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Abstract Thickness of the seismogenic zone is commonly determined based on the depth of
microseismicity or the fault locking depth inferred from geodetic observations. The relation between
the two estimates and their connection to the depth limit of large earthquakes remain elusive. Here we
explore the seismic and geodetic observables in models of faults governed by laboratory-based friction laws
that combine quasi-static rate-and-state friction and enhanced dynamic weakening. Our models suggest
that the transition between the locked and fully creeping regions can occur over a broad depth range.
The effective locking depth, Delock, associated with concentrated loading and promoting microseismicity, is
located at the top of this transition zone; the geodetic locking depth, Dglock, inverted from surface geodetic
observations, corresponds to the depth of fault creeping with approximately half of the long-term rate.
Following large earthquakes, Delock either stays unchanged or becomes shallower due to creep penetrating
into the shallower locked areas, whereas Dglock deepens as the slip deficit region expands, compensating
for the afterslip. As the result, the two locking depths diverge in the late interseismic period, consistent
with available seismic and geodetic observations from several major fault segments in Southern California.
We find that Dglock provides a bound on the depth limit of large earthquakes in our models. However, the
assumed layered distribution of fault friction and simple depth estimates are insufficient to characterize
more heterogeneous faults, e.g., ones with significant along-strike variations. Improved observations and
models are needed to illuminate physical properties and seismic potential of fault zones.

1. Introduction

Modern seismic and geodetic observations from major continental fault systems enable refined imaging of
the crustal faulting process. Characteristics of large earthquakes and associated postseismic fault zone behav-
ior are now routinely studied [e.g., Reilinger et al., 2000; Bouchon et al., 2002; Simons et al., 2002; Eberhart-Phillips
et al., 2003; Fialko et al., 2005; Johnson et al., 2009], but monitoring of major faults is more commonly confined
to their interseismic periods. Historical and paleoseismic records of past earthquakes and current interseismic
observations thus comprise the critical information for understanding future events. In Southern California,
assessing seismic risks of potential large earthquakes in the San Andreas Fault System poses a societal and
scientific challenge (Figure 1). The 1857 Mw 7.9 Fort Tejon earthquake is the most recent major event on the
southern San Andreas fault, which ruptured through the Cholame, Carrizo, and Mojave segments [Sieh, 1978;
Grant and Donnellan, 1994; Runnerstrom et al., 2002; Zielke et al., 2010]. To the south, San Andreas fault seg-
ments were last ruptured around 1690 [Sieh and Williams, 1990; Philibosian et al., 2011]. Geodetic observations
of surface strain accumulation suggest that the southern San Andreas fault may be approaching the end
of its interseismic period [Fialko, 2006]. In contrast, earthquakes of smaller magnitudes (Mw 6–7) struck the
San Jacinto fault more frequently, resulting in a total of 9 events over the past 120 years [Kagan et al., 2006;
Rockwell et al., 2015; Onderdonk et al., 2015]. While the last major event of Mw 6.8 occurred on the southern-
most section in 1968 [Toppozada and Branum, 2002], the Anza segment has not ruptured for about 200 years
and awaits a major event of regional seismic impact.

Seismic and geodetic approaches have been used to provide independent estimates on the thickness of the
seismogenic zone on faults [Smith-Konter et al., 2011]. In Southern California, microseismicity patterns are
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Figure 1. Microseismicity and geodetic locking depths on the San Andreas and San Jacinto faults in Southern California.
The fault geometry is visualized in three dimensions based on the Community Fault Model for Southern California
[Plesch et al., 2007]. Blue bands indicate the one standard deviation (1𝜎) uncertainty range of fault locking depths
estimated from surface geodetic measurements [Smith-Konter et al., 2011]. Microseismicity that occurred within 3 km
of the fault planes between 1981 and 2011 [Waldhauser and Schaff , 2008; Hauksson et al., 2012] is represented by dots
colored by their distance to the fault plane. Orange and red lines denote the 90% and 99% cutoff depths of seismicity
[Nazareth and Hauksson, 2004; Lin et al., 2007]. SJM: San Jacinto Mountain. SJV: San Jacinto Valley.

depth dependent and highly variable across fault segments (Figure 1). The spatial distribution of microseis-
micity is often used to define the base of the seismogenic zone by cutoff depths (Dseis), i.e., the depths above
which a certain percentage (e.g., 90%, 95%, or 99%) of the seismicity occurs [Nazareth and Hauksson, 2004; Lin
et al., 2007]. Meanwhile, geodetic observations of surface strain accumulation across the fault are interpreted
in terms of the depth of fault locking, often envisioned as the boundary between the locked and creeping
regions of faults [e.g., Savage and Burford, 1973; Smith-Konter et al., 2011]. These estimates are used to calcu-
late the potency deficit expected to be released by future earthquakes, and hence, they are directly relevant
to the assessment of regional seismic hazard. The effectiveness of such a practice depends on how well the
seismic and geodetic estimates on interseismic faults reflect the depth extent of large earthquakes (Drupt). Fun-
damentally, predicting the behavior of seismogenic faults requires a physical understanding of how various
fault slip phenomena, including interseismic locking, microseismicity, and large earthquakes, interconnect
over the depth range of faults and across multiple time scales.

The depths of fault locking and creeping play critical roles in physical models that aim to understand and
reproduce long-term tectonic motion at plate boundaries [Segall, 2010]. The pioneering work of Savage and
Burford [1973] considered deep creep on an infinitely long vertical strike-slip fault as a buried screw dislocation
embedded in a homogeneous, linear elastic half-space, to model the interseismic surface deformation of the
San Andreas fault. This two-dimensional (2-D) model assumes that the fault is fully locked above the depth
of dislocation tip D, with a uniform creeping rate Vcr extending from the dislocation tip to infinite depth, and
predicts that the along-strike surface velocity v is an arctangent function of the fault-normal distance x:

v(x) =
Vcr

𝜋
arctan

x
D
. (1)

Due to its simple and analytic form, the elastic dislocation model has been widely used to interpret interseis-
mic surface geodetic observations in terms of locking depths on faults. We call this estimate the “geodetic
locking depth” (Dglock), unless specified otherwise. In this model, since the earthquake slip and interseismic
creep occur exclusively within and below the seismogenic zone, respectively, the geodetic locking depth
(Dglock) coincides with the depth extent of large earthquakes (Drupt) (Figure 2). As a result of approximating
slip as a uniform dislocation, infinite stresses arise at the dislocation tip.

Moving forward, models of seismic cycles were developed to reproduce the time dependence in geode-
tic observations. The term “seismic cycles” is used here to indicate sequences of earthquakes and aseismic
deformation in between, not necessarily periodic or regular. Coupling of faults in an elastic lithosphere
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Figure 2. The conventional elastic dislocation model for the seismic cycle [Savage and Burford, 1973]. (right) The
long-term fault slip budget comprises (left) coseismic earthquake slip and (middle) interseismic creep. In this model,
coseismic fault slip is uniform with depth (indicated by arrows in the dark grey region) in the seismogenic zone
(light gray) during large earthquakes (hypocenter as the red star and coseismic rupture fronts in contours), whereas
interseismic creep occurs uniformly directly below on the deeper fault extension (yellow). The depth extent of large
earthquake rupture, Drupt, and the interseismic geodetic locking depth, Dglock, thus coincide at the base of the
seismogenic zone. Microseismicity is not considered in such kinematic models, though it is often assumed that certain
cutoff depths of microseismicity, Dseis, delineate the base of the seismogenic zone and thus are approximately
the same as Dglock.

with a viscoelastic substrate in the context of seismic cycles was first introduced by Savage and Prescott
[1978], building on the work of Nur and Mavko [1974]. More advanced numerical models were able to
tackle three-dimensional problems with complex fault geometry [e.g., Smith and Sandwell, 2006] and include
stress-controlled fault creep by considering more realistic stressing [e.g., Li and Rice, 1987; Johnson and
Segall, 2004] or laboratory constitutive laws such as rate-and-state fault friction or inelastic bulk rheology
[e.g., Johnson and Segall, 2004; Smith and Sandwell, 2004; Hetland et al., 2010; Takeuchi and Fialko, 2012; DeVries
and Meade, 2016]. With the coseismic ruptures approximated as imposed instantaneous slip confined to
the seismogenic zone, these models typically focus on the postseismic and interseismic responses of the
fault zone between large earthquakes. The surface deformation predicted by more sophisticated models can
often be reproduced by the elastic dislocation model with time-dependent slip rates and locking depths
[e.g., Savage, 1990; Meade and Hager, 2004; Takeuchi and Fialko, 2013], which serve as convenient kinematic
parameters for characterizing interseismic geodetic observables of these models.

Among various constitutive relations, the rate- and state-dependent friction laws, empirically derived for fault
resistance at low slip rates (10−9 –10−2 m/s) [Dieterich, 1979, 1981; Ruina, 1983], provide a unified explana-
tion for a wide range of seismic cycle phenomena, including earthquake initiation, postseismic transients,
aftershocks, and interseismic fault creep [Dieterich, 2007]. Such friction laws form the basis of an internally
consistent framework for simulating earthquake sequences and aseismic slip [Tse and Rice, 1986; Lapusta et al.,
2000; Lapusta and Liu, 2009]. Models of rate-and-state faults are able to resolve spontaneous nucleation and
rupture of earthquakes, as well as aseismic slip, in great detail, bridging observations over a range of time
scales. Some recent models were adopted to understand earthquake patterns and interseismic coupling in
subduction zones [Kaneko et al., 2010] and tailored to reproduce the Parkfield earthquake sequence on the
San Andreas fault [Barbot et al., 2012].

Several important questions on seismogenic fault behavior remain to be explored, including incorporating
sophisticated constitutive laws, considering complex fault slip scenarios, and integrating diverse observa-
tions. First, standard rate-and-state friction models are not fully consistent with our current laboratory-based
understanding of dynamic fault friction. Over the recent decade, enhanced dynamic weakening of fault mate-
rials has been ubiquitously documented in laboratory friction experiments at high slip rates (∼0.1 m/s and
higher) [e.g., Rice, 2006; Di Toro et al., 2011; Tullis, 2015, and references therein]. This mechanism, e.g., in the
form of thermal pressurization, has been suggested to play an important role in earthquakes and long-term
fault slip [e.g., Sibson, 1973; Noda and Shimamoto, 2005; Rice, 2006; Noda and Lapusta, 2013; Cubas et al.,
2015; Viesca and Garagash, 2015]. Understanding how models based on a full range of laboratory-based rock
behavior connect with geophysical observations is critical for validations of laboratory laws and fundamental
understanding of the observed phenomena.
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Second, aseismic and seismic slip on faults can overlap in space and time. For example, the base of the
seismogenic zone supports both the quasi-static nucleation and dynamic rupture of earthquakes [Das and
Scholz, 1983; Lapusta and Rice, 2003]. Conventional models assume that earthquakes and fault creep occur
on nearby fault areas, simply associated with velocity-weakening and velocity-strengthening rate-and-state
friction, respectively. Relaxing such assumptions and exploring more general models may improve or change
our interpretations of observations.

Third, microseismicity is largely not considered in models that focus on large-scale and/or long-term observa-
tions. While spatiotemporal complexity and interaction of spontaneous microseismicity have been studied in
models that feature nonlinear dynamics [Ben-Zion and Rice, 1995; Shaw and Rice, 2000; Lyakhovsky et al., 2001]
or fault heterogeneity [Hillers et al., 2006; Dublanchet et al., 2013] (often ignoring slow tectonic loading and/or
dynamic wave effects), the link between spatiotemporal microseismic behavior and geodetic observations is
still largely missing. Presumably, small crustal earthquakes are strongly influenced by fault friction and rheol-
ogy, as well as large-scale fault slip process [Sibson, 1982], therefore bearing important information about the
state of seismogenic zone.

