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Slip weakening as a mechanism for slow

earthquakes

Matt J. Ikari"2*, Chris Marone?, Demian M. Saffer? and Achim J. Kopf'

Slow slip forms part of the spectrum of fault behaviour between
stable creep and destructive earthquakes™?. Slow slip occurs
near the boundaries of large earthquake rupture zones** and
may sometimes trigger fast earthquakes?. It is thought to
occur in faults comprised of rocks that strengthen under fast
slip rates, preventing rupture as a normal earthquake, or on
faults that have elevated pore-fluid pressures®’. However,
the processes that control slow rupture and the relationship
between slow and normal earthquakes are enigmatic. Here we
use laboratory experiments to simulate faulting in natural rock
samples taken from shallow parts of the Nankai subduction
zone, Japan, where very low-frequency earthquakes—a form of
slow slip—have been observed®'°. We find that the fault rocks
exhibit decreasing strength over millimetre-scale slip distances
rather than weakening due to increasing velocity. However,
the sizes of the slip nucleation patches in our laboratory
simulations are similar to those expected for the very low-
frequency earthquakes observed in Nankai. We therefore
suggest that this type of fault-weakening behaviour may
generate slow earthquakes. Owing to the similarity between
the expected behaviour of slow earthquakes based on our data,
and that of normal earthquakes during nucleation, we suggest
that some types of slow slip may represent prematurely
arrested earthquakes.

Most slow fault slip has been observed near the downdip limit
of the seismogenic zone at depths of ~25-45km (refs 2,11), but in
well-instrumented areas it has also been detected at shallow depths
(<10km), updip of large earthquake ruptures®*'°. Slow slip events
at tectonic boundaries probably occur at the plate interface®!?,
and therefore should be controlled by the frictional properties and
conditions that characterize fault zones. For deep slow slip events,
laboratory testing of natural material under in situ conditions is
not feasible at present. Therefore, there is very little evidence to
constrain the boundary conditions and friction laws that govern
how these events nucleate, propagate and ultimately arrest'?. Less
attention has been paid to slow and transient slip at shallow depths;
however, these regions are accessible to drilling and sampling. Here,
we focus on the Nankai Trough, Japan, where mudstone samples
have been recovered from major shallow fault zones'>'4.

Very low-frequency (VLF) earthquakes observed at Nankai
have reverse-faulting focal mechanisms, and occur on splay faults
within the accretionary prism or along the shallow décollement®-°.
They seem to occur in regions of elevated pore-fluid pressure
and therefore decreased effective stress'"'>. The event locations
correlate approximately with the estimated updip extent of rupture
from the 1944 and 1946 M,, > 8 great earthquakes, and with the
location of scientific drillsites (Fig. 1). Shallow portions of a major

splay fault (Site C0004; ~300 m depth) and the décollement (Site
1174; ~800m depth) were penetrated during Integrated Ocean
Drilling Program Expedition 316 and Ocean Drilling Program Leg
190, respectively'>' (Fig. 1). Brecciated hemipelagic silty claystone
samples from within zones of active shearing contain 37-65% clay
minerals, up to 40% quartz+plagioclase and little calcite'>!*.

Fault slip instability and earthquake nucleation are typically
evaluated by combining elastic dislocation theory with friction
laws'*"°. The criterion for slip instability is derived from a force
balance, in which the elastic stiffness of the loading system K
(stress/length) must be smaller than a critical stiffness K. defined
by the properties of the fault. Within the framework of rate-
and state-dependent (RSF) friction, the instability criterion can be
written to first order as:

—(a—Db)o,
D. (1)

where o] is the effective normal stress and D, is a critical slip distance
over which fault strength evolves'®. The parameter a — b is defined
by the experimentally measured change in steady-state friction in
response to a change in sliding velocity from V, to V (Fig. 2):
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Positive values of a — b define velocity-strengthening behaviour,
which indicates that stable sliding should be expected. Negative
values of a — b (velocity weakening) are a requirement for the
nucleation of slip instability'”8.

In general, the mechanism(s) that allow slow slip that is
sustained and quasi-dynamic is poorly understood'>!®. Many
forms of slow slip are considered to be aseismic (for example,
creep events, earthquake afterslip) and therefore are expected
only on velocity-strengthening faults, and typically in response
to a perturbation?. These non- or quasi-dynamic events would
be undetected by seismometers and instead must be identified
geodetically?’>. Others, such as VLF events, are detected seis-
mically (that is, they radiate seismic energy), indicating a dy-
namic stress drop®’. Laboratory work shows consistent velocity
strengthening for samples from the shallow Nankai megasplay
and décollement®*, which is seemingly incompatible with the oc-
currence of shallow VLF events, although an observed minima
in a— b in the velocity range ~0.3-3 ums™' has been predicted
to favour slow slip*.

