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A B S T R A C T   

Chlorite is a common, but understudied phyllosilicate mineral along continental and subduction zone faults. To 
understand the potential role of chlorite in different modes of fault slip, we measure the constitutive frictional 
properties of chlorite at low rates of deformation and shallow hydrothermal conditions by shearing powdered 
samples of water-saturated chlorite in the triaxial saw-cut configuration. Experiments were conducted at 25 to 
130 ◦C, 130 MPa confining pressure, pore pressures from 10 MPa to 120 MPa, slip rates from 0.001 to 10 μm/s, 
and shear displacements up to 7.5 mm. The frictional strength of chlorite increases with increasing temperature 
from 25 to 130 ◦C (μ = 0.4 to 0.46), accompanied by an increased abundance of Riedel shears. Chlorite also 
transitions from rate-strengthening behavior at fast slip rates (0.1 to 10 μm/s) to rate-weakening or rate-neutral 
behavior at lower slip rates (0.001 to 0.01 μm/s), consistent with one hypothesis for the cause of slow slip. This 
transition in frictional behavior reflects different microphysical processes controlling the direct and evolution 
effects of friction. At low deformation rates, the magnitude and temperature sensitivity of the direct effect (a) are 
consistent with subcritical fracture. In contrast, the evolution effect (b) is insensitive to temperature and in
creases systematically with decreasing strain rate. We propose the increase in b and resulting rate-weakening 
behavior of chlorite with decreasing slip rate is controlled by time-dependent properties of adsorbed water to 
mineral surfaces.   

1. Introduction 

Fault zones are commonly enriched in sheet silicate minerals 
(phyllosilicates) that occur in contiguous layers and form by retrogres
sive or prograde metamorphic reactions (Wintsch et al., 1995). These 
phases are frictionally weak at subseismic slip rates compared to most 
types of minerals (Byerlee, 1978) and highly anisotropic in strength 
because of their layered mineral structures (Kronenberg et al., 1990; 
Mares and Kronenberg, 1993). The presence of weak, interconnected 
phyllosilicates is therefore proposed to be a major control on fault 
strength and strain localization, as well as slip behavior (e.g. Wintsch 
et al., 1995; Faulkner et al., 2003; Jefferies et al., 2006; Moore and 
Rymer, 2007; Collettini et al., 2009). As such, understanding the rheo
logical properties of phyllosilicates within fault zones, particularly at in 
situ pressures, temperatures, and rates of deformation, is important for 
modeling observed slip modes and improving seismic hazard 
assessment. 

Experimental measurements of the frictional constitutive properties 
of phyllosilicates at typical laboratory deformation rates (~0.1 to 10 

μm/s) show that they typically strengthen with increasing velocity or 
strain rate, implying that weak faults dominated by phyllosilicates may 
accommodate aseismic slip (e.g., Scruggs and Tullis, 1998; Saffer and 
Marone, 2003; Ikari et al., 2009). However, recent deformation exper
iments have shown that some phyllosilicate-rich fault samples exhibit 
rate-weakening behavior when sheared at low velocities characteristic 
of slow slip events (few to few tens of cm/yr) (Ikari and Kopf, 2017; 
Rabinowitz et al., 2018), challenging the conceptual framework that 
frictionally weak faults are stable. It is unclear, however, what micro
physical processes cause this change in slip behavior at low deformation 
rates, and whether these mechanisms rely solely on the presence of 
specific phyllosilicates or additional minerals (e.g., quartz, feldspar) 
within phyllosilicate-rich gouges (Niemeijer and Spiers, 2007; den 
Hartog and Spiers, 2013). Although the frictional properties of a wide 
variety of sheet silicates have been studied at hypocentral temperature 
and pressure conditions (e.g., Takahashi et al., 2011; Van Diggelen et al., 
2010; Lu and He, 2014; Moore and Lockner, 2008; Tesei et al., 2018; 
Okamoto et al., 2019), fewer monomineralic phyllosilicate samples have 
been studied at the low shearing velocities representative of slowly 
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creeping faults (e.g., Reinen et al., 1992; Moore et al., 1997; Scruggs and 
Tullis, 1998). 

An important mineral that remains to be studied at slow in situ rates 
of deformation is chlorite. Previous studies indicate that chlorite may be 
a dominant control on fault deformation in many tectonic settings, 
including basalt-hosted segments of subduction megathrusts, oceanic 
detachment faults, retrograde faults exhuming mafic rocks, and the deep 
San Andreas Fault (MacLeod et al., 2002; Schleicher et al., 2012; 
Fagereng and Ikari, 2020; Braden and Behr, 2021). However, in
terpretations of its effect on fault zone rheology have been based on 
previous friction experiments performed using slip rates >0.3 μm/s 
(Ikari et al., 2009; Okamoto et al., 2019), which show that chlorite has 
velocity-strengthening friction. As these frictional constitutive proper
ties are largely empirical, it is difficult to reliably extrapolate them to 
lower rates of deformation. 

Here, we report results from triaxial shear experiments on chlorite 
gouge under hydrothermal conditions and slip rates from 0.001 to 10 
μm/s, spanning slow slip rates and the faster velocities previously used 
to study chlorite deformation. Experiments were conducted at constant 
confining pressure of 130 MPa, pore fluid pressures from 10 to 120 MPa, 
and temperatures from ~25 to 130 ◦C. We determine how the strength, 
constitutive frictional properties, and microstructure of chlorite vary as 
a function of velocity, temperature, and effective pressure, finding new 
evidence that chlorite transitions to rate-neutral and -weakening 
behavior at low deformation rates. We then use our mechanical and 
microstructural results to interpret microphysical processes operating 
within water-saturated chlorite gouge which control transitions in its 
frictional behavior. 

2. Methods 

2.1. Sample description 

We measured the frictional strength of a fine-grained, chlorite schist 
that originated from the Michigamme Mine in Michigan, USA and was 
obtained from Ward’s Natural Science. Experiments were conducted on 
disaggregated schist that was hand-ground with a mortar and pestle and 
sieved to particles <63 μm in diameter. A hand magnet was used to 
remove most of the iron oxide minerals from the starting material. 

The chemical composition of the sample was measured using a field 
emission electron probe microanalyzer (EPMA) to collect quantitative 
wavelength dispersive spectroscopy (WDS) and qualitative electron 
dispersive spectroscopy (EDS) data. Data were collected at an acceler
ating voltage of 15 kV and a working distance of 11 mm using a JEOL 
JXA 8530F Hyperprobe at Rice University. The WDS data were collected 
from 21 point measurements of chlorite grains at an accelerating voltage 
of 15.0 kV and current of 5 × 10−8 A (Table S1). EDS measurements 
were used to identify the oxide phases. 

The EPMA measurements of chlorite grains show that our sample has 
the chemical formula (Mg1.331Fe2+

3.282Al1.329Na0.016Ti0.008Ca0.004) 
(Si2.665Al1.335)O10(OH,O)8 indicating it is close to chamosite, the Fe2+- 
rich endmember of the chlorite group. Oxide and phosphate phases were 
identified from EDS measurements as ilmenite and monazite. Quanti
tative area analysis of the back-scattered electron images of an experi
mentally deformed sample shows that it consists of >97% chlorite with 
minor amounts of ilmenite and monazite. 

