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Abstract Pore pressure is an important factor in controlling the slip instability of faults and thus the
generation of earthquakes. Particularly slow earthquakes are widespread in subduction zones and usually
linked to the occurrence of high pore pressure. Yet the influence of fluid pressure and effective stress on the
mechanics of earthquakes is poorly understood. Therefore, we performed shear experiments on blueschist
fault rocks, which likely exist at depth in cold and old subduction zones, to investigate the influence of
effective stress on frictional behavior. Our results show potentially unstable behavior at temperatures
characterizing the seismogenic zone, as well as a transition from stable to unstable behavior with decreasing
effective normal stress, which is mechanically equivalent to increasing fluid pressure. This transition is a
prerequisite for generating slow earthquakes. Our results imply that high pore pressures are a key factor for
nucleating slip leading to both megathrust and slow earthquakes.

1. Introduction

Most large subduction zone earthquakes occur within the subducting oceanic crust. However, such earth-
quakes are observed in old and cold subducting plates (e.g., northern Japan and Alaska) but not in younger,
warm plates (e.g., southwest Japan and Cascadia) [Abers et al., 2013]. This difference in the location of seismicity
may be explained by the thermal structures of each subduction zone and the depth range of major meta-
morphic dehydration reactions [Hacker et al., 2003; Abers et al., 2013]. Pore pressure raised by dehydration is
an important control on the strength and instability of faults [e.g., Davis et al., 1983], yet its influence on the
mechanics of earthquakes is poorly understood. In cold subduction zones, such as northeast Japan, blueschist
dominates the metamorphosed crust. Therefore, understanding the frictional properties of blueschist under
various temperature and pressure conditions is crucial in deciphering the nucleation mechanisms of earth-
quakes in cold subduction zones.

Recent studies suggest that slow earthquakes (e.g., slow-slip events (SSEs), episodic tremor and slip (ETS), and
low-frequency earthquakes (LFE)) are linked to regions of high pore pressure [e.g., Segall et al., 2010; Shibazaki
et al., 2010; Sugioka et al., 2012]. Similar to normal earthquakes, slow earthquakes release tectonic stresses
accumulated along subduction zones, yet they are characterized by much lower moment release rates occur-
ring over periods of minutes to years rather than within several seconds as observed for normal earthquakes
[e.g., Ihmlé and Jordan, 1994]. Although slow earthquakes often occur outside the conventional seismogenic
zone [e.g., Schwartz and Rokosky, 2007], recently recorded slow-slip phenomena within seismogenic zones
seem to precede large earthquakes, such as the devastating Tohoku megathrust earthquake (Mw of 9.0)
[Kato et al., 2012; Ito et al., 2013; Uchida et al., 2016]. Furthermore, low-frequency tremor migration was
recorded with an elevated tremor rate for 3months before the 2004 Parkfield earthquake [Shelly, 2009].
Hence, understanding the behavior of slow earthquakes will also allow us to gain a deeper understanding
into the generation of megathrust earthquakes.

Consider a simple spring-slider system, in which the slider follows rate-and-state friction (RSF) laws. Linear
stability analysis of such a system predicts that an instability can only occur when the friction parameter
(a� b) is negative and the stiffness of the slider K is smaller than the critical stiffness Kcr that is given by [Rice
and Ruina, 1983]

K < Kcr ¼ � a� bð Þσeffn

dc
(1)
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where σn
eff is effective normal stress and dc is critical slip distance. Hence, the stability of the system depends

strongly on the two frictional parameters, dc and (a� b), where (a� b) is defined as the velocity (V) depen-
dence of steady state friction μss [Marone, 1998; Scholz, 1998]:

a� bð Þ ¼ ∂μss

∂lnV
(2)

If (a� b)≥ 0, the material exhibits velocity strengthening behavior, which is intrinsically stable. On the other
hand, if (a� b)< 0, the material is velocity weakening and a seismic rupture might be able to nucleate.
Furthermore, modeling studies confirmed that small but positive values of Kcr are necessary for producing
slow-slip events [e.g., Liu and Rice, 2007; Shibazaki and Shimamoto, 2007]. In the case of constant dc, the condi-
tions to generate slow earthquakes are attained by either small negative (a� b) or negative (a� b) but low
effective stress (i.e., high pore fluid pressure). In addition, different slip styles of slow earthquake (SSEs, LFE,
and ETS) can be obtained via models with varying dc as long as the product of (a� b) and σn

eff is a small nega-
tive value [Shibazaki et al., 2010]. It is hence essential to find the variation of (a� b) with pressure and tempera-
ture for the material present in a seismogenic zone to constrain the depth range under which bothmegathrust
earthquakes and slow-slip events may nucleate.

