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Abstract

Small repeating earthquakes have been discovered on a number of faults, including the Parkfield section
of the San Andreas fault. Parkfield is a well-instrumented natural laboratory that displays the full range
of fault slip behaviors: relatively large, M6, events, small repeating earthquakes, seismic tremors, and
creeping regions. The uniqueness of this area has been exploited in a number of studies, including the
San Andreas Fault Observatory at Depth (SAFOD) drilling project. Small repeating earthquakes are used
to address an increasingly richer array of problems, from fault creeping velocities and postseismic slip to
earthquake interaction and stress drops.

In this project, we have used the rate-and-state model for the small repeating earthquakes developed in
earlier USGS-supported projects to investigate what the behavior of the repeaters can reveal about fault
properties, and in particular about fault friction properties.

We have also shown that our model is capable of reproducing the non-trivial response of small repeating
earthquakes to accelerated loading due to postseismic slip after the 2004 M6 event. Observations point to
systematic changes in seismic moment, with some sequences experiencing significant increase in seismic
moment due to higher loading rates (and hence shorter recurrence times), while other sequences have a
small decrease. We find that the increase in seismic moment due to shorter recurrence times can be
attributed to larger rupture area. This behavior occurs in our model for patch sizes only slightly larger
than the nucleation size, suggesting that many repeating sequences at Parkfield have this property.

One of the most exciting findings is that enhanced co-seismic weakening is needed to match the relatively
high stress drops of two of the SAFOD targets, the Los Angeles (LA) and San Francisco (SF) repeating
sequences. To match their stress drops, we added flash heating to our model, the form of co-seismic
weakening caused by rapid weakening of the tips of the frictional contacts during fast, co-seismic slip
rates. The finding that flash heating may be acting in earthquakes as small as M2 is consistent with the
theoretical prediction that flash heating should occur over slip scales comparable to the asperity scales of
several microns, as well as with experimental trends observed for increasing normal confinement. As part
of our study of the LA and SF repeaters, we have started to investigate interaction between nearby
repeating sequences, and we find complex behaviors such as seismic events on sub-critical patches and
quiescence of patches that would seismic in isolation.

From a more general point of view, the study has advanced our understanding of the applicability of co-
seismic weakening to earthquake source processes and partition of slip into seismic and aseismic parts
and their interaction. The results and the developed methodology can be applied to other problems in
earthquake science. The resulting better understanding of fault physics will contribute to reduction of
losses from earthquakes in the US.
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Model of small repeating earthquakes based on rate and state friction

Small repeating earthquakes occur on a number of faults and their observations have been used
to study various aspects of earthquake physics and mechanics (e.g., Ellsworth and Dietz, 1990;
Vidale et al., 1994; Marone et al., 1995; Nadeau and Johnson, 1998; Nadeau and McEvilly,
1999; Biirgmann et al., 2000; Beeler et al., 2001; Sammis and Rice, 2001; Igarashi et al., 2003;
Imanishi et al., 2004; Nadeau et al., 2004; Schaff et al., 2004; Matsubara et al., 2005; Allmann
and Shearer, 2007; Chen et al., 2007; Dreger et al., 2007). Because of their short recurrence
times and known location, small repeating earthquakes present a rare predictable opportunity for
detailed observation and study, and that has been exploited in San Andreas Fault Observatory at
Depth (SAFOD) drilling project (e.g., Hickman et al., 2004; Imanishi et al., 2004, Zoback et al.,
2010).

The model that we have considered so far for the occurrence of small repeating
earthquakes contains one or more homogeneous seismogenic patches surrounded by a much
larger homogeneous creeping fault zone (Figure 1; Chen and Lapusta, 2009; Chen et al., 2010)
and imbedded into an elastic medium. Outside of the creeping zone, sliding with the loading rate
V, 1s imposed on the fault to represent the effect of the surrounding steadily creeping segment.