2.2. Experimental setup and procedure 

We measured the strength and constitutive properties of initially 5 
mm-thick layers of disaggregated chlorite using the triaxial sawcut ge
ometry (Fig. 1). Experiments were performed using a servo-controlled 
triaxial deformation apparatus at Rice University. The apparatus uses 
a hydraulic pressure system to control confining pressure, pore fluid 
pressure, and differential load. Confining pressure applies the least 
compressive stress (σ3) with silicon oil and pore fluid pressure (Pf) is 

applied with deionized water at one end of the sample. Confining and 
pore fluid pressures are measured with an accuracy of 0.01 MPa and 
LVDTs record displacements of the confining and pore pressure inten
sifier pistons. Differential load is measured with a temperature- 
compensated cell internal to the pressure vessel and converted to dif
ferential stress (σd) by dividing by cross-sectional area of cylindrical 
forcing blocks. Displacement of the axial piston is recorded with a linear 
voltage differential transformer (LVDT) external to the vessel and cor
rected for the elastic distortion of the apparatus using a calibrated 
stiffness of 2.5 × 108 N/m. External heating bands heat the pressure 
vessel, and temperature is maintained to within 5 ◦C of the setpoint 
using a thermocouple located within the pressure vessel as feedback. 

Samples were deformed between cylindrical steel forcing blocks 
25.4 mm in diameter with a sawcut surface 35o to the core axis (Fig. 1). 
The sawcut surfaces have triangular grooves spaced 1 mm apart to 
promote shear within the gouge layer, and a porous frit 1-mm thick and 
13 mm in diameter sit in a recess of the sawcut surface to assist with the 
distribution of pore fluid at the gouge interface. To prepare each sample, 
we mixed 12.5 g of chlorite with distilled water to make a thick paste, 
which we spread in an even layer on one of the blocks using a loading jig 
and sandwiched carefully with the other block. The sample was then 
placed between a top and bottom platen and jacketed with three poly
olefin sleeves. Once the sample was jacketed and placed in the pressure 
vessel, confining and pore fluid pressures were increased synchronously 
to compact the gouge layer yet maintain an effective stress (σ3

’ = σ3 – Pf) 
less than the target experimental conditions. The experimental setup 
then equilibrated for 8 to 12 h while the vessel heated overnight, 
allowing additional time for compaction and for pore pressure to 
equilibrate across the gouge layer. We measured a thickness of 3.1 mm 
from a sample that was compacted at 70 MPa effective pressure but not 
sheared. 

We conducted shear experiments at a constant confining pressure of 
130 MPa, pore fluid pressures of 10 to 120 MPa, and temperatures of 25 
to 130 ◦C (Table 1). All deformation experiments were initiated with a 
sliding velocity of 1 μm/s, except for one test (G0176) in which slip was 
initiated at 0.1 μm/s. After samples yielded and began to show linear 
strain hardening behavior (with one exception), we performed a series 
of rate steps at sliding velocities between 0.001 and 10 μm/s, corre
sponding to shear strain rates of 3 × 10−7 to 3 × 10−3 s−1, to determine 
the frictional constitutive properties (Dieterich, 1979). Rate steps were 
imposed every 0.5 mm of slip except during the slowest shear velocity 
which we held for 0.2 to 0.3 mm of slip. Most chlorite layers were 
continuously sheared up to 7.5 mm (shear strain of 2.5) which lasted a 
duration of four days, though in one experiment (G0012) the sample was 
unloaded after ~4 mm of slip and then reloaded. We conducted two 
experiments at 120 MPa pore pressure (G0019 and G0202) which 

Fig. 1. Schematic of the triaxial deformation apparatus vessel (left) and the 
saw cut shear configuration (right). 
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exhibit different strain hardening trends than the other. In G0019 we 
imposed rate steps at the same strains as other experiments and in 
G0202 we imposed rate steps at higher shear displacements (4.8 to 10.3 
mm) than other experiments. All data was recorded at a sampling rate of 
0.2 to 1 Hz for shear velocities of 0.001 to 0.01 μm/s and at 10 Hz for 
velocities of 0.1 to 10 μm/s. 

We used the measured differential stress, confining pressure, and 
pore fluid pressure to calculate the shear stress, τ, and effective normal 
stress, σn’, along the saw cut following standard procedures (e.g., 
Chester, 1994; Tembe et al., 2010). We corrected our measurements of 
differential stress for the change in surface area along the saw cut with 
slip and the strength of our polyolefin jackets (Appendix A). We report 
the chlorite strength as the friction coefficient, μ = τ/σn’, assuming zero 
cohesion consistent with previous studies on gouge friction (e.g., Chester 
and Higgs, 1992; Marone, 1998). We calculate the displacement along 
the sawcut from measurements of sample shortening. Volume change of 
the sample during shear was calculated by multiplying the displacement 
of the pore pressure intensifier piston by its cross-sectional area. 

2.3. Determining rate and state parameters 

We use rate-and-state friction constitutive laws to evaluate the ef
fects of slip rate and history on the frictional strength of chlorite (Diet
erich, 1979; Ruina, 1983). The common constitutive law for the friction 
coefficient (μ) is 

μ(V, θ) =

[

μo + aln
(

V
Vo

)

+ bln
(

Voθ
Dc

) ]

(2)  

where μo is the steady state friction coefficient at a reference velocity Vo, 
Dc is the critical slip distance required to renew a population of grain 
contacts, a and b are empirical material parameters indicating the direct 
and evolution effect, respectively, V is the sliding velocity, and θ is a 
time-dependent state variable that evolves according to either the aging 
law (Dieterich, 1979): 

dθ
dt

= 1 −
Vθ
Dc

(3)  

or the slip law [Ruina, 1983]: 

dθ
dt

= −
Vθ
Dc

ln
(

Vθ
Dc

)

(4) 

For steady state slip (dθ/dt = 0), combining and simplifying these 
equations isolates the rate-dependence of steady-state friction, μss, co
efficient as: 

dμss

dlnV
= a − b (5) 

Positive (a-b) values indicate rate-strengthening friction, which 
promotes stable sliding and fault creep. Negative (a-b) values indicate 
rate-weakening friction, which is required for the nucleation of unstable 
slip (e.g., Marone, 1998; Scholz, 2019). 

We evaluated the rate and state frictional parameters, a, b, and Dc 

from our data using an iterative least-squares inversion method (Reinen 
and Weeks, 1993) and the RSF3000 code developed by Skarbek and 
Savage (2019). Individual velocity steps were first linearly detrended 
using 300 μm of slip before each rate step, and data from each rate step 
was independently inverted across the window 300 μm before and after 
each step. The data was fit using one state variable and with both the 
aging (Dieterich) and slip (Ruina) laws. The two friction laws produce 
similar results (Table S2), and we plot frictional constitutive parameters 
in this paper using the aging law for comparison with previous experi
mental literature. Following suggestions by Skarbek and Savage (2019), 
we treated the sample stiffness as a fitting parameter. 

2.4. Transient pore pressure effects 

Our ability to quantify the friction coefficient requires that the sys
tem is drained, meaning that the pore fluid pressure within the chlorite 
layer is equal to the pore pressure measured externally. At high shear 
velocities, pore fluids may become undrained if volume changes in the 
chlorite outpace the rate that fluids can diffuse into or out of the 
deforming layer. Following previous studies (e.g., Ikari et al., 2009; 
Faulkner et al., 2018; Xing et al., 2019) we calculate the time for pore 
fluid pressure in the gouge to re-equilibrate with the externally 
measured fluid pressure following a rate step. The characteristic diffu
sion time is: 

t =
h2βη
2k  

where h is the diffusion length (equal to a gouge thickness of 0.003 m), β 
is the compressibility of the gouge (~10−10 Pa−1 following Faulkner 
et al. (2018)), η is the viscosity of the fluid (0.001 Pa s for water), and k is 
the permeability of the gouge (~10−20 s−1 following Morrow et al. 
(1984), Faulkner and Rutter (2003), Ikari et al. (2009)). Based on these 
parameters, we calculate that it takes 45 s for pore fluids to equilibrate 
after a rate step and conclude that deformation must occur over a 
significantly larger time scale to be considered drained. If we assume 
that determination of the steady-state friction coefficient requires fluid 
diffusion over an increment of 150 μm of slip (i.e., one half the 
displacement following a rate step we use to model frictional behavior), 
then the maximum slip rate that would allow pore fluid to drain is v =
150 μm/45 s = 3.3 μm/s. This indicates that our fastest rate step (10 μm/ 
s) is likely undrained. In addition, the parameters a, b, and Dc are 
measured over different time scales, and even slower rate steps could 
result in undrained conditions over the time scales that these parameters 
are determined. We measure the individual time intervals over which a, 
b, and Dc are determined from our data to constrain the slip rates for 
which these parameters are measured under drained conditions. 