The existence of high pore pressure due to fluids released through metamorphic dehydration is expected
at the depth range of the occurrence of slow earthquake along various subduction zones [e.g., Kodaira
et al., 2004; Shelly et al., 2006]. According to the dense, continuous seismic observations of the 2011
Tohoku earthquake, the main shock was preceded by SSEs and ETS that were located in the rupture
area during the earthquake [Kato et al., 2012; Ito et al., 2013, 2015] (Figure 1). The series of the events
was also considered to be related to high pore pressure along the Tohoku plate boundary [Ito et al.,
2013]. To investigate the influence of elevated fluid pressure, thought to be responsible for both
megathrust and slow earthquakes, we conducted friction experiments on powdered samples of blues-
chist rocks under pressure and temperature conditions similar to those found within cold subduction
zones. We particularly investigate the effect of effective normal stress (normal stress minus fluid pressure)
on the parameter (a� b) to elucidate how this may affect the potential to trigger megathrust and
slow earthquakes.

2. Material and Methods

In this study, we chose lawsonite blueschist as the representative material at seismogenic zones along cold
and old subduction zones (e.g., on the basis of the location of the Tohoku earthquake hypocenter and
considerations of mineral phases (Figure S1 in the supporting information)). The main components of
the rock are glaucophane and lawsonite (Figure S2). It is crucial to investigate frictional properties of rocks
present at cold subducted slab, such as the Tohoku plate boundary, in order to constrain modeling analyses
and explore the nucleation mechanisms of earthquakes. The blueschist blocks were collected from the
Franciscan Belt, Tiburon Peninsula, Marin County, California, which is compatible with the range in condi-
tions of 170< T< 220°C and 3< P< 8 kbar [Cloos, 1982]. X-ray diffraction (XRD) analysis and thin section
observation revealed that the blueschist consists of glaucophane and lawsonite with minor amount of

Figure 1. Schematic illustration of the Tohoku subduction zone (modified from Tsuru et al. [2000, 2002]). Red line shows the
area of slow earthquakes [Kato et al., 2012; Ito et al., 2013, 2015], blue area depicts the seismogenic zone [Tsuru et al., 2002],
yellow star indicates the hypocenter of the 2011 Tohoku earthquake, and black dashed lines are the isothermal lines
reported from Kimura et al. [2012].
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titanite, pyrite, garnet, and chlorite (Figure S2). The blueschist was crushed with pestle and mortar and
sieved to obtain a powder with a grain size smaller than 125μm, which formed the simulated gouges
for the experiments.

Friction experiments on simulated blueschist gouge were conducted using the hydrothermal ring shear
apparatus at Utrecht University (described in detail by Niemeijer et al. [2008] and den Hartog et al. [2012b])
(Figure S3). Simulated gouges with an initial thickness between 0.6 and 1.0mm were located between two
roughened opposing Ni-superalloy (René 41) pistons. The gouge sample was kept in place by inner and outer
confining René 41 rings with diameters of 22 and 28mm, respectively. The confining rings were coated with
Molykote spray to reduce wall friction and dried at 150°C to remove volatiles before assembly. The piston-
sample assembly was then loaded inside an internally heated pressure vessel filled with distilled water.
Normal stress was first applied, and then pore fluid pressure was increased gradually. After that, a furnace
was heated to a desired temperature while keeping the fluid pressure constant. The system was subse-
quently left to equilibrate under desired temperature and pressure conditions for about 1 h after which
shear of the gouge was started using a servo-controlled electromotor, connected via two 1:100 reduction
gear boxes. Experiments were performed at temperatures (T) of 22–400°C, effective normal stresses (σn

eff)
of 25–200MPa and pore fluid pressures (Pf) of 25–200MPa, which includes the pressure and temperature
conditions of the seismogenic zone in cold subduction zones. We set the effective normal stress equal to
the pore fluid pressure so that the pore fluid factor λ was fixed (λ= Pf/σn= 0.5) in all experiments. In a run,
effective stress increased stepwise from 25 to 200MPa. At each effective normal stress step, velocity stepping
tests between 0.1 and 100μm/s were conducted to determine the friction rate parameter (a� b) and critical
slip distance (dc) using standard techniques [Marone, 1998]. In general, slip velocity of aseismic slip events,
estimated from the average slip and duration of event, range from 10�9 to 10�7m/s [e.g., Dragert et al.,
2001; Hirose and Obara, 2005; Ohta et al., 2006].