The seismogenic and creeping parts of the fault are modeled by rate and state friction laws.
Several levels of complexity can be adopted in the description of fault friction. Our
previous studies supported by USGS have shown that the standard logarithmic rate and state
formulations (e.g., Dieterich, 1979, 1981; Ruina, 1983) already allow us to match a number of
basic observations as discussed in section 2.2 Such laws express the dependence of frictional
shear strength 7, on the effective normal stress &, slip rate V' (which we also call slip velocity),

and evolving properties (state) of the contact population represented by the state variable 4,
through:
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Figure 1. Schematics of the model. To simulate repeating earthquakes, such as the targets of SAFOD
drilling project on the Parkfield segment (shown in blue) of the San Andreas fault, we consider a segment
of a vertical strike-slip fault embedded into an elastic medium and governed by rate and state friction
laws. On the fault, a small, potentially seismogenic, patch with steady state velocity-weakening properties
(shown in white) is surrounded by a creeping, velocity-strengthening segment (shown in yellow). Outside
of the simulated fault segment, steady sliding is imposed with the long-term slip velocity V.

where o is the normal traction, p is the pore pressure, f,, V., a, b, and L are rate and state
parameters, with L being the characteristic slip for state variable evolution, and V, is the cut-off

velocity of the order of 10 m/s. In these laws, the rate and state features result in small
variations (of the order of 1-10%) from the baseline frictional strength given by &f,. Despite

being small, these variations are fundamentally important for physically and mathematically
meaningful stability properties of frictional sliding (e.g., Rice, Lapusta, and Ranjith, 2001). Eqns
(1) also give several proposed forms for the state variable evolution, the aging law, the slip law,
and Kato-Tullis law, respectively. Which of these laws does a better job of representing the
range of available experimental results and serves as the best simplified representation of the
state variable evolution for simulations of long-term slip is an active area of research (Kato and
Tullis, 2001; Hori et al., 2004; Rubin and Ampuero, 2005; Bayart et al., 2006; Ampuero and



Rubin, 2008). We have studied the behavior of the model with all these laws, with most
simulations done with the aging form. We have also started to explore the behavior of the model
with enhanced dynamic weakening during seismic slip, as discussed further in the following.

Spontaneous long-term slip history of fault slip is determined in this model using the 3D
simulation methodology of Lapusta and Liu (2009), which is the extension of the 2D
methodology of Lapusta et al. (2000). The methodology incorporates slow tectonic-type loading
and all dynamic effects of self-driven dynamic rupture. The algorithm allows us to treat
accurately long deformation histories and to calculate, for each earthquake episode, initially
quasi-static accelerating slip (nucleation process), the following dynamic rupture break-out and
propagation, postseismic response, and ongoing slippage throughout the loading period in
creeping fault region. There are no kinematic assumptions in our model other than the steady
slip of the creeping fault far from the location of the repeating earthquake.

As predicted by studies of stability of frictional sliding (Rice and Ruina, 1983; Dieterich,
1992; Rice et al., 2010; Rubin and Ampuero, 2005), most of the velocity-strengthening part of
the fault in our model accumulates slip through steady sliding with the imposed long-term slip
rate V,. The behavior of the velocity-weakening patch depends on its radius », consistent with

the findings of stability studies that a sufficiently large velocity-weakening region is required for
unstable slip. For sufficiently small values of r, the velocity-weakening patch accumulates slip
through perturbed but aseismic sliding, with slip velocities that never deviate too much from the
long-term slip velocity ¥7,. Velocity-weakening patches of larger sizes produce repeating
earthquakes. For the aging formulation, the critical patch radius is well-approximated by the
estimate of Rubin and Ampuero (2005) with a 3D correction (Chen and Lapusta, 2009).

As shown in previous USGS-supported studies, the model with the standard rate and state
friction (eqn. 1) is capable of reproducing the observed scaling 7 ~ M;"" (Nadeau and Johnson,
1998) between the recurrence time 7 and the seismic moment M, (Chen and Lapusta, 2009;

Chen and Lapusta, 2011) for a wide range of models including several forms of state variable
evolution (with important differences discussed in the previous report), different shapes of
patches, and quasi-dynamic simulations.