2.5. Microstructural analyses 

We study the microstructures developed in the chlorite using a 
combination of polarized light and back-scattered electron (BSE) mi
croscopy. A JEOL JXA 8530F Hyperprobe at Rice University was used to 

Table 1 
List of experimental conditions and strength.  

Experiment T σ3 Pf σ3
’ λ V μ μ μ 

ID (◦C) (MPa) (MPa) (MPa)  (μm/s) (2 mm) (4 mm) (6 mm) 

G0019 130 130 120 10 0.92 1|0.1|0.01|0.001|0.01|0.1|1|10|1|10 0.53 0.57 0.51 
G0202 130 130 120 10 0.92 1|0.1|0.01|0.001|0.01|0.1|1|10|1|10 0.48 0.54 0.53 
G0012 130 130 60 70 0.46 1|0.1|0.01|0.001|1|10|1|0.1 0.35 0.43 0.44 
G0017 130 130 10 120 0.08 1|0.1|0.01|0.001|0.01|0.1|1|10|1|10 0.36 0.42 0.46 
G0153 70 130 10 120 0.08 1|0.1|0.01|0.001|0.01|0.1|1|10|1|10 0.34 0.40 0.43 
G0110 25 130 10 120 0.08 1|0.1|0.01|0.001|0.01|0.1|1|10|1|10 0.29 0.37 0.40 
G0155 25 130 10 120 0.08 1|10|1| 0.35 0.40  
G0176 25 130 10 120 0.08 0.1|0.01|1| 0.33 0.38   
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collect BSE images, and this is the same instrument used to determine 
the chemical composition of the sample. Back-scattered electron images 
were collected at an accelerating voltage of 15 kV and a working dis
tance of 11 mm. 

3. Results 

3.1. Frictional strength 

The rheology of chlorite is frictional at the experimental conditions 
as shown by the strong dependence of its shear strength on effective 
pressure and weak dependence on deformation rate (Fig. 2a). Most of 
the samples exhibit non-linear strain hardening curves during the initial 
2 mm of displacement and gradual near-linear strain hardening for the 
remainder of shear deformation. The exceptions are the two samples 
sheared at the lowest effective pressure (10 MPa; G0019 and G0202), 
which initially strengthen with increasing strain but then strain-weaken 
to a residual strength. Across all samples, friction coefficients range 

between 0.29 and 0.53 at 2 mm of shear displacement and 0.40 and 0.53 
at 6 mm of displacement (Fig. 2b and c). At 6 mm displacement and 
130 ◦C, the friction coefficient is similar (μ = 0.44 and 0.46) for samples 
sheared at effective pressures of 120 and 70 MPa corresponding to 10 
MPa and 60 MPa pore fluid pressure, respectively, but is higher (μ = 0.5) 
at the lowest effective pressure of 10 MPa corresponding to 120 MPa 
pore pressure. At constant effective pressure of 120 MPa, the frictional 
strength of the chlorite increases with increasing temperature from μ =
0.40 at room temperature (25 ◦C) to μ = 0.46 at 130 ◦C (Fig. 3). 

3.2. Volume change 

The chlorite samples compact during shear until 3 to 4 mm of 
displacement, after which they deform at a relatively constant pore 
volume (Appendix B). Comparison of pore volume change as a function 
of displacement and time over the course of multiple rate steps shows 
that compaction is controlled by displacement and not deformation rate 
(Fig. B.1). As a result, at displacements <3 to 4 mm, there is an increased 

Fig. 2. Mechanical results from shear experiments on chlorite. 
(a) Shear stress plotted as a function of shear displacement for 
all experiments (Table 1). In experiment G0012, an experi
mental error caused the axial piston to be retracted at ~4 mm 
displacement. It was then advanced to continue shearing. A 
different internal load cell was also used in experiments 
G0155 and G0176 than in the rest of the experiments. (b) 
Friction (shear stress divided by effective normal stress) as a 
function of shear displacement for experiments conducted at 
120 MPa effective pressure and different temperatures. (c) 
Friction as a function of shear displacement for experiments 
conducted at 130 ◦C and different effective pressures.   
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rate of compaction with time as velocity increases. We are only able to 
document these effects at velocities of 1 and 10 μm/s. At lower velocities 
changing environmental factors in the laboratory (e.g., the room tem
perature) have a more pronounced effect on the pore pressure intensifier 
piston LVDT, which masks measurements of the small volume changes 
in the sample. 

3.3. Velocity dependence of the frictional strength 

Chlorite deformed at room temperature (25 ◦C) shows a clear tran
sition from rate-weakening (a-b = −0.004) at slow velocities (0.001–0.1 
μm/s) to rate-strengthening (a-b = 0.005) at fast velocities (1–10 μm/s) 
(Fig. 4a). In contrast, at 70 and 130 ◦C and the same effective pressure 
(120 MPa) the frictional strength is near rate-neutral across the range of 
slip velocities tested (Fig. 4a and b), although at 130 ◦C the chlorite 
shows a trend consistent with a transition from slightly rate-weakening 
(a-b = −0.001) to slightly rate-strengthening (a-b = 0.001) over a 4 
orders of magnitude increase in velocity (Fig. 4a). 

At 130 ◦C, the rate-dependence of the frictional strength is similar at 
120 MPa and 70 MPa effective pressure, exhibiting a transition from 
slightly rate-weakening to slightly rate-strengthening with increasing 
slip rate (Fig. 4c). In contrast, at 10 MPa effective pressure (Pf = 120 
MPa), the frictional behavior of chlorite shows much greater variability 
with respect to slip rate, shear displacement, and step direction which 
makes identifying clear trends challenging. Overall, at velocities <1 μm/ 
s the chlorite rate-strengthens significantly (a-b = 0.008 to 0.016) when 
rate steps were imposed beyond ~5.5 mm of slip (G0202), but has rate- 
neutral strength when imposed at lower displacements (G0019). In 
addition, at 10 MPa effective pressure chlorite generally rate-weakens 
between 1 and 10 μm/s, as shown most prominently when the veloc
ity is stepped down from 10 to 1 μm/s (a-b = −0.009 to −0.015). We 
infer though that the rate-weakening behavior at high velocities may 
result from transient fluid overpressure in the sample, based on our es
timate that slip rates >3.3 μm/s result in undrained conditions and 
observations of compaction during those fast slip rates (Appendix B). 