The velocity dependence of friction was interpreted using the Dieterich type evolution RSF equation
[Dieterich, 1978, 1979; Ruina, 1983].

μ ¼ μ0 þ aln
V
V0

� �
þ bln

V0θ
dc

� �
; with

dθ
dt

¼ 1� Vθ
dc

(3)

where μ0 is a reference friction coefficient at a reference velocity V0 and μ is a instantaneous friction coeffi-
cient at an instantaneous velocity V. θ is a state variable describing the transient frictional behavior between
steady state. To obtain the a, b, and dc, we used the inversion technique described by Saffer and Marone
[2003]. The constitutive parameters were determined using the XLook program developed at Pennsylvania
State University. Microstructural investigations of deformed samples were carried out using a JEOL
JSM-6000 scanning electron microscope equipped with an energy-dispersive X-ray detector.

3. Results

The apparent friction coefficient (shear stress divided by effective normal stress, ignoring cohesion) ranges
between 0.7 and 0.9 at temperatures of 22–200°C but lowers to about 0.5–0.6 at 300 and 400°C (Figure 2a).
Stick-slip behavior is found only at 200 and 300°C. There are considerable displacement hardening and weak-
ening episodes above 300°C. These might be due to partial dehydration of lawsonite, which contains
approximately 11.5wt% water in its crystal structure and which is stable at temperatures of 150 to 400°C
and pressures of 0.3 to 1.0 GPa [Pawley, 1994]. This likely reacts to form denser hydrous zeolite or prehnite
phases during the dehydration reaction at pressures < 300MPa and temperature <350°C [Deer et al., 1966],
although we could not confirm the presence of such reaction products by either thin-section observations or
XRD analyses on material recovered after the experiments. The parameter (a� b) varies with increasing tem-
perature. It decreases from being positive at <100°C to negative values at 200°C, while it returns to near zero
or positive at a temperature of 300°C for any effective normal stress condition and decreases again at 400°C
(Figures 2b and S4). Velocity weakening behavior promoted at high temperature again is caused by an
increase in the parameter b (Figures 3a, 3f, and S4). The velocity stepping tests yield a dc of 0.05 to
0.7mm (Figure S4), which are consistent with typical values of other major rock types measured in rotary
shear experiments [e.g., den Hartog et al., 2012a]. Contrary to (a� b), dc does not vary systematically with
temperature or effective normal stress across the investigated experimental range.
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The effect of effective normal stress on the
parameter (a� b) at postslip velocity of
10μm/s is shown in Figure 2c as a repre-
sentative step. At any temperature except
at 200°C, (a� b) tends to decrease from
positive to negative values with decreasing
effective normal stress, and it exhibits
almost neutral values at an effective nor-
mal stress of 50MPa (Figures 2c and S5).
However, neutral to negative (a� b) values
are observed at a temperature of 200°C
over the entire effective normal stress
range tested (25–200MPa). Furthermore,
the velocity weakening behavior is appar-
ent at postslip velocity of 1μm under the
conditions of 400°C and effective normal
stresses of 100–200MPa, although velocity
strengthening behavior occurs at higher
slip rates. The decreasing trend in (a� b)
values with decreasing effective normal
stress is caused by an increase in the para-
meter b (Figures 3 and S5). Thus, the rate
parameter (a� b) is significantly depen-
dent on effective normal stress at all tem-
peratures investigated, except 200°C. Our
experimental findings imply that a lower
effective normal stress promotes negative
values of (a� b) and thus the potential to
nucleate a frictional instability.

