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Abstract. The Pelona Schist in the San Gabriel Moun-
tains, southern California, formed in the Laramide sub-
duction channel, exhibits multiple phases of deforma-
tion/metamorphism and provides valuable insights into
the rheological properties of the subduction channel.
Petrological and microstructural analysis indicates that
the Pelona Schist has undergone three major deforma-
tional/metamorphic events. Subduction of volcanic and sed-
imentary protoliths during D1 was recorded by aligned
mineral inclusions in albite and epidote porphyroblasts.
Metamorphic temperature and pressure at the end of sub-
duction yielded by Raman spectroscopy of carbonaceous
material and phengite barometry were 519± 20 ◦C and
10.5± 0.4 kbar, respectively. During D1 the dominant defor-
mation mechanism was quartz pressure solution, and the es-
timated shear stress at the end of D1 was less than 10 MPa.
D2, the first stage exhumation of the Pelona Schist along the
upper section of the subduction channel during return flow,
was recorded by retrogressive metamorphism, isoclinal fold-
ing, and a pervasive schistosity that wraps around earlier por-
phyroblasts. Metagreywacke was deformed mainly by quartz
pressure solution and metachert was deformed dominantly
by dislocation creep during D2. The shear stress in meta-
greywacke was less than 10 MPa and that in metachert was
between 8.3+ 2.7/− 1.5 and 12.9+ .9/− 2.3 MPa, resulting
in a strain rate of 1.4× 10−13 to 5.5× 10−13 s−1. A topogra-
phy driven model is proposed as the main driving force of D2
exhumation. D3 records normal-sense movement on the Vin-
cent Fault, which separates the schist from overlying arc and
continental basement. This resulted in the second stage of ex-
humation, creating a major synform and associated mylonitic
fabric in the upper section of the Pelona Schist. Conditions
at the beginning of D3 were 390± 13 ◦C and 5.8± 0.8 kbar

given by the TitaniQ thermometer and phengite geobarom-
eter. The deformation was dominated by quartz dislocation
creep with a strain rate of 4.5± 1.2× 10−13 s−1 at a shear
stress of 20.1+ 7.3/− 4.0 MPa.

1 Introduction

Sedimentary and volcanic materials lying on subducting
plates are commonly carried down and deformed within
a subduction channel between the two plates (Cloos and
Shreve, 1988; Gerya and Stockhert, 2002). Some of this ma-
terial may be exhumed after experiencing high-pressure, low-
temperature metamorphism. Various models have been pro-
posed to interpret the burial and exhumation cycle of high-
pressure subduction complexes in accretionary settings (e.g.,
Brandon et al., 1998; Brun and Faccenna, 2008; Platt, 1986;
Ring et al., 2007). The best way to test these models is to ex-
amine the deformational and metamorphic history of rocks
exhumed from the subduction channel.

The rheological properties of subduction channels may
place controls on the interaction of the converging plates,
such as depth of seismicity (e.g., Ruff and Tichelaar, 1996)
and coupling of the plates (e.g., Stöckhert, 2002). Geophys-
ical observations cannot easily yield the mechanical proper-
ties of the plate interface in active subduction zones (Grigull
et al., 2012; but see Houston, 2015). The only directly avail-
able information on small-scale deformation mechanisms,
stress states and material strength along the plate interface
comes from the rocks exhumed from a subduction zone (e.g.,
Wassmann and Stöckhert, 2013).

The Pelona Schist in the Transverse Ranges, southern Cal-
ifornia, was formed during the Late Cretaceous–Paleocene
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Laramide subduction event, and it is an ideal case to scru-
tinize the subduction zone. In this paper we first construct
the deformational and metamorphic history of Pelona Schist
by employing multiple thermobarometers and zircon fission
track analysis, then decipher the exhumation mechanism of
the Pelona Schist, and finally we infer deformation mecha-
nisms and rheological properties including stresses and tem-
peratures along the subduction channel during the different
deformation stages.

2 Geologic background

Laramide subduction caused eastward migration of mag-
matic activity in western North America from Late Creta-
ceous to early Tertiary time; this, together with basement-
involved thrusting in the Laramide foreland, led to the idea
that this was a period of flat-slab subduction (Coney and
Reynolds, 1977; Dickinson and Snyder, 1978). Although
debates exist (e.g., Barth and Schneiderman, 1996; Ehlig,
1981), it is widely accepted that the Pelona, Orocopia, and
Rand schists and the schists of Portal Ridge and Sierra de
Salinas in southern California and adjacent areas are prod-
ucts of this subduction event (e.g., Burchfiel and Davis,
1981; Crowell, 1981; Grove et al., 2003; Hamilton, 1988; Ja-
cobson et al., 2007), and that their protolith ages decrease
from northwest to southeast (Grove et al., 2003). These
ocean-affiliated schists were metamorphosed under moder-
ately high-pressure conditions from blueschist facies to am-
phibolite facies beneath the Cordilleran Mesozoic magmatic
arc, and generally preserve retrograde metamorphic textures
(e.g., Chapman et al., 2010; Jacobson and Dawson, 1995;
Kidder and Ducea, 2006).

Nowadays the schists are separated from the upper plate
of Precambrian to Mesozoic igneous and metamorphic rocks
by normal faults. For the Rand Schist and the schist of Sierra
de Salinas, Chapman et al. (2010) suggested that the contact
between the schists and the upper plate was remobilized as
a normal fault during exhumation even though it was prox-
imal to the original subduction megathrust. In the Orocopia
Mountains, Jacobson and Dawson (1995) interpreted the up-
per boundary of the Orocopia schist as an early Miocene
low-angle detachment fault, underlain by a thin zone of my-
lonitized and retrogressed schist. However, the Vincent Fault
above the Pelona Schist, which is also known as the “Vin-
cent thrust”, was argued to be the original subduction zone
megathrust (Ehlig, 1981; Jacobson et al., 1996).

The Pelona Schist occurs in the Sierra Pelona and in the
eastern San Gabriel Mountains of the Transverse Ranges
(Fig. 1); we focus on the latter in this paper because of the
outstanding exposures along the East Fork of the San Gabriel
River. The Pelona Schist in the East Fork area is separated
by the regionally gently SW-dipping Vincent Fault from a
Meso-Proterozoic gneiss complex and Mesozoic granitoid
rocks in the hanging wall (Fig. 2), which formed part of the
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Figure 1. Regional tectonic map of southern California showing
outcrops of Laramide subduction related schists, Mesozoic mag-
matic arc, and major faults. Modified from Jennings (1977).

Mesozoic arc in California. A striking feature of the Pelona
Schist is the complete lack of intrusive rocks related to the
Late Cretaceous arc that directly overlies the Vincent Fault.
A mylonite zone is developed in the lower 500 to 1000 m of
the hanging wall. The Pelona Schist in the East Fork area
occurs in the core of a NW-trending post-metamorphic an-
tiform (Jacobson, 1997), and is truncated to the NE by the
Punchbowl and San Andreas faults (Dibblee, 1967). Through
the approximately 4 km thick transect in the East Fork, the
Pelona Schist consists of ∼ 90 % metagreywacke, ∼ 10 %
mafic greenschist and a minor amount of metachert (Jacob-
son, 1997), all of which were metamorphosed under high-
pressure greenschist facies conditions. The peak pressure and
temperature were constrained in the Sierra Pelona at up to
10± 1 kbar and 620–650 ◦C (Graham and Powell, 1984). An
inverted thermal gradient in the Pelona Schist was reported
both in the Sierra Pelona (Graham and Powell, 1984) and
in the East Fork of the San Gabriel Mountains (Jacobson,
1983a, 1995). The protolith of the Pelona Schist has a maxi-
mum age of 68 Ma based on detrital zircon 206Pb/238U dating
(Grove et al., 2003). Amphibole 40Ar/39Ar ages from mafic
schist in the East Fork are 60.3± 2.6 and 58.9± 2.5 Ma
(Jacobson, 1990), and white mica 40Ar/39Ar ages cluster
between 55.5 and 60.8 Ma (Grove et al., 2003; Jacobson,
1990) though one metagreywacke sample from the deep-
est structural level yields a white mica 40Ar/39Ar age of
31.7± 0.2 Ma. To improve the precision of cooling history
of the Pelona Schist, in this study we also performed zircon
fission track analyses as presented in Sect. 5.4.

A phase of Miocene magmatic activity in the East Fork
area is characterized by intermediate dykes and sills in both
the upper plate and the Pelona Schist, as well as a dacite sill
complex with a cumulative thickness of a few tens of me-
ters parallel to the main schistosity of the Pelona Schist near
Iron Fork, which was dated at 14–16 Ma by the K/Ar method
(Miller and Morton, 1977).
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Figure 2. (a) Geologic map of eastern San Gabriel Mountains. Modified from Dibblee (2002a, b, c, d). The background topographic map
is adapted from the 1 : 100 000-scale Metric Topographic Map of San Bernardino, California, compiled and published by the United States
Geological Survey in 1982. Contour interval of 200 m. (b) Cross section of A-A′ in panel (a).