The parameters a and b vary with temperature and deformation rate 
(Figs. 5 and 6). At room temperature, a increases with velocity, while at 
70 ◦C and 130 ◦C a trend is not as clear (Fig. 5a b). In addition, a in
creases with increasing temperature at slow velocities (0.001 to 0.01 
μm/s) yet shows the reverse trend at faster velocities (0.10 to 10.0 μm/s) 
(Fig. 6a and b). These trends indicate that the processes controlling the 
direct effect in chlorite are temperature- and time-sensitive. The 
parameter b shows more consistent behavior; across all velocities and in 
all experiments except at very high pore pressure, b decreases system
atically with increasing velocity such that at the fastest velocity (10 μm/ 
s) b becomes very low or zero (b = 0 to 0.002) (Fig. 5c and d). However, 
b is generally less sensitive to temperature compared to a, as b only 

increases between 70 ◦C and 130 ◦C when the velocity is stepped down 
to 0.01 and 0.001 μm/s (Fig. 6c and d). Values of Dc are more scattered 
but are greatest at room temperature and increase slightly with 
increasing velocity at 70 ◦C and 130 ◦C (Figs. 5e and f and 6e and f). The 
parameters a, b, and Dc do not show clear trends with increasing 
effective pressure during rate steps imposed at similar amounts of slip. 

We determine the time scales over which a, b, and Dc are measured at 
different velocities to evaluate whether the reported values reflect 
deformation under drained conditions. We previously determined that 
at velocities up to 3.3 μm/s steady-state strength is measured under 
drained conditions, and we conclude that b and Dc are also measured 
under drained conditions at these velocities. Specifically, the time in
terval over which b and Dc are measured exceeds 45 s at velocities be
tween 0.001 and 1 μm/s, except when the sample is heated and sheared 
at 1 μm/s. In contrast, the ‘instantaneous’ rate dependence (a) is 
measured over a much shorter time scale; approximately 1% (3 μm) of 
the slip following a rate step controls the inverse model result for a. 
Accordingly, deformation associated with the measurement of a only 
exceeds the equilibration time of 45 s at velocities up to 3 μm /45 s =
0.07 μm/s, and rate steps between 0.1 and 10 μm/s provide measure
ments for a under undrained conditions. Our observations of compaction 
at these rates indicate that these steps may induce transient fluid over
pressure, thereby decreasing the value of a (Faulkner et al., 2018). The 
values of a that we report at these rate steps are thus lower bounds, 
which we consider in our interpretations of the data. 

3.4. Microstructures 

All deformed chlorite layers that were examined developed shear 
bands that define composite planar fabrics (Fig. 7). The shear bands are 
a few tens of microns wide and have R1- and Y-orientations following the 
terminology of Logan et al. (1979), although R1-shears are generally 
more common. Within shears grain size reduction has occurred, and 
both R1- and Y- shears contain strongly aligned grains of chlorite, as 
indicated by the uniform birefringence colors in cross-polarized light 
with and without the gypsum wedge inserted. The occurrence and dis
tribution of these shears varies with the effective pressure and temper
ature of deformation. 

Boundary shears develop near the forcing block contacts at all con
ditions in the Y-orientation (Fig. 7). Y-shears also occur through the 
center of chlorite layers deformed at the highest effective stress, span
ning nearly the entire length of the samples (G0110 and G0017), but not 
at the lowest effective stress (G0019). The R1 shears locally anastomose, 
split, and connect with adjacent R1- and Y-shears. The abundance of R1 
shears varies strongly with effective pressure and temperature. 
Increasing effective pressure results in the formation of a greater 
abundance of R1 shears, as can be seen by comparing samples deformed 

Fig. 3. (a) Friction coefficient at different temperatures for 120 MPa effective pressure and different shear displacements (G0110, G0155, G0176, G0153, G0017; 
Table 1), (b) Friction coefficients at different effective pressures at 130 ◦C and different shear displacements (G0019, G0202, G0012, G0017; Table 1). 
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at 130 ◦C and either 10 MPa effective pressure (G0019), which exhibits 
only a few thin shears spaced throughout the layer, or 120 MPa effective 
pressure (G0017), which exhibits a much greater abundance of shear 
bands (Fig. 7a and b). The abundance of R1 shears also increases with 
temperature. Among the samples deformed at 120 MPa effective pres
sure, a large number of distributed shears developed at 130 ◦C (G0017), 
whereas at 25 ◦C (G0110) deformation is concentrated more strongly 
within tabular zones of R1 shears (Fig. 7b–e). The increase in R1 shear 
abundance with increasing temperature or pressure also correlates with 
higher shear strength. We also see fewer and more localized shears in 
chlorite deformed at higher velocities that correspond to rate- 
strengthening (G0155) behavior compared to lower velocities and 
rate-weakening (G0176) frictional behavior (Fig. 7d and e). 

Although deformation is predominantly accommodated along 
localized shears, the deformed samples also display more developed 

foliation with increasing effective pressure (Fig. 8a and b). The foliation 
is defined by elongated grains of chlorite and magnetite, which are in
clined in the P-orientation 20-30o from the saw-cut angle in samples 
sheared at 120 MPa effective pressure. Individual grains of chlorite 
exhibit bending, kinking, and undulose extinction, which are crystal 
plastic deformation mechanisms (Fig. 8b and c). However, chlorite 
grains within the original undeformed schist also display these micro
structures, so it is difficult to assess from our thin sections whether 
crystal plastic mechanisms operated during our deformation 
experiments. 

4. Discussion 

4.1. Frictional strength 

We document the frictional strength of Fe-rich chlorite gouge with 
shear displacement (shear strain), effective pressure, temperature, and 
sliding velocity. Shear displacement has a large influence on strength as 
most samples show significant strain hardening behavior (Fig. 2; 
Table 1). This behavior may occur because we use a relatively thick 
gouge layer (~3 mm after compaction), which could require high shear 
displacements to reach a shear strain required for steady-state frictional 
sliding. Shear experiments on initially 1 mm thick phyllosilicate gouge 
layers, by comparison, typically do not show as extensive strain hard
ening (e.g., Morrow et al., 2000; Moore and Lockner, 2011). The strain 
hardening trends we observe during experiments at 70 and 120 MPa 
effective pressure may reflect continuous grain crushing during shear 
consistent with results from Haines et al. (2013) who showed similar 
strain hardening trends that correlated with evidence of significant grain 

Fig. 4. Rate-dependence of chlorite frictional strength (a) as a function of slip 
rate for experiments at 120 MPa effective pressure and different temperatures 
(G0110, G0155, G0176, G0153, G0017; Table 1), (b) as a function of temper
ature at an effective pressure of 120 MPa and for different rate steps (G0110, 
G0155, G0176, G0153, G0017; Table 1), and (c) as a function of slip rate for 
experiments at 130 ◦C and different effective pressures (G0019, G0202, G0012, 
G0017; Table 1), The a-b values are plotted at the final velocity for each step; up 
arrows indicate the slip rate increased and down arrows indicate slip 
rate decreased. 

Fig. 5. Variations in the rate and state friction parameters a, b, and Dc as a 
function of slip rate for shear experiments conducted at 120 MPa effective 
pressure and 25, 70, and 130 ◦C (G0110, G0155, G0176, G0153, G0017; 
Table 1). Results for steps up and down in velocity are shown separately with 
arrows pointing up and down, respectively. Slip rates correspond to the velocity 
stepped to during the experiment. Error bars represent 2σ, where σ is the 
standard deviation of the fitted parameter values. Dashed vertical lines indicate 
the maximum velocities that provide measurements for a, b, and Dc under 
drained conditions. Parameters were fit using the aging friction relation 
(Skarbek and Savage, 2019; Dieterich, 1979). 
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size reduction in crushed chlorite schist, but steady-state frictional 
sliding in finer natural gouge chlorite (<2 μm) with minimal change in 
particle size distribution with increasing shear strain. 

