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Abstract Coseismic fault displacement is quite large at shallow depths in some earthquakes, and it
implies that fault gouges and sediments have extremely low dynamic friction during seismic slip.
However, the dynamic weakening mechanisms of gouges under wet conditions are still not well
constrained. Here we present direct evidence for the occurrence of flash heating and local fluid
pressurization in water-saturated gouges, by performing low- to high-velocity (V = 10 μm/s to 1 m/s)
friction experiments in a pressure vessel, under conditions specially designed to suppress weakening
effects of bulk thermal and compaction-induced pressurization. The tested gouges exhibit transition from
velocity strengthening to drastic velocity weakening as slip rates increase. Strong dynamic weakening
starts to occur at V ≥ 0.04 m/s at the initiation of sliding (<~0.1 m), which is much more efficient than
previously reported in terms of the weakening velocity and distance. Furthermore, the onset of weakening
is always accompanied by an instantaneous dilatancy (10–25 μm), which is much larger than that
observed in dry tests and in contrast with gradual changes displayed in the wet tests without dynamic
weakening. Numerical modeling integrated with microstructural observation reveals that bulk thermal
pressurization cannot explain the experimental results, while flash weakening triggered by vaporization of
water layers on/around asperity contacts and the resultant local fluid pressurization may be responsible for
the observed rapid weakening concomitant with instantaneous dilatancy. Given high efficiency of such
weakening process, fluid-infiltrated faults could be weakened more rapidly than previously recognized
during seismic slip.

1. Introduction

Although shallow portions of mature fault zones are usually rich in clay minerals and frictionally stable at low
slip rates, the propagation of earthquakes through these regions has been suggested to be energetically
favorable (e.g., Faulkner et al., 2011; Togo et al., 2016; Ujiie et al., 2013). Two typical examples are the 2008
Mw 7.9 Wenchuan earthquake and the 2011 Mw 9.0 Tohoku-Oki earthquake, which both have large fault
movements within gouges or sediments at shallow depth (maximum surface or seafloor displacements are
~10 m [Liu-Zeng et al., 2009] and ~50 m [Fujiwara et al., 2011], respectively). A closely related observation
is that borehole temperature measurement directly after these earthquakes reveals very low temperature
anomalies around slip zones (Fulton et al., 2013; Li et al., 2015), suggesting extremely low friction coefficient
during the earthquakes (e.g., 0.08 for the Tohoku-Oki earthquake [Fulton et al., 2013]). Recent high-velocity
friction experiments on water-saturated gouges have observed low peak and steady state friction, small slip
weakening distance, and low fracture energy (Boulton et al., 2017; Chen, Niemeijer, Yao, et al., 2017; Faulkner
et al., 2011; Ferri et al., 2010; Kitajima et al., 2011; Oohashi et al., 2015; Togo et al., 2016; Ujiie et al., 2013; Ujiie &
Tsutsumi, 2010). These frictional properties favor seismic propagation and roughly accord with the low fault
friction constrained from temperature records in fast drilling projects.

Thermal pressurization, compaction-induced pressurization, and flash heating were previously recognized
to be dominant mechanisms in causing dynamic weakening in wet gouges (Faulkner et al., 2011; Kitajima
et al., 2011; Oohashi et al., 2015). Of these mechanisms, flash heating on asperity contacts has been sug-
gested to be very effective for most rocks at the early stages of slip (e.g., Beeler et al., 2008; Brantut &
Platt, 2017; Goldsby & Tullis, 2011; Kohli et al., 2011; Passelègue et al., 2014; Proctor et al., 2014; Rice,
2006; Tisato et al., 2012; Violay et al., 2015; Yao et al., 2016). Under room humidity conditions, flash heating
has been validated by well-designed experiments (Goldsby & Tullis, 2011) and plenty of mineralogical
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evidence (e.g., mineralogical changes occurring at bulk temperatures much lower than what the reactions
require [Oohashi et al., 2011; Viti & Hirose, 2010]). Under water-saturated conditions, for cohesive rocks, flash
heating is thought to be much more efficient than thermal pressurization (TP; Violay et al., 2015). However,
for incohesive rocks like fault gouges, the assessment of flash heating in the presence of water becomes dif-
ficult due to the superimposition of multiple mechanisms. Thermal and compaction-induced pressurization
have been suggested as important weakening mechanisms for water-saturated gouges in modeling and
experimental studies (e.g., Chen, Yang, Duan, et al., 2013; Faulkner et al., 2011; Kitajima et al., 2011; Noda
& Shimamoto, 2005; Oohashi et al., 2015; Wibberley & Shimamoto, 2005), while there is rare evidence to
support the occurrence of flash heating in this case besides theoretical expectation. Moreover, in previous
studies, the detailed procedures for performing wet gouge experiments are quite variable in terms of the
amount and distribution of water, the pretreatment of the gouge (with or without precompaction and
preshear), the types of host rocks (permeable or impermeable), the confinement conditions (drained or
undrained), and so on. These aspects make big differences in the observed frictional behavior (e.g., Chen,
Niemeijer, Yao, et al., 2017; Faulkner et al., 2011) and thus hinder us from a better understanding of related
weakening mechanism(s).

In this study, we devised low- to high-velocity friction experiments to explore the role of flash heating in
dynamic weakening of water-saturated gouges, employing a newly designed pressure vessel. In each experi-
ment, we imposed a water pressure of 2.0 MPa on a gouge layer sandwiched between two porous ceramic
blocks (permeability of 1.4 × 10�14 m2) and applied a long preslip of 1.0 m in displacement before shearing
at the target slip rates. The elevated water pressure raises the phase transition temperature of pore water to
at least 212 °C, which can delay the weakening by water vaporization (if it occurs; Chen, Niemeijer, & Fokker,
2017). The use of highly permeable host blocks further facilitates fluid communication between the gouge
layer and the vessel chamber, promoting the drainage of pore water when TP occurs. The long preslip
imposed ensures good compaction and homogenized water distribution in the gouge layer. With all these
designs and treatment, we could (1) slow down the bulk TP process and (2) suppress or even eliminate the
pressurization due to sudden compaction especially at the very beginning of experiments. Therefore, the role
of flash heating may get a chance to stand out.

2. Samples and Methods
2.1. Geological Background, Fault Zone Structure, and Gouge Materials

Experiments were performed on a granular gouge and a clay-rich gouge both collected from a surface out-
crop of the Qingchuan fault (Sun et al., 2015), which is the northeastern segment of the Longmenshan fault
system at the eastern margin of the Tibetan Plateau. Figure 1a shows the map view of the Qingchuan fault
(rose-red lines), including the surface rupture associated with the 2008 Wenchuan earthquake (dark-gray
lines). The Qingchuan fault exposes at the Guangping town (hereafter referred to as Guangping outcrop;
Figure 1b) with a width of ~140 m, consisting of several units of fault breccias and gouges (see details of
the entire fault zone in the supporting information). The fault core is 5 m wide perpendicular to the fault
plane (Figure 1c; the apparent width is much larger since the orientation of the exposure is close to the fault
strike of N60°E). From east to west, the fault core consists of a brown-colored granular gouge layer (Unit 2 in
Figures 1c and 1d; weakly solidified and about 0.2 m wide; referred to as granular gouge hereafter), a gray-
blue-colored clay-rich gouge layer (Unit 3 in Figures 1c and 1d; 3.2 m wide; referred to as clay-rich gouge
hereafter) and a gray foliated fault breccia zone (Unit 4 in Figure 1c; 1.6 m wide). Important discovery from
the field observation is that a fault plane (dipping angle, 70° NW) with striations is located within the granular
gouge (see the flat fault surface in Figures 1d and 1e).