4. Discussion and Conclusion

He et al. [2007] conducted friction experi-
ments on gabbro gouge at effective nor-
mal stresses of 200 and 300MPa at
temperatures of 21–615°C. They reported
that negative (a� b) values appeared only
at the lowest effective normal stress condi-
tion and at temperatures ranging from 170
to 310°C and thus concluded that a lower
effective normal stress condition is favor-
able for velocity weakening behavior.
Such a transition from velocity strengthen-
ing to weakening with decreasing normal
stress has also been reported for smectite
gouge during room temperature experi-
ments [Saffer and Marone, 2003]. Together
with our results, we infer that the effective
normal stress is a significant factor control-
ling the rate parameter (a� b) and thus slip
stability, although the effective normal

stress conditions necessary for the transition from velocity strengthening to weakening seem to vary
depending on rock type, slip velocity, and temperature. The broader implication of our results is that friction
parameters for earthquake modeling should be determined on the actual materials expected to be present

Figure 2. Representative frictional behavior of blueschist powder.
(a) Friction coefficient versus displacement curves in velocity stepping
tests between 0.1 and 100μm/s under an effective normal stress of
200MPawith different temperatures. Inserted plot shows the procedure
used to quantify the velocity-dependent behavior in terms of (a� b),
for experiment conducted at 100°C. (b) (a� b) at postslip velocity of
1.0μm/s plotted against temperature with different effective stresses.
(c) (a� b) at postslip velocity of 10 μm/s plotted against effective normal
stress (σn

eff) at different temperature conditions.
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along the plate boundary interface, at realistic (preferably in situ) P-T-stress conditions and shearing rate
(from approximately nm/s to approximately mm/s for slow earthquakes).

As mentioned in section 1, whether an instability can occur or not, in the framework of rate-and-state friction,
depends on the relative magnitudes of the stiffness K of the slider and of the critical stiffness Kcr (equation (1)).
Stable slip occurs without an earthquake when Kcr< 0 (i.e. (a� b)> 0), but slip is unstable when K< Kcr. Slip is
conditionally stable, which includes the potential for slow earthquakes, when 0 < Kcr < K with (a� b) < 0. We

Figure 3. Representative rate-and-state friction parameters plotted against (a, c, e, and g) temperature and (b, d, f, and h)
effective normal stress. All data are the results at postslip velocity of 10 μm/s. Gray line in Figures 3a and 3b shows themean
data values for each temperature or pressure conditions.
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therefore calculated both the stability parameter (a� b)σn
eff and Kcr from our data (Figures S6 and S7).

The trend exhibited by (a� b) versus σn
eff is similar to that shown by (a� b), with the transition between posi-

tive and negative (a� b)σn
eff values occurring at around 50–75 MPa at all temperatures investigated. The trend

in Kcr with temperature is less clear than that shown by (a� b)σn
eff (Figure S6), due to the large variability seen

in dc. As a result, the combined effect of temperature and effective normal stress on Kcr is not clear-cut, making
it difficult to distinguish whether a slow or normal earthquake should be expected. Nonetheless, our results do
suggest that effective pressure strongly affects at least the rate-and-state parameter (a� b).

An important question remaining is why low effective stress promotes velocity weakening. In this study,
samples deformed under conditions where slip is characterized by velocity weakening always show a clear,
localized boundary shear of highly comminuted material whereas velocity strengthening samples do not
(Figure 4). A similar correlation between the mechanical behavior and the deformation microstructure has
been observed in other experiments [e.g., Beeler et al., 1996]. This might be a reason why (a� b) tends to
be negative at lower effective stress, although we could not confirm this from the microstructures recovered
after effective normal stress stepping at low effective stress.

The changes in (a� b) with temperature and effective normal stress that we observe can alternatively be explained
using the microphysical model proposed by Niemeijer and Spiers [2007; see also Den Hartog and Spiers, 2013; Den
Hartog and Spiers, 2014]. From the model, decreasing effective normal stress should yield a decrease of (a� b) at
any temperature due to a decrease in the relative importance of thermally activated compaction creep process,
versus dilatation associated with granular flow. This is because compaction creep is slower at low normal stresses,
so steady state porosity will be higher. This in turn implies that the dilatation angle due to granular flow is lower,
the steady state frictional strength is lower, and the rate parameter b is higher, so that (a� b) becomes lower. Our
results indeed seem to show that b increases with decreasing effective normal stress (Figures 3 and S5). In the two
temperature regimes of velocity weakening that we observe, b shows different behavior, being almost constant in
the range 22°C to 200°C but increasing with increasing temperature from 300°C to 400°C. Although themicrophy-
sical model was developed for mixed gouges containing phyllosilicates, the general concept of a competition