To start exploring these questions, Jiang and Lapusta [2016] simulated microseismicity and large earthquakes
in models of faults that obey laboratory-based laws for both quasi-static and dynamic friction and incorpo-
rate simple fault heterogeneity. By comparing modeling results with observations, their study revealed how
the depth extent of large earthquakes influences microseismicity, attributing the seismic quiescence on many
major strike-slip faults to earthquake slip that penetrates below the traditionally defined seismogenic zone.
Jiang and Lapusta [2016] demonstrated that such deeper slip leads to an updip migration of interseismic
locked-creeping boundary, noting the association of this boundary with the highest loading and its dis-
tinction from the conventional geodetic locking depth. Qualitatively, larger geodetic locking depths (Dglock),
e.g., on the Carrizo segment of the San Andreas fault [Meade, 2005; Smith-Konter et al., 2011], are consis-
tent with the inferred deeper coseismic slip on the fault. However, the relation of the conventional simplified
notion of the geodetic locking depth to situations with large overlapping areas of seismic and aseismic slip is
not clear. Hence, it is also not clear how the geodetic observations can be integrated with seismic observations
to constrain the depth extent of large earthquakes on a particular fault segment.

In this study, we focus on understanding both seismic and geodetic observables arising in models of heteroge-
neous faults obeying laboratory friction laws, with the goal of connecting the depth limits of microseismicity,
interseismic fault locking, and large earthquakes. These problems are explored in fault models with layered
distributions of frictional properties, building upon the models of Jiang and Lapusta [2016]. The results and
predictions of our models are then validated against the available observations from the San Andreas fault
in Southern California, considering potential sources of bias and uncertainty, such as heterogeneity in elastic
structure, three-dimensional (3-D) effects, and inelastic processes. Finally, we discuss additional scenarios in
which fault heterogeneity, in the form of along-strike variations in the depth dependence of frictional prop-
erties, can complicate the various depth estimates, and how future observations can be improved to advance
our understanding of deep fault zone properties.

In our simulations, we assume that the fault zone response predominantly results from frictional fault slip in
a purely elastic bulk. This assumption holds well for the highly localized fault zone [e.g., Chester and Chester,
1998] in the brittle, elastic upper crust. Here we assume that this assumption reasonably describes fault behav-
ior over a certain depth range below the traditionally defined seismogenic zones, at least for mature faults,
since the existence of such localized deeper fault extensions is supported by nonvolcanic tremors [Shelly,
2010], deep afterslip [Reilinger et al., 2000; Bruhat et al., 2011], exhumed faults [Cole et al., 2007], seismic tomog-
raphy [Henstock et al., 1997; Parsons, 1998; Zhu, 2000], and numerical models of ductile fault roots [Takeuchi
and Fialko, 2012]. Although bulk stress relaxation is ignored at greater fault depths, the friction-based models
allow us to start exploring the qualitative relation between seismic and geodetic observables. Our findings
can then inform future modeling where the laboratory-based on-fault treatment is combined with inelasticity
of the deeper crust.

2. Numerical Models of Faults

In our models, a 2-D planar strike-slip fault is embedded into a 3-D uniform linear elastic half-space (Figure 3a).
The fault plane extends to the free surface at the top and is prescribed with a fixed plate loading rate, Vpl, at the
bottom. On the fault, we adopt the commonly used standard rate-and-state friction (RSF) law, with the aging
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Figure 3. Our models of faults with different transitions of frictional properties with depth. (a) Schematics of the fault zone, with a 2-D planar strike-slip fault
embedded into a 3-D elastic half-space. (b) Depth profiles of (left) the rate-and-state friction (RSF) parameters a, b, and a-b, and (right) the initial effective normal
stress (without the effects of thermal pressurization) used in most cases. (c) (i) Model M1 with only RSF, which contains a steady-state velocity-weakening (VW)
region (white) surrounded by steady-state velocity-strengthening (VS) regions (yellow). (ii) Model M2 with enhanced dynamic weakening (DW) (red hashed
region) confined within the VW region. (iii) Model M3 with the depth extent of DW coinciding with the deeper VW/VS transition. (iv) Model M4 with a greater
depth extent of DW than the VW/VS transition. The same set of VW patches (white circles within the VW region and gray circles within the VS region) is imposed
near the VW/VS transit ion in all models to represent fault heterogeneity.

formulation for the state evolution [Dieterich, 1979, 1981; Ruina, 1983]. For each point on fault (x, y = 0, z), the
evolving frictional shear resistance 𝜏 obeys the following equations:

𝜏 = �̄�f = (𝜎 − p)
(

f ∗ + a ln
V

V∗ + b ln
V∗𝜃

L

)
, (2)

d𝜃
dt

= 1 − V𝜃
L

, (3)

where the shear resistance 𝜏 =
√

𝜏2
yx + 𝜏2

yz is a product of the effective normal stress �̄� (on-fault normal

compressional stress 𝜎 minus the pore pressure p) and the rate-and-state friction coefficient f . The friction

coefficient f depends on two variables, slip rate V =
√

V2
x + V2

z and state 𝜃, and five parameters, includ-
ing the reference friction coefficient f ∗ at the reference slip rate V∗, the characteristic evolution distance L,
and two nondimensional parameters, a and b, for the direct effect and evolution effect, respectively. All the
RSF parameters are chosen as generic values from laboratory friction experiments conducted on granite at
hydrothermal conditions [Blanpied et al., 1995, Figure 3b], except for L (∼4 mm), which is much larger than lab-
oratory values of 1–100 μm but adopted here for numerical convenience, in accordance with previous studies
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[Lapusta and Liu, 2009; Jiang and Lapusta, 2016]. At the steady state where d𝜃∕dt = 0, frictional stability is
determined by parameter (a − b): its negative values correspond to velocity weakening (VW) and unstable
slip of a region larger than a critical size; its positive values correspond to velocity strengthening (VS) and
stable creep of the corresponding region [Rice and Ruina, 1983; Rice, 1993; Ben-Zion and Rice, 1997; Lapusta
et al., 2000]. The critical nucleation size, h∗, can be estimated as follows for 3-D problems and 0.5 < a∕b < 1
[Ampuero and Rubin, 2008; Chen and Lapusta, 2009]:

h∗ = 𝜋

2
𝜇∗Lb

(𝜎 − p)(b − a)2
, (4)

where 𝜇∗ = 𝜇 for mode III and 𝜇∗ = 𝜇∕(1 − 𝜇) for mode II. Our methodology uses a regularized form of
equation (2) to deal with near-zero slip rates [Lapusta et al., 2000; Noda and Lapusta, 2010].

To incorporate enhanced dynamic weakening (DW), we consider the thermal pressurization of pore flu-
ids due to shear heating on the fault, with off-fault diffusion of fluids and heat [Noda and Lapusta, 2010].
The evolution of pore pressure and temperature around the fault is governed by the following equations
[Lachenbruch, 1980]:

𝜕T(x, y, z; t)
𝜕t

= 𝛼th
𝜕2T(x, y, z; t)

𝜕y2
+

𝜔(x, y, z; t)
𝜌c

, (5)

𝜕p(x, y, z; t)
𝜕t

= 𝛼hy
𝜕2p(x, y, z; t)

𝜕y2
+ Λ

𝜕T(x, y, z; t)
𝜕t

, (6)

where temperature T , pore pressure p, and shear heating source 𝜔 are functions of the location (x, y, z) and
time t, 𝛼th is the thermal diffusivity, 𝛼hy is the hydraulic diffusivity, 𝜌c is the specific heat capacity, and Λ is the
pore pressure change per unit temperature change under undrained conditions. The shear heating source 𝜔

is due to slip and follows a Gaussian profile normal to the fault:

𝜔 = 𝜏V
exp(−y2∕2w2)√

2𝜋w
, (7)

where w is the effective half-width of the shear zone that accommodates slip rate V . In areas outside of
DW zones, we choose sufficiently large w and 𝛼hy to effectively disable DW. Although fault weakening and
earthquake arrest depths likely depend on complex interactions between fault zone properties and rupture
dynamics [e.g., Platt et al., 2014; Jiang and Lapusta, 2015], we assume a fixed depth limit of fault weakening as
a conceptual example and focus on its consequence on interseismic fault behavior.

The initial value of the effective normal stress in our models starts at 3 MPa at the surface, linearly increases to
50 MPa at the depth of 3 km and stays constant at that value deeper (Figure 3b). The relatively low effective
normal stress over seismogenic depths compared to lithostatic overburden minus hydrostatic pore pressure
is motivated by fluid overpressure advocated by several studies [Rice, 1992; Sibson, 2014; Suppe, 2014] and
also facilitates low shear stress levels that are consistent with a “weak fault” scenario, appropriate for mature
fault zones, such as the San Andreas fault [e.g., Brune et al., 1969; Lachenbruch, 1980; Townend and Zoback,
2004]. The (a − b)�̄� values for the deeper part of our fault models (16–30 km) range from ∼0.5 to 1.5 MPa.
These values are compatible with the effective (a − b)�̄� of ∼0.1–1 MPa typically inferred from postseismic
studies of major continental strike-slip events, e.g., the 1992 Mw 7.3 Landers [Perfettini and Avouac, 2007],
1999 Mw 7.6 İzmit [Hearn et al., 2002], 2002 Mw 7.9 Denali [Johnson et al., 2009], and 2004 Mw 6.0 Parkfield
[Barbot et al., 2009; Chang et al., 2013]. We also consider cases with larger (a−b)�̄� at depths and their effect on
the locked-creeping transition. Note that the values of the effective normal stress discussed are relevant for
interseismic times; during dynamic rupture, thermal pressurization of pore fluids lowers the effective normal
stress as dictated by the coupled equations (equations (5) and (6)).

The transitions in quasi-static and dynamic friction properties can occur at different depths, since the two
mechanisms are active at distinct slip-rate regimes and presumably depend on fault conditions in different
ways. For example, rate-and-state friction properties are strongly influenced by temperature, pore pressure,
and lithology [Blanpied et al., 1995; Scholz, 1998; Mitchell et al., 2016]. The efficiency of thermal pressuriza-
tion of pore fluids depends critically on permeability and effective shear zone width [Rice, 2006; Platt et al.,
2015]. Thus, combining low- and high-slip-rate frictional properties can plausibly lead to various styles of
rheological transitions.
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Table 1. Parameters for Our Fault Models

Parameter Symbol Value

Fault Geometry

Fault length 𝜆x 100 km

Fault width 𝜆z 40 km

Cell size Δx 40 m

Length of VW region LVW 60 km

Depth limit of VW region DVW 15 km (M1–M4)

Depth limit of DW region DDW 12 km (M2), 15 km (M3), 19 km (M4)

Elastodynamic Properties

P wave speed Vp 5.2 km/s

S wave speed Vs 3.0 km/s

Shear modulus 𝜇 30 GPa

Poisson’s ratio 𝜈 0.25

Frictional Propertiesa

VW Region (4–14 km) VS Region (17–30 km) VW Patches

Rate-and-state parameters a 0.015 0.015–0.032 0.011

b 0.019 0.000 0.018

L 4 mm 4 mm 3 mm

Reference friction coefficient f∗ 0.6

Reference slip velocity V∗ 10−6 m/s

Hydrothermal Propertiesb

Half-width of shear zone w 10 mm

Undrained Δp∕ΔT Λ 0.1 MPa/K

Hydraulic diffusivity 𝛼hy 10−4 m2/s

Thermal diffusivity 𝛼th 10−2 m2/s

Other Conditions

Plate loading rate Vpl 32 mm/yr

Initial effective normal stressc 𝜎0 50 MPa
aNonuniform parameter values are linearly interpolated within each depth range and over VW/VS transitions.
bHydrothermal properties are only relevant in DW regions.
cThis is the value assigned at depths >3 km and unaffected by shear heating due to slip and thermal pressurization.

The values between 0 and 3 km depth are linearly interpolated from 3 to 50 MPa.

