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Summary of results:

Observations from the Anza section of the San Jacinto Fault in Southern California
reveal that microseismicity extends to depths of 15-18 km, while the geodetically-
determined locking depth is less than ~10 km. This contrasts with observations from
other major faults in the region that exhibit a general agreement between the seismic
and geodetic locking depths, and also with predictions of models of faults that obey rate
and state friction with simple layered distribution of friction properties with depth. We
suggest that an anomalously shallow geodetic fault locking may result from a transition
zone between the locked and creeping fault sections with spatially heterogeneous
distribution of frictional properties. Numerical models of faults that incorporate stochastic
heterogeneity at transitional depths successfully reproduce the observed depth relation
between seismicity and geodetic locking, as well as complex spatio-temporal patterns of
microseismicity with relatively scarce repeating earthquakes. Our models suggest
propagation of large earthquakes to the bottom of the transition zone, and ubiquitous
aseismic transients in the transition zone, potentially observable using high-precision
geodetic techniques.

Technical report:

The San Jacinto Fault (SJF) is historically the most seismically active fault in
Southern California, with 9 major earthquakes (magnitude M 6-7) over the past 120
years, in sharp contrast with the nearby quiescent Southern San Andreas Fault (SAF).
The fault segment near Anza has not ruptured for more than 200 years [Rockwell et al.,
2006], and is considered to represent a “seismic gap,” posing a regional seismic hazard
[Thatcher et al., 1975; Sanders and Kanamori, 1984]. On other parts of the fault,
microseismicity (M 2—4) is observed to predominantly occur at depths of 10—-18 km, with
lateral variations in maximum hypocenter depth ranging from 14 to 18 km, which follows
the regional trend of surface heat flow [Sanders, 1990; Hauksson et al., 2012; Fig. 1].
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Figure 1. Observations from the Anza section of the San Jacinto Fault (SJF) in Southern
California. Regional topography (gray) and surface traces (black) of the San Andreas
Fault (SAF) and SJF are drawn in the map, with the surface trace of SFJ near the Anza
gap highlighted in red. The fault geometry of the highlighted section (Community Fault
Model, Plesch et al., 2007) is visualized in three dimensions, together with seismicity
(black dots) that occurs within 3 km of the fault plane between 1981-2011. The 90%,
95%, and 99% cutoff depths of seismicity are delineated in yellow, orange, and red,
respectively. The 10 uncertainty range of the geodetically-determined locking depth is
represented by a blue band [Lindsey et al., 2014].

Geodetic observations of interseismic strain accumulation across the Anza
section of the San Jacinto Fault (SJF) revealed a high shear strain rate and an
anomalously shallow locking depth. Based on the trilateration data, Lisowski et al. [1991]
inferred a locking depth of just 5 to 6 km assuming a homogeneous elastic model,
significantly shallower than the depths of seismicity, and proposed that such a
discrepancy between the seismic and geodetic fault locking depths could be due to a
compliant fault zone with a significantly reduced shear modulus, but could not rule out
alternatives such as fault creep, which might affect the near-field measurements.
Lindsey et al. [2014] tested both hypotheses using an updated set of GPS velocities
(including new campaign data collected in 2014-2015) and InSAR observations; they
were able to rule out the localized shallow fault creep above a rate of 0.2 mm/yr.