3 Methods

3.1 Thermobarometers

3.1.1 Raman spectroscopy on carbonaceous material
(RSCM)

Organic material in rocks undergoes irreversible graphitiza-
tion during prograde metamorphism, and the degree of this
transformation is a function of temperature and is not sub-
ject to retrogression, so the temperature measured by this ap-
proach approximates the maximum temperature (Beyssac et
al., 2002). The degree of organization of carbonaceous mate-
rial can be measured using Raman microspectroscopy by cal-

culating ratios of the peak areas at bands of 1350, 1580, and
1620 cm−1. The calibration used here (Beyssac et al., 2002)
comes with a maximum error of ±50 ◦C, stemming from the
uncertainties in the thermobarometric methods used to cal-
ibrate it. The precision of the method, however, is ∼ 10 ◦C
(Beyssac et al., 2002). RSCM measurements of carbon-rich
metagreywacke samples were completed with a 514 nm ar-
gon laser in the Mineral Microspectroscopy Facility at the
California Institute of Technology, and the spectra were pro-
cessed with the software Peakfit following the procedure out-
lined in Beyssac et al. (2002).
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3.1.2 Quartz c axis fabric opening-angle thermometer

The empirical quartz c axis fabric opening-angle thermome-
ter (Kruhl, 1998) utilizes the linear relationship between the
opening angle of quartz c axis fabric and the temperature dur-
ing fabric formation. This deformation-related thermometer
has an uncertainty of ±50 ◦C, and is applicable for rocks de-
formed in the∼ 300–650 ◦C range. Kruhl (1998) noticed that
at given temperatures, the opening angles of quartz c axis
fabrics from experimentally deformed rocks at high strain
rates are smaller than those from naturally deformed rocks,
but he argued that strain rate should not affect the thermome-
ter when applied to rocks deformed at natural conditions be-
cause the thermometer was established on rocks deformed at
natural strain rates. By promoting prism [c] slip, high wa-
ter content may result in larger opening angles of fabrics,
but the direct link between water content and opening angle
of quartz fabric has not yet been demonstrated experimen-
tally (Law, 2014). Quartz fabrics, or crystallographic pre-
ferred orientations (CPOs), were measured and analyzed us-
ing a Hikari electron backscatter diffraction (EBSD) detector
mounted on a JEOL-7001F scanning electron microscope at
the Center for Electron Microscopy and Microanalysis, Uni-
versity of Southern California, and associated OIM collec-
tion/analysis software developed by EDAX. The acceleration
voltage was 25 kV, the working distance 15 mm, and the step
size half of the pre-estimated average grain size.

3.1.3 Titanium-in-quartz thermobarometer (TitaniQ)

The substitution of Si by Ti in quartz is P and T depen-
dent, and it enables P –T estimation by measuring titanium
content in quartz (Thomas et al., 2010; Wark and Watson,
2006) and combining the results with an independent ther-
mobarometer. In this study we combined TitaniQ with the
phengite geobarometer. Calibrations were performed at con-
stant pressure (Wark and Watson, 2006) and varying pressure
conditions (Thomas et al., 2010) by synthesizing quartz and
rutile from silica-saturated aqueous fluids. The uncertainty in
the temperature determined using the calibration of Thomas
et al. (2010) is approximately±20 ◦C if the error of the inde-
pendently constrained pressure is±1 kbar. Huang and Audé-
tat (2012) determined an alternative calibration by assuming
that their lowest Ti concentration measurements were closest
to equilibrium. Thomas et al. (2015) evaluated the published
calibrations by synthesizing and then recrystallizing quartz at
different P –T conditions, and confirmed the validity of the
calibration of Thomas et al. (2010), which we used in this
study. Samples were first examined by cathodoluminescence
imaging using a Tescan Vega-3 XMU scanning electron mi-
croscope at University of California, Los Angeles, and were
then measured on a Cameca IMS 6f secondary ion mass spec-
trometer (SIMS) at Arizona State University. SIMS settings
and analytical procedures followed those given by Behr et
al. (2011).

3.1.4 Phengite geobarometer

The composition of the muscovite–celadonite solid solution
series is a function of pressure and temperature. Substitution
of celadonite for muscovite, resulting in higher Si content, is
favored by increasing pressure and decreasing temperature,
based on which Massonne and Schreyer (1987) established a
phengite geobarometer. The calibration is based on indepen-
dent P –T estimates from coexisting mineral assemblages,
and is subject to large uncertainties. Mineral analyses were
performed on a JEOL JXA-8200 electron microprobe at Uni-
versity of California, Los Angeles. The acceleration voltage
was 15 kV, the beam current 10 nA, and the beam diameter
5–8 µm.

3.2 Recrystallized grain size piezometry for quartz

3.2.1 Grain size measurement

Grain boundaries were manually traced on the optical pho-
tomicrographs and then the grain size was measured in
ImageJ. The grain size is defined as the diameter of a circle
with the same area as the grain in thin section. The average
2-D grain size of recrystallized quartz grains in a sample is
calculated as the root mean square (RMS) diameter of all the
measured grains in this sample. No stereological correction
was applied in order to keep consistent with the piezometer
calibration (Stipp and Tullis, 2003). The grain sizes are re-
ported with 1 standard deviation. Thin sections used for grain
size measurement were cut normal to foliation and parallel to
lineation.

3.2.2 Stress calculation

Differential stress was calculated using quartz recrystallized
grain size piezometer D = 103.56±0.27

× σ−1.26±0.13, where
D is the grain size of recrystallized quartz in microns and
σ is the differential stress in megapascals (Stipp and Tullis,
2003). Differential stress calculated from the previous equa-
tion was multiplied by a factor of 0.73 to correct for possible
errors in the stress measurements on the Griggs-type appa-
ratus used for the original calibration (Holyoke and Kronen-
berg, 2010). The piezometer can be applied to quartz recrys-
tallized grain size up to 120 µm (Stipp et al., 2010). Within
uncertainties, the piezometer is independent of the water con-
tent of the quartz, temperature, and the quartz alpha–beta
phase transition (Stipp et al., 2006). Shear stress in a plane
stress setting was calculated from differential stress by di-
viding by

√
3 (Behr and Platt, 2013).

3.3 Quartz shape preferred orientation

Digital polarized-light photomicrographs were taken and
then the grain boundaries of quartz were traced. The graphs
of quartz grain boundaries were processed by ImageJ to mea-
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sure the orientation of grain long axes. The results were pre-
sented in rose diagrams plotted by MATLAB.

3.4 Detrital zircon fission track analysis

Detrital zircon fission track analysis was performed on six
metagreywacke samples by Apatite to Zircon, Inc. The zir-
con grains were mounted, etched and polished for opti-
cal analysis following the procedure outlined in Moore et
al. (2015). The U content was measured using Agilent 7700x
LA-ICP-MS mounted with a Resonetics RESOlution M-50
laser ablation system.

4 Deformation history of the Pelona Schist in the
eastern San Gabriel Mountains

The Pelona Schist in the San Gabriel Mountains consists
mainly of metagreywacke (Fig. 3a) with minor amounts of
mafic greenschist (Fig. 3b) and metachert (Fig. 3c), all of
which were metamorphosed up to high-pressure greenschist
facies. The typical mineral assemblage of metagreywacke is
albite + quartz + white mica + chlorite + stilpnomelane
+ epidote + sphene with garnet grains and graphitized car-
bonaceous material preserved within the albite porphyrob-
lasts. The composition of garnet changes from spessartine
rich in the core to grossular rich in the rim (Jacobson, 1983a).
Mafic greenschist is made up of amphibole + albite + chlo-
rite + epidote + quartz + sphene. Amphibole here is actino-
lite to actinolitic hornblende with high Na /Al ratio (Jacob-
son, 1997). Metachert consists of quartz and minor amounts
of white mica, stilpnomelane, albite, garnet, sodic amphi-
bole, and piemontite. Calcite can be found in all three rock
types. Boudinaged quartz veins are common in greenschist.

The earliest fabric (S1) in the Pelona Schist is preserved
as straight inclusion trails in albite porphyroblasts in meta-
greywacke, and in albite and epidote porphyroblasts in green-
schist (see Sect. 4.2, below). The dominant deformational
structure in the Pelona Schist is folding of the compositional
layering (Fig. 3a, c, d and e). Two types of the folds have been
recognized in the field: (1) pervasive tight isoclinal folds
(Fig. 3a, c and d) and (2) the large-scale Narrows synform
and associated minor folds (Fig. 3e). Isoclinal folds occur
pervasively in the East Fork transect, and are characterized
by their tightly closed limbs with a length varying from less
than a meter to a few tens of meters. SW-dipping axial-planar
schistosity (S2) is well developed. Sheath folds (Fig. 3d) and
axis-parallel stretching lineation indicate SE–NW stretching.
The Narrows synform and associated minor folds occurred
in the upper 700 m section of the Pelona Schist and refold
the isoclinal folds. The Narrows synform is more open, but
its hinge is generally parallel to those of the isoclinal folds.
Moderate SW-dipping axial-planar crenulation cleavage (S3)
is developed in the Narrows synform. The overturned upper
limb of the Narrows synform is cut by the Vincent Fault. Both

S2 and S3 are moderately SW dipping, and the pervasive sub-
horizontal stretching lineation trends SE.

4.1 Microstructures

4.1.1 D1 fabrics

S1 is preserved by the trails of mineral inclusions in albite
porphyroblasts in metagreywacke (Fig. 4a), and in epidote
and albite porphyroblasts in greenschist (Fig. 4b). The min-
eral inclusions are white mica, epidote, quartz, garnet, zircon
and abundant carbonaceous material. Some of the trails are
rich in carbonaceous material or mica, while others are rich
in quartz, which defines a differentiated cleavage. Orienta-
tion of S1 varies from one porphyroblast to another. Quartz
in S1 has a grain size ranging from 10 to 50 µm and shows a
random CPO (Fig. 4c). No undulose extinction or recrystal-
lization was observed in quartz inclusions.

4.1.2 D2 fabrics

The Pelona Schist exhibits ductile deformation during D2,
and no pseudotachylite concordant with S2 was found in the
Pelona Schist.