We consider four representative scenarios, in which frictional properties of faults, including low-slip-rate RSF
and/or high-slip-rate DW, follow a layered distribution (uniform along the strike and variable with depth)
(Figure 3c). In the first model M1, the fault is only governed by RSF, with depth-dependent VW and VS proper-
ties based on laboratory data (Figure 3b) [Blanpied et al., 1995]. Such RSF properties explain the typical depth
variation in fault slip behavior [Scholz, 1998], lending itself to successful applications in generic models of seis-
mogenic faults [Tse and Rice, 1986; Lapusta et al., 2000; Lapusta and Liu, 2009] and models that reproduce more
specific observations such as the Parkfield earthquake sequence [Barbot et al., 2012]. Models M2–M4 have the
same quasi-static rate-and-state friction properties as M1 and also incorporate DW with different depth lim-
its relative to the VW/VS transition—shallower DW in M2, DW terminating at the VW/VS transition in M3, and
deeper DW in M4—thereby allowing for coseismic fault weakening and large earthquake arrest at varying
depths. Models M2 and M4 were previously used to illuminate the relation between the depth extent of large
earthquakes and the activeness of microseismicity [Jiang and Lapusta, 2016]. Here we consider this expanded
set of models to investigate both seismic and geodetic observables. All values for our model parameters are
listed in Table 1.
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In addition, we consider fault heterogeneity at transitional depths as represented by random circular patches
with VW properties different from those of the main VW region, most of which are imbedded in VW fault areas
with the rest surrounded by VS fault areas. These patches are designed to have an overall smaller nucleation
size than the main VW region and hence greater tendency to promote microseismic events. The patch sizes
are chosen to decrease with depth to indicate the eventual reduction of rheological heterogeneity with the
increase of depth and temperature, which results in deepest patches being smaller than the estimated nucle-
ation size. We only consider VW patches near the rheological transition, since patches at shallower and greater
depths are expected to only participate in large events and produce isolated repeating events, respectively.

We simulate the long-term fault slip history in these models, including earthquake sequences and aseismic
slip. The elastodynamic shear tractions 𝜏yi, i = x, z on the fault plane (y = 0) are expressed as follows [Lapusta
and Liu, 2009]:

𝜏yi(x, z; t) = 𝜏o
yi(x, z; t) + fyi(x, z; t) − 𝜇

2cs
Vi(x, z; t), i = x, z . (8)

In these equations, 𝜏o
yi are the shear tractions induced by external loading if the fault plane were constrained

against any slip, fyi are functional that capture wave-mediated static and dynamic stress transfers and depend
on slip, slip rate, and their relevant histories, and the last term represents radiation damping [Rice, 1993], where
𝜇 is shear modulus and cs is shear wave speed. The last term is separated from the rest of the response to slip
and its history, contained in the functionals, to simplify their numerical calculation. Using a spectral boundary
integral approach, we find the evolution of slip and shear stress on the fault by solving the elastodynamic
equations of fault motion (equation (8)) coupled with the evolving frictional resistance (equations (2) and (3))
that depends, in part, on the evolving pore fluid pressure and shear zone temperature (equations (5) and (6))
through effective normal stress �̄� = 𝜎 − p [Lapusta et al., 2000; Lapusta and Liu, 2009; Noda and Lapusta, 2010,
2013]. The free surface is approximated through a method of mirror image. With adaptive time stepping, the
methodology allows us to resolve slow tectonic loading, earthquake nucleation, fully dynamic earthquake
propagation, and postseismic afterslip that follows the main shock.

Accounting for full dynamic wave effects of earthquakes along with slow tectonic loading is critical for resolv-
ing the detailed evolution of individual seismic events and earthquake patterns [Lapusta et al., 2000]. The
differences between fault slip history in fully dynamic and quasi-dynamic models [e.g., Hori et al., 2004; Kato,
2004; Hillers et al., 2006] may be especially significant when the enhanced dynamic weakening is considered
[Thomas et al., 2014]. Since wave effects during earthquakes can facilitate coseismic surface rupture that is
challenging to resolve [Kaneko and Lapusta, 2010] and we are interested mainly in the behavior at the bot-
tom of the seismogenic zone, assuming VS properties for shallow fault areas has an additional computational
advantage of reducing large slip rate variations near the surface.

To capture the evolution of shear stresses and slip rates in the model, we need to resolve two length scales: the
cohesive zone size, R, important in dynamic rupture [Palmer and Rice, 1973; Day et al., 2005] and the nucleation
size, h∗ (equation (4)), important during interseismic periods [Rice and Ruina, 1983; Rice, 1993; Ben-Zion and
Rice, 1997; Lapusta et al., 2000]. In our models, resolving the cohesive zone poses a more stringent criterion
[Jiang and Lapusta, 2016]. With a cell size that is one third of the quasi-static estimate of cohesive zone size, we
are able to accurately simulate seismic events in our models, including microseismicity and large earthquakes.

3. Results
3.1. Large Earthquakes and Microseismicity
The simulated long-term fault slip history in our models is characterized by stable fault creep over time
scales of decades to centuries, punctuated by bursts of large earthquakes lasting tens of seconds, as well as
microseismicity that occurs in the postseismic and interseismic periods (Figure 4). The spatial and tempo-
ral patterns of these phenomena differ across the models M1–M4 with varying depth transitions. In general,
large fault-spanning earthquakes in the models are quasi-periodic, in the sense that they have comparable
slip amplitudes and recurrence times. Note that other than the small patches to promote microseismicity, the
properties of the seismogenic regions are uniform along strike, but lateral variations in coseismic slip still exist,
especially in M2–M4, mostly due to interactions of complex dynamic rupture process and nonuniform stress
field developed through prior slip history. There is also some variability in the recurrence intervals for the
four models: 31–47, 76–183, 204–270, and 240–294 years for models M1–M4, respectively, based on more
than five large events in each model. Occasionally, in M2–M3, some earthquakes rupture part of the locked
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Figure 4. Spatial distribution of slip in large earthquakes and microseismicity in the fault models. Coseismic slip in
typical fault-spanning large earthquakes is colored for each model, with maximum values of (a) ∼1.5 m in M1 and
(b–d) ∼10 m for M2–M4, and contours at intervals of 0.4 m and 1 m, respectively. The moment magnitude Mw and
slip-weighted average static stress drop Δ𝜎E for the large earthquakes are noted for all models. Microseismicity is shown
for a total time window, ΔT , of 500 years for Figures 4a–4c, and 800 years for Figure 4d. The aftershocks (red circles)
occur within 3 years following main shocks; the interseismic events (blue circles) occur outside the aftershock periods.
Sizes of the circles are determined from a circular crack model [Eshelby, 1957] with equivalent seismic moments and
stress drop of 3 MPa, as commonly done for natural seismicity.

seismogenic zone, creating complexities in the following interseismic period and contributing to more
variable interevent times between larger events. We focus here on the more typical fault-spanning events.

Main features of these fault-spanning events, e.g., slip amplitude, recurrence interval, and average static stress
drop, vary across models but are well consistent with typical observations. The maximum slip in large earth-
quakes is ∼1.5 m in M1 and reaches ∼10 m in other models, due to more prominent fault weakening aided
by DW. This is reflected in different recurrence times of large events between M1 (∼40 years) and other three
models M2–M4 (∼100–300 years). A larger depth extent of DW also leads to an increase in average fault slip
during earthquakes. The smaller earthquake slip and shorter recurrence interval in model M1 resemble those
of the Parkfield segment of the San Andreas fault [Barbot et al., 2012]. The corresponding features of large
earthquakes in models M2–M4 are largely consistent with observations from some major faults. For example,
the Carrizo segment of the San Andreas fault has a recurrence interval of ∼150 years for 1857-like M7.9 earth-
quakes [Akçiz et al., 2010] and an average slip of ∼5 to ∼10 m during the 1857 event [Sieh, 1978; Grant and
Donnellan, 1994; Zielke et al., 2010]. Furthermore, we estimate the energy-based stress drop, Δ𝜎E [Noda et al.,
2013], to be 3.5, 11.0, 12.4, and 11.6 MPa, for the four fault-spanning events shown in Figure 4, respectively.
The moment-based stress drop, Δ𝜎M, is about 3.2, 10.0, 10.6, and 10.7 MPa for the four cases; these values are
comparable to the corresponding Δ𝜎E and well within the seismologically estimated range of 0.3 to 50 MPa
for moderate to large earthquakes around the globe [Allmann and Shearer, 2009].

As demonstrated in Jiang and Lapusta [2016], the depth extent of large earthquake ruptures, Drupt, signifi-
cantly influences the spatial patterns of microseismicity in the interseismic period (Figure 4). Controlled by the
depth limit of VW or DW, models M1–M3 have large earthquake ruptures that are confined in the seismogenic
zone, whereas M4 has deeper ruptures. Over the time periods we consider, model M2 produces the most seis-
micity due to complex stress and slip rate variations in the transition between the lower-stressed fully locked
region (VW and DW) and higher-stressed region below (only VW). Models M2–M4 suggests that the number
of small events decreases with the increase of the depth extent of large earthquakes and hence the locked
region. The absence of a seismically active transition region also contributes to the delayed initiation of large
events and hence larger recurrence intervals associated with M3 and M4.

3.2. The Interseismic Locked-Creeping Transition Zone
Our models reveal that interseismic fault slip rates are variable in space and evolving in time, form-
ing a time-dependent transition zone between the shallower locked and deeper fully creeping regions.
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Figure 5. Time evolution of interseismic fault slip rates in the models M1–M4. Spatial distribution of slip rates on the
fault, V , normalized by the far-field plate loading rate Vpl, is shown in gray scale colors with contour intervals of 0.1.
Contours at 0.1, 0.5, and 0.9 are highlighted in red, orange, and yellow, respectively. The blue lines indicate the
corresponding geodetic locking depths, Dglock, based on a 1-D dislocation model. (left column) The early interseismic
period (1∕5 of the considered recurrence intervals, which are 42, 183, 204, and 247 years for M1–M4, respectively);
(right column) the late interseismic period (4∕5 of the recurrence intervals).

We consider fault slip rates V , normalized by the far-field plate loading rate Vpl (32 mm/yr), to assess and
compare the spatiotemporal evolution of interseismic creep in these models (Figure 5). Three boundaries are
highlighted, where slip rates reach values of 0.1Vpl, 0.5Vpl, and 0.9Vpl. These boundaries are of particular inter-
est, because they indicate the approximate locations for the top, middle, and bottom of the locked-creeping
transition zone.

A common feature of these models is the expansion of the locked-creeping transition zone throughout the
interseismic periods (Figure 5). This transition zone, delineated by the regions with slip rates between 0.1Vpl

and 0.9Vpl, occurs over a broad depth range in models M2–M4 and appears more localized for model M1 in
the early interseismic period. In all models, the region with slip rates lower than 0.9Vpl, which we call the slip
deficit region, expands in space with time. Such a process was previously attributed to the stress shadowing
effect of the locked zone in the subduction zone setting [Bürgmann et al., 2005; Hetland and Simons, 2010].
However, we note that the expansion of this region in our models is directly controlled by the amplitude and
spatial extent of postseismic fault slip and to a lesser extent by the conditions of the locked zone. The evolving
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Figure 6. Time evolution of the locked-creeping transition zone and associated fault stressing rates in the models. (top row) Depth profiles of slip rates on the
fault are averaged between 14 and 16 km along strike and over a 2 year time window in the interseismic periods following the large earthquake. We select four
time windows centered around 0.1T , 0.2T , 0.4T , and 0.8T (T is the recurrence interval: 42, 183, 204, and 247 years for the considered events in M1–M4,
respectively). Blue dashed lines and red solid lines mark the low-velocity VW/VS boundary and the depth limit of DW, respectively. We focus on the effects
of the deeper locked-creeping transition (solid lines), and ignore slip in the shallow fault regions (dotted lines) in our surface velocity calculations, treating the
shallow parts of the fault as locked (dashed lines). (bottom row) The corresponding depth profiles of the rate of the shear stress change with time. Note the clear
stressing rate peaks at the upward propagating tip of the locked-creeping transition. The complex behavior of the shear stress right below the tip in models
M1–M3 corresponds to the creeping in the VW region and the associated reduction of the shear stress in some regions.

slip deficit region produces time-dependent surface geodetic signals, which can be interpreted in terms of a
varying geodetic locking depth, Dglock. We focus on Dglock and its time evolution in section 3.4.