The two representative fault gouges (the sampling locations were indicated by yellow ellipses in Figure 1d)
were chosen as the starting materials for our friction experiments. X-ray diffraction analysis indicate that the
granular gouge contains 20% quartz, 18% plagioclase, 17% calcite, 15% illite, 12% smectite, 5% microcline,
5% hornblende, 4% chlorite, and 4% pyrite, while the clay-rich gouge contains 47% illite, 17% quartz, 14%
chlorite, 13% plagioclase, 5% microcline, and 4% smectite. The fault gouges were carefully sieved to achieve
a grain-size fraction of <150 μm. Laser grain size analysis indicated that the median grain sizes (d50) of the
granular and clay-rich gouges were 14.5 and 4.5 μm, respectively (see cumulative grain size distributions in
Figure S2 in the supporting information).
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2.2. Experimental Procedure

We performed friction experiments in a low- to high-velocity rotary shear apparatus equipped with a pressure
vessel (Ma et al., 2014; Figure 2a). The vessel is mainly designed for rock-on-rock type experiments, and its
main parts are shown in Figure 2b (see detailed description in Ma et al., 2014). With the use of highly perme-
able ceramic host blocks, we could perform gouge experiments under pore pressure using the common
assembly (Figure 2c). In each experiment, 2.2-g gouge was flooded with deionized water and then
sandwiched (~1 mm thick) between two ceramic cylinders (39.980 mm in diameter), with a Teflon sleeve
fitting tightly around the gouge layer. The whole sample assembly was placed in sample holders in the pres-
sure vessel, and deionized water was added to fill the vessel after it was mounted on the apparatus. A con-
stant background fluid pressure (Pf) of 2.0 MPa was then applied by pressurized high purity nitrogen through
a pore pressure generating system (up to 40MPa). The normal load was applied by an air actuator to generate
an effective normal stress (σn_eff) of 1.3–1.5 MPa. All the experiments were started from a 1.0-m-long preslip
at a slip rate V = 5 mm/s except one comparative experiment. After the preslip, the experiments were paused
to reset the motor speeds to target values (V = 10 μm/s to 1.0 m/s) and then were continued toward total
shear displacements of 3.0–3.6 m for V ≤ 100 mm/s or of 11–12 m for V = 0.4–1.0 m/s.

The Teflon sleeve functioned well in our experiments (much better than the dry experiments), and in most
cases the gouges barely leaked. As the short-term fluctuations of measured torque mainly result from
misalignment of specimens and Teflon sleeve, it is helpful to smooth data by taking moving average of
the data recorded in one revolution of specimen (e.g., Yao et al., 2013). From one test conducted under a
series of normal stresses (0.4–1.7 MPa), the apparent shear stress due to Teflon friction was estimated as
0.037 MPa (the intercept in the plot of shear and normal stresses; Togo et al., 2011). All the mechanical data
have been corrected accordingly.

Figure 1. Geological setting and internal structures of the Qingchuan fault (the northeastern segment of the Longmenshan fault system at the eastern margin of
the Tibetan Plateau) at Guangping outcrop, where the tested granular and clay-rich fault gouges were collected. (a) Simplified map showing location of the
Qingchuan fault. (b) Geological map of the region near the Guangping outcrop. (c) Photograph showing fault zone structures and fault rocks near the fault core.
(d, e) Photographs of the fault plane. Sampling locations of the two gouges are indicated by yellow ellipses in Figure 1d.
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3. Experimental Results

Figure 3 shows the evolution of friction coefficient with displacement for nine experiments on the granular
gouge (Figure 3a) and eight experiments on the clay-rich gouge (Figure 3b). Each experiment consists of a
1-m-long preslip and a main slip sequence. The frictional behavior during the first 0.3 m of preslip was highly
varied from test to test due to differences in the initial compaction, but the friction coefficients (μ) show high
reproducibility in later stages of the preslip. To the comparison purpose, here we only show the data at shear
displacements of 0.4–3.2 m.

The two gouges both exhibit a diverse range of frictional behaviors in main slip sequences under different
slip velocities. For the granular gouge, the steady state friction coefficient (μss) slightly increases from 0.39
at V = 100 μm/s to 0.43 at V = 10 mm/s. However, at V ≥ 40 mm/s, μ decreases suddenly at the onset of slip.
For instance, μ reduces by 0.17, 0.18, 0.20, and 0.28 within 0.02 m of slip at V = 40 mm/s, 100 mm/s, 0.4 m/s,
and 1.0 m/s, respectively, with further gradual weakening as slip proceeds (Figure 3a). The fluctuations of fric-
tion at V = 0.4 and 1.0 m/s become smaller at longer displacement (Figure 4a), and μss at these two velocities
is as low as 0.06.

For the clay-rich gouge, μss increases from 0.24 to 0.34 as V increases from 10 μm/s to 100 mm/s (Figure 3b),
indicating a clear trend of velocity strengthening. For the experiments at V = 0.4 and 1.0 m/s, the data pre-
sented in Figure 3b are only the initial portions for the purpose of comparison. The entire evolution of friction
in these two experiments (shown in Figure 4b) is characterized by a sharp weakening (μ decreases by about
0.16–0.24 mostly within 0.25 m of slip), followed by a quick strengthening (μ increases by 0.25–0.28) and a
modest weakening (μ decreases by 0.07–0.16) as sliding proceeds.

Dramatic weakening at the onset of slip occurs in the case of V ≥ 40 mm/s for the granular gouge and
V ≥ 0.4 m/s for the clay-rich gouge (Figure 3). To understand what happened within the gouge layers during
the weakening, we plotted the data of frictional coefficient together with axial displacement in Figures 4a–4d.

Figure 2. Experimental apparatus and sample assembly. (a) A schematic diagram of the low- to high-velocity rotary shear apparatus at Institute of Geology, China
Earthquake Administration (Ma et al., 2014). 1) servomotor, 2) gear and belt system for changing velocity, 3) rotary encoder and potentiometer, 4) rotary shaft, 5)
pressure vessel, 6) metal frame for fixing the pressure vessel, 7) axial loading column, 8) cantilever-type torque gauge, 9) axial displacement transducer, 10) thrust
bearing, 11) axial force gauge, and 12) air actuator. (b) A diagram exhibiting main parts of the pressure vessel (after Ma et al., 2014). (c) The sample assembly with
gouge layer, Teflon sleeve and host blocks made of highly permeable porous ceramic.
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One interesting observation is that the initial sharp weakening is always contemporaneous with an axial
dilatancy of 10–25 μm for both of the gouges (yellow-colored region in Figures 4a–4c). Two repeated
experiments confirm the reproducibility of this coincidence (solid and dashed blue lines in Figure 4c). In
contrast, for those tests that do not exhibit sharp initial weakening (i.e., V ≤ 10 mm/s for the granular
gouge and V ≤ 100 mm/s for the clay-rich gouge), there is no visible instantaneous change in the axial
displacement at the onset of slip (orange lines in Figure 4c and lines in Figure 4d). Another interesting
observation is that the friction evolution following the initial weakening is accompanied by axial
shortening for the granular gouge, while by continued dilatancy for the clay-rich gouge (cf. Figures 4a–4c).

We further performed two control experiments with respect to the standard tests shown in Figure 3. One was
performed without the preslip, and the other was under room humidity (both at V = 100 mm/s and
σn_eff = ~1.3 MPa). The former reveals a large amount of compaction prior to peak friction (~0.35-mm axial
shortening) and a 1.5-m-long slip weakening distance that is ~10 times of that observed in the standard tests
(Figure 4c). The latter shows a small dilatancy at the initiation of slip (~4 μm) along with high friction (μ = 0.60
to 0.65), which is in contrast to the relatively large initial dilatancy (~20 μm) and the rapid weakening
observed in the standard tests (cf. purple and blue lines in Figure 4e). These two control tests strongly suggest
the potential links between the observed initial weakening, the instantaneous dilatancy and the presence of
water in the wet experiments.

4. Microstructures

Figure 5 compares representative microstructures of the granular gouge between the starting gouge layer
(Figure 5a), the presheared (Figure 5b), and the deformed gouge layers at various slip rates (Figures 5c–5h).
The starting material after static compaction contains a large amount of quartz and plagioclase grains with

Figure 3. Low- to high-velocity frictional behaviors of the granular gouge (a) and the clay-rich gouge (b). The experiments
were performed at an effective normal stress σn_eff of 1.3–1.5MPa under porewater pressure of 2MPa. Each experiment here
started from a preslip of 1.0 m at a slip rate V = 5 mm/s and then resumed at various V ranging from 10 μm/s to 1.0 m/s.
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angular to subround shapes (Figure 5a). During the preslip, the grains adjacent to the rotary host block were
crushed and a localized shear zone of 200 μm thick was formed (Figure 5b). As experiments proceed, the
granular gouges deformed at various slip rates show two distinct kinds of microstructures. At V ≤ 10 mm/s
and V ≥ 0.4 m/s, the whole gouge layers were involved in shear deformation without extremely localized
slip zones, and few large grains were preserved after experiments (Figures 5c, 5d, 5g, and 5h). However, at
V = 40 and 100 mm/s, remarkable grain size reduction is only observed within shear zones of 200–400 μm
in thickness, leaving 50–70% of the gouge layers nearly undeformed (Figures 5e and 5f).