Inversions of available geodetic data assuming a homogeneous elastic half
space produce fault slip rates [Lindsey et al., 2014] that are in excellent agreement with
geologic estimates [Rockwell et al., 1990; Petersen and Wesnousky, 1994; van der
Woerd et al., 2006; Oskin et al., 2007; Behr et al., 2010]. The best-fitting SAF locking
depth, 10.311.6km, is comparable to the depth of seismicity on that fault. The inferred
SJF locking depth of 7.7+1.0 km is in a good agreement with previous geodetic models
of the area [Lisowski et al., 1991; Becker et al., 2005; Lundgren et al., 2009; Platt and
Becker, 2010], but is much smaller than the observed depth extent of seismicity. The
consideration of a heterogeneous elastic structure, including a compliant fault zone
constrained by seismic tomography [Allam and Ben-Zion, 2012], increases the inferred
SJF locking depth to 10.4+1.3km, which is still much smaller than the 14-18 km
maximum depth of seismicity near Anza (Fig. 1). Reconciling the geodetically inferred
locking depth with the depth distribution of seismicity would require reductions in fault
zone rigidity that are much larger than those constrained by seismic tomography [Allam
and Ben-Zion, 2012]. Alternatively, this discrepancy could be at least partially attributed
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to distributed plastic yielding in the fault zone in the interseismic period [Lindsey et al.,
2014]. Wdowinski [2009] proposed that deeper parts of the seismogenic region beneath
Anza undergo “brittle creep,” such that the same region exhibits both stable and
unstable slip. While laboratory observations of the rate dependence of friction preclude a
possibility that the same material can creep and nucleate slip instabilities, it is possible
that creep may trigger microseismicity in the transition zone between the fault regions
associated with unstable (velocity-weakening, VW) and stable (velocity-strengthening,
VS) frictional properties [Lapusta and Rice, 2003]. The bulk of the transition zone may
remain stable until conditions for nucleation of a large rupture are met [Ruina, 1983;
Scholz, 1998]. If the depth of microseismicity is not indicative of fault locking -- e.g., in
the presence of isolated VW patches surrounded by VS areas -- one might expect the
resulting microseismicity to be dominated by repeating earthquakes, as observed on the
creeping section of the SAF north of Parkfield [e.g. Nadeau and Johnson, 1998; Sammis
and Rice, 2001]. However, the repeating earthquakes at the bottom of the seismogenic
zone on the SJF appear to account for only a small fraction of the earthquake catalog (T.
Taira and R. Burgmann, personal communication in Lindsey et al., 2014).
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Figure 2. Locked-creeping transition on faults in the interseismic period. (A) Conceptual
model of a strike-slip fault with the seismogenic zone (SZ, gray), creeping regions
(yellow), and fault heterogeneity at the transitional depths (gray circles). Earthquakes
initiate at the lowermost SZ (red star) and rupture through the region (rupture fronts in
red). (B) The locked SZ and deeper creeping fault extension are typically interpreted as
having VW and VS frictional properties, respectively. In the interseismic period, the
transition between the fully locked SZ and fully creeping regions occurs over a broad

depth range (see red line). The geodetic locking depth, D, , thus lies in the midst of

this transition zone, while concentrated stressing is located near the base of the SZ (see
blue line) and promotes microseismicity (blue circles) near the relatively sharp VW/VS
transition. As a result, geodetic locking depth should be greater than, or comparable to
the depths of concentrated seismicity. (C) A complex transition zone may change the
relative locations of seismicity and geodetic locking depth.

We explored a possibility that a broad transition zone with highly heterogeneous
frictional properties may explain the discrepancy between seismic and geodetic
observations from the Anza section (Fig. 2C). The existence of such a broad transition
zone effectively invalidates the commonly-held assumption that the rheological boundary
(the VW/VS transition or the depth limit of enhanced dynamic weakening) is relatively



sharp and variations in material properties along-strike can be negligible compared to
variations in depth [e.g., Scholz, 1998]. In particular, we investigated to what extent
models of faults with spatially heterogeneous frictional properties can reconcile the
seismic and geodetic observations, and further study the implications of such models for
the potential behavior of large earthquakes and interseismic deformation.

Toward this end we developed 3D models of faults governed by laboratory
friction laws and spatially heterogeneous fault properties to explore the relation between
seismicity and fault locking depth that is potentially relevant to the Anza section (Fig. 3).
A quintessential ingredient in our models are the rate- and state-dependent friction laws
[Dieterich, 1979, 1981; Ruina, 1983], formulated based on laboratory experiments at slip
rates appropriate for earthquake nucleation (10° to 10° mi/s). Such laws allow to
interpret the seismogenic zones as areas of velocity-weakening properties that support
earthquake nucleation and seismic slip, and the other fault areas as having velocity-
strengthening properties that promote stable creep. Models with the rate-and-state
friction have reproduced a wide range of fault behaviors including earthquake sequences
and aseismic slip [Dieterich, 1992; Lapusta et al., 2000; Kaneko and Lapusta, 2008;
Kaneko and Fialko, 2011; Barbot et al., 2012; Kaneko et al., 2013; Lindsey and Fialko,
20186].