The ability of the model to reproduce the observed non-trivial response to accelerated
creeping rates

To further test and improve our model, we have applied it to simulate the response of small
repeating earthquakes to accelerated loading due to postseismic slip after the M6 2004 event
(Chen et al., 2010). The analysis of 34 repeating earthquake sequences (RES) from 1987 to 2009
at Parkfield shows that, following the 2004 M6 earthquake, many of the repeating events had
greatly reduced recurrence intervals 7' that systematically increased with time after the 2004
event. This expected behavior of the recurrence time is easily reproduced by our model.
However, in addition to this change in timing, observations also point to systematic
changes in seismic moment M,, with some sequences experiencing significant increase in
seismic moment due to higher loading rates (and hence shorter recurrence times), while other
sequences have a small decrease (Figure 2). The latter behavior is what one would expect based

on shorter recurrence time and laboratory-based ideas of strengthening in stationary contact (e.g.,
Beeler et al., 1994; Marone, 1998).
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Figure 2. Response of repeating earthquakes to accelerated creep due to the 2004 earthquake.

Top: Observations for two repeating sequences. Blue colors indicate repeating earthquakes before the
2004 event, and green to red colors indicate repeating earthquakes after the 2004 event. Notice that
sequence h24 has larger moments for shorter recurrence times, whereas sequence h16 has nearly
constant moments. Bottom: Results of our simulations with variable loading rate mimicking
postseismic slip of the 2004 event. Blue and red indicate events before and after 2004, respectively.
The model qualitatively matches the observed behavior, with the different dependence of the moment
on the recurrence time for different values of #/4* Modified from Chen et al. (2010).

Our model is capable of reproducing both behaviors (Figure 2), for different sizes of the
earthquake patches as quantified by the ratio /A* of patch size r to the nucleation size estimate
h*. Ratios of /h* ~ 1 produce higher moments M, for shorter recurrence times 7 (or negative

M, vs. T slopes), whereas larger ratios of 7/A* yield weak positive slopes. In our models, such

variations in seismic moment are caused by the fact that, for »/4* ~ 1, only part of the velocity-
weakening patch is ruptured seismically by the event (Figure 3), with most of the slip occurring
on the patch aseismically. When the loading rate is increased, the creeping rate on the velocity-
weakening patch is also increased, resulting in higher stress levels and enabling seismic events to
propagate farther into the patch. This increase in the rupture area creates events with larger
moments for shorter recurrence times. For larger ratios of 7/A*, seismic events rupture the entire
patch at all loading rates, and hence the rupture area does not vary appreciably. Then the
expected effect based on fault strengthening takes over and creates ruptures with smaller moment
for smaller recurrence times.

In the context of our model, the repeating sequences that exhibit increase of the moment
for shorter recurrence time occur on patches that are comparable to the critical size. Hence many
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Figure 3. Snapshots of slip velocity distribution for one earthquake cycle. The size r of the patch is only
slightly larger than the critical size 2* for unstable slip. Slip velocity is color coded on the logarithmic
scale. The seismic range of slip velocities is indicated by red, and slip velocities close to the long-term
slip velocity are indicated by green. The location of the patch is outlined by a white circle. Note that in
this simulation, the extent of seismic slip is smaller than the size of the patch.

patches in Parkfield could be just at the right size to produce seismic events. This explains why
some of them exhibit periods of quiescence, since small changes in their properties could make
them sub-critical and hence completely aseismic. This also implies that many repeaters in
Parkfield occur on patches that accumulate most of their slip seismically. Note that in our model,
seismic events that rupture only a part of the velocity-weakening patch robustly occur only for
the aging from of the state variable evolution. Such events are important for matching the
observations discussed here, as it enables significant variations in rupture area under different
loading conditions. However, similar behavior may result for heterogeneous patches or for
patches with a constitutive response that incorporates a stabilizing factor such as dilatancy (e.g.,
Segall and Rice, 1995).

Given the same nucleation size A* (i.e., the same frictional properties and effective
normal stress), smaller radii and hence smaller seismic moments result in negative M, vs. T
slopes, whereas larger radii and hence larger moments lead to weak positive M, vs. T slopes.
The hints of such dependence are present in observations (Chen et al., 2010). Note that the
dependence can be obscured by variations in friction properties and effective normal stress,
which would result in variations in 2*. Such variations can make repeaters of a similar average
moment have different 7/4* and hence different response to increased loading rates.



