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Since a regional earthquake in 1951, shallow creep events on strike-slip faults within the Salton Trough, 
Southern California have been triggered at least 10 times by M ≥ 5.4 earthquakes within 200 km. 
The high earthquake and creep activity and the long history of digital recording within the Salton 
Trough region provide a unique opportunity to study the mechanism of creep event triggering by nearby 
earthquakes. Here, we document the history of fault creep events on the Superstition Hills Fault based on 
data from creepmeters, InSAR, and field surveys since 1988. We focus on a subset of these creep events 
that were triggered by significant nearby earthquakes. We model these events by adding realistic static 
and dynamic perturbations to a theoretical fault model based on rate- and state-dependent friction. We 
find that the static stress changes from the causal earthquakes are less than 0.1 MPa and too small to 
instantaneously trigger creep events. In contrast, we can reproduce the characteristics of triggered slip 
with dynamic perturbations alone. The instantaneous triggering of creep events depends on the peak 
and the time-integrated amplitudes of the dynamic Coulomb stress change. Based on observations and 
simulations, the stress change amplitude required to trigger a creep event of a 0.01-mm surface slip 
is about 0.6 MPa. This threshold is at least an order of magnitude larger than the reported triggering 
threshold of non-volcanic tremors (2–60 kPa) and earthquakes in geothermal fields (5 kPa) and near 
shale gas production sites (0.2–0.4 kPa), which may result from differences in effective normal stress, 
fault friction, the density of nucleation sites in these systems, or triggering mechanisms. We conclude 
that shallow frictional heterogeneity can explain both the spontaneous and dynamically triggered creep 
events on the Superstition Hills Fault.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Static stress changes associated with a large earthquake de-
crease with the distance from the hypocenter much faster than do 
peak dynamic stress changes (Cotton and Coutant, 1997). There-
fore it is usually assumed that dynamic perturbations are the 
main cause for triggering earthquakes outside the aftershock zone 
(<∼2 fault lengths of the epicenter). Within the aftershock zone, 
it is believed that both static and dynamic stresses can trig-
ger aftershocks, even though it is still debated which mecha-
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nism is more important and likely to explain both instantaneous 
triggering and delayed triggering (Kilb et al., 2000; Freed, 2005;
Richards-Dinger et al., 2010). The static stress changes associ-
ated with Coulomb stress change �σ f accompanying fault slip 
(�σ f = �τ + f �σ , where �τ is the shear stress change, f is the 
coefficient of friction, and �σ is the normal stress change) can ac-
count for some aftershock activity (Stein, 1999). However, a large 
volume of literature based on observations, numerical modeling, 
and lab experiments reveals that dynamic triggering involves nu-
merous contributory phenomena, such as mainshock magnitude, 
proximity, amplitude spectra, peak ground motion, and mainshock 
focal mechanisms (Gomberg et al., 1998; Perfettini et al. 2003a, 
2003b; Brodsky and Prejean, 2005; Johnson et al., 2008). Moreover, 
in a recent review of the response to 260 M ≥ 7.0 shallow (depth 
<50 km) mainshocks in 21 global regions with local seismograph 
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networks, Parsons et al. (2014) concluded that the aforementioned 
factors may not be the dominant ones for dynamic triggering of 
earthquakes and rather, azimuth and polarization of surface waves 
with respect to receiver faults may play more important roles.

Stress changes accompanying a large earthquake not only trig-
ger other earthquakes but also induce aseismic slip on strike-slip 
faults. A creep rate reduction on the southern Hayward fault after 
the 1989 Loma Prieta earthquake is consistent with the reduc-
tion of shear stress induced by the earthquake (Lienkaemper et 
al., 2001). The 1983 Coalinga earthquake appeared to have affected 
the creep rate on the creeping section of the San Andreas Fault 
near Parkfield in a similar manner (Simpson et al., 1988). Du et 
al. (2003) calculated the static stress change due to nearby earth-
quakes in the Salton Trough, Southern California. They found in 7 
out of 10 cases static stress changes promoted triggered slip. In 
a numerical simulation they applied sinusoidal waves to a single-
degree-of-freedom spring-slider system to study the effect of dy-
namic triggering on fault creep. They showed that certain types 
of transient loads can trigger a creep event. However, the dynamic 
stress perturbations introduced in their simulation are hypothetical 
sinusoidal waves and their model does not have depth-dependent 
fault properties, and hence the model results cannot be directly 
compared to natural fault slip observations.