Unlike in the commonly assumed case of piece-wise linear variations in the rate-
and-state parameters with depth [e.g., Scholz, 1998], the rheological transition in our
fault models is represented by stochastic heterogeneity in rate-and-state frictional
properties over a broad depth range (8—15 km) between the shallower VW region (0-8
km) and the deeper VS region (>15 km) (Fig. 3A). The broad and heterogeneous
transition zone may be due to spatially variable lithology and/or pore pressure [e.g.,
Mitchell et al., 2016], or due to effective mechanical heterogeneity that results from the
complex structure of the relatively immature San Jacinto Fault Zone. Stochastic
characterization of certain physical properties—e.g., coseismic slip distribution [Mai and
Beroza, 2002], prestress field [Ripperger et al., 2007], and fault roughness [Dunham et
al., 2011; Shi et al., 2013]—were previously used to understand and reproduce the
randomness in earthquake rupture scenarios. In the same spirit, we adopt a stochastic
description of the rate-and-state parameter (a—b) by a Gaussian autocorrelation

function with a correlation length of 800 m to introduce greater variability in the simulated
fault behavior within the transition zone. The model we present here is based on a
random realization of fault property distributions, in which several areas within the
transition zone are of sizes larger than the local nucleation zone sizes based on
theoretical estimates [Rice and Ruina, 1983; Ampuero and Rubin, 2008; Chen and
Lapusta, 2009] (see details in Supplementary Information; Fig. S1). For more basic
parameters, we choose the dimensions and plate loading rate in our models motivated
by the Anza section, and background frictional properties based on typical laboratory
values [Blanpied, 1995]. All parameters of the model are listed in Table S1.

The long-term behavior of a fault in such a model is explored with a spectral
boundary integral method [Lapusta and Liu, 2009; based on Dieterich, 1979, 1981,
Ruina, 1983; Geubelle and Rice, 1995; Ben-Zion and Rice, 1997; Lapusta et al., 2000].
The methodology is computationally challenging but resolves all stages of fault slip,
including the spontaneous nucleation and fully dynamic rupture of small and large
earthquakes, postseismic transients, and interseismic creep.
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Figure 3. A large earthquake rupture and seismicity in a 3D fault model with
heterogeneous frictional properties. (A) In the model, a broad transition zone with
stochastic heterogeneity in frictional properties exists between the shallower VW (gray)
and deeper VS (yellow) regions. (B) Different stages in the long-term fault behavior
illustrated by snapshots of fault-slip rates on a logarithmic scale, including nucleation
and rupture of large events, microseismicity, and aseismic transients. (C) Spatial
patterns of microseismicity (circles) in the post- and inter-seismic periods of a typical
large earthquake (coseismic slip in color). The size of circles is based on a circular crack
model with the same seismic moment and 3 MPa stress drop [Eshelby, 1957].

The simulated fault behavior is characterized by robust microseismicity in the
interseismic periods between occasional large (moment magnitude 6.7-6.9) events (Fig.
3B). Microseismicity is typically accompanied by aseismic slip that surrounds the
ruptured region and sometimes triggers aseismic transients that propagate over larger
distances (Fig. 3B(iv)). Spontaneous aseismic transients also occur in the transition
zone as failed attempts of nucleation in VW regions. These aseismic transients
sometimes precede the nucleation of large earthquakes (Fig. 3B(i)). Almost always,
these large events rupture through the upper seismogenic region and the entire
transition zone (Fig. 3B(ii)), followed later by postseismic slip and resumption of
microseismicity (Fig. 3B(iii)).