The expansion of slip deficit region is also accompanied by the shrinkage of the effectively locked region
(with slip rates below 0.1Vpl), due to mechanical erosion from the surrounding creep until a nucleation zone
of the next fault-spanning event is developed (Figure 5). Such a phenomenon is common among all our mod-
els. It is particularly prominent for M4, in which the effectively locked region reaches its maximal spatial extent
immediately after the deeper coseismic rupture that involves significant parts of the VS region. In models
M1–M2 and to some extent in M3, along with the eroding creep, microseismicity frequently occurs at transi-
tional depths, thereby perturbing and obfuscating the boundary of the locked zone. We refer to the bottom
edge of this locked zone—or equivalently, to the top edge of the locked-creeping transition—as the effective
locking depth, Delock, and study its detailed time evolution in Figure 7.

The time dependence and depth extent of the locked-creeping transition zone are more clearly depicted in
the depth profiles of fault slip rates (Figure 6a). These depth profiles are each averaged between along-strike
locations of x = 14 and 16 km (where no VW patches are located) and over a 2 year time window centered
around typical times in the postseismic and interseismic period, in order to reduce the influence from nearby
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Figure 7. Time evolution of the effective and geodetic locking depths in the interseismic period of our models. Depths D0.1, D0.5, and D0.9, at which fault slip
rates reach certain threshold values, 0.1Vpl, 0.5Vpl, and 0.9Vpl, are indicated in red, orange, and yellow, respectively. D0.1 indicates the effective locking depth,
Delock. The inferred geodetic locking depth, Dglock, is shown in blue with 1𝜎 error bars. The depth range where coseismic weakening can occur is marked in gray;
the bottom of this region approximately corresponds to the depth extent of large earthquakes, Drupt. The low-velocity VW/VS boundary is indicated by the
dashed black line. The top three models have earthquake ruptures confined in the VW region, while the bottom three have deeper earthquake ruptures,
featuring different VS properties of deeper fault extensions. The recurrence intervals are approximately 42, 183, 204, 252, 247, and 295 years.

microseismic and transient activities and to highlight the larger-scale features. In the postseismic and early
interseismic period (e.g., at the time of 0.1T after the major earthquake, where T is the recurrence interval),
most deeper fault areas experience postseismic slip with rates that are higher than the full plate rate and decay
with time. In the late interseismic periods (e.g., at the time of 0.8T), to compensate for the postseismic slip, slip
rates of these fault areas drop below the full plate rate, essentially creating a locked-creeping transition zone
that starts at the bottom of the effectively locked zone and extends beyond ∼30 km. These transition zones
deviate from a simple linear or elliptical profile and form a crack tip at the top, which induces concentrated
stressing in the locked zone (Figure 6b). Where microseismicity or aseismic transients tend to occur, such as in
M1 and M2, local slip rates can occasionally increase much above the full plate rate, producing an even more
noncharacteristic transitional profile.

From such fault slip rate profiles, we can identify three depths below the seismogenic zone, D0.1, D0.5, and
D0.9, where slip rates reach 0.1Vpl, 0.5Vpl, and 0.9Vpl, respectively, and track their detailed time evolution

JIANG AND LAPUSTA DEPTHS OF SEISMICITY AND FAULT LOCKING 6502



Journal of Geophysical Research: Solid Earth 10.1002/2017JB014030

in the interseismic period in M1–M4 (Figure 7). In determining the depths, we consider a longer averaging dis-
tance along the strike than for Figure 6, between x = 2 and 12 km, so that the results are representative of the
overall fault behavior, rather than a local section, and only mildly affected by microseismicity and partial rup-
tures that occur more frequently outside this range. By our definition, D0.1 is equivalent to Delock. Overall, D0.1

(Delock) either stays near the VW/VS boundary when the prior large earthquake is confined in the VW region or
becomes shallower after deeper penetration of coseismic slip into the VS region. The updip migration of Delock

depends on the coseismic stress increase in the VS region, interseismic and long-term fault slip rates, and the
product of the VS properties in deeper fault extensions and effective compressional stress [Jiang and Lapusta,
2016]. In contrast, D0.5 and D0.9 tend to deepen in all the models, as the slip deficit region (i.e., region slipping
with rates lower than the plate rate) expands in the postseismic and interseismic periods. In model M2, these
depth estimates are sensitive to frequent microseismicity, albeit following similar long-term increasing trends.
Given that D0.9 reaches the downdip boundary of the VS region in the late interseismic period of M2–M4, we
expect that the slip deficit region and hence locked-creeping transition zone would extend further downdip
in a larger fault model with a deeper VS fault extension. On natural faults, the processes at such relative large
depths of 30+ km would also depend on the distributed viscoplastic deformation in the surrounding bulk.

The time evolution of these depth estimates, as well as of the transition zone, is strongly influenced by fric-
tional properties of the deeper fault extension; choosing more velocity-strengthening values for (a − b)
(or higher values of the effective normal stress �̄�) would reduce the magnitude and depth extent of post-
seismic slip, thereby reducing the depth reach of the transition zone. This can be illustrated by comparisons
between model M4 and two additional models, M4-H, and M4-L (Figure 7). The three models M4-H, M4, and
M4-L have the same depth extent of DW properties that allow deeper coseismic rupture but different VS prop-
erties in terms of (a−b) values; the distributions of (a−b) are the same until 17 km depth (Figure 3), but follow a
different slope deeper, so that the values are 0.04, 0.02, and 0.01, respectively, at the depth of 21 km. In model
M4-H with higher (a − b) values, the afterslip occurs with lower slip rates and it is more spatially localized,
leading to a slower deepening of D0.5 and D0.9. In model M4-L with lower (a−b) values, rapid postseismic fault
slip reaches a deeper region below the locked zone and decays in amplitude quickly afterward, producing a
larger slip deficit region even in the early interseismic period. However, the rapidly expanding postseismic slip
does not efficiently creep updip into the locked region, which explains the slightly longer recurrence inter-
vals (238–322 years) in model M4-L, compared to 240–294 and 212–280 years for models M4-H and M4. The
quantitative differences between these three models further demonstrate that the slip deficit region is pre-
dominantly affected by postseismic slip in our models. The general trend of time evolution and qualitative
relation between various depth estimates are similar across these three models.

Our modeling results thus suggest that the interseismic locked-creeping transition zone on fault can occur
over a broad depth range, due to shrinkage of the locked zone and/or expansion of the slip deficit zone. The
contribution from the shrinkage of the locked zone is most significant with deeper coseismic slip in the VS
region and interseismic creep into the locked VW region. The former process can result from DW or weakly
velocity-strengthening properties below the seismogenic zone, whereas the latter process depends on the
nucleation size h∗. The expansion of the slip deficit zone deeper into the fault is strongly affected by how
postseismic fault slip evolves in space and time. Based on steady-state friction, the postseismic fault slip rate
increase ΔV = V∕Vi depends on the stress elevation Δ𝜏 (which in turn depends on the coseismic slip distri-
bution) and frictional parameters (a − b) in the VS region: V∕Vi = exp[Δ𝜏∕(a − b)�̄�], where Vi is the slip rate
right before the stress change Δ𝜏 . Consistent with our models, larger values of Δ𝜏∕(a − b)�̄� at depth lead to
large values of ΔV , hence rapid afterslip, and eventually a broader transition zone.

Following the considerations above, three conditions are required for the size of the locked-creeping transi-
tion to be negligible in our models: (1) limited deeper rupture due to the absence of DW and VS regions of
low (a− b) below the VW/VS boundary, (2) limited postseismic slip due to small Δ𝜏∕(a− b)�̄� in the VS region,
and (3) limited interseismic erosion in the locked zone due to small nucleation size h∗.

3.3. The Effective Locking Depth and Microseismicity
The effective locking depth Delock = D0.1 (by our definition) corresponds to higher stressing rates than the
ones shallower, due to the creep in the neighboring transition zone, and hence, it could be relevant to micro-
seismicity at transitional depths. We compare the time evolution of the depth of effective locking, Delock and
microseismicity between x = −20 and 20 km in our models in Figure 8. Note that unlike in section 3.2, we
estimate Delock for an even wider region, to include most microseismicity in the comparison; the resulting
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Figure 8. Time evolution of the effective locking depth, Delock, and microseismicity in models M1–M4. (a) The depth distribution of the nucleation-prone VW
patches that promote microseismicity. The horizontal spacing between patches is arbitrarily scaled to focus on the depth. (b–d) The evolution of Delock (red
dotted lines and red colored areas) and microseismicity (grey dots) in M1–M4. Delock is estimated for the along-strike interval of x=[-20, 20] km, with red dotted
lines indicating the mean values of Delock and red colored areas indicating the one standard deviation range over the along-strike interval. The VW/VS boundary
and depth limit of DW are denoted by the blue dashed and orange horizontal lines, respectively. Note that Delock corresponds well to the upper extent of the
microseismicity and its evolution.

evolution of Delock is qualitatively similar but quantitatively slightly different. We illustrate the variations in
Delock along the fault by the shaded red area around the averaged red curve in Figure 8.

We find that indeed, in the interseismic period, the upper extent of the microseismicity approximately corre-
sponds to the effective locking depth Delock (Figure 8), even though there are nucleation-promoting patches
shallower in our model. This is because Delock marks the top of the locked-creeping transition zone, through-
out which the fault creep rates vary and concentrated stressing arises (Figure 6). If the enhanced stressing is
located within the VW fault areas, as in models M1–M3, microseismicity is promoted, in particular, at locations
of fault heterogeneity. Such considerations are supported by the strong correlation between the decreas-
ing Delock and shallower seismicity in M1 as well as the near-constant depth of both in M2 and M3. Model
M4 demonstrates that when Delock is deeper than the VW/VS transition, microseismicity is largely absent,
occurring mostly on deeper patches positioned for generality.

When Delock is above the VW/VS transition, most of the microseismicity occurs in or right next to the band
between the (shallower) Delock and (deeper) VW/VS transition. Hence, the microseismicity forms a prominent
and relatively narrow band, the width of which approximately corresponds to the large-scale nucleation size
h∗, and the depth of which corresponds to the bottom cutoff of microseismicity Dseis, since not many seismic
events can occur spontaneously in the deeper VS fault extensions. If the band does not exist, i.e., Delock is
deeper than the VW/VS transition, then there is no pronounced microseismicity at the transition (M4) [Jiang
and Lapusta, 2016].

In the postseismic periods of all four models, deeper aftershocks (i.e., between 18 and 21 km depth) appear for
a limited time following large earthquake ruptures. These aftershocks occur on patches that do not produce
seismicity in the interseismic period, because their sizes are chosen to be below the quasi-static estimate of
the nucleation size (equation (4)). Nucleation of these aftershocks on the VW patches of subcritical sizes is
made possible by the accelerated postseismic fault slip rates, indicating that the nucleation size depends on
the loading rates, as was noted in earlier studies [e.g., Kaneko and Lapusta, 2008]. Note that such transient
deep aftershocks have been observed after a number of large earthquakes [Doser and Kanamori, 1986; Schaff
et al., 2002; Rolandone et al., 2004; Jiang and Lapusta, 2016].

