominated by wet feldspar, as opposed to wet
quartz; but there are presently no constraints on deformation pro-
cesses in this depth range for the Mojave region.

Independent of our assumptions about middle and upper
crustal strength, Fig. 7 demonstrates that both the peak strength
and the integrated strength are significantly higher in the lower
crust than in the lithospheric mantle. For example, even when as-
suming a minimum strength for the lower crust and a maximum
strain rate for the upper mantle, peak stresses are predicted to be
only ∼60 MPa for the lithospheric mantle versus >150 MPa for
the lower crust. If we examine the strength profile as a whole, the
integrated strength of the crust is estimated to be at least 1 order
of magnitude greater than the integrated strength of the mantle
lid. This analysis confirms that the Mojave region is an example of
a ‘crème brûlée’ model of lithospheric strength in which the crust
is the primary load-bearing layer within the lithosphere; however,
it also highlights possible local heterogeneity within the crust it-
self, with a weak layer potentially present in the middle crust at
∼15 km depth.

4.3. Comparison to estimates of rheology structure from ECSZ
post-seismic relaxation studies

Post-seismic surface velocities are a function of the transient
and steady-state rheologies of the crust and upper mantle (Hearn,
2003; Bürgmann and Dresen, 2008). The CVF is within a region
where estimates of rheology have been made from surface veloc-
ity measurements following the Landers (1992) and Hector Mine
(1999) earthquakes. Models of the rheologic structure based on the
post-seismic signal vary significantly: some suggested fault after-
slip or poroelastic rebound as the dominant postseismic processes
(Shen et al., 1994; Peltzer et al., 1998); others invoked viscoelastic
relaxation in the lower crust (Deng et al., 1998) or upper man-
tle (Pollitz et al., 2000; Freed and Bürgmann, 2004; Freed et al.,
2012); and others invoked some combination of these processes
(Fialko, 2004; Masterlark and Wang, 2002). The observation in
recent years of significant far-field post seismic deformation led
several authors to infer that deep viscous flow must be an impor-
tant contributor (Pollitz et al., 2001; Freed and Bürgmann, 2004;
Freed et al., 2012). Models that invoke viscous relaxation in the
lower crust or upper mantle, however, have to grapple with trade-
offs between the assumed steady-state rheology, the transient rhe-
ology, the ambient conditions (e.g. geotherm, rock composition),
and the depth within the crust or mantle over which the relaxation
is accommodated (Freed et al., 2010, 2012). In most models, the
majority of these variables are unconstrained; some are assumed
and others are treated as unknowns. Our observations from Cima
provide new constraints on steady-state rheological properties and
ambient conditions of the lower crust and upper mantle, which
can be compared to existing models, and which may increase the
uniqueness of future models. Below we compare interpretations
based on the post-seismic relaxation models and the observations
from the Cima xenoliths.

1. Several models of viscoelastic relaxation following Landers and
Hector Mine inferred a high geothermal gradient in the upper
mantle (Pollitz et al., 2000, 2001; Freed et al., 2010, 2012). This
is consistent with the hot geotherm associated with the Cima
xenoliths described in Section 3.3.

2. The relaxation models vary significantly in their predictions
and/or assumptions of the dominant deformation mechanisms
in the upper mantle. Pollitz et al. (2001), for example, were
able to fit the surface velocity data after Landers by assum-
ing linear viscous (diffusion) creep of olivine-dominated, upper
mantle. In contrast, Freed and Bürgmann (2004) and Freed et
al. (2012), found that the long wavelength velocity field after
both earthquakes was also well fit using a stress-dependent
upper mantle viscosity with a stress exponent n = ∼3.5, con-
sistent with power-law (dislocation) creep of olivine. The ob-
servations from Cima are consistent with the assumption in
each of these models that olivine accommodates the majority
of deformation in the Mojave upper mantle; however, the mi-
crostructures described in Section 3.1, including evidence for
pervasive dynamic recrystallization as well as the presence of
an LPO, indicate that dislocation creep is the dominant long-
term deformation mechanism, consistent only with relaxation
models that invoke power-law flow. This conclusion is also
consistent with analyses of Basin and Range xenoliths sourced
from greater depths, which show strong microstructural evi-
dence for dislocation creep (Ave’Lallemant et al., 1980).
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3. Further comparisons can be made between the xenoliths and
the water contents inferred in post-seismic models. Freed
(2010, 2012) assumed high olivine water contents of 1000
ppm H/Si for the upper mantle in the Mojave region. The
olivine water contents of ∼18 ppm or ∼250 ppm H/Si mea-
sured in the Cima xenoliths are significantly lower. Our mea-
sured water contents are similar to those in mantle xenoliths
at Dish Hill ∼80 km south of Cima (Li et al., 2008) and the
Lunar Craters Volcanic Field in Nevada (Wernicke et al., 2008),
indicating low-to-moderate water contents may be represen-
tative of the Mojave region.