Fig. 3C depicts the spatial distribution of slip during a typical large earthquake
and the locations and equivalent rupture sizes of microseismicity (based on a circular
crack model [Eshelby, 1957] with an assumed static stress drop of 3 MPa) in our model.
The large event is spatially extensive, with a peak coseismic slip of less than 2 m at
shallower depths, tapering to zero at greater depths, while the microseismicity occurs
within the transition zone. The occurrence of these large events is quasi-periodic, with
an average slip of ~2 m and a mean recurrence interval of ~100 years, which are
reasonably close to the average surface slip (2.5-2.9 m) estimated from geomorphic



offsets [Salisbury et al., 2012] and paleoseismic estimates of recurrence intervals
(2541120 yr) [Rockwell et al., 2014] within their respective uncertainties.

Small earthquakes in the model follow several different patterns. In rather
isolated VW regions, micro-earthquakes are mostly repeating events. In more
interconnected VW regions, seismicity occurs with greater variability in the event
locations and sizes so that the respective events are unlikely to be identified as
repeating earthquakes. A large portion of the transition zone does not produce seismic
activity due to velocity-strengthening properties or velocity-weakening properties in
areas smaller than the critical nucleation zone. The variability observed in simulated
earthquakes implies that a stochastic form of heterogeneity is more plausible for the
Anza section than a highly-organized structure, e.g., one characterized by abundant VW
patches surrounded by VS regions, because the latter model would predominantly
produce repeating earthquakes [Chen and Lapusta, 2009], which are not commonly
observed in the region (T. Taira and R. Burgmann, personal communication in Lindsey
etal., 2014).

We infer the geodetic locking depth, together with the plate loading rate, based
on a surface velocity profile across the fault due to differential slip rates on the fault
averaged over 5 years in our model (Fig. 4). To avoid the influence of creep near the
surface and from the VS regions that bound the model along strike, we only consider the
depth distribution of average slip rates from a cross section through the mid-point of the
fault (Fig. 4A), assuming a fully locked fault at depths shallower than 5 km (Fig. 4B), and
calculate the surface velocity as in a 2D problem (Fig. 4D). We then invert for the
geodetic locking depths using an analytic solution for a semi-infinite screw dislocation in
a homogeneous elastic half space [Savage and Burford, 1973]. We perform inversions
using synthetic data from multiple time windows throughout the earthquake cycle
excluding large events (My, > 6)(Fig. 4C). For one time window at a late interseismic
period, the inferred plate loading rate is 16.3x0.5 mm/yr from its marginal distribution
(Fig. 4E), recovering the true plate loading rate of ~15.8 mm/yr in the forward model
within assumed uncertainties. The inferred geodetic locking depth is 9.0+2.0 km,
shallower than the depth range of 10-15 km for most seismicity in the model, thus
successfully reproducing the observed depth relation of seismicity and geodetic fault
locking on the Anza section. A decrease in geodetic locking depths toward the end of the
cycle in our model is mainly due to aseismic transients and afterslip associated with
microseismicity in the transition zone. When averaged over time intervals of the order of
years, regions below the seismogenic zone still have higher slip rates compared to those
produced in models that assume sharp transitions of frictional properties (Fig. 4B), which
reduces the effective geodetic locking depth.
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Figure 4. Depth extent of seismicity and fault locking in our model. (A) Average slip
rates on the fault over a period of 5 years shown on a logarithmic scale. (B) The depth
distribution of slip rates along a mid-fault profile shown in (A), with the shallower fault
areas (< 5 km) assumed to be fully locked. (C) (Top panel) moment magnitudes of
seismicity that occurs over the total period of recurrences of several large events. The
blue arrow points to the time window we consider here for the analysis in (D) and (E).
(Bottom panel) depth distribution of seismicity (black circles) in the model and the time
evolution of inferred geodetic locking depths (blue circles with 10 error bars) in
respective time windows (gray bands). (D) The fault-normal profile of synthetic along-
strike surface velocity (red line) with assumed observational errors (~1 mm/yr., red error
bars). The 20 range of posterior data fit is shown in blue and the best fit in black. (E)
Normalized joint probability density distribution for the geodetic locking depth and plate
loading rate. 10 (68%) and 2o (95%) credible regions are encircled by thick and thin
black lines. The dashed lines indicate the posterior mean values.