3.4. The Geodetically Determined Fault Locking Depth
Here we explore how the locked-creeping transition zone is interpreted in terms of the geodetic locking
depth, Dglock, in the traditional elastic dislocation model based on inverting surface geodetic observations
[Savage and Burford, 1973] (Figures 9 and 10). We consider representative 1-D along-depth fault slip rate
profiles derived from our models M1 and M4 (similar to Figure 6 but averaged between x = 2 and 12 km
as for Figure 7). For three 2 year interseismic time windows in each model, we construct synthetic fault
normal profiles of along-strike surface velocity based on average fault slip rates in the simulation, at stations
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Figure 9. Estimating the geodetic locking depth and fault creeping rate in the interseismic period of model M1. (a) The
joint posterior probability distribution for the geodetic locking depth, Dglock, and fault creeping rate, Vcr, is shown for
three 2 year time windows in the interseismic period centered around 2, 10, and 34 years after the earthquake. Note
that the recurrence interval is ∼42 years. For each instance, the two parameters are inverted from the synthetic surface
velocity profile based on the uniform dislocation model in a homogeneous, linear elastic half-space [Savage and Burford,
1973], assuming uniform and uncorrelated Gaussian observational errors of 2 mm/yr. The smaller and larger ellipses
represent the 1𝜎 and 2𝜎 (68% and 95%) credible regions for the joint probability distribution through Gaussian kernel
density estimation. The dashed line indicates the true fault creeping rate (equivalent to far-field plate loading rate) at
10−9 m/s (∼31.6 mm/yr). (b) The marginal (blue) and conditional (red) probability density functions (PDFs) for Dglock
correspond to an unconstrained and a perfectly constrained Vcr, respectively. (c) Synthetic surface velocity profiles are
shown in black and their fits in red.

Figure 10. Estimating the geodetic locking depth and fault creeping rate in the interseismic period of model M4. Three
interseismic time windows are centered around 10, 40, and 200 years. Note that the recurrence interval is ∼247 years.
Other plotting conventions follow Figure 9.
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with a spacing of 2 km within a distance of 200 km from the fault. For the data, we assume uncorrelated
Gaussian errors of 2 mm/yr, typical for modern geodetic observations [e.g., Smith-Konter et al., 2011]. We then
invert for Dglock and Vcr for each selected time window.

The inversion is conducted through Markov chain Monte Carlo (MCMC) sampling of the two-parameter dislo-
cation model (PyMC package [Patil et al., 2010]) in a Bayesian formulation of the inverse problem. According
to the Bayes’ theorem [Bayes and Price, 1763], the posterior distribution of model parameters is a product
of the prior distribution that reflects a priori knowledge and the data likelihood function that measures the
goodness of data fit. We adopt broad uniform priors for the fault creeping rate (far-field plate loading rate),
Vcr =  (15, 50 mm/yr), and locking depth, D =  (5, 35 m), and L2 norm for the data misfit function. The joint
probability density function (PDF) of Dglock and Vcr (Figures 9 and 10) indicates model parameters that gen-
erate reasonable data fit within the assumed uncertainties, with the peak of PDF representing the maximum
likelihood estimate. A strong correlation exists between Dglock and Vcr, as expected from equation (1). Since
we use uninformative uniform priors on Dglock and Vcr, the size of the credible regions of one and two standard
deviations (1𝜎 and 2𝜎) reflects the inherent uncertainty of model parameters. The marginal and conditional
PDFs of Dglock correspond to an unconstrained and perfectly constrained Vcr, and thus the upper and lower
bounds on the uncertainty of Dglock, respectively.

The inversion results for M1 and M4 suggest several common features for the estimated geodetic locking
depth (Figures 9 and 10). First, surface velocity profiles in the postseismic period deviate from the form pre-
dicted by equation (1). When forced through the inversion, the data are best explained by a shallower geodetic
locking depth and a higher fault creeping rate. Second, the inversions for the late interseismic periods reveal
a near-constant fault creeping rate (close to the plate loading rate imposed in the model) and a geodetic
locking depth that becomes deeper with time. The increase of geodetic locking depth with time is due to
the decay of afterslip, which is consistent with velocity-strengthening afterslip models that are often used
to explain the postseismic deformation of major earthquakes [e.g., Johnson et al., 2006; Perfettini and Avouac,
2007; Barbot et al., 2009] and kinematically similar to viscoelastic models [Savage and Prescott, 1978; Meade
and Hager, 2004; Takeuchi and Fialko, 2013]. Third, whether the fault creeping rate is perfectly constrained
or unconstrained, the geodetic locking depth is associated with large uncertainties. In particular, the uncer-
tainties increase with the inferred geodetic locking depth, as indicated by the example of M4. Given other
potential sources of uncertainties such as the heterogeneity in the Earth’s structure [Duputel et al., 2014], the
uncertainties on Dglock discussed here can be regarded as ideal estimates. For natural observations, stronger
prior constraints may be adopted, e.g., from geological estimates of fault slip rates [Segall, 2002], to maximally
reduce the uncertainties and constrain the solutions.

The interseismic geodetic locking depth estimate Dglock lies within the locked-creeping transition zone
(Figures 5 and 7). Unsurprisingly, the geodetic locking depth, based on the inversion of surface observations
using an idealized model, does not exactly track the depth with certain fault slip rates as D0.1, D0.5, and D0.9 do.
For the postseismic period, the resultant Dglock lies within the actual locked zone, thus losing its intended phys-
ical meaning. Similarly, when microseismicity and aseismic transients elevate local slip rates (in M1 and M2),
the resultant Dglock becomes shallower and less informative of the state of fault locking. In the late interseismic
period, Dglock is close to D0.5. We explore why this is the case in Appendix A.

3.5. Connecting Different Depth Estimates
To summarize, based on our modeling, two fault locking depths emerge relevant to seismic and geodetic
observations, respectively: the effective locking depth Delock = D0.1 and the geodetic estimate of the lock-
ing depth Dglock. The effective locking depth Delock marks the boundary above which fault areas move slowly
enough to be considered fully locked (V < 0.1Vpl by our choice) and relates to the depth of concentrated
microseismicity (if it exists) and likely microseismicity cutoff Dseis at the bottom of the seismogenic zone.
The geodetic estimate of the locking depth Dglock interprets surface observations by an imagined abrupt
locked-creeping transition in an elastic dislocation model. Delock is physically well defined, whereas Dglock is
not always physically meaningful. Over the interseismic period, Delock either stays approximately constant or
becomes shallower, depending on the extent of deeper-penetrating coseismic slip (which determines how
much of the deeper VS region is ruptured in an earthquake, becomes locked right after it, and gradually
recovers in the interseismic period) and the large-scale nucleation size (that determines how much the creep
can penetrate into the VW region). In contrast, Dglock, which approximately corresponds to D0.5 at the end
of the interseismic period in our models, becomes deeper throughout the interseismic period if significant
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Figure 11. Cumulative fault slip along depth in our models. The slip budget during a seismic cycle is highlighted along a depth profile located at 7 km along
the strike, with a coseismic period outlined by red lines and the ensuing postseismic and interseismic period indicated by five representative times in blue
(0.1T , 0.2T , 0.4T , 0.8T , and T from left to right, where T is the earthquake recurrence interval). The cumulative fault slip (gray lines) is plotted for the coseismic
period with intervals of 0.5 s (M1) and 1 s (the other models) and for aseismic periods with intervals of 2 years (M1) and 10 years (the other models). Depths D0.1,
D0.5, and D0.9 are estimated for a late interseismic period (0.8T) and indicated by red, orange, and yellow arrows, respectively. The geodetic locking depth, Dglock,
estimated for a 10 year time period centered around 0.8T , is indicated by the blue arrow. The depth extent of large earthquake rupture, Drupt, is indicated by the
purple arrow. The cumulative fault slip is offset by the total slip prior to the large event. The low-velocity VW/VS boundary is marked by the black dashed line.

postseismic slip has occurred. Therefore, the two locking depths may significantly diverge toward the end of
the interseismic period.

We find that the depth extent of large earthquake rupture, Drupt, is shallower than the geodetically esti-
mated locking depth Dglock and the closely related D0.5 (Figure 7). Such a relation can be explained from fault
slip partitioning with depth (Figure 11). Given the quasi-periodic nature of large earthquakes in our models,
long-term fault slip at the plate rate is approximately balanced by the combination of coseismic, postseismic,
and interseismic slip for each cycle (i.e., each large seismic event and the following postseismic and inter-
seismic period). If, around the depth of Drupt and shallower, much of the slip budget is accommodated by
coseismic and postseismic slip, as it occurs in our models, then not much is left for interseismic slip, and hence
Dglock, which represent the combined effect of the entire interseismic transition zone, tends to be deeper than
Drupt. In the models with deeper ruptures (i.e., ruptures penetrating below the VW/VS transition), a smaller
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value of (a − b)�̄� (e.g., M4-L) facilitates a larger Drupt (Figure 11); the resultant nondimensional postseismic
stress change,Δ𝜏∕(a−b)�̄�, is also larger and leads to more significant postseismic slip and hence deeper Dglock.
As the result, Drupt is close to Dglock in M4-L. Larger values of (a−b)�̄� (e.g., M4 and M4-H) reduce both Drupt and
Dglock but by different amounts, with Drupt shallower than Dglock. Overall, the depth difference between Dglock

and Drupt depend on the frictional properties at depth in a nonmonotomic way. In the extreme case with no
postseismic slip, Drupt would be deeper than Dglock, since the fault regions below Drupt would have to slip with
the long-term slip rate Vpl, and any interseismic slip penetrating up, into the seismically ruptured domain,
would make Dglock shallower than Drupt. In our scenarios with significant postseismic slip, the geodetic lock-
ing depth Dglock is at or below the rupture depth Drupt in the late interseismic period. We have considered
the case with much smaller postseismic slip (Appendix B); Drupt and Dglock are nearly the same in that
case as well.

Therefore, for a range of models, Dglock provides an upper bound on the depth of large earthquakes.
How reliable this bound would be in practice depends on the accuracy of Dglock, which is subject to
trade-offs with the inferred long-term fault slip rate (section 3.4) and quite sensitive to model assumptions
(section 4.1).

4. Discussion
4.1. On Estimating Geodetic Locking Depth
Our modeling results suggest that a broad locked-creeping transition zone is expected for faults with
deeper-penetrating coseismic slip and/or significant postseismic slip. The broad transition zone would also
exist for large values of the nucleation size, a scenario that we do not focus on in this study. The geodetically
estimated locking depth Dglock based on an elastic dislocation model is a convenient way to compare our
modeling results with observations, since it is still commonly used [e.g., Chen and Freymueller, 2002; Jolivet
et al., 2009; Lindsey and Fialko, 2013; Lindsey et al., 2013; Materna and Bürgmann, 2016]. The time-dependent
surface deformation driven by viscoelastic processes can be equivalently mapped into time-dependent fault
slip rates and locking depths in half-space models [Savage, 1990; Meade and Hager, 2004]. Even when more
sophisticated methods are used for estimating the locking depth that combine the elastic dislocation model
with the deeper viscoelastic substrate [Smith-Konter et al., 2011], they achieve the best fit to surface data with
relatively deep elastic layers, 50–100 km, suggesting that the estimated Dglock is dominated by the elastic
dislocation model.

At the same time, the geodetically estimated locking depths for natural faults are prone to trade-offs with
creeping rate estimates [Segall, 2002; section 3.4] and are strongly sensitive to the model assumptions. In par-
ticular, the Earth’s structure around the fault is a major source of uncertainty in modeling geodetic signals. We
use a heuristic example to demonstrate how ignoring elastic heterogeneity in the crust can strongly affect the
inferred geodetic fault locking depth (Figure 12). In this example, we consider a broad locked-creeping tran-
sition zone (LCTZ) from M4. In a homogeneous, linear elastic half-space (Poisson’s ratio of 0.25), the surface
profile caused by this LCTZ results in the geodetic locking depth of ∼25.5 km. Indeed, a dislocation model
DSL1 with its tip at ∼25.5 and the broad transition LCTZ produce nearly indistinguishable surface velocity in
a homogenous, linear elastic half-space. Note that this geodetic locking depth is close to D0.5 of the LCTZ.
However, if we compute the surface profile caused by the LCTZ using a layered structure—represented by a
one-dimensional reference model commonly used for Southern California [Kanamori and Hadley, 1975]—and
then infer the geodetic locking depth using the same homogeneous half-space model, then the inferred lock-
ing depth becomes ∼19.5 km, corresponding to the dislocation model DSL2 (Figure 12). However, if the bulk
were a truly homogeneous elastic half-space, the locking depth would be∼25.5 km, as already discussed. The
resulting discrepancy of 6 km illustrates the problem. This is because more compliant, shallow layers tend to
produce more localized surface deformation that would be mapped into shallower locking depth in a homo-
geneous half-space. Underestimating a locking depth of about 25 km by 6 km would lead to underestimating
the potency deficit on the fault by 24%.