Figure 4. (a–d) Axial displacement and friction coefficient versus displacement results for the granular gouge (a, c) and the
clay-rich gouge (b, d). (e) Comparison of the friction and axial displacement data of the granular gouge under room-
humidity condition with that under water pressure (Pp) condition (V = 100 mm/s). The gray dashed line in each plot
indicates the displacement at which the preslip at V = 5mm/s was ended and the slip rate was reset to the target value. The
yellow-colored regions in Figures 4a–4c highlight the instantaneous dilatancy that coincides with the sharp weakening
at the onset of slip under prescribed velocities. Line colors in this figure correspond with Figure 3. For easy comparison, the
axial displacement at shear displacement of 0.8 m was reset to 0 in the plots.

10.1029/2018JB016132Journal of Geophysical Research: Solid Earth

YAO ET AL. 9089



In contrast, the clay-rich gouge shows obviously different microstructures. The initial material contains much
fewer coarse grains (subround to round shapes), exhibiting a matrix-supported structure (Figure 6a). Unlike
the cases of the granular gouge, the deformed clay-rich gouges seem to undergo distributed shear over
the entire gouge layers at all tested velocities (Figures 6b–6f). Compared with the simply compacted sample
(Figure 6a), the microstructures of the deformed gouges are characterized by slight grain size reduction, pre-
ferred orientation of coarse grains and abundant P and Y fractures, and all these deformation textures seem
not to vary with slip rates (Figures 6c–6f).

5. TP in Bulk Gouge Layer

The experiments were performed under fluid pressure, so TP of the bulk gouge layer is a potential dynamic
weakening mechanism. We assessed this effect through numerical modeling following previous studies
(Brantut et al., 2010; Chen, Yang, Duan, et al., 2013; Kitajima et al., 2011; Rice, 2006; Tanikawa et al., 2009).
As temperature rises were not high in our experiments (Figures S3 and S4 in the supporting information),
we ignore the contribution from dehydration reactions of the clay minerals. We also ignore the porosity
changes in the modeling. Considering the fact that the initial weakening (we mainly concern about) is always
companied by the gouge dilatancy, our results should give the upper-bound estimate on the weakening by
TP. According to the energy and fluid mass conservation, the governing equations are

ρc
∂T
∂t

¼ ∇· λ∇Tð Þ þ Q; (1)

Ss
∂P
∂t

¼ ∇·
k
η
∇P

� �
þ φ αf � αmð Þ ∂T

∂t
: (2)

Figure 5. Backscattered electron images of the granular gouge. (a) The statically compacted gouge; (b) the presheared
gouge at the slip rate (V) of 5 mm/s; (c–h) the experimentally deformed gouges at various slip rates of 100 μm/s,
10 mm/s, 40 mm/s, 100 mm/s, 0.4 m/s, and 1.0 m/s.
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Here T is the temperature, t is the time, λ is the thermal conductivity, ρ is the density, c is the specific heat
capacity, andQ is the heat generation rate per unit volume. Further, P is the pressure, Ss is the specific storage,
k is the permeability, η is the dynamic viscosity of fluid, αf and αm are thermal expansivities of the fluid and
mineral matrix, and φ is the porosity.

In order to specify the heat source (Q), a proper assumption of intrinsic friction coefficient (μin) of gouge is
indispensable. Previous studies assumed the μin of wet gouge as a constant value (e.g., Noda &
Shimamoto, 2005), or a temperature-dependent value (e.g., Kitajima et al., 2011), or the friction coefficient
measured in the dry tests (e.g., Chen, Yang, Duan, et al., 2013; Tanikawa et al., 2009). Here the μin is predicted
by an updated flash heating model that incorporates the effects of bulk temperature rise and distributed
shear within gouge layer (e.g., Brantut & Platt, 2017; Platt et al., 2014; Rempel, 2006), on the basis of Rice’s ori-
ginal model (Rice, 2006). The characteristic weakening velocity (Vw) in this case is (Brantut & Platt, 2017; Platt
et al., 2014)

Vw T fð Þ ¼ Na�Va
w T fð Þ ¼ Na� παDa

ρc Tw � T fð Þ
τc

� �2
; (3)

where Tf is the bulk temperature of fault zone, Na is the number of asperity contacts sharing the total slip velo-
city (V), Va

w is the weakening velocity for the bare surface case, α is the thermal diffusivity, ρ is the density, c is
the heat capacity, Da is the diameter of asperity, Tw is the characteristic weakening temperature, and τc is the
contact shear strength. At V ≤ Vw, the friction coefficient f = f0 (f in the unweakened state or at low slip rates).
Flash weakening occurs at V > Vw and f in this case is (Rice, 2006)

f ¼ f 0 � fwð Þ Vw

V
þ fw; (4)

where fw is the f in the weakened state. We employed μin = f in the modeling. Based on the measured friction
at the end of preslip and theminimum friction in the experiments, we set f0 = 0.44 and fw = 0.057 for the gran-
ular gouge, and f0 = 0.29 and fw = 0.044 for the clay-rich gouge. In the equation (3), values for Tw, τc,Da, and Na

are not well known. While acknowledging the uncertainty involved, reasonable ranges of these parameters
have been suggested in many studies (e.g., Goldsby & Tullis, 2011; Proctor et al., 2014; Rice, 2006). We

Figure 6. Backscattered electron images of the clay-rich gouge after static compaction (a), after the preslip at the slip rate
(V) of 5 mm/s (b), and after the experiments at V = 100 μm/s, 10 mm/s, 100 mm/s, and 1.0 m/s (c–f).
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further constrained these parameters based on the mineralogical and microstructural characteristics of the
two gouges (discussed below in section 6.3). This yields Tw, τc, Da, and Na of 1000 °C, 8 GPa, 5 μm, and 10
(4 in the case of localized shear), respectively, for the granular gouge, and of 300 °C, 2 GPa, 10 μm, and 10,
respectively, for the clay-rich gouge.

Permeability (k) of the gouge layer is another decisive parameter. Here we quote the permeability data of
experimentally deformed gouges reported in Oohashi et al. (2015), where both gouge samples and experi-
mental conditions are comparable to ours. Then k of the sheared granular and clay-rich gouges are assumed
to be 6 × 10�20 m2 (k of sheared smectite-quartz mixtures with smectite contents of ~27% in Oohashi et al.,
2015) and 1 × 10�20 m2 (in consideration of its higher clay contents), respectively. To know the limitation of
modeling due to rough estimate on k, we did some modeling using higher and lower k values (~10�18 and
10�21 m2). The initial and boundary conditions in the modeling were set based on the real conditions in the
experiments. The parameter setting of thermal (Brigaud & Vasseur, 1989; Clauser & Huenges, 1995; Schön,
2011; Skauge et al., 1983; Waples & Waples, 2004), hydraulic (Brace et al., 1968; Chen, Yang, Duan, et al.,
2013; Chen, Yang, Yao, et al., 2013; Oohashi et al., 2015), and other related properties (https://webbook.
nist.gov/chemistry/fluid/; http://www.phy.davidson.edu/fachome/dmb/PY430/Friction/teflon.html) are spe-
cified in the supporting information.

A 2-D axisymmetric geometrical model was built according to the sample assembly. We solved this
coupled thermal-hydrological-mechanical problem using the finite-element package COMSOL. As is
shown in Figures 7a and 7b, the TP modeling predicts slight decreases in equivalent friction at
V ≤ 0.1 m/s (black and blue lines) and gradual slip weakening at V ≥ 0.4 m/s (green and red solid lines).
Flash weakening occurs at V = 1.0 m/s for the granular gouge and at V = 0.4 and 1.0 m/s for the clay-rich
gouge (see dashed lines), causing much lower friction than the low-velocity cases at the very beginning
(green and red solid lines). The subsequent decreases in friction mostly result from the bulk TP. With
higher and lower k values (~10�18 and 10�21 m2), the modeling results provide possible ranges of
behaviors caused by flash weakening and the TP in bulk gouge layers (Figures 7c and 7d; V = 0.4 and
1.0 m/s). In all the cases simulated, big differences exist between the modeled apparent μ and the mea-
sured μ at given displacements of 1.1, 1.2, 1.4, 3.0, 6.0, and 10.0 m (filled circles). For the granular gouge,
the discrepancies exist in both early stages and final steady states for all the slip velocities. For the clay-
rich gouge, the modeling results cannot explain the initial sharp weakening (V ≥ 0.4 m/s) that we mainly
concern about, let alone the curious strengthening and weakening in the later stages, as we will
discuss latter.