Even with strain hardening, the range of friction coefficients that we 
report at room temperature and 70–120 MPa effective pressure is 
generally comparable to the steady-state friction coefficients of 0.2 to 
0.4 reported for saturated chlorite-rich gouges at room teimperature 
(Fagereng and Ikari, 2020; Behnsen and Faulkner, 2012; Ikari et al., 
2009; Moore and Lockner, 2004; Morrow et al., 2000). Furthermore, our 
observation of a greater steady-state friction coefficient (μ = 0.52) at 10 
MPa effective pressure is consistent with studies showing higher friction 
coefficients at very low effective normal stress in clays and other sheet 
silicates due to non-negligible cohesion (e.g., Behnsen and Faulkner, 
2012). Differences in the friction coefficients reported from different 
studies on chlorite may result from several factors including the pres
ence of additional phases within samples, grain size distribution and 
geometry, different experimental conditions, the use of simulated gouge 
versus natural cataclasite or single crystal sheets (Smith et al., 2017; 
Okamoto et al., 2019), and the chemical composition of chlorite (Moore 
and Lockner, 2015). Our measured friction coefficients for Fe-rich 
chlorite (chamosite) are slightly higher than the steady-state value of 
0.38 measured for ripidolite, which has an intermediate Mg/Fe ratio, at 
room temperature (Moore and Lockner, 2004). Clinochlore, which is the 
Mg-rich endmember of chlorite and forms a solid solution series with 
chamosite, has an even lower steady-state friction coefficient of 0.25 at 
room temperature (Okamoto et al., 2019). Our sample of chamosite 
contains 35 wt% FeO, compared to 5 wt% FeO in the clinochlore used by 
Okamoto et al. (2019). Our results therefore support the observation 
that increasing Fe content in chlorite promotes a slight increase in its 
frictional strength (Moore and Lockner, 2015). Additionally, the fric
tional strength of our chlorite gouge sample is greater than that of intact 
chlorite-rich cataclasite (Smith et al., 2017) and significantly higher 
than sheared stacks of single chlorite sheets (Okamoto et al., 2019). This 
is in agreement with previous studies that have demonstrated that 

samples with well-developed foliation or artificially aligned phyllosili
cate sheets can be significantly weaker than powdered samples (e.g., 
Collettini et al., 2009; Carpenter et al., 2012; Tesei et al., 2012; Kawai 
et al., 2015; Okamoto et al., 2019). Thus, the friction coefficients that we 
report on simulated chlorite gouge likely provide an upper bound for 
strongly aligned, interconnected networks of chlorite within natural 
faults. 

The increase in chlorite frictional strength with temperature that we 
document has also been documented in illite and lizardite (Moore et al., 
1997; den Hartog et al., 2012; Kubo and Katayama, 2015), though liz
ardite has been shown to exhibit temperature-neutral friction as well 
(Tesei et al., 2018). In contrast, other sheet silicate-rich fault rocks 
including talc and smectite weaken with increasing temperature (Moore 
and Lockner, 2008; Coble et al., 2014). Some previous studies on 
phyllosilicate-rich fault gouges have attributed the strengthening effect 
of temperature to the thinning of water films adsorbed to mineral sur
faces (e.g., Kubo and Katayama, 2015; Okamoto et al., 2019) which can 
act as a lubricant during shear in water-saturated and room dry exper
iments (e.g., Moore and Lockner, 2004; Behnsen and Faulkner, 2012; 
Sánchez-Roa et al., 2017; Beynon and Faulkner, 2020). In accordance 
with site adsorption theory (Masel, 1996), an increase in temperature is 
expected to reduce the thickness of adsorbed water films and therefore 
increase the shear resistance between mineral surfaces (Israelachvili 
et al., 1988). In other cases, temperature-strengthening frictional 
behavior has been attributed to thermally activated mechanisms of the 
minerals, such as subcritical crack growth (Chester, 1994). However, 
when controlled by mineral deformation, strengthening is usually very 
small, on the order of the rate-dependence of strength, and best 
measured using temperature-stepping experiments (Chester, 1995). We 
measure a relatively strong effect of temperature (Fig. 3), and as a result 
we infer the temperature dependence of strength that we measure is 
likely controlled by the strength of water films. 

In our study, higher temperature correlates with a clear increase in 
the number and density of shears that develop (Fig. 7), which also 
correlates with a corresponding increase in shear strength (Figs. 2a). 
Additionally, higher Riedel abundance and shear strength correlate with 
increasing effective pressure. We interpret that the greater abundance of 
shears at elevated temperature and pressure reflects the decrease in 
water film thickness (i.e., number of water monolayers) between aligned 
sheets of chlorite. If structured water films are initially thinner due to 
elevated temperature or pressure, then less slip is required to subse
quently thin or squeeze them out between aligned plate surfaces. This 
would cause individual shears to strengthen more readily with slip, and 
in turn, distribute deformation to weaker layers in the gouge where 
more shear surfaces would develop. An increase in Riedel shear abun
dance with increasing temperature and strength has also been reported 
in illite-rich gouge when sheared from room temperature to 200 ◦C 
(Kubo and Katayama, 2015). However, from 200 to 600 ◦C, the distri
bution of Riedel shears in illite generally remains constant with 
increasing temperature (Moore et al., 1989). Thus, the correlation we 
observe in our study between increasing temperature and Riedel shear 
abundance may only extend to low temperature ranges (<200 ◦C) in 
some phyllosilicates. 

4.2. Rate and state dependence of strength 

The rate dependence of chlorite frictional strength (a-b) exhibits 
complex correlations with slip rate and temperature at the experimental 
conditions (Fig. 4a). The chlorite gouge rate-strengthens when sheared 
at fast slip rates (1–10 μm/s), except during the tests at the lowest 
effective pressure (G0019 and G0202), during which it was likely that 
compaction produced fluid overpressure at fast velocity steps leading to 
apparent rate-weakening (Faulkner et al., 2018). This is consistent with 
earlier studies that have documented rate-strengthening behavior of 
chlorite over a similar range of velocities (Ikari et al., 2009; Haines et al., 
2013; Okamoto et al., 2019; Fagereng and Ikari, 2020). However, at the 

Fig. 6. Variations in rate and state friction parameters a, b, and Dc as a function 
of temperature at an effective pressure of 120 MPa (G0110, G0155, G0176, 
G0153, G0017; Table 1) and fit using the aging law. Values for the fast range of 
velocity steps (0.1–10 μm/s) are plotted in the left column and those at slow 
velocity steps (0.001–0.01 μm/s) are plotted in the right column. Results for 
steps up and down in velocity are shown separately with arrows pointing up 
and down, respectively. Slip rates correspond to the velocity stepped to during 
the experiment. 
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Fig. 7. Cross-polarized light photomicrographs of deformed samples oriented parallel to slip direction at (a) 130 ◦C and 10 MPa effective pressure, (b) 130 ◦C and 
120 MPa effective pressure, and (c-e) 25 ◦C and 120 MPa effective pressure. (d and e) Samples deformed at only 1–10 μm/s and 0.01–0.1 μm/s, respectively. Shear 
band orientations based on the convention of Logan et al. (1979). 
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lower sliding velocities (0.001–0.1 μm/s) used in our study, chlorite 
exhibits predominantly rate-neutral or rate-weakening behavior, except 
when sheared under very high pore fluid pressure. The transition from 
negative to positive values of (a-b) with increasing velocity is sometimes 
referred to as the cutoff velocity (e.g., Shibazaki and Iio, 2003), and it 
occurs at ~1 μm/s and is most dramatic at room temperature. The cutoff 
velocity of chlorite reflects different dependencies of the direct and 
evolution effects on velocity and temperature. 