4. In Fig. 8 we plot the calculated effective viscosities for the
lower crust and upper mantle based on constraints from the
CVF. Viscosities were calculated using the same flow laws and
parameters discussed in Section 4.2. Also shown in Fig. 8 are
average effective viscosity estimates from post-seismic relax-
ation and post-glacial rebound studies for the western U.S.,
as compiled by Thatcher and Pollitz (2008) (their Fig. 3). This
diagram highlights two interesting results. First, the mean ef-
fective viscosity of the lower crust estimated based on the
xenoliths is ∼1–2 orders of magnitude greater than the mean
viscosity estimated for the uppermost mantle, consistent with
the contrast in crustal and mantle viscosities highlighted by
the relaxation studies (Fig. 8). Second, the effective viscos-
ity estimates of both the lower crust and uppermost mantle
from the xenoliths overlap with the high end of those de-
termined from relaxation studies. This is most likely because
deformation recorded during relaxation does not reflect the
steady-state viscosity since the relaxation timescale is longer
than the observation period (e.g. Freed et al., 2010). It may
also reflect the fact that many relaxation studies average over
a broad depth range, smoothing over the effects of rock com-
position and deformation conditions with depth.

In contrast to our results, some studies document lower crustal
viscosities that are less than those estimated for the upper man-
tle (e.g. Homburg et al., 2010). These differences may arise from
different compositions of the mafic crust, with origins that depend
on the tectonic environment. That is, the relative weakness of the
mantle lithosphere relative to the lower crust may not originate
solely from high temperature. In the Mojave, the high temperature
promoted melting (and subsequent crystallization) that resulted in
underplating of lower crustal gabbros abundant in pyroxene (ow-
ing to normal Moho pressures of crystallization). In contrast, the
study of Homburg et al. (2010) focused on gabbronorites crystal-
lized at low pressure in a mid-ocean ridge environment (producing
plagioclase contents of up to 80%), and resulting in much weaker
lower crust.

4.4. Implications for localization in the lithospheric mantle beneath the
ECSZ

If we make the assumption that deformation in the Cima xeno-
liths is similar in degree and style to other parts of the upper
mantle in the Mojave region, then the difference between the bulk
surface strain rate and the calculated strain rate from the xeno-
lith data is an indication of the degree of localization within the
mantle lithosphere near the Moho beneath the ECSZ. The xenolith-
derived strain rate (Fig. 9) implies that the upper mantle deforms
at least 4 times faster than the bulk strain rate recorded at the
surface across the ECSZ, suggesting that deformation in the man-
tle lithosphere near the Moho is localized into shear zones with a
cumulative width of less than 38 km. (The CVF is located at the
eastern margin of the ECSZ, where strain rates are likely slightly
slower than the western ECSZ, so this estimate of cumulative width
is a maximum.) That some degree of strain localization has oc-
Fig. 8. Effective viscosity estimates for the Western US, modified from Thatcher and
Pollitz (2008). Black lines are mean viscosity estimates from individual relaxation
studies; grey areas represent the total range of viscosity estimates from postseis-
mic studies (Kaufmann and Amelung, 2000; Pollitz et al., 2000; Nishimura, 2003;
Pollitz, 2003; Freed and Bürgmann, 2004; Gourmelen, 2005; Chang, 2005); red bar
is the mean viscosity from all postseismic studies. The green box is the calculated
effective viscosity for the eastern Mojave region based on the Cima xenoliths—
the range reflects the uncertainties in our measurements. The grey dashed box
outlines the viscosity estimated for Basin and Range xenoliths source from the
50–70-km depth range calculated from the grainsize compilations of Ave’Lallemant
et al. (1980) and assuming the same strain rates as in the Cima xenoliths. The blue
region outlines the viscosity estimates for the lower crust based on xenolith con-
straints and the Dimanov and Dresen (2005) flow laws for wet diabase–anorthite
50/50 mixtures (blue line) and pure anorthite (purple line). See text for discussion.
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Fig. 9. Strain rates and associated shear zone widths calculated for the Cima xeno-
liths and compared to estimates of bulk strain rate from geodetically constrained
surface velocity data. Samples included are those shown in Table 1 for which at
least two of the three necessary flow law parameters (stress, temperature, and
water content) were directly measured. Parameters that were unconstrained for a
specific sample were assumed to be within the cumulative range measured in all
other samples.

curred is also supported by the different amounts of finite strain
indicated by varying degrees of dynamic recrystallization observed
in the xenoliths as described in Section 3.1.