Metagreywacke

Rims of some albite porphyroblasts are free of inclusions,
which probably resulted from post-D1 overgrowth. Albite
does not show recrystallization or undulose extinction. A few
albite grains were broken apart with quartz deposited in be-
tween (Fig. 5a). White mica and chlorite are strongly dif-
ferentiated into phyllosilicate-rich domains, or P domains
(Shelley, 1993), and define S2 (at top of Fig. 5b), which
wraps around the albite porphyroblasts. In the hinges of iso-
clinal folds, the trails of minerals included in albite (S1) were
crenulated (Fig. 4d), which might represent an early stage in
the development of S2, prior to the growth of albite.

Quartz crystals in quartz-rich domains, or Q domains
(Shelley, 1993), and in strain shadows around albite and epi-
dote porphyroblasts, are equant and coarse-grained (100 to
200 µm), with trails of fluid inclusions and relatively straight
grain boundaries, though bulging occurs in some crystals
(Fig. 5b, c and d). They show undulose extinction. Quartz
crystals in P domains have a large aspect ratio (more than 2)
and a grain size of ∼ 30 to 100 µm (Fig. 5b and c).

Shear sense indicators are not common in the meta-
greywacke. Shear bands and asymmetric albite porphyrob-
lasts are the only two types of shear sense indicators found in
the samples from north of Iron Fork, in the structurally deep-
est part of the schist. They show a top-to-NW sense of shear
(Fig. 5e). In the Iron Fork area, conjugate shear bands are ob-
served and no consistent shear sense can be inferred (Fig. 5f).
In samples south of Iron Fork, S2 has been overprinted by S3
and its sense of shear cannot be inferred.
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Figure 3. Outcrops of Pelona Schist. Photo locations can be found in Fig. 2a and Table S1. (a) D2 folds in metagreywacke. (b) Mafic
greenschist with boudinaged quartz veins. (c) D2 folds in metachert. (d) Sheath folds in metachert and mafic greenschist. (e) Minor D3 folds
near the hinge of the Narrows synform. (f) Vincent Fault as shown by the arrows; viewing SE.

Metachert

Quartz grains exhibit equant grain shape and relatively
straight grain boundaries, which may be pinned by oriented
white mica. Most quartz grains show weak undulose ex-
tinction, and deformation lamellae occur in a few cases. In
the structurally lowest level near Prairie Fork, the grain size
ranges from 100 to 300 µm and the average is 136± 47 µm
(Fig. 6a). In samples from Fish Fork and Iron Fork that were
not strongly annealed, quartz shows evidence of recrystal-
lization by subgrain rotation and/or grain boundary migra-
tion (Fig. 6b). The average recrystallized grain size varies
between 47± 14 and 82± 25 µm (Table 1). Quartz c axis
pole figures of samples close to Prairie Fork exhibit max-
ima around the z axis and a sub-maximum near the y axis
(Fig. 6c), while samples near Iron Fork show discontinuous
to continuous crossed girdles (Fig. 6d).

Sense of shear in metachert can be inferred from quartz
c axis pole figures and shear bands. For rocks north of (struc-
turally below) Iron Fork, the quartz CPO of a Prairie Fork

sample appears to be symmetrical (Fig. 6c) and the shear
bands of a Fish Fork sample show a top-to-NW sense of
shear (Fig. 6e). For rocks south of (structurally above) Iron
Fork, quartz recrystallized grain shape fabric and CPOs show
a consistent top-to-SE sense of shear (e.g., Fig. 6b, d and f).

Greenschist

Chlorite, actinolite, tabular albite and epidote define S2
(Fig. 7a and b). As in the metagreywacke, albite in green-
schist also exhibits evidence of overgrowth (Fig. 7c). Quartz
is concentrated in strain shadows around epidote porphyrob-
lasts or magnetite (Fig. 7d). Most of the quartz is recrystal-
lized by grain boundary migration or subgrain rotation.

4.1.3 D3 fabric

S3 is best preserved in the metagreywacke in the hinge and
upper limb of the Narrows synform; the S2 foliation was
strongly crenulated, and the axial planes of the crenulation
define S3 (Fig. 8a).
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Figure 4. S1 fabric in metagreywacke and greenschist. See Fig. 2a and Table S1 for sample locations. (a) The mineral inclusions in albite
outline S1. Note the differentiated cleavage. Sample PS52. (b) S1 in mafic greenschist shown by the mineral inclusions in the epidote
porphyroblast. Sample 95. (c) CPO of quartz inclusions in one albite porphyroblast in Sample PS52. (d) S1 in albite grains is crenulated as
shown by the trails of graphite. Sample PS109.

Table 1. Stress estimates.

Domain Sample no. Rock type Recrystallized no. of Differential stress Shear stress
grain size (µm) grains (MPa) (MPa)

S3 PS35 Metagreywacke 28± 9 63 34.8+ 12.7/− 7.0 20.1+ 7.3/− 4.0
S2 PS106 Metachert 85± 25 78 14.3+ 4.6/− 2.7 8.3+ 2.7/− 1.5
S2 PS98 Metachert 49± 14 123 22.4+ 6.7/− 4.0 12.9+ 3.9/− 2.3
S2 PS96 Metachert 54± 17 249 20.6+ 7.3/− 4.1 11.9+ 4.2/− 2.3
S2 PS140 Metachert 63± 16 93 18.3+ 4.7/− 3.0 10.6+ 2.7/− 1.7
S2 PS131 Metachert 61± 23 195 18.7+ 8.5/− 4.2 10.8+ 4.9/− 2.4
S2 PS191 Metagreywacke 74± 17 95 16.1+ 3.8/− 2.5 9.3+ 2.2/− 1.4
S2 PS188 Metagreywacke 80± 19 42 15.1+ 3.8/− 2.4 8.7+ 2.2/− 1.4
S2 PS187 Metachert 70± 22 92 16.8+ 6.0/− 3.3 9.7+ 3.4/− 1.9

In the upper limb of the Narrows synform, quartz is com-
pletely recrystallized by subgrain rotation (SGR), and the
recrystallized grain size clusters around 30 µm. Noticeably,
some of the grain boundaries of the recrystallized quartz
grains show an irregular shape due to bulging, forming fine-
grained quartz crystals (Fig. 8b). Albite remains intact and
does not show any evidence of plastic deformation.

The top∼ 100 m of the Pelona Schist immediately beneath
the Vincent Fault exhibits strong mylonitic microstructure.
Quartz grains have been completely recrystallized by SGR,
showing a recrystallized grain shape fabric and indicating
a top-to-SE sense of shear. The grain size of recrystallized

quartz is around 18 µm (Fig. 8c). In thin sections cut per-
pendicular to the lineation, axial planes of white mica crenu-
lations are parallel to the shape preferred orientation of re-
crystallized quartz (Fig. 8d). This suggests that crenulation
of white mica due to the Narrows synform was coeval with
mylonitization along the Vincent Fault.
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Figure 5. S2 fabric in metagreywacke. Sample locations are shown in Fig. 2a and listed in Table S1. (a) Quartz filled between two pulled-apart
ablite porphyroblasts in the center of the image. Sample PS107. (b) Quartz precipitated in the pressure shadows between albite porphyrob-
lasts. Sample PS185. (c) Q domain in Sample PS190. (d) Undulose extinction and bulging in quartz grains precipitated in pressure shadows
in Sample PS185. (e) Shear bands and asymmetric albite porphyroblast tails show a top-to-NW sense of shear. Sample PS185. (f) Conjugate
shear bands outlined by white mica and chlorite in Sample PS139.

4.2 Sense of shear during the deformation history

Here we summarize information on the sense of shear in the
Pelona Schist.

– It is not possible to determine the sense of shear dur-
ing D1, as its original orientation was strongly modified
during later deformation.

– The sense of shear during D2 varies depending on the
structural level. For rocks structurally deeper than Iron
Fork, though exceptions exist, the shear bands in meta-
greywacke and metachert show a top-to-NW sense of
shear (Figs. 5e and 6e). The metachert sample PS186
(Fig. 6a) does not show an asymmetric geometry in
its quartz c axis pole figure (Fig. 6c) and therefore its

sense of shear cannot be determined. For rocks struc-
turally shallower than Iron Fork (south of Iron Fork),
quartz pole figures of metachert samples show a top-
to-SE sense of shear. There is evidence of both senses
of shear in the Iron Fork area. Metachert samples from
the Iron Fork and structurally above all exhibit a top-
to-SE sense of shear, whereas boudinaged quartz veins
in greenschist that is a few tens of meters structurally
higher than Iron Fork exhibit an apparent top-to-NW
sense of shear (Fig. 3b). There are indications that struc-
tures showing top-to-NW sense of shear were formed
prior to the top-to-SE ones.

– The quartz recrystallized grain shape fabric developed
during D3 implies a top-to-SE sense of shear.
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Figure 6. (a) Metachert from Prairie Fork (Sample PS186) and (c) its quartz CPO. The sense of shear cannot be inferred from panel (a) due
to the lack of indicators. The quartz c axis pole figure in panel (d) shows a symmetrical skeleton, but there are variations in density suggestive
of top-to-SE sense of shear. (b) Metachert from Iron Fork (Sample PS103) and (d) its quartz CPO. The diagram in panel (b) illustrates the
shape orientation of recrystallized quartz grains; quartz grains pinned by other minerals were not counted. Both quartz recrystallized grain
fabric in panel (b) and quartz c axis pole figure in panel (d) show a top-to-SE sense of shear. Note the grain size difference between panels (a)
and (b). (e) Metachert with greenish needle-shaped amphibole and brown stilpnomelane. Sample PS131 from Fish Fork. Shear bands defined
by amphiboles exhibit a top-to-NW sense of shear. (f) Metachert sample (PS100) from Iron Fork. The diagram in panel (f) illustrates the
shape orientation of recrystallized quartz grains; quartz grains pinned by other minerals were not counted. The quartz recrystallized grain
shape fabric and tilted prismatic subgrain walls indicate that the sense of shear was top-to-SE. Sample locations are available in Fig. 2a and
Table S1.