6. Discussion
6.1. Velocity Dependence of Friction and Rapid Weakening at Subseismic to Seismic Slip Rates:
Implications to Seismic Faulting

Both of the tested gouges show velocity strengthening at V ≤ 10–100 mm/s (Figure 8). The lower frictional
strength of the clay-rich gouge at V ≤ 10 mm/s could be explained by its higher contents of phyllosilicates
(~65% vs. 31% for the granular gouge; e.g., Zhang & He, 2013). Previous studies have reported similar velocity
strengthening behaviors at slip rates less than or close to 10–100 mm/s for various material and experimental
conditions (Buijze et al., 2017; Ferri et al., 2011; Reches & Lockner, 2010; Sawai et al., 2014). This strengthening
may act as a barrier to accelerating slip during seismic rupture propagation.

As the clay-rich gouge shows two stages of slip weakening separated by a strengthening stage at V = 0.4 and
1.0 m/s (Figure 4b), both of the μss during the second slip weakening and the minimum friction coefficient
during the initial weakening (μmin) are plotted in Figure 8 for these two velocities. Dynamic weakening of
the granular gouge occurs at V ≥ 40mm/s, about 1 order of magnitude higher than that of the clay-rich gouge
(V ≥ 0.4 m/s; Figure 8). In addition, at V ≥ 40 mm/s, the granular gouge has lower μss than the clay-rich gouge.
The lower Vw and μss of the granular gouge imply a stronger role in promoting rupture propagation once
seismic slip overcomes the barrier of the intermediate velocity strengthening. This is in line with the field
observation at the studied Guangping outcrop that the slip surface is located within the narrow granular
gouge zone (Unit 2 in Figure 1c) rather than the wide clay-rich gouge zone (Unit 3). This consistency suggests
that frictional properties of fault rocks may exert an important control on seismic rupture propagation,
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providing a possible explanation for the selection of seismic slip zones and the development of wide gouge
zones for mature faults.

It is noteworthy that the tested two gouges show extremely rapid weaken-
ing at the initiation of slip (within ~0.1 m) at V ≥ 0.04 to 0.4 m/s. Previous
workers have described that the wet gouges may weaken immediately
with a negligible slip weakening distance (Dc) at high velocities (e.g.,
Faulkner et al., 2011). However, recent work showed that the slip weaken-
ing process of wet gouges might become much slower if the compaction-
induced pressurization were suppressed by presliding (Boulton et al., 2017;
Chen, Niemeijer, Yao, et al., 2017; Oohashi et al., 2015). The observed Dc in
these studies is about one or a few meters at experimental conditions
comparable to ours (e.g., Figure 3a in Oohashi et al., 2015, and Figure 1e
in Chen, Niemeijer, Yao, et al., 2017). In our experiments, the pressurization
effects due to initial compaction and frictional heating in the bulk gouge
layer become ineffective at the initiation of slip. However, we even observe
much shorter Dc at V ≥ 0.04 to 0.4 m/s (0.1–0.25 m vs. one or a few meters
previously reported), suggesting the operation of more efficient weaken-
ing mechanisms in our case (as discuss later). As mature faults usually con-
tain existing highly deformed slip zones analogous to what we observed
after the preslip (Figures 5b and 6b), we believe the similar rapid weaken-
ing process might occur in natural fault zones, which may play an impor-
tant role in promoting seismic rupture propagation.

Figure 7. Comparison of the estimated equivalent friction coefficient (μeq) from thermal pressurization (TP) modeling
(solid lines) with the measured frictional data (filled circles) at given displacements of 1.1, 1.2, 1.4, 3.0, 6.0, and 10.0 m.
The permeability (k) of the two gouges under shear are assumed based on the published data (Oohashi et al., 2015) in
consideration of a possible range. (a, b): k ~10�20 m2; (c, d): k ~10�18 and ~10�21 m2. The dashed lines in Figures 7a and
7b show the evolution of intrinsic friction coefficients (μin) used in the TP modeling in the cases that meet flash weakening
conditions. Colors of lines and circles denote slip rates.

Figure 8. The steady state friction coefficient (μss) as a function of slip velo-
city (V). The minimum friction coefficients of the clay-rich gouge during the
initial sharp weakening (μmin) at V = 0.4 and 1.0 m/s are also plotted for
comparison.
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6.2. Analysis of the Instantaneous Dilatancy Accompanying the Sharp Weakening at the Initiation
of Slip

Because the initial sharp weakening is always contemporaneous with the axial dilatancy of 10–25 μm, the
causes of this dilatancy may provide hints on the weakening mechanisms. The potential factors that could
explain the initial dilatancy include the thermal expansion of gouge layer, the unpacking of overconsolidated
gouge layer (Lambe &Whitman, 1969; Marone et al., 1990) and the disturbance in effective normal stress (e.g.,
a sudden decrease in σn_eff due to an increase in pore pressure). The linear thermal expansivities of common
minerals are 10�6–10�5 K�1 (Robertson, 1988; e.g., 1.66 × 10�5 and 7.5 × 10�6 K�1 for quartz and albite,
respectively). During the first 0.1–0.4 m of slip, the temperature of bulk gouge layer remains low (<100 °C;
supporting information). Given these thermal parameters and the gouge thickness of ~1.0 mm, the axial dila-
tancy due to thermal expansion is expected to be less than ~1 μm during the short period of
initial weakening.

A sheared gouge layer can dilate naturally if the shearing rate increases (Marone et al., 1990). To estimate this
effect, we follow the constitutive equation for porosity of fault gouge proposed by Segall and Rice (1995).
Taking the porosity during the preslip as the reference state and assuming a dilatancy coefficient of
1.7 × 10�4 (Segall & Rice, 1995), the estimated increases in porosity are 3.54 × 10�5, 5.09 × 10�4,
7.45 × 10�4, and 9.01 × 10�4 for velocity jumps from 5 mm/s to 40 mm/s, 100 mm/s, 0.4 m/s, and 1.0 m/s,
respectively. These changes in porosity correspond to increases in gouge thickness of ~1 μm, which aremuch
smaller than the observed axial dilatancy. Furthermore, there is no significant dilatancy in the control test
under room humidity and in the wet tests that do not exhibit slip weakening (Figures 4c–4e). These analyses
suggest that the instantaneous dilatancy cannot be explained by the initiation of shear on the presheared
gouge layer. We propose the hypothesis that the initial dilatancy is due to an increase in local pore pressure
caused by flash heating, which breaks the balance of effective normal load applied on the gouge layer, as dis-
cussed in the following section. According to the axial displacement data recorded in one experiment with
the σn_eff varied from 0.44 to 1.71 MPa, a reduction in σn_eff of 0.2–0.5 MPa is probably sufficient to cause axial
dilatancy of 10~25 μm in our experiments.