Note that the rate-and-state friction law used in our model incorporates fault strength
recovery in stationary contact observed in the lab (Dieterich, 1972; Beeler et al., 1994; Marone,
1998). Yet the model does not automatically result in increasing moment with increasing
recurrence time. This is because suggestions that fault strength recovery should lead to increase
of M, with increasing T (Vidale et al., 1994; Schaff et al., 1998) are based on simple models that
envision earthquake-producing patches reaching static strength over their entire area, as would
occur in a single-degree-of-freedom spring-slider approximation. However, the response of the
3D continuum model used in this study is governed by complex multiple-degree-of freedom
interactions, with stress concentrations at the boundaries between creeping and locked regions
and combinations of seismic and aseismic slip on the earthquake-producing patches. Hence the
presence of fault strength recovery does not lead to easily predictable results, and indeed
produces both positive and negative trend of M, with T, depending on the ratio »/A*.

Enhancing co-seismic weakening is needed to match properties of the LA and SF repeaters

The success of the model in reproducing observations indicates that such a model - with
laboratory-motivated friction response and parameters - can be applied to explain observations of
fault slip, with no additional scaling. This important finding obtained with USGS support is
quite encouraging. It has motivated us to apply the model to the two well-studied repeaters, the
LA and SF sequences (Figure 4), with the goal of applying it to understand slip phenomena at
Parkfield not only qualitatively but also quantitatively.
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SAFOD seismic records have enabled determination of stress drops in small repeating
earthquakes, with reported values reaching 30 MPa and even being as high as 60-90 MPa locally
(e.g., Imanishi and Ellsworth, 2010; Dreger et al., 2007; Abercrombie et al., 2010). With the
effective normal stress of 100 MPa, such stress drops imply dynamic changes in friction
coefficient of 0.3, and perhaps as high as 0.6 to 0.9. Such seismic observations imply the
following:



(1) The static (slow-slip) friction coefficient in the velocity-weakening patches has to be high
enough to allow for such stress drops. Hence typical values of 0.6 found for velocity-
weakening rock surfaces in the lab should be relevant for at least some seismogenic
patches within the creeping Parkfield segment. This means that the seismogenic patches
and creeping regions differ in their static (low-velocity) friction coefficients, since recent
laboratory studies on the actual fault samples from SAFOD indicate that the creeping
segment at the SAFOD drilling site is weak due to the presence of special minerals
(Lockner et al, 2011; Jeppson et al., 2010; Holdsworth et al., 2011). The friction
coefficients found in the lab are as low as 0.15. The potential difference in static friction
coefficients between creeping and seismogenic regions is not surprising since the regions
are already different in terms of producing stable vs. unstable slip.

(2) The co-seismic change in friction coefficients implied by the high stress drops is well
beyond the range of changes possible in the logarithmic formulations such as Egn. 1.
Hence we need to incorporate more significant weakening mechanisms that get activated
at fast, seismic slips.

These two inferences, taken together, suggest that at least some patches that produce
small repeating earthquakes are statically strong but dynamically weak. Large-scale faults with
such properties are expected to operate under low levels of stress (e.g., Lapusta and Rice, 2004).
However, because these patches are small - only slightly (1-3 times) larger than their nucleation
sizes — the patches have to be well-stressed over much of their area to nucleate seismic slip. That
is why they operate at the level of stress close to their (high) static strength and can experience
large stress drops.

Our prior support from USGS and NSF has enabled us to incorporate shear heating
dynamic weakening mechanisms, such as flash heating and thermal pressurization, into our
simulations of earthquake cycles (e.g., Noda and Lapusta, 2010). One shear-heating weakening
mechanism that has laboratory support is flash heating (e.g., Rice, 1999, Goldsby and Tullis,
2003, Beeler and Tullis, 2003, Rice, 2006, Beeler et al. 2007), in which tips of contacting fault
gouge grains heat up and weaken. Such weakening can be activated even for very small slips of
the order of 10-100 microns if the shear strain rate is high enough. Hence this mechanism can be
important even for the smallest repeating earthquakes.  Another relevant mechanism is pore
fluid pressurization (e.g., Sibson, 1973; Lachenbruch, 1980; Mase and Smith, 1987; Andrews,
2002; Noda, 2004; Bizzarri and Cocco, 2006a,b; Rice, 2006; Noda et al., 2009).