One interpretation of this result is that faults in the Mojave
section of the ECSZ retain their identity as relatively narrow duc-
tile shear zones well below the seismogenic layer, through the
lower crust, and into the upper mantle. This scenario has been
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suggested for several faults in the southern California region, in-
cluding the San Andreas (Zhu and Kanamori, 2000; Fuis et al.,
2001, 2012; Bonnin et al., 2010, 2012) and San Jacinto faults
(Miller et al., 2014). It was also suggested for faults in the ECSZ
by Fialko (2004) based on a slip model of the Landers earth-
quake, fit to both InSAR and GPS post-seismic data, and by Zhu
(2000) based on an apparent Moho offset along faults a few tens
of kilometers west of the CVF. In contrast, Freed et al. (2007)
tested a model in which the Landers and Hector Mine faults
penetrated through the lithosphere as narrow shear zones and
found significant misfits to the far-field post-seismic displacement.
Nonetheless, it is possible that both localized ductile shear in
the shallow lithospheric mantle and distributed ductile shear in
the lower lithosphere or asthenosphere are occurring simultane-
ously and affecting different components of the postseismic sig-
nal.

Our xenolith observations are inconsistent with a model in
which the faults in the upper crust widen into a zone of com-
pletely distributed ductile deformation in the mantle lithosphere.
Bourne et al. (1998) suggested that faults in California may pas-
sively record broadly distributed deformation in the upper mantle,
such that upper crustal faults are dragged along by deep litho-
sphere motions, producing the surface expression of the ECSZ. This
model is inconsistent with the crustal strength profile discussed in
Section 4.2 and with the indication of significant strain localization
observed in the xenoliths.

Evidence for strain localization also has important implications
for interpreting seismic anisotropy in the Mojave block. Pn fast
directions and polarization of the fast S-wave from SKS split-
ting in the Mojave region are oblique to overall plate boundary
motion, showing primarily E–W orientations in the uppermost
mantle (Hearn, 1996; Liu and Davis, 1995; West et al., 2009;
Buehler and Shearer, 2010). While we conclude that deformation
microstructures associated with current plate boundary motion are
preserved in the xenoliths, the fast calculated strain rates imply
that this deformation is localized into only ∼10–25% of the to-
tal rock volume. Thus, the anisotropy beneath the Mojave region
would still be dominated by the other 75–90% of the rock mass
that has not been reoriented into the current kinematic regime of
the Eastern California Shear Zone.

5. Conclusions

We characterized the rheological properties of a suite of man-
tle xenoliths sourced from just below the Moho in the tectonically
active Mojave region of California. Temperatures recorded in the
xenoliths define a hot geothermal gradient for the Mojave region
consistent with the hottest geotherm estimated from geophysical
techniques. Microstructural observations and water content mea-
surements indicate that deformation was accommodated by dis-
location creep of moderately hydrated olivine. Peak stresses just
below the Moho are 13–17 MPa, significantly lower than estimated
for the gabbroic lower crust and the brittle upper crust, confirming
that the Mojave region is an example of a ‘crème brûlée’ model
of lithospheric strength in which the crust is the primary load-
bearing layer within the lithosphere in the Mojave region. Strain
rates calculated for the xenoliths are at least 4 times faster than
the bulk surface strain rate in the Mojave region estimated from
geodesy, indicating that deformation is localized in the upper man-
tle into zones of cumulative width less than ∼38 km. This suggests
that faults of the ECSZ may retain their identity as relatively nar-
row ductile shear zones well below the seismogenic layer, through
the lower crust, and into the uppermost mantle. This localization
suggests that seismic anisotropy in the Mojave region does not re-
flect present-day plate motions because modern day deformation
is concentrated into only 10–25% of the rock volume. These data
provide natural constraints on long-term rheological properties of
the uppermost mantle, which may be of use in a wide range of
geophysical investigations in the Mojave region.
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