6.3. Flash Weakening Caused by Vaporization of Water Films (Layers) on/Round Asperities Contacts

The most intriguing observation in this work is that the drastic weakening occurs simultaneously with the
obvious dilatancy immediately after the sliding commences (V ≥ 0.04–0.4 m/s; Figures 3 and 4). The small
Dc of 0.1–0.25 m and the low Vw down to 0.04 m/s suggest that the dominant weakening mechanism(s)
is/are very efficient. As the experimental conditions devised are unfavorable for fluid pressurization in the
bulk gouge layer, we can exclude bulk TP as an effective mechanism accounting for the initial weakening, just
as our modeling results demonstrate above. In addition, compaction-induced pressurization can also be
excluded by the observation that the axial dilatancy rather than shortening accompanies the initial weaken-
ing. Although flash heating also seems to be insufficient to explain the observed weakening (dashed lines in
Figure 7), what we considered in section 5 are actually the flash weakening by local melting of
quartz/plagioclase (Tw = 1000 °C) and by local softening due to decomposition of illite (Tw = 300 °C), for
the granular and clay-rich gouges, respectively. This is based on the concept of flash weakening that both
local melting and thermal softening may cause weakening of asperity contacts (e.g., Kohli et al., 2011; Rice,
2006; Spagnuolo et al., 2015; Tisato et al., 2012; Tullis, 2015). If we further extend this concept, in the presence
of pore water, we could expect that the vaporization of water layers (films) on/around contacts may resemble
common thermal softening processes, which may lubricate the contacts and cause macroscopical weaken-
ing. One may think that the evaporation of water layers around contacts probably leads to higher friction
(e.g., Sammis et al., 2011). Apart from the opposite view that the drainage of absorbed water layers may cause
weakening (e.g., Mizoguchi et al., 2006), the water vaporization around asperities in our case seems to be very
different from the desorption process of absorbed water layers surrounding dry solid grains. The point is that,
in our experiments, the contacts may not become dry after the surrounding water layers are vaporized
because of the large volume of pore water nearby. Instead, vaporization may significantly change physical
properties of water layers on/around asperities, some of which such as viscosity is critical to friction on the
contacts (e.g., Sammis et al., 2011). We propose that flash weakening triggered by water vaporization around
asperities and the resultant local pressurization may explain the rapid dynamic weakening observed in
our experiments.
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To test our hypothesis, a helpful approach is to estimate the flash temperature rises in the experiments. We
first reexamine the mineral composition and deformation textures of the gouges and constrain the key para-
meters in flash heating theory. For the granular gouge, the relatively hard minerals (69% in total) like quartz
(20%) and plagioclase (18%) may act as strong framework supporting the force. This can be inferred from the
visible grain size reduction through crushing of large grains (cf. Figures 5a and 5b–5h). Even in the slip zone of
presheared gouge (Figures 9a and 9b), many grains are still in contact with each other (enclosed by dashed
blue lines) and there is no clear shear texture in the fine grain matrix. Considering that τc of plagioclase and
quartz are ~8 and ~9–12 GPa, respectively (Goldsby & Tullis, 2011), we adopt τc = 8 GPa and d = 5 μm for the
granular gouge. The clay-rich gouge contains 65% phyllosilicates, 17% quartz, 13% plagioclase, and so on.
Microstructures indicate that the clay minerals are highly sheared as suggested by strong foliations
(Figures 9c and 9d). We assume τc = 2 GPa and d = 10 μm for the clay-rich gouge, considering that clay miner-
als mainly get involved in shear deformation and weak minerals tend to have larger contacts (though clay
minerals themselves are fine, they may act as aggregates).

From one-dimensional thermal modeling with a Green’s function approach, flash temperature on an asperity
contact (Ta) within a gouge layer can be expressed as (Proctor et al., 2014)

Figure 9. (a–d) Microstructures of the granular (a, b) and clay-rich (c, d) gouges sheared after the preslip. Dashed blue lines
in the figures indicate the grains contacting with each other, which may act as asperity contacts during frictional sliding.
(e) Maximum temperatures on the asperity contacts of the two gouges calculated with the equation (5) by using Na
(the number of contacts between which the total slip rate is shared) and other physical properties constrained from the
mineral composition and microstructures.
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Ta ¼ T f þ τc
ρCp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V=Nað ÞDa

πα

r
: (5)

Here Tf, τc, ρ, Cp, V, Na, Da, and α are same quantities as those in the equation (3), and the (V/Na) represents the
slip velocity on a single asperity contact. As a first-order estimate, the latent heat of possible reactions is not
considered in the equation (5). Na is suggested to be around 10–20 (see Rice, 2006, section 1.1). Proctor et al.
(2014) demonstrated that the Vw of serpentine gouges are 4–13 times higher than that of serpentine bare
surfaces, indicating a possible Na of 4–13 in their gouge experiments (Table 1 in Proctor et al., 2014).
Similar values of Na were also inferred from Yao et al. (2016). Here we assume Na = 4–10 in the cases of loca-
lized shear, namely, in the granular gouge experiments at V = 0.04 and 0.1 m/s, where ~40% of the gouge
layer is involved in deformation (Figures 5e and 5f). By assuming similar spacing between asperity contacts,
we use Na = 10–25 in the cases of distributed shear over the entire gouge layer (all other experiments;
Figures 5c, 5d, 5g, 5h, and 6c–6f).

With above parameters and thermal properties (Table S1 in the supporting information), we calculated flash
temperature rises of the two gouges at V = 0.001, 0.01, 0.04, 0.1, 0.4, and 1.0m/s at the onset of slip (Tf = 20 °C).
The granular gouge gets visible Ta increases at V ≥ 0.04 m/s, and the comparable Ta starts to emerge at
V ≥ 0.4 m/s for the clay-rich gouge (Figure 9e). This difference is partly due to the localized shear deformation
for the granular gouge at V = 0.04 and 0.1 m/s. Note that the Ta at these two threshold velocities (0.04 vs.
0.4 m/s) are 255–392 °C and 209–319 °C (Figure 9e), respectively, which are close to the boiling point of water
at pore pressure of 2 MPa (~212 °C). Then an open question is whether we can link the observed initial sharp
weakening with flash heating in the case of the Ta down to ~200–400 °C, which is much lower than the Tw
commonly believed.

As a key parameter in flash heating theory, Tw was originally considered as the characteristic temperature for
melting on the contacts (Rice, 2006) and was later extended to the temperature for local softening due to
thermally activated reactions such as thermal decomposition (e.g., Kohli et al., 2011; Tisato et al., 2012;
Tullis, 2015). As we illustrated above, with Tw of 1000 °C for the granular gouge and of 300 °C for the clay-rich
gouge, flash heating fails to explain the observed data of the granular gouge and could only partly explain
the data of the clay-rich gouge (Figure 7). Since local melting and softening require high temperature, it is
energetically more efficient to heat up and vaporize water layers or films on the asperity contact. If such a
process occurs, the contact is likely to be lubricated with Tw as low as the boiling temperature of water
(≥212 °C). To illustrate how effective flash weakening would be in this case, we compare the friction calcu-
lated by equations (3) and (4) with the same set of parameters except for different Tw (Figure 10). For the
granular gouge, Tw of 212 °C makes big differences in the calculated friction (bold lines in Figure 10a as com-
pared to thin lines for Tw = 1000 °C). Flash weakening with Tw = 212 °C could predict the rapid initial weak-
ening and roughly the μss levels at V ≥ 0.04 m/s (measured data are shown in dashed lines). For the clay-rich
gouge (Figure 10b), the calculated friction with Tw = 212 °C (bold lines) could better explain the initial weak-
ening than that with Tw = 300 °C (thin lines) could do, although the model prediction in both cases are insuf-
ficient to interpret the measured data in the later stages (see further analysis below).

One may argue that the long preslip imposed may facilitate the formation of highly localized shear band,
which could significantly promote flash heating and trigger rapid weakening, as demonstrated by Smith
et al. (2015). In our experiments, while strain localization might occur in the preslip, it cannot be the main
cause of the rapid weakening in the latter main slip. A strong evidence is that though the sheared dry gouge
tends to have much narrower slip zones than wet gouges (cf. Figures 5 and S5; see also Togo et al., 2016), we
still observe high friction in the control experiment under room humidity (with preslip; V = 0.1 m/s; Figure 4e),
which is in contrast to rapid weakening in the wet tests at similar conditions.

Oohashi et al. (2015) have reported drastic slip weakening of water-saturated smectite-rich gouges at slip
rates of ~0.01 m/s (using gabbro as host blocks), which is even slightly lower than the Vw of the granular
gouge (0.04m/s) observed in this study. They interpret that the dynamic weakening at intermediate velocities
could be attributed to pore pressure increases caused by both shear-enhanced compaction and microscopic
TP of pore fluids. Since the observed dynamic weakening distances are much smaller in our case and the
compaction-induced pressurization is negligible during the initial weakening in our experiments, the under-
lying mechanisms responsible for the observed behaviors in the two studies are not exactly the same. In
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principle, we agree with the concept in Oohashi et al. (2015) that flash heatingmay cause local vaporization of
pore water on/around asperities. However, as is illustrated in Figure 10, we are inclined to believe that (1) the
vaporization of water layers triggered by flash heating may change the contact status of asperities and
weaken the asperity contacts directly (somewhat similar to the thermal softening process on asperities due
to thermal decomposition). (2) TP due to local water vaporization seems to be the main reason for the
observed instantaneous dilatancy during rapid weakening, but it probably only plays a secondary role in
gouge weakening since the overall small area of true contacts may limit the macroscopic pressure rise.