5 P –T –t path of Pelona Schist

5.1 Peak metamorphic temperature

Raman spectroscopy on carbonaceous material (RSCM) and
the opening angle of the quartz c axis fabric thermometer
were used to quantify the peak metamorphic temperature
and/or to detect any possible inverted thermal gradient. A
series of carbon-rich metagreywacke samples from a 4 km
thick transect of Pelona Schist yield an average peak tem-

perature of 519± 20 ◦C (see Table S1 in the Supplement for
sample locations and Table S2 for detailed analysis results).
All but a couple of the measurements lie within uncertainty
of∼ 512 ◦C, and there is no obvious systematic trend of peak
temperature across the East Fork cross section (Fig. 9). The
peak temperatures of one metagreywacke and two metachert
samples given by the quartz c axis fabric opening-angle ther-
mometer are 554 (PS185), 562 (PS186), and 527 ◦C (PS187).
Considering that this thermometer has a calibration uncer-
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Figure 7. Mafic greenschist (sample PS193) showing S2 fabric under (a) plane light and (b) crossed polarized light. Ab: albite; Act: actinolite;
Chl: chlorite; Ep: epidote; Qtz: quartz. (c) Crystallographically continuous overgrowths on an albite porphyroblast in mafic greenschist.
Sample PS97. (d) Fibrous quartz strain shadow around a magnetite crystal in mafic greenschist. Sample PS101. Locations of samples can be
found in Fig. 2a and Table S1.
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Figure 8. (a) D3 crenulations in Sample PS32 from the hinge of the Narrows synform. (b) Recrystallized quartz close to the hinge of the
Narrows synform. Sample PS52. (c) Quartz in a mylonitized metagreywacke sample (PS36). (d) Lineation-perpendicular view of the myloni-
tized metagreywacke. S3 defined by the crenulated white mica is sub-vertical, and so is the quartz shape preferred orientation. Sample PS35.
See Fig. 2a and Table S1 for sample locations.
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Figure 9. Peak temperature of Pelona Schist constrained by laser
Raman spectroscopy. See Tables S1 and S2 for sample locations
and detailed results.

tainty of ±50 ◦C, the peak temperatures given by this ther-
mometer are consistent with those from RSCM.

5.2 Peak metamorphic pressure

Within the isoclinal folds, white mica wrapping albite in
metagreywacke exhibits straight grain shapes parallel to
the axial plane (S2) and is optically strain-free. The lack
of large white mica grains in albite porphyroblasts indi-
cates that the white mica outside albite presumably crys-
tallized during S2 at or after peak conditions. The phen-
gite barometer requires a mineral assemblage of phengite,
K-feldspar, phlogopite and quartz, whereas it will give a
minimum pressure if phengite only coexists with a (Mg
Fe) silicate (Massonne and Schreyer, 1987). Samples ana-
lyzed were all metagreywacke with a mineral assemblage
of phengite + quartz + stilpnomelane/biotite and do not
contain K-feldspar, so the results given by this barom-
eter are minimum pressures. The average Si content is
3.39± 0.03 atoms per formula unit (a.p.f.u.) of white mica,
i.e., K(Mg, Fe2+)xAl2−x[Si3+xAl1−xO10](OH)2, where x is
the number of Mg and Fe2+ atoms in the octahedral site
(see Tables S1 and S3 for sample locations and analysis re-
sults). These results are consistent with the compositions of
old white mica grains reported by Jacobson (1983a, 1984).
Combined with the peak temperature, the peak pressure is
10.5± 0.4 kbar. The result is similar to 10± 1 kbar, the peak
pressure of the Pelona Schist in the Sierra Pelona (Graham
and Powell, 1984). The peak pressure corresponds to a depth
of approximately 39 km with an assumed upper plate density
of 2750± 50 kg m−3.

5.3 P –T conditions of mylonitization of Pelona Schist

In mylonitized metagreywacke, coarse-grained white mica
grains defining S3 are curved and show undulose extinc-
tion, whilst fine-grained white micas are usually free of lat-

tice distortion. Some grains show compositional zonation in
backscattered electron images. Electron probe results indi-
cate that the cores of the zoned white mica have Si con-
tent (∼ 3.35 a.p.f.u.) similar to that of S2 white mica, and the
rims of the zoned white mica have Si content similar to that
of fine-grained white mica (∼ 3.25 a.p.f.u.; see Table S1 for
sample locations and Table S3 for analysis results). Quartz
in one metagreywacke sample collected close to the Vincent
Fault, which has a mylonitic microstructure as described pre-
viously, reveals a titanium concentration of 1.55± 0.17 ppm
(see Table S1 for sample location and Table S4 for analy-
sis results). Combination of phengite barometry and TitaniQ
thermobarometry yields an average P of 5.8± 0.8 kbar and
T of 390± 13 ◦C, which can be attributed to this stage in the
structural development of the schist.

5.4 Timing of exhumation of Pelona Schist

Several geochronological studies of Pelona Schist have been
reported. The youngest 206Pb/238U age of the detrital zircon
from the Pelona Schist is 68 Ma (Grove et al., 2003), marking
the earliest possible time for the subduction of the protolith
of the Pelona Schist. Three amphibole 40Ar/39Ar isochron
ages from the greenschist in the East Fork area reported are
58.9± 2.5, 60.3± 2.6 and 73.4± 3.0 Ma (Jacobson, 1990).
Jacobson (1990) noted that the sample giving 73.4± 3.0 Ma
age had an older isochron age than the plateau age, indicating
an unusual case that the initial 40Ar/39Ar is less radiogenic
than atmospheric argon, and this age should be treated with
caution. Given that the youngest detrital zircon 206Pb/238U
age suggests that underthrusting of the Pelona Schist had not
started until 68 Ma, the 73.4 Ma amphibole 40Ar/39Ar age is
unlikely to be reliable. The other two samples giving ages
of 58.9± 2.5 and 60.3± 2.6 Ma do not have well-developed
plateaus and Jacobson (1990) concluded that this could be
due to excess radiogenic argon. However, the consistency of
the amphibole and white mica 40Ar/39Ar ages suggests that
they are reliable. The amphibole grains in the mafic schist
grew at the beginning of D2 at ∼ 500 ◦C, which is at or be-
low the closure temperature for the Ar system in Ca amphi-
bole, and they were not affected by D3, so we interpret the
amphibole 40Ar/39Ar ages as crystallization ages.

Jacobson (1990) reported white mica isochron ages of
three metagreywacke samples of 60.8± 0.6, 58.1± 0.8 and
55.9± 0.2 Ma, which decrease with structural depth. White
micas of two Pelona Schist samples (SG69 from right be-
neath the Vincent Fault and SG532A from Prairie Fork, the
structurally deepest level) from the East Fork area were an-
alyzed by Grove et al. (2003). No excess 40Ar was noticed
except for the initial step of Sample SG532A. The 40Ar/39Ar
total gas ages for SG69 and SG532A are 57.8± 0.1 and
34.2± 0.2 Ma, respectively. These results fit a trend that the
ages decreases with increasing structural depth. Grove et
al. (2003) suggest that the closure temperature for white mica
in the Pelona Schist is ∼ 400 ◦C, which is the same as the
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temperature during D3 within uncertainty. We therefore in-
terpret the age of SG69, which was affected by recrystalliza-
tion during D3 mylonitization, as a crystallization age, and
the age of SG532A, which contains D2 micas unaffected by
D3, as a cooling age.

To better constrain the time when the Pelona Schist entered
the brittle regime, we performed zircon fission track analysis
on six metagreywacke samples from East Fork in this study.
The zircon fission track age is as old as ∼ 46.9 Ma immedi-
ately beneath the Vincent Fault, and becomes progressively
younger toward the north except one outlier (∼ 13.5 Ma),
which may have been affected by nearly Miocene dikes
(see Fig. 2b for sample locations in the cross section, Ta-
ble S1 for detailed sample locations and Table S5 for analy-
sis results). The sample from Prairie Fork has the youngest
age of ∼ 23.5 Ma, which is consistent with the white mica
40Ar/39Ar age of 34.2± 0.2 Ma (Grove et al., 2003) from
the same area. The results above imply that the top section
of the Pelona Schist cooled through the zircon fission track
closure temperature of ∼ 237 ◦C around ∼ 46.9 Ma (see Ap-
pendix A for the calculation of the closure temperature), and
that the structurally deeper section of the schist experienced
slow cooling over the next 20 million years.

5.5 Implications of the pressure, temperature and time
estimates

5.5.1 Deformation history

We make the case here that the main foliation (S2) of the
Pelona Schist in the San Gabriel Mountains preserves min-
eral assemblages and microstructures of retrograde meta-
morphism based on the following observations: (1) biotite
rarely appears in the Pelona Schist in the San Gabriel Moun-
tains, whereas biotite is more common in the Pelona Schist
in Sierra Pelona (Graham and England, 1976; Graham and
Powell, 1984); (2) garnet occurs exclusively as inclusions in
albite porphyroblasts, where it was protected from retrogres-
sion; and (3) the compositional zonation of white mica indi-
cates decompression and hence exhumation during its forma-
tion. A plausible explanation for these observations is that the
Pelona Schist in the San Gabriel Mountains experienced ret-
rograde metamorphism during which biotite and garnet were
broken down to chlorite and white mica.

If S2 was formed during exhumation, it is likely that S1
formed during subduction, while S3 is related to later reacti-
vation and mylonitization. As discussed in Sect. 4.2.3, S3 is
characterized by crenulation of S2 and mylonitization, and
therefore is inferred to postdate S2. Mylonitization in the
Pelona Schist shows similar stress, pressure and temperature
conditions as the mylonites immediately above the Vincent
Fault in the upper plate (Xia and Platt, 2017), and therefore
may have occurred at the same time.