Recent advances in observations and numerical simulations en-
courage us to revisit the topic to improve our understanding of 
creep events triggering by nearby large earthquakes. Wei et al.
(2013) developed a numerical fault model that can explain geode-
tic and geological observations of spontaneous creep events on 
strike-slip faults. This model can be modified to simulate triggered 
creep events and compare them with observations. In addition, 
large amounts of seismic, strain and fault creep data are now avail-
able in the Salton Trough. We have a very good record of both the 
forcing function (strain changes from which we may infer stress 
changes) and the response of the fault, i.e. surface creep events 
with known amplitudes. The study of near surface triggering of 
fault slip is thus more precisely constrained than the study of trig-
gered subsurface earthquakes or non-volcanic tremors, where the 
fault response occurs deep within the earth and where the location 
and time history of slip is rarely well constrained by geodetic data. 
In the absence of the time history of triggered slip the measured 
response is usually a rate change that poorly constrains mechanical 
models.

In this paper, we focus on the causal mechanism of episodic 
creep events on the Superstition Hills Fault (SHF) triggered by 
moderate earthquakes in and near the Salton Trough. Prior to the 
24th November 1987, Mw 6.7 earthquake on the SHF, slip rates 
on the fault were less than 0.5 mm/yr (Louie et al., 1985). Af-
ter 1987, more than 25 yr of surface afterslip has been recorded 
(Bilham, 1989; Rymer et al., 2002; Wei et al., 2011, 2013). To be-
gin, we construct a comprehensive catalog of creep events on the 
SHF based on data from geological surveys, creepmeter and Inter-
ferometric Synthetic Aperture Radar (InSAR) measurements. Next, 
we constrain the static and dynamic perturbations on SHF from six 
M ≥ 5.4 earthquakes based on published papers and strong motion 
data, respectively. Finally, realistic static and dynamic perturbations 
for the 1992 Mw 7.3 Landers, 1999 Mw 7.1 Hector Mine, and 2010 
Mw 7.2 El Mayor were analyzed using the numerical fault model 
proposed by Wei et al. (2013).

2. Observations of creep events at Salton Trough, Southern 
California

On many creeping faults, surface creep consists of continuous 
creep and episodic creep events (Bilham, 1989; Wei et al., 2013). 
Creep events occur spontaneously, or during the passage of sur-
face waves from nearby earthquakes (Rymer et al., 2002), or in 
response to soil moisture changes (Schulz et al., 1983). The Salton 
Trough is a sedimentary basin at the southern end of the San 
Andreas Fault system near the US and Mexico border. Records of 
triggered slip are available for more than ten occasions from the 
Superstition Hills Fault (SHF), the San Andreas Fault, and the Im-
perial Fault as well as from numerous minor faults in the Coachella 
and Imperial Valleys (Rymer et al., 2002; Wei et al., 2011, 2013). 
Since 1950, more than 10 earthquakes with M ≥ 5.4 have occurred 
within 200 km from this region (Fig. 1), many of which triggered 
creep events on multiple faults (Table S1 in the supplementary ma-
terial). From Table S1 it is evident that triggered surface slip can 
occur when the host fault lies within 150 km of a Mw > 7 earth-
quake, within 80 km of a Mw > 6 earthquake, or within 20 km of 
a Mw > 5 earthquake. Not all triggered slip occurs on faults rec-
ognized to be actively creeping, but in general those that exhibit 
steady slow surface creep or episodic creep events are regularly 
triggered by nearby earthquakes.

The SHF has over 60 yr of record of triggered creep as early 
as 1951 (Allen et al., 1972) and over 25 yr of digital data. Since 
1951, creep events on the SHF were triggered by the 1968 Mw 6.5 
Borrego Mountain, 1979 Mw 6.4 Imperial, 1981 Mw 5.8 Westmor-
land, 1992 Mw 7.3 Landers, 1999 Mw 7.1 Hector Mine, 2010 Mw 
7.2 El Mayor (Rymer et al., 2002; Wei et al., 2011 and references 
therein), and the 2012 Mw 5.4 Brawley (Hauksson et al., 2013)
earthquakes. The largest observed triggered creep event has a sur-
face slip of 22 mm and the smallest of 0.17 mm (Table 1). Deter-
mining the exact timing and associated uncertainties of triggered 
creep depends on available measurements. For the seven earth-
quakes mentioned above, creepmeter measurements are available 
only for creep events triggered by the 1992 Landers and Big Bear 
earthquakes, the 2010 El Mayor and the 2012 Brawley earthquakes. 
Where data with a sample rate of 1 min were available in 1992 
it appears that triggered slip accompanies the passage of surface 
waves (Bodin et al., 1994). The timing of creep associated with 
other earthquakes relies on field survey and InSAR, and therefore 
we can only confirm that creep occurred within 24 h after the 
mainshock.