In section 3.4, we considered the geodetically estimated locking depths Dglock for our models by tak-
ing a stretch of the fault close to the middle of the model, computing the average depth profile of the
creeping velocities in the creeping-locked transition in the interseismic period, assigning this profile to
an infinite strike-slip fault, computing the corresponding surface velocities, and using them to infer Dglock.
Such 2-D-like analysis was done on purpose, to make our results independent of the along-strike extent
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Figure 12. The effect of a layered elastic structure on estimating Dglock and Vcr in M4. (a) The locked-creeping transition
zone (LCTZ, red) in model M4 and two other uniform dislocation models DSL1 (blue) and DSL2 (black). The LCTZ and
DSL1 models have nearly indistinguishable surface velocity field in a homogenous, linear elastic half-space (HS). DSL2 is
defined below. We consider a representative layered structure (LS) with depth-dependent Vs and Vp (dark and light gray
areas) [Kanamori and Hadley, 1975]. (b) Fault normal profiles of along-strike surface velocity for different combinations of
fault slip rate models and elastic structures. The LCTZ in the layered structure produces a surface velocity field that can
be reproduced by DSL2, rather than DLS1, in a half-space. (c) Credible regions for Dglock and Vcr denoted by the ellipses,
and the most plausible solutions indicated by the dashed lines. As a result, using a uniform half-space model to invert
the signals produced by LCTZ in a layered structure leads to an underestimation of Dglock.

Figure 13. The effect of neighboring creeping regions on estimating Dglock in M4. (a) Examples of normalized slip rates on fault in the (i) early and (ii) late
interseismic periods (50 years and 200 years after the earthquake, respectively; recurrence interval is 240 years) in model M4. For predictions of surface velocity,
the top 7 km layer is assumed to be fully locked, to remove the influence of shallow creep and to focus on the deeper locked-creeping transition. (b) The
corresponding fault-parallel surface velocity with contours in white. The surface velocity is calculated for a right-lateral fault (fault trace in black) in a 3-D
homogeneous half-space problem. The velocity profile used to estimate Dglock-3D is marked by the horizontal black dashed line. (c) Time evolution of the
estimated Dglock-3D for M4, as well as the 2-D-like estimate from Figure 7. The red circles correspond to the two times illustrated in Figure 13a and 13b.
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of the VW region in our models—which is limited by numerical tractability considerations—and relevant
to longer segments of the San Andreas fault. Otherwise, the VS fault creep areas that bound our simulated
seismogenic zone along strike would significantly influence the overall surface velocity field and hence the
estimated Dglock. To illustrate this point, we estimate another geodetic locking depth, Dglock-3D, and its time
evolution in model M4 using our entire along-strike fault model (Figure 13a), as follows. We take the slip rate
distribution over the entire fault, zero out the values for the fault areas shallower than 7 km to avoid the effects
of the shallow creep and focus on the effects of the locked-creeping transition (as also done in section 3.4),
and compute the surface velocities (Figure 13b). We then use the profile of surface velocities across the middle
of the fault to estimate the geodetic locking depth. The resulting 3-D estimate Dglock-3D is much shallower
(∼15 km in the late interseismic period), compared with the 2-D estimate (∼25 km), as expected. The 3-D
estimate from our models is not easy to interpret, since it is strongly affected by lateral creeping barriers placed
in our model for convenience. This example indicates that it is more appropriate to compare observations
from long locked fault segments with our 2-D locking depth estimates, unless pervasive fault creep is present
nearby, e.g., as for the Parkfield section of the San Andreas fault which borders a creeping segment.

4.2. On Using Fully Elastic Models
In our models, the fault is embedded into an elastic half-space, while natural faults are affected by a number of
inelastic processes. However, our results should provide at least a useful qualitative guidance on the interplays
that are possible at the deeper fault extensions due to interaction of seismic and aseismic slip.

Compliant shallow fault zone structures have been inferred from seismic and geodetic studies for a number of
faults, including Eastern California Shear Zone [Fialko et al., 2002; Cochran et al., 2009], northern San Andreas
fault [Chen and Freymueller, 2002; Jolivet et al., 2009; Materna and Bürgmann, 2016], and San Jacinto fault [Allam
and Ben-Zion, 2012; Lindsey et al., 2013]. Neglecting such features in inverting geodetic data often leads to
underestimated locking depths [Chen and Freymueller, 2002; Jolivet et al., 2009; Lindsey et al., 2013]. Besides,
observations of surface creep on the southern San Andreas fault [Lindsey et al., 2014] indicate the possibility of
distributed plastic yielding in the shallow crust, which may incur additional surface deformation and also be
interpreted with shallower fault locking in simplified models. While these near-surface complexities are clearly
important for properly interpreting geodetic data, they are unlikely to alter slip dynamics near the bottom of
the seismogenic zone that we focus on in this work.

On the contrary, inelastic bulk relaxation (e.g., viscoelastic flow) around the deeper portions of the fault
[Bürgmann and Dresen, 2008] and the potential switch from friction to flow within the actively shearing zone
itself [Noda and Shimamoto, 2010; Shimamoto and Noda, 2014], both of which are not included in our elas-
todynamic friction-based models, are likely critical to capturing detailed processes near the seismic-aseismic
and brittle-plastic transitions. Coupling of localized and distributed deformation has been considered in mod-
eling postseismic geodetic signals [e.g., Johnson et al., 2009; Bruhat et al., 2011; Rousset et al., 2012], and such
approaches have only recently been extended to 2-D quasi-dynamic seismic cycle modeling [Lambert and
Barbot, 2016]. For vertical strike-slip faults, Takeuchi and Fialko [2013] suggested that velocity-strengthening
aseismic slip on a deep fault root and distributed deformation in a shear zone governed by rate-dependent
viscoelastic rheologies are kinematically similar; they should also cause similar stressing on the fault regions
updip. Hence, the overall dynamics around the transition, e.g., in terms of slip balance, stress redistribution
due to slip, and the associated depth variations of slip rates, are likely to be well captured by our models, at
least qualitatively.

4.3. Comparing Model Predictions With Observations
Here we compare our model predictions with available seismic and geodetic observations from major fault
segments on the San Andreas fault. Our results on the divergence of the effective locking depth Delock = D0.1

related to microseismicity and the geodetically determined locking depth Dglock are supported by obser-
vations from several major segments of the San Andreas fault, such as the Carrizo, Mojave, and Coachella
segments, which have hosted major ruptures in the past (Figure 1). For the Carrizo segment, the cutoff depths
of seismicity are estimated to be 13.9, 14.4, and 16.0 km (90%, 95%, and 99%, respectively) [Lin et al., 2007],
which are predominantly controlled by the seismic activity near the Big Bend. The geodetic locking depth on
this segment is inferred to be 18.7 ± 2 km in a 3-D viscoelastic model [Smith-Konter et al., 2011]. To the south,
the Mojave segment is inferred to have a geodetic locking depth of 16.8 ± 0.4 km [Smith-Konter et al., 2011],
whereas the seismic depth is 13–14 km [Nazareth and Hauksson, 2004; Lin et al., 2007]. For the Coachella seg-
ment, seismicity cutoffs are at depths of 8.1, 9.3, and 14.1 km (90%, 95%, and 99%, respectively) [Lin et al., 2007],
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the last of which is probably sensitive to outliers. Meanwhile, geodetic studies that account for a hetero-
geneous elastic structure estimate a locking depth of 16.5 ± 1.8 km for a vertically dipping fault geometry
[Lindsey and Fialko, 2013]. The shallower depths of microseismicity and deeper geodetic locking depths in
these cases are consistent with the predictions of our models. The difference between the two depths may
be even larger, considering that the reported geodetic locking depth may be underestimated due to reasons
we discussed in sections 4.1 and 4.2. Based on our models, the difference can be explained by a combination
of deeper-penetrating coseismic slip during the last major earthquake [Jiang and Lapusta, 2016] and deeper
postseismic slip commonly observed after large earthquakes [e.g., Marone et al., 1991; Reilinger et al., 2000;
Hearn et al., 2002; Perfettini and Avouac, 2007]. For some other fault segments in Southern California, such as
the San Bernardino, San Jacinto Valley, and San Jacinto Mountain segments, recent estimates of the geode-
tic locking depth are more comparable to the depth of seismicity within their uncertainties [Smith-Konter
et al., 2011]. The similarity of these depth estimates, if well resolved, would imply the absence of both deeper
coseismic and significant postseismic slip, e.g., the behavior closer to model M1 rather than M2–M4.

Small earthquakes produced in our models reflect larger-scale fault slip processes throughout the postseismic
and interseismic periods. After large earthquakes, small events occur below the ruptured zone in response to
coseismic stress perturbations (Figure 4), on VW fault patches that are too small to nucleate earthquakes under
slow loading rates comparable to Vpl. The transient occurrence of deep events in such subcritical patches
implies a dependence of the nucleation size on abrupt coseismic stress changes [e.g., Kaneko and Lapusta,
2008] and/or on the loading slip rate, since the creeping region around the patches experiences much accel-
erated postseismic creep. Such behaviors of deep microseismicity in our models resemble observations of
deeper aftershocks in California that followed major events such as the 1979 Imperial Valley, 1989 Loma Prieta,
and 1992 Landers earthquakes [Doser and Kanamori, 1986; Schaff et al., 2002; Rolandone et al., 2004; Jiang
and Lapusta, 2016]. Another potential explanation for such deeper events is transient brittle deformation
induced by high strain rates [Rolandone et al., 2004; Ben-Zion and Lyakhovsky, 2006]. The two explanations are
physically distinct but conceptually similar, since they both point to more unstable behavior under higher
stressing rates.

As the coseismically elevated stress outside of the main shock rupture area is relaxed, the interseismic evo-
lution of microseismicity patterns reflect the state of locked-creeping transition zone. The effective locking
depth, Delock, at the top edge of the locked-creeping transition, is associated with concentrated stressing
[Jiang and Lapusta, 2016]. When Delock is within the VW region, concentrated microseismicity tends to occur
around this depth, even in homogeneous VW regions [e.g., Lapusta and Rice, 2003], and especially when fault
heterogeneity exists at the transitional depths, as we have postulated in our models here. Certain micro-
seismicity patterns around seismogenic depths may indicate the state of surrounding creep, rather than the
boundary of fault locking, if fault heterogeneity takes the form of isolated VW patches distributed in a larger VS
region. In this case, these microearthquakes are likely to predominantly behave as repeating events [Nadeau
and Johnson, 1998; Chen and Lapusta, 2009]. Detailed microseismic observations should help differentiate
these scenarios in specific cases.

At least for some fault segments in California, improved seismic observations support direct connections
between deeper concentrated microseismicity and the bottom of the ruptured/locked zone. For example,
background seismicity and aftershocks on the Parkfield segment of the San Andreas fault forms an apparent
streak that delineates the downdip edge of coseismic slip during the 2004 Parkfield earthquake [Thurber, 2006;
Barbot et al., 2012]. Similar patterns of concentrated microseismicity are found for 1984 Mw 6.2 Morgan Hill
and 1989 Mw 6.9 Loma Prieta earthquakes (see summary in Jiang and Lapusta [2016]). In such cases, the cutoff
depths of seismicity, Dseis, should be a reasonable proxy for Delock.