It should be noted that the subduction zone and the Vin-
cent Fault originally dipped E and have been rotated and

tilted afterwards into their present orientations. Paleomag-
netic study of Neogene volcanic rocks in the San Gabriel
block bounded by the San Gabriel Fault and the San Andreas
Fault yielded a net clockwise rotation of 37.1◦± 12.2◦ since
the early Miocene (Terres and Luyendyk, 1985). As a re-
sult, the subduction channel was rotated to a SE dip, and the
top level of the subduction channel shows top-to-SE sense
of shear. The Vincent Fault and the Pelona Schist now dip
SW in the limb of a faulted NW-trending antiform that was
produced during Neogene motion on the San Andreas and
Punchbowl faults.

The D3 mylonitic fabric only occurs in the top 100 m be-
neath the Vincent Fault and shows a top-to-SE sense of shear,
so D3 is likely to be related to the Vincent Fault, and the mo-
tion direction of the Vincent Fault was top to SE. After cor-
recting for the early Miocene vertical-axis rotation (Terres
and Luyendyk, 1985), the sense of shear was initially top-to-
E. We conclude that the Vincent Fault dipped E initially and
its sense of shear was top to E. Therefore, the Vincent Fault
had a normal sense of motion.

5.5.2 P –T –t path of Pelona Schist

With the above data, we are able to establish the metamor-
phic and deformational history of the Pelona Schist. The
youngest detrital zircon 206Pb/238U age of ∼ 68 Ma (Grove
et al., 2003) places constraints on the youngest age of the
source rock of the Pelona Schist and on the earliest time of
the subduction initiation. The peak metamorphic conditions
are 10.5± 0.4 kbar and 519± 20 ◦C as indicated by the phen-
gite barometer and RSCM. The timing of peak metamor-
phism is not known precisely, but it should be no later than
∼ 60.3 Ma as constrained by the amphibole 40Ar/39Ar age of
the mafic greenschist in the Narrows area (Jacobson, 1990).
After reaching these conditions, part of the Pelona Schist was
underplated and exhumed, firstly by ductile flow during D2,
and then by normal sense motion on the Vincent Fault, ac-
companied by formation of the Narrows synform and associ-
ated mylonite (D3). The P–T conditions during mylonitiza-
tion were 5.8± 0.8 kbar and 390± 13 ◦C given by the phen-
gite barometer and the TitaniQ thermometer. Mylonitization
of the top section of the schist started at ∼ 55 Ma implied by
the white mica 40Ar/39Ar ages (Grove et al., 2003; Jacobson,
1990) and ceased by ∼ 43 Ma as constrained by the zircon
fission track ages of the schist immediately beneath the Vin-
cent Fault (Fig. 10).

6 Exhumation mechanisms of the Pelona Schist

The tectonic setting of the Pelona Schist suggests that it was
formed in a subduction channel rather than an accretionary
wedge; therefore, exhumation models based on the accre-
tionary wedge setting (Brandon et al., 1998; Platt, 1986; Ring
et al., 2007) cannot be applied to the Pelona Schist. The flat-

Solid Earth, 8, 379–403, 2017 www.solid-earth.net/8/379/2017/



H. Xia and J. P. Platt: Structural and rheological evolution of the Laramide subduction channel 391

Temperature (°C)
0 100 200 300 400 500 600

P
re

ss
ur

e 
(k

ba
r)

0

5

10

15

RSCM + phengite geobarometer
TitaniQ + phengite geobarometer

Time (Ma)
0 20 40 60 80 100

T
em

pe
ra

tu
re

 (
°C

)

0

100

200

300

400

500

600

Detrital zircon U / Pb
(Grove et al., 2003; 
this study)

Amphibole Ar / Ar
(Jacobson, 1990)

White mica Ar / Ar
(Jacobson, 1990;
Grove et al., 2003)

Detrital zircon
�ssion track
(this study)

(a) (b)

Figure 10. (a) P –T –t path and (b) thermal history of Pelona Schist. RSCM: Raman spectroscopy on carbonaceous material; TitaniQ:
titanium-in-quartz thermobarometer.

slab Laramide subduction rules out the slab rollback as a pos-
sible exhumation mechanism (Brun and Faccenna, 2008).

Various models such as upper plate normal faulting (e.g.,
Jacobson et al., 2007), passive-roof thrusting and erosion
(Yin, 2002), return flow (Oyarzabal et al., 1997), and chan-
nelized extrusion (Chapman et al., 2010) have been proposed
to explain the exhumation of the Rand Schist, the schists of
Portal Ridge and Sierra de Salinas, and the Orocopia schist.
As for the Pelona Schist, it was still thought to preserve the
original structural and metamorphic features related to sub-
duction (Ehlig, 1981; Jacobson, 1983a, b, 1997; Jacobson et
al., 1996) and no model has yet been proposed to account for
its exhumation.

Normal faulting alone is unlikely to have brought the
Pelona Schist from∼ 39 km depth to the surface, as it cannot
produce two opposing senses of shear in the lower plate. Ero-
sion is not plausible for exhuming the Pelona Schist, either.
The deep-water San Francisquito Formation in southern Cal-
ifornia was deposited from latest Cretaceous through mid-
dle Paleocene time (Kooser, 1982), indicating that the Sierra
Pelona area was in a marine environment during the sub-
duction and first stage exhumation of the Pelona Schist, and
erosion was likely to be minimal. The channelized extrusion
model (Chapman et al., 2010) can bring up the entire subduc-
tion assemblage as a whole. We think this is unlikely to be
the case for the Pelona Schist, for two reasons. First, when
S2 of the Pelona Schist, which is defined by the retrograde
metamorphic mineral assemblages, was formed between 60
and 58 Ma, Pacific Ocean lithosphere was still subducting at
a rate of 115 mm yr−1 (Doubrovine and Tarduno, 2008) us-
ing a recent plate reconstruction (Müller et al., 2008), so that
schist exhumation was coeval with ongoing subduction. Re-
turn flow allows the subducted material to be exhumed along
roughly the same route as it descended, and makes the sub-
duction channel a “two-way street” (Ernst, 1984). The sec-
ond observation favoring return flow is that the whole of the

exposed Pelona Schist in the East Fork shows evidence for
large non-coaxial strains, which is not consistent with the
channelized extrusion model.

In the classic return flow model, the velocity of rocks in
a subduction channel results from a combination of Couette
flow (laminar flow of a viscous fluid due to viscous drag)
driven by the drag of the subducting plate and Poiseuille flow
(laminar flow of a viscous fluid resulted from a pressure gra-
dient) caused by the buoyancy of the low-density rocks in the
subduction channel (Beaumont et al., 2009). In this model,
the maximum subducting velocity occurs at the base of the
channel, the maximum exhumation velocity occurs in the up-
per part of the channel, and the velocity at the roof of the
channel is zero. When crossing the locus of the maximum
exhumation velocity plane, the sense of shear changes be-
cause the velocity gradient changes its sign.

The change in sense of shear has been observed in D2. S2
shows a top-to-NW sense of shear at structurally deeper lev-
els and a top-to-SE sense of shear at structurally shallower
levels. In the return flow model the sense of shear changes
from the bottom of the channel to the top, with the rocks in
the return flow moving relatively northwestward. The locus
of maximum exhumation velocity probably occurs around
Iron Fork, where we observe conflicting senses of shear. In
addition, the locus of the maximum exhumation velocity may
have shifted through time, which would explain the conflict-
ing shear senses in the quartz veins, metacherts, and green-
schist in the Iron Fork area.

Return flow brought the Pelona Schist to a depth of
∼ 22 km, marking the first stage of exhumation. The over-
printing relationship between S2 and S3 implies that return
flow ceased to act after D2. Return flow was immediately
followed by the second-stage exhumation (Fig. 11). The my-
lonitized Pelona Schist right beneath the Vincent Fault in-
dicates that the Vincent Fault exhumed the Pelona Schist to
8± 4 km depth as constrained by the thermobarometric anal-
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Figure 11. Tectonic model of the Pelona Schist. (a) The Pelona
Schist was subducted no earlier than 68 Ma and reached the peak
condition by 60 Ma. (b) The Pelona Schist exhumed by return flow.
Close-up view shows the velocity profile of the material in the sub-
duction channel. (c) The Vincent Fault exhumed the Pelona Schist
to a shallower structural level. (d) Present-day setting of the Vin-
cent Fault and the Pelona Schist after rotation and tilting. The scale
in panel (d) is larger than those in panels (a–c).

ysis of the upper plate (Xia and Platt, 2017). Similar exten-
sional faulting of the upper plate has played an important role
during the exhumation of other Laramide subduction-related
schists from middle and lower crust to the upper crust (e.g.,
Chapman et al., 2010).

7 Rheological interpretation

Metagreywacke is the dominant rock type in the Pelona
Schist, which makes up around 90 % of the East Fork
transect (Jacobson, 1983b). Albite does not develop any
crystal-plastic deformation microstructures, while sheet sil-
icates were mainly crenulated/kinked during S3, so quartz is
likely to account for most of the strain in metagreywacke.

Metachert interlayers in metagreywacke do not show boudi-
nage or buckle folds without the surrounding metagreywacke
or greenschist being involved, implying that metachert and
metagreywacke were coupled during deformation. This sug-
gests that the values of strain rate estimated from one type
of rock can be applied to another. Deformation mechanisms
evolve through time and vary among the three types of rocks
in the Pelona Schist.