One aspect of friction that is typically overlooked is the ef-
fect of long-term slip hardening or weakening. In the standard
RSF formulation, the slip over which friction evolves following a
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Figure 1| Geologic setting of the Nankai subduction zone. a, Map of the Nankai area, offshore Japan, showing the locations of drilling sites CO004
(megasplay) and 1174 (décollement). Grey ovals indicate clusters of VLF earthquakes identified in ref. 8. Also shown are rupture areas (dashed boxes) and
epicentres (stars) of the 1944 Tonankai and 1946 Nankaido earthquakes. b, Cross-section of the Kumano transect, showing the location of samples tested
from the megasplay fault zone. ¢, Cross-section of the Muroto transect, showing the location of samples tested from the décollement zone. Figure modified

from ref. 24.

perturbation, D, is usually ~<100 um (ref. 17). Slip-dependent
friction trends over sliding distances of ~1 mm are observed ex-
perimentally, but typically assumed to reflect background trends
that do not affect sliding stability”®. We investigate the effects
of these long-term trends by measuring the slip dependence of
friction, defined by the parameter n = du/dx (mm™') measured
from a linear fit to the last ~300um of each 800 um velocity
step (Fig.2c). In our experiments, this slip weakening occurs
beyond the initial effects of slip velocity perturbations; therefore,
although 7 is determined from velocity steps it is distinct from
standard RSF behaviour.

We find that negative values of n are common for samples from
Nankai, indicating slip-weakening behaviour (Fig. 3b). Minimum
values of 1 coincide with the minima in a — b in the velocity
range ~0.3-3 ums~!. Negative n could result in net weakening
and slip instability, if initial velocity-strengthening behaviour

is overcome by longer term slip weakening beyond a critical
sliding distance W:

(a—b)In(V/V,)

-1
(Fig. 2). As W is calculated from a — b and 7, it also exhibits
minimum values in the range 0.3-3ums™' (Fig.3c). If a — b
and/or W are small, unloading of the fault zone during slip is
dominated by the long-term slip-weakening rate n rather than

by RSF parameters. In this case, a stiffness criterion analogous to
equation (1) may be expressed as:

W =

K <K*=-no,

n

where K is the critical stiffness for slip instability by slip weakening.
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Figure 2 | Determination of important friction parameters. a, lllustration
of the changes in steady-state coefficient of friction (Auss) in response to
an increase in load point velocity from V, to V. b, The same as in a with a
slip-weakening trend superimposed. W is the critical slip weakening
distance. ¢, An example of experimental data (grey) overlain by an inverse
model (black) used to extract the constitutive friction parameters a, b, a—b
and D¢ (ref. 21). Slip weakening rates before (17,) and after the velocity

step (1) are determined by the change in friction (Auw) per change in
displacement (Ax). This sample is from within the Nankai megasplay

fault zone.

For natural faults, the stiffness criterion defines the minimum
size a slipping patch must attain before instability can nucleate. This
patch is usually treated as an elliptical crack with a minimum half
length, L. (ref. 18):

E
T 2(1—v)K.

C

where E is the Young’s modulus of the wall rock, and v is
the Poisson’s ratio. Substituting K* for K. and using values of
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Figure 3 | Summary of experimental results. a-¢, RSF parameter a—b (a),
slip-weakening rate n (b) and critical slip-weakening distance W (¢) as a
function of upstep sliding velocity from friction experiments for samples
from the megasplay fault zone (black circles) and décollement (grey
triangles). Values of a—b and W are reported in terms of the upstep
velocity V (rather than V).

n=—0.0165mm™"! for the Nankai megasplay and —0.0040 mm™!
for the décollement (the lowest values we observe; Fig. 3), we
estimate the minimum patch size required for instability (L.). We
use a value of o, = 10-20 MPa, which is both near our experimental
condition (25MPa), and corresponds to the estimated in situ
effective stress in the source region of well-located VLF events with
distinguishable P-wave arrivals'>. On the basis of sonic velocity
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Figure 4 | Schematic illustration of fault behaviour. Comparison of the
stress paths followed during a normal earthquake (thick dashed line) and
slow earthquake (solid line) as a function of slip velocity. t is the initial
shear strength of the fault before the event, and 7 is the shear strength
during slip.

measurements in a sample located 22 m below the megasplay fault
zone that yield a bulk modulus of 6.70 GPa and shear modulus of
1.30 GPa (ref. 14), E and v of the fault surroundings are 3.66 GPa
and 0.41, respectively. The resulting L. are 6.7-13.3m for the
megasplay and 27.5-55.0 m for the décollement.