The contact-scale model of frictional deformation proposed by 
Chester (1994) predicts that rate-weakening friction occurs at the same 
conditions as temperature-strengthening friction and vice versa if the 
direct and evolution effects are governed by the same micromechanical 
process. This correlation between temperature and velocity-dependent 
frictional strength has been observed in studies on quartzofeldspathic 
and phyllosilicate-rich gouges (e.g., Chester, 1994; Blanpied et al., 1998; 
Moore and Lockner, 2008; den Hartog et al., 2012; Coble et al., 2014). 
However, in contrast to this model our results demonstrate that (1) 
chlorite rate-strengthens at the same velocities (1–10 μm/s) at which its 
frictional strength increases with temperature and (2) the direct and 
evolution effects show different dependencies on slip rate and temper
ature. This implies that different contact-scale processes may be con
trolling the direct and evolution effects of friction at the conditions of 
our study. 

Previous experimental data on phyllosilicates at low deformation 
rates show a correlation between the temperature dependent frictional 
strength and rate-dependence that is consistent with the Chester (1994) 
model. At room temperature and very low sliding velocities (~0.001 to 
0.01 μm/s), water-saturated chrysotile, talc, and smectite gouges all 
show rate-strengthening behavior and weaken with increasing temper
ature between 25 and 100 ◦C (Moore et al., 1997; Moore and Lockner, 
2008; Coble et al., 2014). Thus, the frictional strength and rate- 
dependence of these phyllosilicates are thought to depend on mineral 
deformation at sliding velocities below 0.01 μm/s. Antigorite, biotite, 
and muscovite similarly rate-strengthen at these low velocities (Reinen 
et al., 1992; Scruggs and Tullis, 1998). However, their frictional strength 
is insensitive to temperature between 25 and 100 ◦C (Takahashi et al., 
2011; Lu and He, 2014; Van Diggelen et al., 2010), which suggests the 
Chester (1994) model may not describe the dominant physical proper
ties of some phyllosilicates. 

In contrast to the phyllosilicates discussed above, some lizardite and 
illite gouges have been reported to strengthen with increasing temper
ature above 25 ◦C (Moore et al., 1997; Kubo and Katayama, 2015), yet 
the rate-dependencies of these minerals at low velocities are not well 

constrained. Moore et al. (1997) reported rate-weakening behavior of 
lizardite at velocities between ~0.03 and 1 μm/s but acknowledged a 
general lack of repeatability in their data. However, despite this gap in 
experimental data, previous studies indicate that illite-rich gouges are 
also rate-neutral or rate-weakening at low velocities, even at low tem
peratures (den Hartog et al., 2012; Ikari and Kopf, 2017; Rabinowitz 
et al., 2018). For example, den Hartog et al. (2012) showed that illite 
gouge transitions from rate-strengthening to rate-weakening at tem
peratures between 200 and 300 ◦C for sliding velocities between 1 and 
100 μm/s. They observed that the a-b values of illite systematically 
decrease with decreasing velocity, and thus proposed that extrapolating 
their a-b data to lower velocities would shift the rate-weakening 
behavior of illite to lower temperatures, consistent with our results on 
chlorite. Additionally, Rabinowitz et al. (2018) documented the effects 
of velocity and temperature on the frictional properties of carbonate- 
and clay-bearing sediment subducting at the Hikurangi Trench. They 
reported that its strength increases from 20 to 100 ◦C and found that the 
sediment transitioned to rate-weakening behavior at plate-rate veloc
ities. Although clay minerals made up only ~20% of their sample, they 
interpreted that the clay fraction predominantly controlled the frictional 
strength and behavior. Thus, it is possible that the processes controlling 
the temperature and rate dependencies of strength in our chlorite sam
ple are similar in other phyllosilicates such as illite. 

4.2.1. Micromechanical controls on the direct effect 
At low sliding velocities (0.001–0.01 μm/s), the increase in a with 

increasing temperature is consistent with previous studies on several 
minerals including olivine, plagioclase, antigorite, biotite, and smectite 
that show a linear increase in a with increasing temperature (Fig. 6b) 
(King and Marone, 2012; He et al., 2013; Takahashi et al., 2011; Lu and 
He, 2014; French et al., 2015). This behavior is commonly interpreted to 
reflect a thermally activated deformation mechanism that controls 
deformation at grain contacts (Chester, 1995; Rice et al., 2001; Naka
tani, 2001; Beeler et al., 2007), such as dislocation glide in phyllosili
cates (Beeler et al., 2007; Lu and He, 2014; French et al., 2015). Tullis 
and Weeks (1987) and Beeler et al. (2007) developed a normalization 
scheme that relates the magnitude of a to the rate-dependence of the 
contact scale deformation mechanism given by a0/μ0 = Ac0/τ0, where 
the subscript 0 refers to reference temperature and strain-rate condi
tions, a0 is the frictional rate dependence, μ0 is the reference friction 
coefficient, Ac0 is the rate-dependence of the contact scale deformation 
mechanism, and τ0 is the contact scale shear stress. 

We evaluate whether our data for chlorite are consistent with 

Fig. 8. Characteristic microstructures of 
chlorite gouge layer. (a) BSE image of a 
chlorite sample deformed at 25 ◦C and 120 
MPa (G0110) displaying alignment of 
ilmenite grains subparallel with shear di
rection (top-right). This image was used to 
quantify abundance of minor phases (i.e., 
ilmenite) in the experimental samples. (b) 
Plane polarized light photomicrograph of 
G0110 showing alignment of ilmenite and 
chlorite grains in a P-orientation (20-30o to 
the saw-cut angle). (c) Cross polarized light 
photomicrograph of sample deformed at 
130 ◦C and 120 MPa (G0017) with rotated 
chlorite grain between R1-shears displaying 
kink bands (k) and twinning; shear direction 
indicated in upper right.   
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previous analyses for phyllosilicates. For our chlorite sample, we 
approximate a0 = 0.0045 and μ0 = 0.42 at 100 ◦C and 10−1 s−1 with a 
resulting ratio of a0/μ0 = 0.011. Although dislocation glide data for 
chlorite are not available, the normalized rate dependence for illite, 
biotite, and muscovite range between 0.014 and 0.018 when scaled to 
100 ◦C and 10−1 s−1 (French et al., 2015). This is larger than the 
normalized rate-dependence of chlorite friction. For comparison, a0/ 
μ0 of smectite gouge at velocities <10−5 μm/s (shear strain rates less 
than ~5 × 10−9 s−1) is 0.017 ± 0.03 and inferred to reflect dislocation 
glide; however, at velocities >10−5 μm/s, a0/μ0 = 0.009 ± 0.003 and is 
inferred to reflect subcritical delamination and fracture (French et al., 
2015). By comparison, we infer that the similar normalized rate 
dependence over a similar range of velocities (> 10−5 μm/s) is most 
consistent with the occurrence of the same mechanism, subcritical 
fracture and delamination, in chlorite as well, although this comparison 
does not rule out the operation of additional deformation mechanisms. 

Microstructural evidence of grain size reduction is consistent with 
our inference that the instantaneous rate dependence (a) is controlled by 
subcritical fracture. Evidence of crystal plastic deformation of individual 
chlorite grains, including undulatory extinction, kinking, and twinning 
(Fig. 8), may have only been inherited from the original chlorite schist 
and may not have occurred during frictional shear. However, crystal 
plasticity could control the rate-dependence at lower velocities and 
higher temperatures as has been inferred in other phyllosilicates (e.g., 
Reinen et al., 1992; Scruggs and Tullis, 1998; Beeler et al., 2007; French 
et al., 2015). 