Many major fault segments that have hosted great earthquakes are often seismically quiescent, such as the
Carrizo and Coachella segments of the San Andreas fault (Figure 1). The extremely low levels of seismicity on
those fault segments can be explained by deeper rupture extent of the prior great events, as supported by
observations and numerical fault models [Jiang and Lapusta, 2016]. Nonetheless, there are local fault areas
that are more seismically active, e.g., near the southern parts of the Cholame and Carrizo segments. The
occurrence of microseismicity in those areas may be attributed to recovered creep reaching the lowermost
seismogenic zone, thereby providing potential clues on the local state of fault locking.

In this study, we have used a collection of nucleation-prone VW patches as markers of fault heterogene-
ity and the associated microseismicity. A step beyond would be to incorporate distributions of multiscale
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Figure 14. Models for heterogeneous faults. (a) Conceptual models. (left) Less heterogeneous faults have near-uniform
properties/behavior along strike and feature relatively sharp transitions at depth with spatially concentrated
heterogeneity. (right) More heterogeneous faults may be characterized by large variations of fault properties along strike
and heterogeneity more randomly distributed at transitional depths. (b) Models of faults obeying laboratory-based
friction laws, motivated by the conceptual models in Figure 14a. (left) Model M2, together with the other models in
Figure 3, represents faults with simpler heterogeneity, and (right) model M5 represents faults with more complex
heterogeneity.

heterogeneous fault properties, so that greater spatiotemporal complexity of microseismic events can be
produced. Statistical properties of microseismicity can then be explored, as is often done in quasi-dynamic
continuum models with heterogeneous frictional properties [e.g., Hillers et al., 2006, 2007; Dublanchet et al.,
2013]. It remains an important future effort to study the connections between large-scale seismogenic zone
behavior and statistics of microseismicity [e.g., Hauksson, 2010; Tormann et al., 2014].

4.4. The Complicating Effect of Fault Heterogeneity
Despite the agreement between our models and available observations from several segments of the San
Andreas fault, we expect that the established depth relations may be altered if rheological transitions and fault
heterogeneity greatly differ from what we have considered in our models. In contrast from the other major
faults in Southern California, observations from the Anza segment of the San Jacinto fault and the Imperial
Valley fault [Smith-Konter et al., 2011] reveal that the geodetic locking depth can be significantly shallower
than the depths of microseismicity, even when a heterogeneous elastic structure is taken into account [Lindsey
and Fialko, 2013].

The discrepancy between our models and observations from these fault segments may be attributed to sig-
nificant along-strike variations in the depth dependence of fault properties (Figure 14). Faults with minor
heterogeneity may have near-uniform fault properties along strike and heterogeneity, if any, concentrated at
smaller scales and along the transitional depths. Such a conceptual picture motivates our models M1–M4.
However, more heterogeneous faults likely feature pronounced variations in fault properties along strike and
along depth. The heightened levels of heterogeneity may result from more complex geometry, lithology,
pore pressure, and structure of the deeper fault zone [Sibson, 1984; Mitchell et al., 2016]. Motivated by this
concept, we consider an additional model M5 with significant along-strike heterogeneity, represented by
(1) along-strike changes in the depth extent of the larger-scale VW region and (2) VW patches broadly
distributed in the VS regions below the main VW region.

The long-term fault behavior in model M5 consists of frequent smaller events (Mw ∼4) in the interseismic
periods of occasional larger events (Mw 6–6.5) (Figure 15). In the interseismic period, fault slip rates are highly
variable along strike, due to perturbations from seismic ruptures, interseismic coupling of VW patches, and
the associated aseismic transients. While locally for each depth profile, at a given along-strike location, the
relations between the depth of concentrated microseismicity and the extent of the locked-creeping transition
suggested by our more uniform models may hold, there is no practical way to infer the local geodetically
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Figure 15. Complexity of fault behavior in model M5. Snapshots of (a) a large earthquake rupture, (b) a microseismic event, and (c and e) interseismic periods are
shown from the long-term behavior of model M5 with logarithmic slip rates in color. (d and f) The distributions of normalized slip rates V∕Vpl corresponding to
Figures 15c and 15e are shown, respectively.

Figure 16. Shallower locking depth and deeper seismicity in model M5. (a) Stacked profiles of the north components
of the surface velocity that are used to invert for the Dglock of the segment. (b) The 2-D surface velocity field in the
interseismic period of model M5 with contours at intervals of 5 mm/yr. Locations of the velocity profiles are shown as
the black dashed lines. The fault is assumed fully locked at depths shallower than 5 km with its surface trace represented
by the black vertical line. (c–e) Time evolution of the apparent geodetic locking depth for this segment and the depth
of seismicity (Figure 16c), with the magnitudes and overall depth distribution of seismicity shown in Figures 16d and
16e, respectively. Dseis is deeper than Dglock in this model with significant along-strike variations and more seismogenic
patches in the VS areas. The time period considered in Figures 16a and 16b is indicated by the black square in (c).
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determined locking depth from surface observations, given its rapid variations along strike and all the
trade-offs discussed earlier. Hence, instead, let us consider the 3-D-like estimate Dglock-3D of the interseismic
geodetically determined locking depth (section 4.1) obtained for the entire segment (Figure 16). To obtain
the estimate, we stack the dashed profiles from Figure 16b. Note that the estimate is affected by the creep-
ing regions on the sides of the main VS region, as demonstrated in section 4.1. The resulting Dglock-3D stays
with time at the depths of 6–8 km, while much of the microseismicity occurs below. The estimated shallower
depth of geodetic locking is due to both the heterogeneous—and shallower on average—VW/VS boundary
as well as the creeping regions on the sides of the main VS region. The deeper microseismicity in this model
reflects the chosen broad distribution of the VW patches within the creeping region in conjunction with the
spatial and temporal evolution of fault creep. Many of these deeper events are repeating sequences. This
model demonstrates that significant fault heterogeneity can alter the relation between microseismicity and
geodetic fault locking depth.

As an example of tailoring fault models to specific fault segments, Jiang and Fialko [2016] postulated that a
broad transition zone with stochastic heterogeneity in frictional properties exists at the bottom of the seismo-
genic zone on the Anza segment of the San Jacinto fault. They argued that such a form of fault heterogeneity
is more plausible than a more organized structure considered in model M5, since repeating earthquakes are
not commonly observed in the Anza region. Their models successfully produced microseismicity, with spa-
tiotemporal complexities, much below the geodetic locking depth on the Anza section, indicating that a more
complex transition of fault friction with depth should be considered for some fault segments.

Note that even on segments with such pronounced VW/VS heterogeneity, a large coseismic rupture pene-
trating much below the VW/VS transition—and all of its assumed complexity—may still lead to postevent
behaviors like in model M4, at least for a while. However, such deeper penetration over the entire seg-
ment would imply more uniform dynamic (high slip rate) weakening properties than rate-and-state (low slip
rate) ones.

4.5. Relevance for Thrust Faulting
We have developed our models with a focus on strike-slip faults, but the basic ideas and results from
our modeling should also be applicable to faults at other types of plate boundaries, such as subduction
zone megathrusts. The shallow-dipping thrust faults may allow for an even broader transition zone than
near-vertical strike-slip faults, which enables distinct fault slip behavior at transitional regimes [Schwartz and
Rokosky, 2007; Lay et al., 2012]. Better depth resolution provided by the location of GPS stations with respect
to different depths of the megathrusts in many regions facilitates the popular use of spatially variable fault
coupling rather than a single geodetic locking depth [e.g., Kaneko et al., 2010; Ader et al., 2012]. As long as
the layered distribution of frictional properties considered in M1–M4 is qualitatively applicable, one would
expect qualitatively similar spatial relations between fault interface seismicity, locked-creeping transition, and
slip deficit zone (Figures 4 and 5).

Observations from the Himalayan and northeastern Japan subduction zones provide supporting examples
for the ideas of expanding slip deficit zone (corresponding to deepening of D0.5 and D0.9) and shrinking locked
zone (corresponding to shallowing of D0.1), as observed in our models M1–M4. On the Main Himalayan Thrust
in Nepal, background microseismicity is concentrated at the downdip edge of coseismic slip during the 2015
Mw 7.8 Ghorka earthquake [Avouac et al., 2015; Yue et al., 2016], whereas the geodetically inferred slip deficit
zone extends further downdip in the interseismic period preceding the event [Ader et al., 2012; Stevens and
Avouac, 2015]. The spatial relation between downdip limits of coseismic rupture and interseismic coupling
resembles our modeling results. In northeastern Japan where the 2011 Mw 9.0 Tohoku-oki earthquake struck
[Simons et al., 2011], analyses of onshore GPS measurements and repeating earthquakes indicate that fault
areas downdip of the main shock rupture experienced accelerating slip or updip migration of deep aseismic
slip over 15 years prior to the event [Mavrommatis et al., 2014, 2015]. After the Tohoku-oki earthquake, these
creeping fault areas apparently became locked, as repeating earthquakes within the region became inactive,
implying that the spatial extent of the coseismic rupture was larger than the interseismically locked zone and
included areas that had been creeping before the event [Uchida and Matsuzawa, 2013].

Some megathrust faults feature more complex styles of slip in the transition zone. For instance, Cascadia sub-
duction zone is seismically quiescent and hosts frequent slow slip transients downdip of the seismogenic
zone [Dragert et al., 2001]. Such transients can result, in a limited parameter range, on faults with standard
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rate-and-state friction [Liu and Rice, 2005, 2007; Perfettini and Ampuero, 2008], and we see such transients in
our models, on the scale of the nucleation size. To have more pronounced transients in our models, we need
to incorporate broad VW transition regions with large nucleation sizes. The aseismic transients can be more
robustly reproduced in models with more complex frictional properties and the associated pore fluid condi-
tions, such as pore pressure effects due to inelastic dilatancy [Liu and Rubin, 2010; Segall et al., 2010] and (a−b)
values that depend on slip rate [Shibazaki and Iio, 2003]. Considering the relation between interseismic slip
that includes such transients, the depth extent of the coseismic rupture, and microseismicity is an important
topic for future work.

5. Conclusion

We have developed models of faults with different depth-dependent frictional properties around the bottom
of the seismogenic zone, to explore the relation between the depths of microseismicity, interseismic fault
locking, and large earthquakes. Our models incorporate laboratory-based rate-and-state friction laws and
enhanced dynamic weakening mechanisms in a layered distribution of fault properties. Using a comprehen-
sive set of models, we find that the locked-creeping transition zone occurs over a broad depth range in cases
with coseismic slip penetrating into the deeper creeping (VS) fault extensions and/or deep and pronounced
afterslip. The effective locking depth (Delock) near the top of the locked-creeping transition either stays nearly
constant (if there is no coseismic slip in the deeper creeping fault extensions) or becomes shallower with time
(if there is such deeper coseismic slip). When located within the VW region, Delock promotes microseismicity
due to its concentrated loading, and it is closely associated with the cutoff of microseismicity, Dseis, in our mod-
els. The deeper portions of the locked-creeping transition, associated with creep at 50–90% of the long-term
rate, tend to deepen after the postseismic period, compensating for any deeper coseismic slip and/or after-
slip. Hence, the locked-creeping transition broadens toward the end of the interseismic period. The geodetic
locking depth (Dglock), estimated from interseismic surface velocities using the traditional 2-D elastic disloca-
tion model, approximately corresponds to the depths of creep at about 50–60% of the long-term rate in the
middle to late interseismic period and hence also deepens with time.