Variations in shear localization that leads to flash heating and/or variations in hydraulic
properties between different seismogenic patches could contribute to the observed significant
differences between their source properties (e.g., Imanishi and Ellsworth, 2010). Furthermore,
significant feedback between the seismic process and enhanced dynamic weakening (that tends
to be strongly rate-dependent) would create differences between earthquakes in the same
repeating sequence, potentially leading to behaviors that do not fit into simplified slip-
predictable or time-predictable models. This is precisely what is observed at Parkfield (e.g.,
Rubinstein et al., 2010).

To include flash heating and/or pore pressurization into our models, we modify the
logarithmic rate and state formulation (1) to
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where V is the characteristic slip velocity at which flash heating starts to operate, f, is the
residual friction coefficient, and pore pressure p could be evolving due to shear heating as
discussed below. Based on laboratory experiments and flash heating theories, V, is of the order
of 0.1 m/s. Selecting much larger values of V, would effectively disable the additional

weakening due to flash heating. The coupled temperature and pore pressure evolution is
calculated by (Rice, 2006 and references therein, Noda et al., 2009, Noda and Lapusta, 2010):
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Fog, SLa @ Py CP AT )
ot oy pc ot " Oy ot

where y is the space coordinate normal to the fault, 7 is the temperature, o, and ay, are the
thermal and hydraulic diffusivities, w(y) is the heat generation rate the integral of which equals
to 77V, pc is the specific heat, A is pore pressure change per unit temperature change under
undrained condition. (Note that this formulation can also include inelastic dilatancy, as an
additional term in the equation for the pore pressure evolution.) The heat source, w(y), is
distributed in a narrow shear zone around the fault. The standard assumption is to take this term
to represent the effect of uniform sliding in the fault zone of half width w.

Our modeling of the LA and SF repeaters indeed shows enhanced co-seismic weakening
is required to reproduce the observed magnitude, rupture area, and stress drop of the two
sequences. Our preferred model is shown in Figure 5, with a M2 event triggering a M1.9 event
after about 2 hours in the instance shown. The model consists of two circular velocity-weakening
patches surrounded by large velocity-strengthening region. The centers of the two patches are
separated by 60 m to match the seismic observations on the distance between the hypocenters of
LA and SF repeaters. The patch for the SF repeaters is set to be a littler larger (»; = 20 m) than
the patch for the LA repeaters (r, = 15 m) considering that the SF repeaters have larger
magnitudes (M2.1) than the LA repeaters (M1.9). The effective normal stress of 120 MPa
(consistent with observations in the area) and enhanced dynamic weakening are used to match
seismic observations of high stress drops for these repeaters. Our simulated average stress drops
in this model are 10 to 20 MPa, and local stress drops can reach as high as 60 to 80 MPa, similar
to seismic observations. Based on our simulations, if two closely separated patches have similar
patch sizes and nucleation sizes, it is more likely that a smaller earthquake triggers a larger
earthquake. To account for the observations that the larger SF repeaters usually trigger the
smaller LA repeaters, we make the patch for the SF repeaters have smaller nucleation size (24, =
9 m, r/ hl* ~ 4) than the patch for the LA repeaters (2h2* =56 m, r/ hz* ~ 0.5) by assigning
different characteristic slip values (L; = 20 um, L, = 120 um). Pore pressurization weakening is
used in this model, and the parameters values are: ay;, = 10°¢ mz/s, w = 0.5 mm everywhere, a =
0.015, b = 0.019, ay, = 10* m%s, A =1 MPa/K in the velocity-weakening patches, and a =
0.019, b = 0.015, ap, = 107 m%s, A =0 MPa/K in the velocity-strengthening region. In this
model, the patch for the LA repeaters is smaller than the nucleation size and hence it cannot
nucleate seismic events by itself. After an event on the SF patch, the LA patch can be triggered
through interaction with the SF events. The triggering time depends on the instantaneous stress
change, post-seismic slip imposed by the SF events, and the nucleation process on the LA patch.