Figure 4. Backscattered electron images of the experimental samples acquired in a scanning electron microscope. (a) The
blueschist sample after 15mmdisplacement at T = 200°C, V = 100 μm/s, and σn

eff = Pf = 75MPa. At this conditionwhere the
sample shows velocity weakening behavior, a sharp, highly localized shear zone is observed in the fault zone (yellow
arrows). (b) The blueschist sample deformed at T = 300°C, σn

eff = Pf = 75MPa, and V = 100 μm/s. Frictional behavior is
characterized by velocity strengthening at this condition. Deformation is widely dispersed throughout the fault zone with
characteristic elongated features of pyrite, lawsonite, and titanite grains. R1 shear and P foliations are developed in the
velocity strengthening one (yellow arrows).
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between dilatation and compaction seems suitable to explain our results of changes in the rate-and-state para-
meters as function of effective normal stress, temperature, and velocity. We speculate that the two temperature
regimes of velocity weakening may be caused by different creep mechanisms dominating compaction at higher
versus lower temperatures, or/and by the same compaction mechanism dominating at different temperatures in
the twomain mineral components (glaucophane and lawsonite). Clearly, more work is needed to fully understand
the effects of effective normal stress, fluid pressure, and temperature on a, b and (a� b).

Our results have important implications for the generation of diverse slip styles in cold and old subduction
zones. First, despite the broad range of effective normal stress range studied, the blueschist that is likely present
at seismogenic depths in the subducted slab exhibited velocity weakening behavior only at ~200°C (Figure 2).
Considering the Tohoku subduction area as a representative cold and old subduction zone, since the
temperature at the hypocenter of the 2011 Tohoku earthquake is estimated to be 150–200°C (Figure 1), this
frictional property could be consistent with the initiation of the Tohoku earthquake. Second, at temperatures
lower than ~150°C or higher than 250°C, the transition from velocity strengthening to weakening occurs when
effective normal stress is lower (e.g., due to an increase in pore fluid pressure) (Figure 2). A transition that leads
to the rate parameter (a� b) being negative but close to zero meets the conditions necessary for the
generation of slow earthquakes [Shibazaki et al., 2010]. Our results therefore imply that slow earthquakes could
be caused by elevated fluid pressure that progressively lowers the value of (a� b) along the Tohoku plate
boundary during an interseismic period, promoting the nucleation of earthquakes (Figure 5).

Our current model, based on the dependence of the frictional properties of blueschist upon fluid
pressure can account for the generation of the Tohoku megathrust earthquake as well as that of slow

Figure 5. A schematic illustration of the evolution of frictional properties from (a and c) high effective stress (based on the
results of σn

eff = 150MPa) to (b and d) low effective stress (based on the results of σn
eff = 50MPa) (e.g., by increasing fluid

pressure) at the Tohoku subduction zone. Figures 5a and 5b are top views of the plate interface. The depth scale is assumed
from the geothermal gradients reported at Peacock and Wang [1999] (Figure S1). Negative to positive (a� b) values are
indicated as color gradients from blue to red, respectively. Figures 5c and 5d are cross sections of the subduction zone
plotted with possible (a� b) versus temperature curves based on the experiments. Note in Figures 5c and 5d that as
effective stress decreases, the (a� b) curve meets unstable slip conditions over a wide range of temperature (blue circles)
and also meets the transition from stable to unstable slip conditions that are necessary to generate slow earthquakes at
temperatures of 100 and 300°C (orange circles).
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earthquakes (Figure 5). However, to date, there have been no observations of slow earthquakes in the
deep portions of the Tohoku plate boundary, which we would expect from our model as well as from
seismic observations from other subduction zones such as Nankai trough [Obara, 2002]. Further studies
including friction experiments under realistic seismogenic conditions, as well as numerical simulations
[e.g., Noda and Lapusta, 2013] that incorporate the effect of evolving fluid pressure on fault constitutive
parameters, are required to solve this discrepancy and to unravel the relationship between slow earth-
quakes and megathrust earthquakes.
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