The remaining problem is how to understand the differences between the two gouges in terms of the Vw and
the evolution of friction at V = 0.4–1.0 m/s. First, flash heating operates through vaporization of water layers
on contacts and results in rapid weakening soon after the sliding commences for both of the gouges
(Figure 10). However, the contact shear strength and the shear zone width, which are relevant to mineral
composition, may affect the efficiency of flash heating, local water vaporization, and TP, leading to the differ-
ent Vw for the two gouges. Second, the later strengthening and weakening behaviors of the clay-rich gouge
after the initial weakening (V ≥ 0.4 m/s) are probably pertinent to the serious thermal expansion of the gouge
layer (Figure 4b). Specifically, on the one hand, the thermal expansion may make contacts less stressed and
deformation more distributed, and thus deactivate flash weakening and dilute the influence of local pressur-
ization. On the other hand, bulk TP need some time to be activated since the porous host blocks were used.
Therefore, the strengthening stage of the clay-rich gouge probably reflects a blank period for any weakening
mechanisms. One may notice that the measured friction of the clay-rich gouge in the later stage is much
higher than that from the model prediction (Figures 7b, 7d, and 10b). The main reason is that the possible
increases in porosity, permeability, and asperity number during the serious thermal expansion, which may
lower the efficiency of TP and flash heating, are not incorporated in the calculation due to lack of constraints
on these parameters. In spite of the aforementioned discrepancy, the observed serious thermal expansion
suggests that the later weakening stage of the clay-rich gouge (at displacements larger than 4 m) probably
results from bulk TP (Figure 10b). In contrast, why the granular gouge maintains low friction (V ≥ 0.04 m/s)
may partly lie in its higher contact strength, thinner slip zones (Figures 5 and 9), and continuous axial short-
ening (Figures 4a and 4c; helpful to keep the gouge layer compact and contacts highly stressed), which could
facilitate flash heating effectively. Moreover, the numerical modeling of bulk TP predicts considerable pore
pressure rise in the later stage of experiments (especially at V ≥ 0.4 m/s; Figure S3h), and the observed con-
tinuous shortening after the initial weakening may reflect further gouge compaction due to grain crushing
(Figures 4a and 4c; cf. Figures 5b–5h). These analysis and observation suggest that both thermal and
compaction-induced pressurization may also contribute to the weakening of the granular gouge during
the later steady state sliding (Figure 10a).

7. Conclusions

In this research, we have uncovered the experimental evidence underpinning the importance of flash heat-
ing in dynamic weakening of water-saturated gouges. Low- to high-velocity (10 μm/s to 1 m/s) friction

Figure 10. Friction evolution predicted by flash weakening with different characteristic weakening temperature.
(a) Granular gouge and (b) clay-rich gouge. The possible weakening mechanism for each stage are marked in the figure
(FH = flash heating; TP = thermal pressurization; CP = compaction-induced pressurization). The data measured in the
experiments are shown in dashed lines for comparison. Colors of the lines denote slip rates.
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experiments were conducted on a granular gouge and a clay-rich gouge under water pressure of 2 MPa. The
experiments were specially designed to dampen the effects of thermal and compaction-induced pressuriza-
tion in the bulk gouge layer. Interesting findings are as follows:

1. Both of the granular and clay-rich gouges exhibit velocity strengthening at V ≤ 10–100 mm/s and velocity
weakening at V ≥ 0.04–0.4 m/s. The velocity strengthening at low to intermediate velocities suggests the
existence of a mechanical barrier to accelerating slip during earthquakes. The observed characteristic
weakening velocity could be down to 0.04 m/s for the tested wet gouges, which is several times to an
order of magnitude smaller than that for dry gouges.

2. The granular gouge shows drastic weakening at V ≥ 0.04 m/s immediately after the sliding commences
(<0.1 m of slip), and the clay-rich gouge shows similar rapid weakening at V ≥ 0.4 m/s, followed by quick
strengthening and modest weakening. The weakening distance for the initial drastic weakening is much
smaller than previous reported values at similar experimental conditions. Furthermore, the initial drastic
weakening is always contemporaneous with the instantaneous axial dilatancy of 10–25 μm. Numerical
modeling show that the initial drastic weakening cannot be interpreted as the consequence of bulk TP
and flash weakening through local melting or softening on asperity contacts.

3. Flash temperature calculation integrated with microstructural observation suggest that the vaporization
of water films (layers) on/around the contacts caused by flash heating may lubricate the asperity contacts.
This could trigger flash weakening at the contact temperature much lower than that commonly recog-
nized (≥212 °C in our case). This process and local pressurization may cause the sudden initial weakening
and contemporaneous dilatancy for the two gouges at subseismic to seismic slip rates. The differences in
the efficiency of flash heating could explain the different frictional behaviors of the two gouges in terms of
the characteristic weakening velocities and overall friction evolution at seismic slip rates. As flash weaken-
ing trigged by water vaporization is very efficient, the fluid-infiltrated faults could be weakened more
rapidly than previously recognized during earthquakes, whichmay significantly promote dynamic rupture
propagation.

References
Beeler, N. M., Tullis, T. E., & Goldsby, D. L. (2008). Constitutive relationships and physical basis of fault strength due to flash heating. Journal of

Geophysical Research, 113, B01401. https://doi.org/10.1029/2007jb004988
Boulton, C., Yao, L., Faulkner, D. R., Townend, J., Toy, V. G., Sutherland, R., et al. (2017). High-velocity frictional properties of Alpine Fault rocks:

Mechanical data, microstructural analysis, and implications for rupture propagation. Journal of Structural Geology, 97, 71–92. https://doi.
org/10.1016/j.jsg.2017.02.003

Brace, W. F., Walsh, J. B., & Frangos, W. T. (1968). Permeability of granite under high pressure. Journal of Geophysical Research, 73(6),
2225–2236. https://doi.org/10.1029/JB073i006p02225

Brantut, N., & Platt, J. D. (2017). Dynamic weakening and the depth dependence of earthquake faulting. In M. Y. Thomas, T. M. Mitchell, &
H. S. Bhat (Eds.), Fault zone dynamic processes: Evolution of fault properties during seismic rupture, Geophys. Monogr. Ser., (pp. 171–194).
Washington, DC: American Geophysical Union. https://doi.org/10.1002/9781119156895.ch9

Brantut, N., Schubnel, A., Corvisier, J., & Sarout, J. (2010). Thermochemical pressurization of faults during coseismic slip. Journal of Geophysical
Research, 115, B05314. https://doi.org/10.1029/2009jb006533

Brigaud, F., & Vasseur, G. (1989). Mineralogy, porosity and fluid control on thermal conductivity of sedimentary rocks. Geophysical Journal,
98(3), 525–542. https://doi.org/10.1111/j.1365-246X.1989.tb02287.x

Buijze, L., Niemeijer, A. R., Han, R., Shimamoto, T., & Spiers, C. J. (2017). Friction properties and deformation mechanisms of halite(-mica)
gouges from low to high sliding velocities. Earth and Planetary Science Letters, 458, 107–119. https://doi.org/10.1016/j.
epsl.2016.09.059

Chen, J., Niemeijer, A. R., & Fokker, P. A. (2017). Vaporization of fault water during seismic slip. Journal of Geophysical Research: Solid Earth, 122,
4237–4276. https://doi.org/10.1002/2016JB013824

Chen, J., Niemeijer, A. R., Yao, L., & Ma, S. (2017). Water vaporization promotes coseismic fluid pressurization and buffers temperature rise.
Geophysical Research Letters, 44, 2177–2185. https://doi.org/10.1002/2016GL071932

Chen, J., Yang, X., Duan, Q., Shimamoto, T., & Spiers, C. J. (2013). Importance of thermochemical pressurization in the dynamic weakening of
the Longmenshan Fault during the 2008 Wenchuan earthquake: Inferences from experiments and modeling. Journal of Geophysical
Research: Solid Earth, 118, 4145–4169. https://doi.org/10.1002/jgrb.50260

Chen, J., Yang, X., Yao, L., Ma, S., & Shimamoto, T. (2013). Frictional and transport properties of the 2008 Wenchuan earthquake fault zone:
Implications for coseismic slip-weakening mechanisms. Tectonophysics, 603, 237–256. https://doi.org/10.1016/j.tecto.2013.05.035

Clauser, C., & Huenges, E. (1995). Thermal conductivity of rocks andminerals. In T. J. Ahrens (Ed.), Rock physics and phase relations: A handbook
of physical constants, AGU Ref. Shelf. Ser., (Vol. 3, pp. 105–126). Washington, DC: American Geophysical Union. https://doi.org/10.1029/
RF003p0105

Faulkner, D. R., Mitchell, T. M., Behnsen, J., Hirose, T., & Shimamoto, T. (2011). Stuck in the mud? Earthquake nucleation and propagation
through accretionary forearcs. Geophysical Research Letters, 38, L18303. https://doi.org/10.1029/2011gl048552

Ferri, F., Di Toro, G., Hirose, T., Han, R., Noda, H., Shimamoto, T., et al. (2011). Low- to high-velocity frictional properties of the clay-rich gouges
from the slipping zone of the 1963 Vaiont slide, northern Italy. Journal of Geophysical Research, 116, B09208. https://doi.org/10.1029/
2011jb008338