Shallow VLF events in Nankai have seismic moments M, = ~4 x
10" —2 x 10" Nm (ref. 5), corresponding to L. = 37-63 m based
on standard scaling relations®®. Thus, the nucleation patch size
of these VLF earthquakes is compatible with constraints provided
by our experimental data using the natural material likely to host
such events. In comparison to the megasplay samples, décollement
material exhibits less slip weakening, and slip strengthening in
some cases (Fig. 3b). Thus, the décollement zone requires a larger
nucleation patch for instability relative to the megasplay, or may
not allow generation of slow earthquakes by this mechanism. This
suggests that the megasplay is more likely to host these events®.

Our data also highlight that maximum values of slip weakening
in the velocity range ~0.3-3 ums™! would facilitate acceleration
to higher slip rates. However, the combination of increasing a — b
and decreasing n at higher slip velocities favours stable sliding
and therefore we anticipate that any initiating slip event would be
arrested before reaching typical seismic slip velocities (~1ms™';
Fig. 4). This is consistent with estimated maximum slip velocities
of ~0.05-2mms™" for shallow Nankai VLF events’. This effect is
also consistent with the low stress drops of such events compared
to normal earthquakes, and with the lack of dynamic overshoot
(Fig. 4). It may also explain why they radiate less high-frequency
energy than normal earthquakes®°. Stress drops generally cluster
around 10kPa for many types of slow slip event?”’; for VLF
earthquakes in Nankai they are estimated to be ~0.1-10kPa,
0.1-1% of that expected for normal earthquakes’.

Our data imply that during the initiation of slow earthquakes,
a large fraction of the total displacement may accumulate at low
velocities (<0.3 um s™') because larger slip is required to achieve net
weakening if the slip-weakening rate is small. This would produce
longer rise times because the seismic moment, and therefore the
stress drop, is proportional to the square of the rise time for slow
slip events®. Very long rise times have been reported for slow
slip events on the San Andreas fault?! and the Bungo Channel

region of Japan®. Analyses of normal earthquakes? and aftershock
sequences” have suggested that rupture initiation is characterized
by a slow nucleation phase, with an extended rise time and low
rate of moment release. Therefore, dynamic and quasi-dynamic
slow slip events may start as normal earthquakes but are slowed
or terminated during the nucleation phase. Our experimental
observations offer one possible explanation for the arrest of slow
earthquakes that might act separately or in concert with other
suggested mechanisms>!>1°,

Several numerical modelling studies have simulated slow slip
events using existing RSF laws®7?, preferentially targeting events
at the downdip limit of the seismogenic zone. They typically
incorporate two processes to limit slip speed: a switch from velocity-
weakening to velocity-strengthening behaviour during dynamic slip
nucleation; and extremely low o speculated to result from near-
lithostatic pore-fluid pressure. The velocity-dependent behaviour is
based on observed frictional properties of analogue materials such
as granite®®, halite’ or gabbro®. Another mechanism is dilatancy
hardening, where velocity-weakening material is strengthened dur-
ing slip by transiently reduced pore pressure’. Elevated pore pres-
sure is often cited as a requirement for emergent slow slip in nu-
merical models because low o] favours stable or conditionally stable
slip rather than dynamic instabilities resulting in earthquakes'®
(equation (1)). This is consistent with seismic tomography studies
revealing high V,,/V; ratios and high Poisson’s ratio at the base of
the seismogenic zone® and with elevated pore pressure estimated
from low P-wave velocity in the source region of VLF events'”.

At Nankai, major fault zones at shallow depths are composed
of 37-65% clay minerals'>'* and are consistently velocity strength-
ening at sub-seismic slip rates, suggesting that unstable slip should
not be expected®**. The slip-weakening behaviour we report may
be a viable mechanism for the generation of slow slip events or
VLEF earthquakes, without requiring velocity-weakening behaviour.
Elevated pore pressure and concomitant low effective stress have
been documented along the shallow décollement and in the accre-
tionary wedge'>*, which may modulate these slip events, but we
show that it is not a necessary condition for their generation. The
mechanism responsible for velocity-dependent friction over shorter
distances characteristic of RSF parameters is thought to be related
to grain-scale processes'®”. We posit that slip weakening in our
samples is related to shear fabric development and microstructural
features such as Riedel or boundary shears within the fault zone*'.
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