7.1 D1

The absence of CPOs (Fig. 4c), presence of differentiated
cleavage (Fig. 4a), and lack of evidence of crystalline plastic
deformation indicate that pressure solution was the dominant
deformation mechanism during S1. Paleopiezometry was not
applicable due to the lack of dynamic recrystallization. All
we can say about the stress conditions is that, by the end of
the subduction (transition from D1 to D2), the shear stress
was less than 10 MPa (see Sect. 7.2.1). The peak temperature
at this time was 519± 20 ◦C given by RSCM.

7.2 D2

The broad distributive ductile deformation during D2 indi-
cates that the Pelona Schist was below the down-dip limit of
seismicity during D2, which is consistent with the absence of
pseudotachylite.

7.2.1 Quartz in metagreywacke

In the metagreywacke from the lower limb of the Narrows
synform, the strong differentiation of mica and other sheet
silicate minerals into P domains, concentration of quartz
in Q domains and pressure shadows, the precipitation of
quartz in the pull-aparts of albite grains, and the existence
of fluid inclusions in quartz grains indicate that pressure so-
lution was the dominant deformation mechanism (Fig. 5a–e).
The source of the quartz is likely to have been what are now
the mica-rich P domains, and the sinks include the pressure
shadows around the albite porphyroblasts. Dynamic recrys-
tallization and undulose extinction in quartz imply that dislo-
cation creep probably occurred immediately after if not con-
temporaneously with pressure solution, and also contributed
to the D2 deformation (Fig. 5d and f). The average recrystal-
lized quartz grain size is ∼ 75 µm, indicating the shear stress
during recrystallization was less than 10 MPa (Table 1). It
should be noted that the stress estimates here may only rep-
resent the maximum stress during pressure solution if quartz
recrystallized after pressure solution during exhumation. The
peak temperature is constrained to 519± 20 ◦C, but retro-
gression during D2 suggests that temperature decreased dur-
ing deformation.

Solid Earth, 8, 379–403, 2017 www.solid-earth.net/8/379/2017/



H. Xia and J. P. Platt: Structural and rheological evolution of the Laramide subduction channel 393

7.2.2 Quartz in metachert

In the lower limb of the Narrows synform, strong crystallo-
graphic preferred orientation of quartz in metachert indicates
that dislocation creep was the dominant deformation mecha-
nism in this rock type, though in some samples the related
microstructures were strongly modified by subsequent an-
nealing, as quartz shows equant grain shapes, straight grain
boundaries and 120◦ triple points (Fig. 6a). From the grain
size of recrystallized quartz or quartz grains preserved in al-
bite porphyroblasts varies between 47 and 82 µm, and the
inferred shear stresses range between 8.3+ 2.7/− 1.5 and
12.9+ 3.9/− 2.3 MPa (Table 1).

7.3 D3

Crenulation cleavage in the hinge of the Narrows synform in-
dicates that microfolding of the S2 foliation accompanied by
pressure solution was the dominant deformation mechanism
there (Fig. 8a).

In the upper limb of the Narrows synform, quartz in the
metagreywacke underwent dynamic recrystallization. Sub-
grain rotation was the dominant recrystallization mechanism
but bulging occurred subsequently. This suggests that quartz
was mainly deformed by climb-accommodated dislocation
creep. We estimate the temperature of recrystallization at
390± 13 ◦C. The average grain size of recrystallized quartz
grains is 28± 9 µm, indicating a shear stress of ∼ 20 MPa
(Table 1).

8 Estimates of shear zone widths and strain rates

The width of the subduction channel is estimated as
10± 5 km based on the thickness of the observed low-
velocity anisotropic layer in the middle to lower crust of the
southern California (Lee et al., 2014; Li et al., 1992; Porter
et al., 2011). We assume that the 4 km thick Pelona Schist in
the eastern San Gabriel Mountains formed part of the zone of
return flow during D2, and the remaining 6± 5 km thickness
of Pelona Schist formed the zone of subduction flow in the
channel.

The subduction of the protolith of the Pelona Schist started
no earlier than 68 Ma (Grove et al., 2003) and it reached
the maximum depth by 60 Ma as discussed in Sect. 5,
during which the estimated rate of convergence between
Pacific Ocean lithosphere and North America was over
110 mm yr−1 (Doubrovine and Tarduno, 2008). The source
of non-volcanic tremor in subduction zones is near the down-
dip limit of megathrust earthquakes (Ide et al., 2007), and a
down-dip limit of 25 km has been estimated for the present-
day Cascadia margin (Chapman and Melbourne, 2009). The
Pelona Schist was at depths of 25–39 km and at temperatures
of ∼ 500 ◦C, during at least the earlier stages of D2, so there
may have been very limited discrete slip along the megath-
rust at this time. Assuming that subduction was accommo-

dated within the 6± 5 km thick down-going section of the
subduction channel, the plate motion rate above corresponds
to a strain rate between 3.2× 10−13 and 3.5× 10−12 s−1 in
this section of the subduction channel between 25 and 39 km
depth. The range of this estimated strain rate was caused by
the uncertainty of the subduction channel width.

During the first stage of exhumation, the Pelona Schist was
decompressed from 10.5± 0.4 to 5.8± 0.8 kbar, which is ap-
proximately equivalent to a vertical exhumation of 17.4 km
from 60 to 58 Ma. With a channel geometry as discussed
in Appendix B, the displacement rate in the zone of return
flow was 17 to 70 mm yr−1 and hence the maximum strain
rate was 1.4× 10−13 to 5.5× 10−13 s−1. The wide ranges of
the displacement rate and the strain rate are primarily due to
the overlapping amphibole and white mica 40Ar/39Ar ages,
which constrain the time period for the first stage of exhuma-
tion to between 1 and 4 Myr.

The width of the mylonitized Pelona Schist is ∼ 100 m,
and the lower 200 m of the mylonite zone in the hanging
wall of the Vincent Fault shows similar quartz microstruc-
tures and metamorphic conditions as those in the Pelona
Schist. Thermobarometric data (Xia and Platt, 2017) from
the hanging-wall mylonites show that the mylonites were de-
compressed to 2.0± 1.0 kbar by the end of D3. As shown
in Appendix A, the mylonites crossed the 300 ◦C isotherm at
around 51.1 Ma, when ductile deformation ceased. Assuming
the shear zone originally dipped∼ 30◦, the estimated average
strain rate during mylonitization was 4.5± 1.2× 10−13 s−1.
The uncertainty of the strain rate results from the uncertainty
of the pressure at the end of D3. This is slightly higher than
the range of 1.3× 10−14 to 1.1× 10−13 s−1 given by the
quartz dislocation creep flow law (Hirth et al., 2001) for the
estimated shear stress of 20.1+ 7.3/− 4.0 MPa (differential
stress of 34.8+ 12.7/− 7.0 MPa), temperature of 390 ◦C, and
the maximum water fugacity at 390 ◦C and 5.8 kbar.

9 Discussion

There are a number of issues arising from the data of this
study, such as the inverted thermal gradient in the Pelona
Schist, the driving forces of exhuming the Pelona Schist in
return flow, the quartz pressure-solution flow law, and the
change in quartz deformation mechanisms.

9.1 Inverted thermal gradient of Pelona Schist

The Pelona Schist in the Sierra Pelona is one of the clas-
sic examples of an inverted metamorphic gradient (e.g., Gra-
ham and England, 1976). In the Sierra Pelona the Pelona
schist was metamorphosed up to amphibolite facies and
shows an upward transition from high-pressure greenschist
facies to amphibolite facies. The temperature ranges from
∼ 480 to 620–650 ◦C upward in a ∼ 700 m thick transect,
corresponding to an inverted thermal gradient of 170 to
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250 ◦C km−1 (Graham and Powell, 1984). In contrast, the
Pelona Schist in the East Fork was metamorphosed to high-
pressure greenschist facies and its peak metamorphic temper-
ature is lower than that in the Sierra Pelona by about 100 ◦C.
Jacobson (1995) noted the systematic composition variations
in the amphibole of the greenschist and argued that there was
inverted metamorphic zonation. However, no inverted ther-
mal gradient can be observed from our peak temperature esti-
mates in the 4 km thick transect in the East Fork. It is possible
that no inverted thermal gradient was developed in East Fork
area, though it cannot be excluded that the high-temperature
section of the Pelona Schist in the San Gabriel Mountains
was cut off by the Vincent Fault.

9.2 Topography- and density-driven return flow model
of subduction channels

To compare the stress and strain rate estimates of the re-
turn flow with the geodynamic model, we used the analyt-
ical formulation given by Beaumont et al. (2009). This one-
dimensional formulation assumes that the rocks in the chan-
nel have a linear viscous rheology (appropriate for pressure-
solution creep). The stress and strain rate profiles across the
subduction channel can be calculated for a given channel ge-
ometry, viscosity of material in the channel, and the pressure
gradient in the subduction channel. Behr and Platt (2013)
modified this formulation, so as to relate the viscosity to the
maximum exhumation rate.

The buoyancy contrast between the subducting material
and the overlying upper plate has been proposed as the
driving force for return flow (e.g., England and Holland,
1979; Ernst et al., 1997). The density of the Pelona Schist,
which consists of 90 % metagreywacke, is ∼ 2700 kg m−3.
The overriding plate, after the removal of its high-density
batholithic root during the Laramide subduction, is mainly
made up of felsic batholiths and felsic plutons with gab-
bronorite to gabbrodiorite intrusives at the bottom of the
crustal column (Saleeby et al., 2003). The average density of
the overriding plate is assumed as 2750± 50 kg m−3. Thus,
the density contrast between the schist and the upper plate
could be 50± 50 kg m−3 and might not be sufficient to drive
return flow.