10.1029/2018JB016132Journal of Geophysical Research: Solid Earth

YAO ET AL. 9098

Acknowledgments
This work was supported by the
International Science and Technology
Cooperation Program of China (grant
2011DFG23400), the National Natural
Science Foundation of China (grants
41774191 and 41404143), and the State
Key Laboratory of Earthquake Dynamics
(grant LED2014A06). We sincerely thank
Kiyokazu Oohashi and an anonymous
reviewer for their thoughtful and
detailed comments and the editor
Yehuda Ben-Zion and the associate
editor for evaluating our manuscript.
We also thank Lei Zhang, Tetsuhiro
Togo, Hiroko Kitajima, Yu Wang, and
Haoyue Sun for their help in the field.
Qingbao Duan, Zihua Tang, and Yongda
Wang are thanked for their help in
measuring permeability and grain size.
The authors have no financial conflict of
interest. All the presented data in this
paper are available in the supporting
information.

https://doi.org/10.1029/2007jb004988
https://doi.org/10.1016/j.jsg.2017.02.003
https://doi.org/10.1016/j.jsg.2017.02.003
https://doi.org/10.1029/JB073i006p02225
https://doi.org/10.1002/9781119156895.ch9
https://doi.org/10.1029/2009jb006533
https://doi.org/10.1111/j.1365-246X.1989.tb02287.x
https://doi.org/10.1016/j.epsl.2016.09.059
https://doi.org/10.1016/j.epsl.2016.09.059
https://doi.org/10.1002/2016JB013824
https://doi.org/10.1002/2016GL071932
https://doi.org/10.1002/jgrb.50260
https://doi.org/10.1016/j.tecto.2013.05.035
https://doi.org/10.1029/RF003p0105
https://doi.org/10.1029/RF003p0105
https://doi.org/10.1029/2011gl048552
https://doi.org/10.1029/2011jb008338
https://doi.org/10.1029/2011jb008338


Ferri, F., Di Toro, G., Hirose, T., & Shimamoto, T. (2010). Evidence of thermal pressurization in high-velocity friction experiments on smectite-
rich gouges. Terra Nova, 22(5), 347–353. https://doi.org/10.1111/j.1365-3121.2010.00955.x

Fujiwara, T., Kodaira, S., No, T., Kaiho, Y., Takahashi, N., & Kaneda, Y. (2011). The 2011 Tohoku-Oki earthquake: Displacement reaching the
trench axis. Science, 334(6060), 1240–1240. https://doi.org/10.1126/science.1211554

Fulton, P. M., Brodsky, E. E., Kano, Y., Mori, J., Chester, F., Ishikawa, T., et al. (2013). Low coseismic friction on the Tohoku-Oki fault determined
from temperature measurements. Science, 342(6163), 1214–1217. https://doi.org/10.1126/science.1243641

Goldsby, D. L., & Tullis, T. E. (2011). Flash heating leads to low frictional strength of crustal rocks at earthquake slip rates. Science, 334(6053),
216–218. https://doi.org/10.1126/science.1207902

Kitajima, H., Chester, F. M., & Chester, J. S. (2011). Dynamic weakening of gouge layers in high-speed shear experiments: Assessment of
temperature-dependent friction, thermal pressurization, and flash heating. Journal of Geophysical Research, 116, B08309. https://doi.org/
10.1029/2010jb007879

Kohli, A. H., Goldsby, D. L., Hirth, G., & Tullis, T. (2011). Flash weakening of serpentinite at near-seismic slip rates. Journal of Geophysical
Research, 116, B03202. https://doi.org/10.1029/2010JB007833

Lambe, T. W., & Whitman, R. (1969). Soil mechanics, (p. 553). New York: John Wiley.
Li, H., Xue, L., Brodsky, E. E., Mori, J. J., Fulton, P. M., Wang, H., et al. (2015). Long-term temperature records following the MW 7.9 Wenchuan

(China) earthquake are consistent with low friction. Geology, 43(2), 163–166. https://doi.org/10.1130/g35515.1
Liu-Zeng, J., Zhang, Z., Wen, L., Tapponnier, P., Sun, J., Xing, X., et al. (2009). Co-seismic ruptures of the 12 May 2008, MS 8.0 Wenchuan

earthquake, Sichuan: East-west crustal shortening on oblique, parallel thrusts along the eastern edge of Tibet. Earth and Planetary Science
Letters, 286(3-4), 355–370. https://doi.org/10.1016/j.epsl.2009.07.017

Ma, S., Shimamoto, T., Yao, L., Togo, T., & Kitajima, H. (2014). A rotary-shear low to high-velocity friction apparatus in Beijing to study rock
friction at plate to seismic slip rates. Earthquake Science, 27(5), 469–497. https://doi.org/10.1007/s11589-014-0097-5

Marone, C., Raleigh, C., & Scholz, C. (1990). Frictional behavior and constitutive modeling of simulated fault gouge. Journal of Geophysical
Research, 95(B5), 7007–7025. https://doi.org/10.1029/JB095iB05p07007

Mizoguchi, K., Hirose, T., Shimamoto, T., & Fukuyama, E. (2006). Moisture-related weakening and strengthening of a fault activated at seismic
slip rates. Geophysical Research Letters, 33, L16319. https://doi.org/10.1029/2006gl026980

Noda, H., & Shimamoto, T. (2005). Thermal pressurization and slip-weakening distance of a fault: An example of the Hanaore fault, Southwest
Japan. Bulletin of the Seismological Society of America, 95(4), 1224–1233. https://doi.org/10.1785/0120040089

Oohashi, K., Hirose, T., & Shimamoto, T. (2011). Shear-induced graphitization of carbonaceous materials during seismic fault motion:
Experiments and possible implications for fault mechanics. Journal of Structural Geology, 33(6), 1122–1134. https://doi.org/10.1016/j.
jsg.2011.01.007

Oohashi, K., Hirose, T., Takahashi, M., & Tanikawa, W. (2015). Dynamic weakening of smectite-bearing faults at intermediate velocities:
Implications for subduction zone earthquakes. Journal of Geophysical Research: Solid Earth, 120, 1572–1586. https://doi.org/10.1002/
2015JB011881

Passelègue, F. X., Goldsby, D. L., & Fabbri, O. (2014). The influence of ambient fault temperature on flash-heating phenomena. Geophysical
Research Letters, 41, 828–835. https://doi.org/10.1002/2013GL058374

Platt, J., B. Proctor, T. Mitchell, G. Hirth, D. Goldsby, G. Di Toro, et al. (2014), The role of gouge and temperature on flash heating and its
hysteresis. Abstract S11C–4360 presented at 2014 Fall Meeting, AGU, San Francisco, California, December 15–19.

Proctor, B. P., Mitchell, T. M., Hirth, G., Goldsby, D., Zorzi, F., Platt, J. D., & et al. (2014). Dynamic weakening of serpentinite gouges and bare
surfaces at seismic slip rates. Journal of Geophysical Research: Solid Earth, 119, 8107–8131. https://doi.org/10.1002/2014JB011057

Reches, Z. E., & Lockner, D. A. (2010). Fault weakening and earthquake instability by powder lubrication. Nature, 467(7314), 452–455. https://
doi.org/10.1038/nature09348

Rempel, A. W. (2006). The effects of flash-weakening and damage on the evolution of fault strength and temperature. In R. Abercrombie,
A. McGarr, G. Di Toro, & H. Kanamori (Eds.), Earthquakes: Radiated energy and the physics of faulting, Geophys. Monogr. Ser., (Vol. 170,
pp. 263–270). Washington, DC: American Geophysical Union. https://doi.org/10.1029/170GM26

Rice, J. R. (2006). Heating and weakening of faults during earthquake slip. Journal of Geophysical Research, 111, B05311. https://doi.org/
10.1029/2005jb004006

Robertson, E. C. (1988). Thermal properties of rocks. U.S. Geological Survey.
Sammis, C., Lockner, D., & Reches, Z. E. (2011). The role of adsorbed water on the friction of a layer of submicron particles. Pure and Applied

Geophysics, 168(12), 2325–2334. https://doi.org/10.1007/s00024-011-0324-0
Sawai, M., Hirose, T., & Kameda, J. (2014). Frictional properties of incoming pelagic sediments at the Japan trench: Implications for large slip at

a shallow plate boundary during the 2011 Tohoku earthquake. Earth, Planets and Space, 66(1), 65–68. https://doi.org/10.1186/1880-5981-
66-65