At the faster velocity steps between 0.1 and 10 μm/s, the decrease in 
a with increasing temperature is not consistent with any thermally 
activated deformation mechanism of the mineral, suggesting that other 
microphysical processes control the direct effect during these fast slip 
rates. We note that at similar velocities, the magnitude of a in mont
morillonite increases with increasing hydration state while its coeffi
cient of friction decreases (Ikari et al., 2007). For montmorillonite, this 
corresponds to both the number of water interlayers and the amount of 
water adsorbed onto crystal surfaces, though much of the water is 
adsorbed to surfaces of montmorillonite due to its high specific surface 
area (Newman, 1987; Moore and Lockner, 2007). Thus, although chlo
rite does not adsorb water molecules in its interlayer space (i.e. is a non- 
swelling clay), the removal of adsorbed water from chlorite surfaces may 
similarly decrease the direct effect with increasing temperature. 

4.2.2. Micromechanical controls on the evolution effect 
In contrast to the direct effect, the evolution effect does not 

demonstrate a clear dependence on temperature but is sensitive to 
deformation rate. The systematic decrease in the magnitude of b with 
increasing slip rate is the main driver of rate-weakening behavior at low 
velocities in our study. The b parameter is thought to reflect the evo
lution of grain contact area or strength through physical or chemical 
processes (Dieterich and Conrad, 1984). Studies of saturated clay-rich 
fault gouges, including illite, montmorillonite, talc, and chlorite, 
report negligible or negative b values with a-b > 0, indicating that the 
real area of mineral contact does not vary significantly with shearing 
velocity (Moore and Lockner, 2008; Ikari et al., 2009). In experiments 
above 10 MPa effective pressure, we only observe near-zero values of b 
at the fastest velocity steps (Fig. 5c and d), which suggests that time- 
dependent processes controlling the evolution effect are important at 
low strain rates. Like our chlorite sample, biotite and muscovite gouges 
also exhibit b > 0 (e.g., den Hartog et al., 2013; Lu and He, 2014). 

Several deformation mechanisms have been proposed to explain the 
rate-weakening behavior of phyllosilicate-bearing fault rocks at either 
low slip rates or high temperatures. These include: (1) time-dependent 
removal of adsorbed water films (Scruggs, 1997), (2) time-dependent 
plastic deformation at grain-scale asperity contacts, which increase 
growth in real areas of contact (Dieterich, 1981; Ikari and Kopf, 2017), 
(3) thermally-activated deformation of clasts (e.g., quartz and calcite) by 
pressure solution or stress corrosion cracking, with athermal granular 

flow of the gouge layer accompanied by dilation (Niemeijer and Spiers, 
2007; den Hartog and Spiers, 2013; Verberne et al., 2020), (4) transient 
increases in pore fluid pressure due to increased compaction rates at 
higher velocities (e.g., Faulkner et al., 2018), and (5) shear-induced 
dehydration of phyllosilicate minerals in the gouge layer (e.g., Taka
hashi et al., 2011; Okazaki and Katayama, 2015; Leclère et al., 2016). 
We conclude that velocity dependent water film thickness is most 
consistent with our data. Specifically, growth in the real area of asperity 
contacts due to plastic deformation should result in temperature- 
dependent values of b (e.g., Lu and He, 2014). However, this is not 
shown in our data, though we acknowledge that small temperature ef
fects on b may be masked by the influence of strain-hardening. 
Furthermore, our sample contains >97% chlorite and we observe no 
microstructural evidence of pressure solution (Fig. 7). Transient in
creases in pore fluid pressure are also unlikely to influence the frictional 
behavior of our sample at low slip rates (<1 μm/s) where the highest 
values of b are measured. Finally, our experiments were conducted well 
below the thermal stability limit of chlorite (~650 ◦C), and we observe 
no evidence for the formation of dehydration products in our deformed 
samples. 

We propose that the magnitude of b and its velocity dependence are 
controlled by the time-dependent removal of adsorbed water films from 
mineral surfaces (e.g., Scruggs, 1997). Likewise, Okamoto et al. (2019) 
suggested that the increase in steady state frictional strength of chlorite 
with temperature may result from the effect of adsorbed water films, 
which is also consistent with our observations. Adsorbed water coats 
grain surfaces and decreases the strength and/or real area of their 
contacts. We propose that at lower sliding velocities, the average grain 
contact lifetime is longer, allowing for more time for water layers to 
squeeze out and cause strengthening. Thinner water layers at grain 
contacts may lead to higher strength for two reasons. First, the shear 
strength of structured water layers between grains increases with 
decreasing layer thickness (Israelachvili et al., 1988). In addition, 
thinner water layers may also result in a larger real area of contact be
tween rough grain surfaces, thereby increasing frictional resistance at 
low sliding rates. As such, we infer that either or both these processes 
may control the negative rate dependence of b (Fig. 5) and overall rate- 
weakening behavior of chlorite at 70 MPa and 120 MPa effective pres
sure. However, conditions of high pore fluid pressure or low effective 
pressure may allow adsorbed water films to maintain their thickness (e. 
g., Van Diggelen et al., 2010; Behnsen and Faulkner, 2012), which 
would decrease the evolution effect. Our observation that chlorite ex
hibits large rate-strengthening and state-insensitive frictional behavior 
during slower rate steps (0.001 to 1 μm/s) only at 120 MPa pore pressure 
(σ3

’ = 10 MPa) (Fig. 2c) seems to support this interpretation. Addition
ally, recent experiments using faster velocity steps (>0.1 μm/s) also 
showed that increasing pore fluid pressure promotes greater rate- 
strengthening behavior and near-zero or negative b values in 
phyllosilicate-rich gouges, even at constant effective pressure (Xing 
et al., 2019; Bedford et al., 2021). However, we note from our high pore 
fluid pressure experiments (G0019 and G0202) that increasing shear 
strain and fabric development also influence the frictional behavior of 
chlorite. Therefore, further experimental studies are required to fully 
constrain the effects of fabric evolution and pore fluid pressure on the 
slip behavior of phyllosilicates at low velocities. 

4.3. Synthesis 

At relatively fast slip rates (>0.1 μm/s), our measurements of chlo
rite constitutive properties, including its temperature-strengthening and 
velocity-strengthening frictional behavior, are consistent with results 
from previous experimental studies (Okamoto et al., 2019; Fagereng and 
Ikari, 2020; Ikari et al., 2009). However, we also observe that chlorite 
transitions to rate-neutral or -weakening behavior at slip rates below 0.1 
μm/s. Based on microstructural and micromechanical analyses, we 
interpret that this transition in rate dependence is controlled by a 
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competition between mineral deformation mechanisms at grain contacts 
(subcritical fracture and delamination), which increase a, and the time- 
dependent properties of water films bonded to contacts, which increase 
b. 