The topographic gradient between the trench and the arc
could act as the major driving force for return flow, as de-
scribed in Appendix C. The pressure gradient due to the to-
pographic difference can be up to 969 Pa m−1, whereas that
caused by the density contrast is only 105 Pa m−1 with a den-
sity of 2750 kg m−3 for the upper plate. If D2 lasted 2 Myr,
the Poiseuille flow driven by the topographic gradient can be
up to 74.5 mm yr−1, whereas that driven by the density con-
trast is only 8 mm yr−1 (Fig. 12).

We have modified the pressure gradient by adding the ef-
fect of topography to that generated by the density contrast,
as shown in Appendices B and C. With a pressure gradient
caused by both topography and density contrast, the one-
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linear viscous material. Subduction velocity is negative and ex-
humation velocity is positive. Blue dash-point line: Couette flow
caused by the drag of the subducting plate; red dotted curve:
Poiseuille flow driven by the buoyancy of the material in the sub-
duction channel; green dashed curve: topography induced Poiseuille
flow; thick black solid curve: the bulk flow of rocks in the subduc-
tion channel. Note the sense of shear changes when crossing the
line of maximum velocity. The duration of D2 was 2 Myr for calcu-
lation. See Appendix D for details.

dimensional model given by Beaumont et al. (2009) yields
a shear stress along the upper surface of the channel of
∼ 10 MPa, and a strain rate of 4.2× 10−13 to 1.2× 10−12 s−1

with the duration of D2 varying between 1 and 4 Myr. These
results generally agree with our estimates for the first stage
exhumation of the Pelona Schist.

9.3 Implications for the pressure-solution flow law of
quartz

Pressure solution is a common deformation mechanism in
low-grade metamorphic conditions, but it remains poorly un-
derstood and its flow law is loosely constrained. The three
primary models for pressure solution are the thin-film model
(Rutter and Elliott, 1976; Weyl, 1959), the island channel
model (Cox and Paterson, 1991; Raj, 1982), and the stress-
corrosion micro-cracking model (den Brok, 1998; Gratz,
1991). The thin-film model assumes that the transport of
dissolved material occurs by diffusion in a fluid film a few
nanometers thick along grain boundaries, and that the rate
of pressure solution is governed by the grain boundary dif-
fusivity (Rutter and Elliott, 1976; Weyl, 1959). In the island
channel model the fluid fills channels that surround islands
where the grain boundaries are in contact. The rate of defor-
mation in this model is controlled by the diffusivity of solute
in the fluid-filled channel (Raj, 1982). A more sophisticated
model, the stress-corrosion micro-cracking model, assumes
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that continuously produced micro-cracks along grain bound-
aries due to stress corrosion can cause a rough grain-surface
topography, and material is transported through the plumbing
network consisting of grain boundary film, capillary network
of the micro-cracks along grain boundaries and wide pores
between grains (Gratz, 1991). In this model the rate of defor-
mation is inversely proportional to the square of the island
diameter instead of the square of the average grain diameter
(also see Appendix E).

The above three models can be tested by our estimated
values of the rheological parameters from the Pelona Schist.
Deformation of metagreywacke during D2 was dominated by
pressure solution. Our strain-rate estimate for this stage is
1.4× 10−13 to 5.5× 10−13 s−1 and the shear stress was less
than ∼ 10 MPa. The dynamically recrystallized grain size
of quartz in metagreywacke varies between 30 and 100 µm.
Comparison between the above estimates and the stress-
strain rate curves predicted by those three models for pres-
sure solution shows that strain-rate estimates from the Pelona
Schist lie between the predictions of the stress-corrosion
micro-cracking model and the thin-film model, whereas that
forecast by the island channel model is many orders of mag-
nitude faster (Fig. 13).

Our strain-rate estimates are likely to be somewhat higher
than those predicted by theoretical models for pressure solu-
tion in pure quartz, as shown in Fig. 14a. This may be be-
cause of the abundance of white mica in Pelona Schist. It has
long been observed that phyllosilicates can increase rates of
dissolution (Bukovská et al., 2015; Heald, 1956; Rutter and
Elliott, 1976; Wassmann and Stöckhert, 2013; Weyl, 1959),
and differences in electrochemical potential between unlike
minerals, e.g., quartz and mica, have been proposed as the
driving force of dissolution (Greene et al., 2009; Kristiansen
et al., 2011; Meyer et al., 2006). Probably due to the rela-

tively high content of white mica, metagreywacke in Pelona
Schist yielded a higher strain rate than the prediction of the
thin-film model. This also explains the distinct deformation
behavior of metachert from metagreywacke in Pelona Schist.
The lack of mica in metachert resulted in too low a strain-
rate contribution from pressure solution, and therefore dislo-
cation creep became the dominant deformation mechanism.

An additional factor is that dislocation creep is likely to
have contributed to the bulk strain-rate estimates. Quartz
shows undulose extinction and dynamic recrystallization in
metagreywacke samples that also reveal clear evidence of
pressure solution such as differentiated cleavage and precip-
itation of quartz in pressure shadows. Coexistence of those
two types microstructures may indicate that the total defor-
mation resulted from both pressure-solution and dislocation
creep.

9.4 Transition from pressure-solution to dislocation
creep

When the Pelona Schist entered the D3 regime, the dominant
deformation mechanism of metagreywacke changed from
pressure solution of quartz to dislocation creep of quartz
(Fig. 14b). Two differences between D2 and D3 are shear
stress and temperature. Shear stresses recorded by the Pelona
Schist during D2 are less than those in D3, while the tem-
perature was higher. When dynamic recrystallization is not
dominant, so that the average grain size is not controlled by
stress, the strain rate caused by quartz pressure solution is
proportional to the first power of differential stress (den Brok,
1998), whereas the strain rate produced by quartz dislocation
creep is proportional to the fourth power of the differential
stress (Hirth et al., 2001). That is, quartz pressure solution
is much less sensitive to stress compared to quartz disloca-
tion creep. During S3, shear stresses increased to a few tens
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of megapascals and dramatically expedited dislocation creep.
Thus, crystal plastic deformation became the leading defor-
mation mechanism during S3.

Increased stress also changed the scale of the shear zone.
Grain size reduction due to dynamic recrystallization caused
strain localization during S3. One clue is that the exposed
width of the zone with S3 is∼ 100 m while S2 penetrated the
entire 4 km transect along the East Fork in the San Gabriel
Mountains.

10 Conclusions

New microstructural observations, thermobarometric analy-
sis and geochronologic data were used to constrain the de-
formation history and rheological properties of the Pelona
Schist during Late Cretaceous–Paleocene Laramide subduc-
tion. The primary conclusions are as follows:

1. The Pelona Schist preserves a record of deformational
and metamorphic processes from subduction to ex-
humation. The Pelona Schist was subducted no ear-
lier than 68 Ma, and reached the peak P –T condition
of 10.5± 0.4 kbar and 519± 20 ◦C by ∼ 60 Ma, after
which it underwent two stages of exhumation: first by
return flow within the channel and then along the Vin-
cent Fault. By ∼ 43 Ma the Pelona Schist entered the
brittle regime.

2. The dominant deformation mechanism of the Pelona
Schist during subduction (D1) and the first stage of
exhumation (D2) was pressure solution. The presence
of mica expedited quartz dissolution and may have in-
creased the strain rate relative to the predictions of the

currently available quartz pressure-solution flow laws
based on monomineralic samples.

3. During the second stage of exhumation (D3), the Pelona
Schist was deformed dominantly by dislocation creep.
Strain localization occurred due to grain size reduction
caused by dynamic recrystallization.

4. Our estimate of shear stress at the end of during sub-
duction and first-stage exhumation is less than 10 MPa,
while that during the second-stage exhumation in-
creased to 20.1+ 7.3/− 4.0 MPa.

5. The estimated magnitude of shear stress and strain rate
in the subduction channel agrees well with the flow-
channel model for linear viscous creep. Our estimated
stresses and strain rates during the second stage of ex-
humation are close to those estimated from the quartz
dislocation creep flow law of Hirth et al. (2001).

Data availability. Locations of samples and field images are listed
in Table S1, RSCM results in Table S2, white mica compositions in
Table S3, TitaniQ analysis results in Table S4, and detrital zircon
fission track results in Table S5.
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Appendix A: Closure temperature of zircon fission
track analysis and cooling rate

The relation between the closure temperature of zircon fis-
sion track and the cooling rate can be written as

Ṫ =
−RT 2

c

E50 %Be
E50 %
RTc

, (A1)

where Ṫ is the cooling rate, Tc the closure temperature, R
the gas constant, E50 % the activation energy for 50 % an-
nealing, and B a constant (Dodson, 1979). For α-damaged
zircon, Brandon et al. (1998) estimated 49.77 kcal mol−1 for
E50 % and 3.160× 10−22 Myr for B based on natural α-
damaged zircon from Zaun and Wagner (1985) and Tagami
et al. (1990).

The Pelona Schist immediately underneath the Vincent
Fault cooled from the closure temperature of white mica
(400 ◦C) to the closure temperature of zircon fission track
Tc from 57.8 Ma (Grove et al., 2003) to 46.9 Ma (this study),
and the average cooling rate can be written as

Ṫ =
400− Tc

57.8− 46.9
(A2)

Equations (A1) and (A2) yields that the average cooling rate
was 15.0 ◦C Myr−1 between 57.8 and 46.9 Ma, and the clo-
sure temperature for zircon fission track is ∼ 237 ◦C. By as-
suming a linear cooling history between 57.8 and 46.9 Ma,
the Pelona Schist was cooled to 300 ◦C at 51.1 Ma, i.e., the
upper section of the Pelona Schist crossed the brittle-ductile
transition zone at 51.1 Ma.

Appendix B: Dip of the Laramide subduction channel

We made the following assumptions about the dip of the sub-
duction channel when the Pelona Schist was subducted:

1. The migration of the trench was negligible from Late
Cretaceous, when the magmatic arc was active to the
time when the Pelona Schist was subducted. This allows
us to estimate the trench–arc distance.