Schön, J. (2011). Physical Properties of Rocks - A Workbook. In Handbook of Petroleum Exploration and Production (Vol. 8). Elsevier.
Segall, P., & Rice, J. R. (1995). Dilatancy, compaction, and slip instability of a fluid-infiltrated fault. Journal of Geophysical Research, 100(B11),

22,155–22,171. https://doi.org/10.1029/95jb02403
Skauge, A., Fuller, N., & Hepler, L. G. (1983). Specific heats of clay minerals: Sodium and calcium kaolinites, sodium and calcium montmor-

illonites, illite, and attapulgite. Thermochimica Acta, 61(1–2), 139–145.
Smith, S. A. F., Nielsen, S., & Di Toro, G. (2015). Strain localization and the onset of dynamic weakening in calcite fault gouge. Earth and

Planetary Science Letters, 413(2015), 25–36. https://doi.org/10.1016/j.epsl.2014.12.043
Spagnuolo, E., Plümper, O., Violay, M., Cavallo, A., & Di Toro, G. (2015). Fast-moving dislocations trigger flash weakening in carbonate-bearing

faults during earthquakes. Scientific Reports, 5(1), 16112. https://doi.org/10.1038/srep16112
Sun, H., He, H., Ikeda, Y., Kano, K. i., Shi, F., Gao, W., et al. (2015). Holocene paleoearthquake history on the Qingchuan fault in the

northeastern segment of the Longmenshan thrust zone and its implications. Tectonophysics, 660, 92–106. https://doi.org/10.1016/j.
tecto.2015.08.022

Tanikawa, W., Sakaguchi, M., Hirono, T., Lin, W., Soh, W., & Song, S.-R. (2009). Transport properties and dynamic processes in a fault zone from
samples recovered from TCDP Hole B of the Taiwan Chelungpu fault Drilling Project. Geochemistry, Geophysics, Geosystems, 10, Q04013.
https://doi.org/10.1029/2008gc002269

Tisato, N., Di Toro, G., De Rossi, N., Quaresimin, M., & Candela, T. (2012). Experimental investigation of flash weakening in limestone. Journal of
Structural Geology, 38, 183–199. https://doi.org/10.1016/j.jsg.2011.11.017

Togo, T., Shimamoto, T., Ma, S., & Hirose, T. (2011). High-velocity frictional behavior of Longmenshan fault gouge from Hongkou outcrop and
its implications for dynamic weakening of fault during the 2008 Wenchuan earthquake. Earthquake Science, 24(3), 267–281. https://doi.
org/10.1007/s11589-011-0790-6

10.1029/2018JB016132Journal of Geophysical Research: Solid Earth

YAO ET AL. 9099

https://doi.org/10.1111/j.1365-3121.2010.00955.x
https://doi.org/10.1126/science.1211554
https://doi.org/10.1126/science.1243641
https://doi.org/10.1126/science.1207902
https://doi.org/10.1029/2010jb007879
https://doi.org/10.1029/2010jb007879
https://doi.org/10.1029/2010JB007833
https://doi.org/10.1130/g35515.1
https://doi.org/10.1016/j.epsl.2009.07.017
https://doi.org/10.1007/s11589-014-0097-5
https://doi.org/10.1029/JB095iB05p07007
https://doi.org/10.1029/2006gl026980
https://doi.org/10.1785/0120040089
https://doi.org/10.1016/j.jsg.2011.01.007
https://doi.org/10.1016/j.jsg.2011.01.007
https://doi.org/10.1002/2015JB011881
https://doi.org/10.1002/2015JB011881
https://doi.org/10.1002/2013GL058374
https://doi.org/10.1002/2014JB011057
https://doi.org/10.1038/nature09348
https://doi.org/10.1038/nature09348
https://doi.org/10.1029/170GM26
https://doi.org/10.1029/2005jb004006
https://doi.org/10.1029/2005jb004006
https://doi.org/10.1007/s00024-011-0324-0
https://doi.org/10.1186/1880-5981-66-65
https://doi.org/10.1186/1880-5981-66-65
https://doi.org/10.1029/95jb02403
https://doi.org/10.1016/j.epsl.2014.12.043
https://doi.org/10.1038/srep16112
https://doi.org/10.1016/j.tecto.2015.08.022
https://doi.org/10.1016/j.tecto.2015.08.022
https://doi.org/10.1029/2008gc002269
https://doi.org/10.1016/j.jsg.2011.11.017
https://doi.org/10.1007/s11589-011-0790-6
https://doi.org/10.1007/s11589-011-0790-6


Togo, T., Yao, L., Ma, S., & Shimamoto, T. (2016). High-velocity frictional strength of Longmenshan fault gouge and its comparison with an
estimate of friction from the temperature anomaly in WFSD-1 drill hole. Journal of Geophysical Research: Solid Earth, 121, 5328–5348.
https://doi.org/10.1002/2016JB012880

Tullis, T. E. (2015). Mechanisms for friction of rock at earthquake slip rates. In G. Schubert (Ed.), Treatise on Geophysics, (2nd ed.pp. 139–159).
Oxford: Elsevier. https://doi.org/10.1016/B978-0-444-53802-4.00073-7

Ujiie, K., Tanaka, H., Saito, T., Tsutsumi, A., Mori, J. J., Kameda, J., et al. (2013). Low Coseismic shear stress on the Tohoku-Oki megathrust
determined from laboratory experiments. Science, 342(6163), 1211–1214. https://doi.org/10.1126/science.1243485

Ujiie, K., & Tsutsumi, A. (2010). High-velocity frictional properties of clay-rich fault gouge in a megasplay fault zone, Nankai subduction zone.
Geophysical Research Letters, 37, L24310. https://doi.org/10.1029/2010gl046002

Violay, M., Di Toro, G., Nielsen, S., Spagnuolo, E., & Burg, J. P. (2015). Thermo-mechanical pressurization of experimental faults in cohesive
rocks during seismic slip. Earth and Planetary Science Letters, 429, 1–10. https://doi.org/10.1016/j.epsl.2015.07.054

Viti, C., & Hirose, T. (2010). Thermal decomposition of serpentine during coseismic faulting: Nanostructures and mineral reactions. Journal of
Structural Geology, 32(10), 1476–1484. https://doi.org/10.1016/j.jsg.2010.09.009

Waples, D. W., & Waples, J. S. (2004). A review and evaluation of specific heat capacities of rocks, minerals, and subsurface fluids. Part 1:
Minerals and nonporous rocks. Natural Resources Research, 13(2), 97–122. https://doi.org/10.1023/B:NARR.0000032647.41046.e7

Wibberley, C. A. J., & Shimamoto, T. (2005). Earthquake slip weakening and asperities explained by thermal pressurization. Nature, 436(7051),
689–692. https://doi.org/10.1038/nature03901

Yao, L., Ma, S., Platt, J. D., Niemeijer, A. R., & Shimamoto, T. (2016). The crucial role of temperature in high-velocity weakening of faults:
Experiments on gouge using host blocks with different thermal conductivities. Geology, 44(1), 63–66. https://doi.org/10.1130/g37310.1

Yao, L., Ma, S., Shimamoto, T., & Togo, T. (2013). Structures and high-velocity frictional properties of the Pingxi fault zone in the Longmenshan
fault system, Sichuan, China, activated during the 2008 Wenchuan earthquake. Tectonophysics, 599, 135–156. https://doi.org/10.1016/j.
tecto.2013.04.011

Zhang, L., & He, C. (2013). Frictional properties of natural gouges from Longmenshan fault zone ruptured during the Wenchuan Mw7.9
earthquake. Tectonophysics, 594, 149–164. https://doi.org/10.1016/j.tecto.2013.03.030

10.1029/2018JB016132Journal of Geophysical Research: Solid Earth

YAO ET AL. 9100

https://doi.org/10.1002/2016JB012880
https://doi.org/10.1016/B978-0-444-53802-4.00073-7
https://doi.org/10.1126/science.1243485
https://doi.org/10.1029/2010gl046002
https://doi.org/10.1016/j.epsl.2015.07.054
https://doi.org/10.1016/j.jsg.2010.09.009
https://doi.org/10.1023/B:NARR.0000032647.41046.e7
https://doi.org/10.1038/nature03901
https://doi.org/10.1130/g37310.1
https://doi.org/10.1016/j.tecto.2013.04.011
https://doi.org/10.1016/j.tecto.2013.04.011
https://doi.org/10.1016/j.tecto.2013.03.030


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