By comparing the frictional properties of chlorite with other phyl
losilicates, we find that at low velocities, the rate dependence and 
temperature dependence of strength are often inversely correlated. For 
instance, illite, which strengthens with increasing temperature from 
room temperature to 200 ◦C (Kubo and Katayama, 2015), is predicted to 
velocity-weaken at slip rates slower than 0.1 μm/s (den Hartog et al., 
2012) similar to our results for chlorite at 25 ◦C. Conversely, water- 
saturated phyllosilicates that show temperature-weakening or -neutral 
friction (e.g., antigorite, talc, smectite, muscovite, and biotite) all rate- 
strengthen at low velocities (~0.001 to 0.01 μm/s) (Reinen et al., 
1992; Moore and Lockner, 2008; Coble et al., 2014; Scruggs and Tullis, 
1998). We hypothesize that phyllosilicates rate-weaken at low defor
mation rates when they are temperature-strengthening because both 
responses are controlled by physical changes of water films bonded to 
mineral surfaces. Although chlorite and possibly illite seem to be unique 
in promoting velocity-neutral or -weakening behavior of faults at 
shallow crustal levels corresponding to <200 ◦C, other phyllosilicates 
may transition to similar behavior at higher temperatures. For example, 
water-saturated biotite and muscovite transition to temperature- 
strengthening behavior above 100 to 200 ◦C, which may promote 
rate-weakening friction at low deformation rates, as has been docu
mented at even higher velocities and temperatures (Lu and He, 2014; 
Van Diggelen et al., 2010). In contrast, both oven-dried and water- 
saturated talc continue to temperature-weaken and exhibit large rate- 
strengthening behavior at low deformation rates (0.01 μm/s) from 100 
to 300 ◦C, which likely reflects its hydrophobic nature (Moore and 
Lockner, 2008). Lastly, chlorites tested by Moore and Lockner (2015) 
were reported to rate-strengthen at similar shearing rates (0.00115 to 1 
μm/s) as our experiments and exhibit no clear temperature dependence 
of strength from 25 to 300 ◦C, which also supports the hypothesis that 
phyllosilicates rate-weaken at low velocities when they are temperature- 
strengthening. However, the discrepancy between chlorite constitutive 
behavior in our study and that reported by Moore and Lockner (2015) 
may imply that other factors besides temperature and shearing rate 
determine whether adsorbed water films affect the slip behavior of 
chlorite, such as pore fluid pressure or Fe content. 

4.4. Implications for natural fault zones 

Chlorite is frictionally weak (μ ~ 0.4) under shallow hydrothermal 
conditions (Fig. 2), and faults containing chlorite may therefore 
accommodate slip under low shear stresses. This finding is consistent 
with field observations of chlorite-bearing fault zones in which defor
mation is localized into contiguous layers of chlorite-rich fault rock (e.g., 
Lacroix et al., 2012; Phillips et al., 2020; Fagereng and Ikari, 2020). 
However, the increase in frictional strength of chlorite with increasing 
temperature indicates that fault zones enriched in chlorite may become 
stronger with increasing depth. This relationship may extend to depths 
corresponding to the thermal stability limit of chlorite, as the frictional 
strength of chlorite is shown to increase with temperature up to 600 ◦C 
(Okamoto et al., 2019). In addition, we observe that chamosite which is 
the Fe2+ endmember of chlorite displays higher values of friction than 
what has been reported for clinochlore, its Mg-rich counterpart (Oka
moto et al., 2019). This comparison between the strengths of Fe- and 
Mg-rich chlorites is consistent with previous trends observed by Moore 
and Lockner (2015), indicating that faults enriched in Fe-rich chlorite 
may be stronger than faults filled with Mg-rich chlorite. 

The constitutive behavior of chlorite has important implications for 
the stability of chlorite-rich fault zones. Based on previous laboratory 
measurements, chlorite has been interpreted to exhibit predominantly 
stable, rate-strengthening behavior across a wide range of pressure and 
temperature conditions, indicating that it will promote aseismic creep 

from shallow to deep segments of faults (Ikari et al., 2009; Okamoto 
et al., 2019; Fagereng and Ikari, 2020). However, while we observe rate- 
strengthening behavior of chlorite at typical shearing velocities used in 
friction experiments (>10−6 m/s), we observe that chlorite exhibits rate- 
neutral to rate-weakening behavior when sheared at slower natural rates 
of fault slip (10−9 to 10−7 m/s) (Fig. 4a). This suggests that faults 
enriched in chlorite may be more easily destabilized than previously 
thought. Furthermore, this rate-weakening behavior of chlorite occurs 
within the characteristic slip rates of slow slip events (~10−8 to 10−7 m/ 
s). One of the proposed causes of slow slip is a transition between rate- 
strengthening and slightly rate-weakening behavior during frictional 
sliding (Rubin, 2008; Liu and Rice, 2009; Segall et al., 2010), and 
chlorite is a product of metasomatism at shallow and deep slow slip 
conditions (Phillips et al., 2020; Braden and Behr, 2021). Thus, faults 
enriched in chlorite may become marginally unstable at slow slip rates 
but stabilize at a cutoff velocity around 1 μm/s (as modelled by Kato 
(2003), Shibazaki and Iio (2003), and Liu and Rice (2009)). Although 
our study focuses on chlorite deformation at shallow depths within fault 
zones, chlorite may also play a significant role on slow slip within the 
deep tremor source of subduction zones, wherein chlorite is present and 
chlorite and lawsonite are predicted to dehydrate and generate high 
pore fluid pressures (French and Condit, 2019; Condit et al., 2020). 

5. Conclusions 

Chlorite is an important product of hydrothermal alteration within 
fault zones, including transform and subduction plate boundaries. 
However, it is poorly studied compared to other phyllosilicate minerals, 
particularly under elevated temperatures and at low sliding velocities. 
We present the results of triaxial shear experiments conducted at con
stant confining pressure of 130 MPa, pore fluid pressures from 10 to 120 
MPa, and temperatures from 25 to 130 ◦C. We show that chlorite has a 
frictional strength that increases by Δμ ~ 0.06 as temperature increases 
from 25 to 130 ◦C. At velocities less than 1 μm/s the chlorite is rate- 
weakening and it transitions to rate-strengthening at higher velocities. 
Overall, the magnitude of the rate-dependence is greatest at 25 ◦C. These 
results indicate that seismic and slow slip may nucleate in chlorite-rich 
fault zones. We attribute the magnitude of the instantaneous rate 
dependence (a) to rate-strengthening mineral deformation and the 
magnitudes of the evolution effect (b) and the overall rate-dependence 
of the frictional strength (a-b) to the strength of water films between 
grains. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.tecto.2022.229435. 
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Appendix A. Jacket strength 

The three polyolefin jackets we used for our experiments impart additional shear resistance during slip. To calibrate the strength of the jackets as a 
function of displacement and temperature, we deformed stacks of two ungreased lead shims at 25 ◦C and 130 ◦C using the same saw-cut configuration, 
jacketing assembly, and confining pressure as our gouge experiments. Jacket strength was measured at a shear velocity of 1 μm/s, following other 
friction studies that have calibrated the strength of jacketing materials using a single displacement rate (e.g., Tembe et al., 2010; Coble et al., 2014). 
We also imposed velocity steps between 1 and 10 μm/s during the room temperature test. However, we were unable to measure the effect of slip rate 
on jacket strength due to the highly rate-sensitive behavior of the lead shims. 

During jacket tests at room temperature and 130 ◦C, the samples yielded under differential stresses of 10 MPa and 5 MPa, respectively, and then 
hardened steadily with slip (Fig. A.1). These yield strengths are consistent with reported flow stresses of lead cores at equivalent temperatures and 
strain rates when corrected for sample geometry (Hotta et al., 2007; Paterson and Olgaard, 2000). Thus, we attributed the yield point to plastic 
deformation of the lead shims and the subsequent strain hardening behavior to the displacement-dependent strength of the jackets. We calibrated 
jacket strength by taking a least squares fit of the change in differential stress with displacement, omitting the fast velocity steps during the room 
temperature experiment. We obtained slopes of 1.55 MPa/mm at room temperature and 0.58 MPa/mm at 130 ◦C.

Fig. A.1. Results of jacket strength calibration tests using lead shims deformed at room temperature and 130 ◦C.  

Appendix B. Pore volume changes 
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Fig. B.1. Measurements of pore volume change during three experiments: (a) compaction during the fast rate-stepping friction test (G0155), (b) normalized pore 
volume changes showing greater compaction at the 10 μm/s rate step in sample G0019 (10 MPa effective pressure) and a 64 s lag time in pore volume response after 
velocity is stepped down again to 1 μm/s; (c) sample G0110 showing no evidence of pore volume change at the 10 μm/s rate step. 
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