Our preferred model, shown in Figure 5, successfully reproduces the hypocenter
separation distance, rupture area, magnitude, stress drops, triggering order, and triggering time of



the LA and SF repeaters as observed. The recurrence times have not yet been explored in this
model, as only several events in the sequence have been simulated for various selections of
physical properties, but this issue will be more fully explored in future work. Our proposed
model is only one of the models that could explain the observations, and exploring the space of
suitable parameters is another topic for future work. However, the model highlights some
important ingredients such as high effective normal stress and enhanced dynamic weakening,
adds insights into the interaction between the LA and SF sequences, and provides a way to
integrate future observations about these sequences. One of the issues to be explored in the
future work is the source of the observed variability in the recurrence and triggering times for the
LA and SF repeaters.

Interaction of two potentially seismogenic patches

As part of our modeling of the LA and SF repeaters, we have started a systematic
investigation of the interaction of two nearby seismogenic patches using a 2D in-plane model
(Figure 6a) instead of the full 3D model for computational efficiency. In the model, the distance
between the centers of the two potentially seismogenic patches is fixed to be 60 m as observed
for the LA and SF repeaters. The half nucleation size is 12 m for both patches. Models with
different sizes of the two patches produce qualitatively different interaction between the patches.
For example, when the two patches are both about the nucleation size, each patch is seismically
active for a certain period of time while the other patch is quiescent, and then the roles of the
patches switch (Figure 6b). When the two patches are of the same size which is slightly larger
than the nucleation size, a seismic event on one patch triggers a larger event that nucleates on the
other patch and ruptures both patches (Figure 6¢). When one of the patches is smaller than the
nucleation size and the other patch is larger than the nucleation size, a seismic event on the larger
patch triggers seismic slip on the smaller patch which would be totally aseismic in isolation
(Figure 6d). However, triggering does not always promote more seismic response. For example,
when one patch is slightly larger than the nucleation size and hence would be expected to rupture
seismically in isolation, seismic events on the other even larger patch could inhibit seismic slip
on the smaller patch by inducing aseismic slip there (Figure 6e). The rich range of behaviors for
two nearby velocity-weakening patches suggested by our simulations highlights the importance
of accounting for the interaction of the nearby repeaters and shows that the resulting behavior is
not always what one would intuitively expect.

Our simulations so far suggest that much of the interaction between seismic events in the
two sequences occurs through accelerated post-seismic creep in the areas between potentially
seismogenic regions, and not simply through direct static (or dynamic) stress changes imposed
by one event on the location of the other event. Such creep-mediated stress changes introduce
additional time scales into the problem, and make the triggering time dependent not only on the
nucleation process and instantaneous stress changes, but also on the properties of post-seismic
slip and its propagation.
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Figure 5. Two patches in our model interact in a way similar to the SF and LA sequences. Top: Two
velocity-weakening patches (r; =20 m, r, = 15 m, d = 60 m) with enhanced dynamic weakening,
embedded into a creeping section. The creeping section shown here is only part of the wider creeping
zone used in the model. Half nucleation sizes 4,” and 4, for the two patches are shown for scale.
Bottom: The simulated response for one cycle. Seismic slip profile along the cross section is shown
for every 0.001 second (blue lines). The locations and sizes of the two patches and creeping zone are
illustrated with color at the bottom. During this cycle, the left patch produces M2 that triggers M1.9 on
the right patch, about 2 hours later, similar to observations.
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Figure 6. Examples of interaction between two potentially seismogenic patches embedded into a creeping
region. (a) 2D in-plane model with two patches. (b-e) A selection of simulation results with the same
separation distance (¢ = 60 m) and half nucleation size (4" = 12 m) but different patch sizes: (a) r1=1 4",
=1k ()yrn=2h",mn=2h,0)rn=095h",rn=2h,d)r=1.024",rn=15h". The left panels show
the maximum slip velocity on the fault vs. time. Spikes represent either seismic events (if Vmax > 0.01
m/s) or aseismic transients (if Vmax < 0.01 m/s). The middle panels show the seismic moment per unit



width of the 2D fault for each seismic event vs. time. Red and green stars indicate seismic events that
mostly rupture the left and right patch, respectively. The right panels show slip profiles along the fault
before (black dashed line) and after (blue solid line) each seismic event. The locations and sizes of

patches are drawn at the bottom for reference. See the text for more details on the simulated behaviors.
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