Our model predictions are consistent with the available seismic and geodetic observations for the Carrizo,
Mojave, and Coachella segments on the San Andreas fault, where the depth cutoff of microseismicity is
shallower than the geodetically estimated locking depth. Our modeling results suggest that this difference
between the seismic and geodetic estimates of the seismogenic zone can be quite significant and reflects the
broad—and potentially broadening with time—extent of the locked-creeping transition for these segments.
The difference may be even more significant than currently estimated, considering potential underestima-
tion of Dglock due to simplified structure assumptions, inelastic yielding near the surface, and/or 3-D effects.
Based on our models, the observed differences between Dseis and Dgeod suggest that these fault segments
experienced a combination of deeper coseismic slip and extensive afterslip in prior large earthquakes. The
absence of concentrated microseismicity at the bottom of the seismogenic zone on these segments fur-
ther supports the possibility of deeper coseismic slip [Jiang and Lapusta, 2016]. In principle, a well-resolved
difference between Delock and Dglock can be used to constrain, through numerical modeling, the extent of
deeper-penetrating coseismic slip and the amplitude and spatial extent of postseismic slip in preceding
large events.

On such fault segments, assuming that the cutoff depth of microseismicity coincides with the geodetic locking
depth Dglock would lead to underestimated long-term creeping rates Vcr. This is because the assumption would
result in Dglock shallower than the actual one, and the surface observations would then be best matched with
a creep rate lower than the actual one (e.g., section 3.4). Hence, the underestimation of Dglock may be among
the reasons that cause the apparent discrepancy between the geodetic and geological estimates of slip rates
on some fault segments [e.g., Chuang and Johnson, 2011; Tong et al., 2014].

Significant fault heterogeneity can complicate the relation between the different depth estimates. Discrepan-
cies between observations and our model predictions may point to more heterogeneous fault properties than
envisioned in this work [e.g., Jiang and Fialko, 2016]. The integration of refined geodetic and seismic observa-
tions with models of dynamic earthquakes and fault creep would provide an important avenue to probe the
rheological properties of fault zone at depth and to assess the seismogenic behavior of faults and associated
seismic hazard.
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Appendix A: Geodetic Estimates of the Locking Depth and Moment Deficit
Accumulation
In a 2-D antiplane problem, the interseismic surface velocity profile is directly related to the total moment
deficit accumulation rate on the fault [Tong et al., 2015]. If a simplified model, e.g., a uniform dislocation model,
can produce near-identical surface velocities to our fault models with a more complex locked-creeping tran-
sition zone, then we can determine the parameters of this simplified model based on the moment deficit
accumulation, without going through an inversion of the surface velocity field.

The moment deficit accumulation rate per unit length, m, depends on the depth distribution of slip deficit
rate s(z):

m = 𝜇 ∫
0

−∞
s(z)dz . (A1)

In a 2-D antiplane problem with a homogeneous, linear elastic half-space, the fault-parallel surface velocity
v(x) due to interseismic slip rates on the fault s(z) is expressed as follows [Segall, 2010]:

v(x) = 1
𝜋 ∫

0

−∞
s(z) x

x2 + z2
dz. (A2)

To connect surface velocities to the moment deficit accumulation rate, consider a quantity, q, based on only
the surface velocity, as the integral of velocity v(x) times the distance to the fault x [Tong et al., 2015]:

q = lim
W→∞

[
1

W ∫
W

−W
x v(x)dx

]
, (A3)

where W is the distance to the fault in the fault normal direction. The normalization factor, 1∕W , ensures a
finite q as W approaches infinity. Inserting equation (A2) into equation (A3), one finds that q is proportional
to the moment deficit accumulation rate m:

q = 1
𝜋 ∫

0

−∞
s(z) lim

W→∞

[
1

W ∫
W

−W

x2

x2 + z2
dx

]
dz

= 2
𝜋 ∫

0

−∞
s(z) lim

W→∞

[
1 − z

W
arctan

(W
z

)]
dz

= 2
𝜋 ∫

0

−∞
s(z)dz = 2m

𝜋𝜇

(A4)

The equivalent forms for q in equations (A3) and (A4) indicate that if the surface velocity v(x) are nearly iden-
tical between different models, the associated moment deficit accumulation rate on the fault must also be
nearly the same. The moment constraint can thus be used to find an equivalent uniform dislocation model
that can produce a surface velocity field similar to that in our models M1–M4, at least for the late interseismic
periods when the velocity profile is simpler. Such theoretical considerations also allow for estimating inter-
seismic moment deficit accumulation on faults, such as the central and southern San Andreas faults, directly
from geodetic measurements of surface velocity field, without the need to invert for the fault locking depth
Dglock and creeping rate Vcr [Tong et al., 2015].

Focusing on the moment, rather than inversions of surface observations, facilitates the comparison of the
locked-creeping transition zone in our models and other analytic solutions. We consider fault slip rate pro-
files based on three classic models [Segall, 2010] : (1) a uniform dislocation Vud(z), (2) a modified constant
stress drop crack Vcc(z), and (3) a modified tapered crack Vtc(z), characterized by the following closed-form
expressions:

Vud(z) =
{

Vpl z ⩾ Dud ,

0 z < Dud ,
(A5)

Vcc(z) = Vpl

√
1 −

( Dpl − z

Dpl − Dcc

)2

, Dcc ⩽ z ⩽ Dpl, (A6)

Vtc(z) = Vpl

[
1 −

( Dpl − z

Dpl − Dtc

)2
] 3

2

, Dtc ⩽ z ⩽ Dpl, (A7)
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Figure A1. The distribution of (a–b) slip rates and (c) stressing rates with depth illustrating the locked-creeping
transition zone in the simplified analytical models (UD: uniform dislocation; CC: constant stress drop crack; TC: tapered
crack) and models M4 (red line) and M4-H (yellow line). The depth, slip rate, and stressing rate are normalized by Dud,
Vpl, and |min(�̇�cc)| (amplitude of the minimum stressing rate of the CC model), respectively. D′

ud
, D′

cc, D′
tc, and D′

pl
refer

to normalized depths. UD, CC, and TC have the same moment deficit accumulation rate as M4 (by design), and UD-H has
the same moment deficit accumulation rate as M4-H. The shallow portion of the profile in M4 and M4-H (red and orange
dashed lines, respectively) contributes to the stressing in the locked zone, but it is not our focus. The horizontal dashed
lines indicate some of the boundaries of the transition zone in different models.

where Dud is the depth of dislocation tip, Dcc and Dtc correspond to the depth of the crack tips in the two crack
models, and Dpl is the depth at which fault slips at full creeping rate Vpl. For modified crack models, Vcc(z)
and Vtc(z) are equal to 0 for z < Dccand z < Dtc, respectively, and equal to Vpl for z >Dpl. The corresponding
slip deficit rate functions can be calculated through sud(z) = Vpl − Vud(z) and similarly for scc(z) and stc(z). To
consider a nondimensional problem, we normalize the slip rate by Vpl and the depth by Dud.

The three models can produce similar surface velocity profiles [e.g., Segall, 2010, Lindsey and Fialko, 2013].
Assuming the same moment deficit accumulation rate, we can solve for the relation between model param-
eters Dud, Dcc, Dtc, and Dpl:

Dcc = Dpl −
4
𝜋
(Dpl − Dud) , Dtc = Dpl −

16
3𝜋

(Dpl − Dud) , (A8)

In order to directly compare our model M4 with these simplified models, we choose Dpl∕Dud = 1.45 based on
an interseismic fault slip rate profile in M4 (corresponding to 0.8T in Figure 6).

These models, with the same moment deficit accumulation rates and hence surface velocities, are shown
in Figure A1. Although they are almost indistinguishable from surface observations, they have considerably
different fault stressing rates with depth (Figure A1b). Near the top of the transition zone, the shape of the
transition in model M4 is similar to the constant stress drop crack model, with the rapid decrease of slip
rates and increase of stressing toward the shallower locked region. At greater depths near the fully creeping
regions, M4 deviates from both models, with a significant slip deficit associated with the prior afterslip. If post-
seismic slip were much smaller, we would expect a closer match between M4 and the constant stress drop
crack model.

While the location of the crack tips, Dcc and Dtc, depend on the bottom of the transition zone, Dpl, the slip
rates at the depth of the tip of the equivalent uniform dislocation model, denoted as Vcc-ud and Vtc-ud, are
independent of Dpl and, in fact, correspond to a certain fraction of the long-term creeping rate Vpl. The two
slip rates can be obtained by inserting equation (A8) into equations (A6)–(A7) and setting z = Dud:

Vcc-ud =
(

1 − 𝜋2

16

) 1
2

Vpl ≈ 0.62Vpl , Vtc-ud =
(

1 − 9𝜋2

256

) 3
2

Vpl ≈ 0.53Vpl , (A9)
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Figure A2. Fault slip rates at the depth of Dglock in models M3, M4-L, M4, and M4-H. The slip rates and time are
normalized by the plate loading rate and respective recurrence intervals. The expected nondimensional slip rate value
of 0.62 for a modified constant stress drop crack (CC) model and the value of 0.5 expected for a transition zone that is
symmetric around its midpoint are indicated by dashed lines.

Furthermore, for a slip rate distribution symmetric about the point of 0.5Vpl, the depth of the equivalent uni-
form dislocation model will coincide with the depth creeping at 0.5Vpl, as follows from the moment deficit
accumulation rate equivalence for the two models.

Overall, for the transition distributions considered, the depth of the equivalent dislocation model, or Dglock,
corresponds to locations creeping with velocities between 0.5Vpl and 0.62Vpl, explaining why our models
tend to such values in the late interseismic period. For example, the profile for M4 is nearly symmetric in
the late interseismic period, and hence, Dglock corresponds to the depth with creep velocities of 0.5Vpl. Note
that the transition for M4 is similar in shape to that of a constant stress drop crack model at the top of the
transition zone but deviates at greater depths. However, in models with smaller postseismic slip, such as
M4-H, the profile at the bottom of the transition becomes more similar to that of the constant stress drop
crack model, and hence, the Dglock corresponds to locations with higher creeping rates, closer to 0.62Vpl

(Figure A2).

Appendix B: Locked-Creeping Transition on a Fault With Reduced Postseismic Slip

We consider a fault model similar to M4, except that its normal stress is increased from 50 MPa to the higher
level, 330 MPa, at depths beyond 20 km, in order to reduce postseismic slip and explore its effect on the
behavior of the locked-creeping transition zone (Figure B1). Note that 330 MPa corresponds to the lithostatic
overburden minus hydrostatic pore pressure at 20 km depth. In this model, due to the increased (a − b)�̄�,
the induced postseismic slip transient is smaller in amplitude and extent, compared to model M4, leading
to higher interseismic velocities in the late interseismic period (Figure B1a). The time evolution of D0.1, D0.5,
and D0.9 shows the same qualitative trends as in all other models M1–M4, M4-L, and M4-H (Figure B1b). How-
ever, the transition zone is narrower than in the other models and D0.9 is far from reaching the bottom of
the simulated VS region, illustrating that this artifact in models M2–M4 is qualitatively unimportant to the
overall conclusions. Despite the fact that in this model, the postseismic slip is relatively minimal (Figure B1c,
approximately the space between the second from the left red line and the first from the left blue line, minus
the long-term creeping with Vpl), Dglock is still below Drupt in the late interseismic period. As discussed in
the main text, in the scenario with no postseismic slip, Drupt would be deeper than Dglock, since the fault
regions below Drupt would have to slip with the long-term slip rate Vpl, and any interseismic slip penetrat-
ing up into the seismically ruptured domain would make Dglock shallower than Dglock. The example of this
appendix shows that such a scenario would require atypical values of effective normal stress and/or friction
properties.
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Figure B1. A fault model with increased normal stress and hence reduced postseismic slip at depth below 20 km.
(a) The depth profile of normalized slip rates at different times of an interseismic period, with plotting conventions as in
Figure 6. (b) Time evolution of D0.1, D0.5, D0.9, and Dglock, with plotting conventions as in Figure 7. (c) Depth distribution
of fault slip during the interseismic period, with plotting conventions as in Figure 11. The gray areas below the black
dashed lines indicate fault areas with increased normal stress (6.6𝜎0 = 330 MPa). Blue dashed lines mark the downdip
VW/VS transition; red line marks the depth limit of DW.
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