2. Following the previous assumption, we assume that
the Mesozoic trench–arc distance was approximately
250 km by comparison with the modern trench–arc gap
of the northwestern United States and that the magmatic
arc was about 100 km wide based on the present-day
outcrop of the Sierra Nevada.

3. The depth of the trench was ∼ 4.5 km when the Pelona
Schist was subducted. The Laramide shallow subduc-
tion was inferred to be result of the subduction of the
Hess and Shatsky conjugate oceanic plateaux (Liu et al.,
2010), while the former, which originated from the mid-
ocean ridge 110 to 100 Myr before present (Vallier et al.,

1983) and intersected the North American plate about
70 Myr before present (Liu et al., 2010), is spatially and
temporally related to the formation of the Pelona Schist.
Therefore, the Pacific Ocean lithosphere adjacent to the
western edge of North America was∼ 40 Myr old when
the Hess Plateau was subducted. The bottom of a typi-
cal seafloor aged 40 Myr is ∼ 4.5 km beneath the sea
level as constrained by present-day observations and
predicted by theoretical models (Johnson and Carlson,
1992; Turcotte and Schubert, 2002). The above depth
is likely to increase by another ∼ 3 km along the trench
due to buckling and flexure, resulting in a seafloor depth
of ∼ 7.5 km. The Hess Rise in the central North Pacific
Ocean is currently about 3 km above the surrounding
seafloor (Vallier et al., 1983), and if this holds true for
the Hess conjugate, the overall trench depth would be
∼ 4.5 km.

4. The depth of the subduction channel was 30 km under-
neath the western margin of the Mesozoic arc. This al-
lows the Pelona Schist to remain beneath the Mesozoic
magmatic arc after the first-stage exhumation, which is
constrained by the fact that the Pelona Schist and other
Laramide subduction-related schists crop out within the
Mesozoic arc at present day. This assumption gives a
subduction channel dip of ∼ 3.3◦ between the trench
and the arc.

5. The depth of the subduction channel was more than
45 km at the east margin of the Mesozoic arc. This fits
the hypothesized∼ 45–60 km thick crust of the Nevada-
plano, which lasted well into Paleogene time (Ernst,
2009; Wernicke et al., 1996) and requires a minimum
dip of 12.4◦ for the subduction channel underneath the
arc.

Appendix C: Topography-induced pressure gradient

Assume a monotonically increasing topography at constant
rate over a transect width of l (Fig. C1). The amount of in-
creased elevation over the interested width l is h. The slope
of this transect is ω. Therefore, one has

h= l× tanω. (C1)

A subduction zone dipping against the topographic slope lies
underneath the slope. The dip of the subduction zone is γ .
The distance between a point at the bottom of the overrid-
ing plate and the left end of the subduction zone is x. The
relationship among l, x and γ is

l = x× cosγ. (C2)

Combine Eqs. (C1) and (C2) and one has

h= x× cosγ × tanω. (C3)
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Figure C1. Geometry of topography and subduction channel.

The pressure P caused by the topography of the upper plate
is ρgh, where ρ is the density of the upper plate and g is the
gravitational acceleration. P can be written as

P = ρgh= ρgx× cosγ × tanω. (C4)

P increases with x and works as the driving force of the ex-
humation of the rocks within the channel. The gradient of P
along the subduction channel is

∂P

∂x
= ρg× cosγ × tanω =

ρgh

l
× cosγ. (C5)

The paleotopography of southern California in Late
Cretaceous–Paleocene time could not be readily recon-
structed because of the displacements associated with the San
Andreas Fault and other Cenozoic faults. However, the paleo-
geomorphology of the southern end of the Great Valley and
Sierra Nevada can shed light on the possible contemporane-
ous topography of southern California.

The Late Cretaceous depositional environment in the west-
ern foothills of the southern Sierra Nevada was fluvial-deltaic
(Cherven, 1983). The elevation of the western foothills of the
arc is unlikely to have been higher than 0.5 km. To the east of
the Mesozoic magmatic arc was the “Nevadaplano”, a high
and broad plain lasting from Late Cretaceous to Eocene (De-
Celles, 2004). Its estimated average elevation was more than
3 km (DeCelles, 2004). The Sierra Nevada magmatic arc it-
self, which formed the west flank of the Nevadaplano (Henry,
2009), could have had an elevation up to 4 km at approx-
imately 70 Ma (House et al., 1998, 2001). Along the west
slope of Sierra Nevada at that time, the elevation may have
changed from 1 km in the west to more than 4 km in the east
within a horizontal distance of ∼ 80 km (House et al., 2001).

The above geometric setting and an assumed rock density
of 2700 kg m−3 yield a pressure gradient of 969 Pa m−1. In
contrast, the density difference between the upper plate and
the schist, which is assumed as 50 kg m−3, would generate
a pressure gradient of 105 Pa m−1 with the same geometric
setting.

Appendix D: Calculations of channel flow stresses and
strain rates

In a parallel-sided subduction channel with a width of L, the
velocity profile in a linear viscous fluid is

v(z)=−
∇P

(
zL− z2)
2η

+V
(

1−
z

L

)
, (D1)

where z is the distance to the base of the channel, ∇P the
pressure gradient, η the viscosity of material in the channel,
and V the subducting velocity (Beaumont et al., 2009; Behr
and Platt, 2013).

The pressure gradient is caused by (1) the density contrast
between the rocks in the subduction channel and those in the
overriding plate and (2) the topography gradient as illustrated
in Appendix B. The pressure gradient caused by density con-
trast is

∇Pdensity =
(
ρup− ρsc

)
g sinγ, (D2)

where ρup is the density of upper plate, ρsc the density of
rocks in the subduction channel, and g the gravity accelera-
tion (Beaumont et al., 2009; Behr and Platt, 2013). The sum
of Eqs. (D2) and (C5) is the total pressure gradient:

∇P =
(
ρup− ρsc

)
g sinγ +

ρgh

l
× cosγ. (D3)

The viscosity η is the lesser of the roots of Eq. (D4):

4V 2

L2∇P
η2
− 4(V − 2ve)η+L

2
∇P = 0, (D4)

where ve is the maximum exhumation rate (Behr and Platt,
2013). ve can be approximated as the ratio of d2, displace-
ment during D2 to t , the duration of D2.

The strain rate profile is

v′(z)=−
∇P (L− 2z)

2η
−
V

L
. (D5)

The stress profile (Behr and Platt, 2013) is

σ(z)= v′(z)× η =−
∇P(L− 2z)

2
−
V η

L
. (D6)

Parameters used for the stress and strain rate calculations in
the subduction channel are listed in Table D1.

Appendix E: Parameters used for flow law calculations

As summarized by den Brok (1998) and Behr and
Platt (2013), quartz pressure-solution flow laws can be writ-
ten as

ε̇ =
AVmcDgbwσρf

RT d3ρs
, (E1)
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Table D1. Parameters used for subduction channel calculations.

Parameter Description Value Reference and notes

L Subduction channel width (km) 10± 5 Lee et al. (2014), Porter et al. (2011)
V Subduction rate (mm yr−1) 115 Doubrovine and Tarduno (2008)
d2 Displacement during D2 (km) 69.8 Exhumed from 39 km deep to 22 km deep along a

subduction channel dipping 12.4◦ as estimated in
Appendix B

t Duration of D2 (Myr) 1–4 Sect. 5.4
ρup− ρsc Density contrast between the overriding

plate and the subduction channel (kg m−3)
50 For the calculations, 2750 kg m−3 is used for the

density of the upper plate and 2700 kg m−3 for the
density of the Pelona Schist.

Table E1. Parameters used for pressure-solution calculations.

Parameter Description Value Reference and notes

A Grain shape constant 44 den Brok (1998); 44 for spheric grains
Vm Solid molar volume (m3 mol−1) 2.269× 10−5 Berman (1988)
c Solubility of solid in fluid phase P and T dependent Fournier and Potter (1982)
Dgb Grain boundary diffusivity T dependent Farver and Yund (2000)
Dfluid Diffusivity in grain boundary fluid T dependent Watson and Wark (1997)
dchan Width of island channel (µm) 0.1 den Brok (1998)
disl Island diameter (µm) 0.5 Paterson (1995)
w Effective width of grain boundary (µm) 0.1 Joesten (1983)
ρf Density of fluid (kg m−3) 923 Behr and Platt (2013)
ρs Density of solid (kg m−3) 2650 Behr and Platt (2013)
R Gas constant (J K−1 mol−1)) 8.314
d Grain size Varies by sample

ε̇ =
AVmcDfluiddchanσρf

RT d3ρs
, and (E2)

ε̇ =
AVmcDgbwσρf

RT d2
isldρs

(E3)

for the thin-film model, the island channel model, and the
micro-cracking model, respectively, where σ is differential
stress in Pa and T the absolute temperature. The descriptions
and values used for the parameters in Eqs. (E1) to (E3) are
listed in Table E1.

Quartz dislocation creep flow law (Hirth et al., 2001) is

ε̇ = AfH2Oσ
4 exp

(
−
Q

RT

)
, (E4)

where A is a material parameter, fH2O water fugacity,
σ differential stress in megapascals, Q the activation en-
ergy, R the ideal gas constant, and T the absolute tem-
perature. As constrained by Hirth et al. (2001), A equals
to 10−11.2±0.6 MPa−4 s−1 and Q has a value of 135±
15 kJ mol−1. Maximum water fugacity was assumed at given
pressure and temperature and was computed from the fugac-
ity calculator (https://www.esci.umn.edu/people/researchers/
withe012/fugacity.htm; Pitzer and Sterner, 1994).
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