To this end, our model demonstrates a plausible scenario in which faults can
have a relatively shallow geodetic locking depth and a deeper extent of seismicity. The
key to reproducing such a relation is a broad transition zone with spatially
heterogeneous rate-dependence of friction. The model can be further tailored to explain
additional aspects of observations from the Anza section such as along-strike variations
in seismic productivity and the depth extent of seismicity (Fig. 1), variability in coseismic
slip [Salisbury, 2012; Rockwell et al., 2014], etc. While such detailed simulations will
involve additional assumptions and are beyond the scope of this study, we note that they
would unlikely change the main results presented above.

Our results suggest that the main features in current seismic and geodetic
observations for the Anza section can be explained by fault models based on quasi-
static rate-and-state friction alone, without resorting to the enhanced dynamic weakening
at high slip rates (>0.1 m/s), which is amply documented in recent high-speed laboratory
experiments [Di Toro et al., 2011; Brown and Fialko, 2012; Tullis, 2015, and references
therein] and supported by theoretical studies [Rice, 2006]. It is likely that geometrical and
structural complexities of the relatively immature San Jacinto Fault incur additional



resistance during dynamic slip [Fang and Dunham, 2013] and limit the extent of
coseismic weakening. This possibility alludes to mechanical differences between the
San Jacinto Fault and more mature faults like the San Andreas Fault, where enhanced
weakening during earthquakes is inferred from interpretations of seismic quiescence
being a result of deeper-penetrating earthquake ruptures [Jiang and Lapusta, 2016] and
is consistent with the operation of faults at low stress levels [Noda et al., 2011].

The behavior of large earthquakes in our models is of great interest, since it may
be relevant to assessments of the regional seismic hazard. The depth extent of large
earthquakes clearly exceeds the geodetic locking depth of ~10 km in our models (Fig.
3). This relation is contrary to the conclusion of Jiang and Lapusta [2015] based on
models that consider simpler rheological transitions and typical co-, post- and inter-
seismic partitioning of fault slip. Although the amplitude of slip is tapered toward greater
depth, the deeper rupture fronts present more complexities than the shallower
counterparts, due to the heterogeneous stress field and coseismic weakening potential
in the transition zone (Fig. S2). These complex features in the dynamic rupture might
contribute to generating enhanced high-frequency radiation at the donwdip end of
seismic ruptures, as has been documented for some earthquakes on thrust faults [e.g.,
Avouac et al., 2015]; such high-frequency radiation can be damaging to surface
infrastructure [e.g., Shi, 2013].

Observations of seismicity and deformation due to the San Jacinto Fault suggest
that some triggered aseismic transients likely occur on the deeper part of the fault [Inbal
et al., 2014]. In our models, aseismic transients occur sometimes in the form of
spontaneous or triggered transients in the ftransition zone (with stable VS and
conditionally stable VW properties) and postseismic slip following microseismicity. These
aseismic slip events occasionally interact with small and large earthquakes (Fig. 3).
Profiles of surface displacements near the fault over the post- and inter-seismic periods
(Fig. S3) suggest that microseismicity and associated aseismic transients can produce
spatially coherent signals over time scales of years and below in the east and vertical
components of the velocity field, while the north component largely reflects secular
trends of surface velocity. Our simulations thus suggest that variations in fault slip at the
bottom of the seismogenic zone may be potentially detectable and verifiable by modern
geodetic techniques with sufficient spatial and temporal resolution.

In conclusion, we propose that a broad, heterogeneous transition zone below the
nominally locked seismogenic zone may explain the apparent discrepancy between the
shallow geodetic locking depth and deeper extent of seismicity on the Anza section of
the San Jacinto Fault. Our models of faults with stochastic heterogeneity in frictional
properties successfully reproduce such a depth relation between seismic and geodetic
estimates, as well as the scarcity of repeating micro-events in the region. The developed
models may also aid assessments of regional seismic hazard due to large events and
guide future observational efforts in exploring aseismic transient phenomena associated
with seismogenic faults.

Outreach and broader impacts:

This project provided training and partial support for one post-doctoral scholar (Junle
Jiang). The PI (Fialko) used results of this study in a graduate class taught at SIO.
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