The history of SHF creep events is complementarily constrained 
by geological surveys, creepmeter and InSAR measurements. Field 
survey on the SHF has been conducted since 1950s after each 
regional large earthquake (Rymer et al., 2002). An analogue creep-
meter was installed on the SHF in 1967 by Caltech but it recorded 
negligible creep (Louie et al., 1985). Three digital creepmeters op-
erated on the SHF for five years following the 1987 Mw 6.6 SHF 
earthquake (Bilham et al., 2004). Recording was resumed with 
a single creepmeter in March 2004. The sampling rate of a creep-
meter is typically 1–5 min (Bilham et al., 2004). InSAR data became 
available following the launch of the ERS satellite in 1992, and the 
interval between ERS/Envisat InSAR observations is 35 days. Field 
surveys usually occur within 24 h of the mainshock (Rymer et al., 
2002).

Aiming to find possible creep events during the 1992–2004 
time period when the creepmeter was off-line, we analyzed ERS 
InSAR images (Track 356 Frame 2943, Fig. 2). The data were down-
loaded from the UNAVCO SAR archive and processed with GMTSAR 
(http :/ /topex .ucsd .edu /gmtsar/). Based on the InSAR data, we in-
fer that at least two previously unknown large events occurred 
between 1993 and 1996. Assuming most of the deformation is 
horizontal (there is no topographic step across the fault) we esti-
mated a displacement of 1–2 cm for both events (Fig. 2). Robert 
Sharp (personal communication, 1999) observed one of these 2 
cm events in the field but its time is not well resolved. The first 
event occurred between 11/03/1993 and 07/13/1995, and the sec-
ond one occurred between 10/11/1996 and 12/20/1996. The timing 
of the second event is better constrained than the first event be-
cause more SAR images became available after the launch of ERS2 

http://topex.ucsd.edu/gmtsar/
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Fig. 1. Study area in Southern California. The Salton Trough is the region of low relief in the SE corner of the map. Stars show moderate (M ≥ 5.4) earthquake epicenters with 
significant events labeled. Triangles are locations of creepmeters. Open squares show nearby strong motion stations (station number indicated). Fault names are abbreviated 
as following: Eastern California Shear Zone (ECSZ), San Andreas Fault (SAF), San Jacinto fault (SJF), Elsinore fault (EF), Superstition Hills fault (SHF), Imperial fault (IF), and 
Laguna Salada fault (LSF).
in 1995. Considering the magnitude and time range of these two 
creep events, it is likely that each episode was a single event, al-
though, due to the InSAR time resolution, we cannot rule out the 
possibility that each consisted of multiple smaller events. Fig. 3
thus presents the most complete slip history of creep events on a 
strike-slip fault up to date. We also found two creep events that 
only slipped at the northern segment of SHF. We do not include 
them in the creep time series in Fig. 3 because the creepmeter is 
located in the southern segment of SHF. Many creep events oc-
curred during 1988–1991 but there was only one case in that time 
period where a M4.7 likely triggered slip on SHF (Williams and 
Magistrale, 1989). Part of this is due to the paucity of M > 4 af-
tershocks (Bilham, 1989). There were only three M > 4 aftershocks 
since the installation of the creepmeters in December 1987, and 
the last one occurred in March 1988. Since then, there was no 
M > 4 earthquake on the SHF.

3. Observations and modeling of stress perturbations on the SHF

The static Coulomb stress changes on the SHF produced by 
nearby large earthquakes (Table 1 and references in the caption) 
are usually quite small (<0.1 MPa). Du et al. (2003) calculated 
the static Coulomb stress perturbations on the SHF to be less 
than 0.1 MPa for all major earthquakes before 1993. The static 
Coulomb stress change on the SHF generated by the 1992 Landers 
and 1999 Hector Mine earthquakes were less than 1 kPa (Fialko et 
al., 2002). For the 2010 Mw 7.2 El Mayor earthquake, the Coulomb 
stress change on the SHF is negative (−0.02 MPa) and therefore 
acts to inhibit creep events rather than triggering them (Toda 
and Stein, http :/ /supersites .earthobservations .org /Baja _stress .png). 
For the 1968 Mw 6.5 Borrego Mountain, 1979 Mw 6.4 Imperial, 
1981 Mw 5.8 Westmorland, the 2012 Mw 5.4 Brawley earthquakes, 
both static and dynamic stress perturbations seemed to have pro-
moted creep events. The static Coulomb stress change at the south-
ern segment of SHF is about 0.03, 0.03, 0.05 and 0.07 MPa, re-
spectively (see references in Table 1). However, these numbers are 
1–2 orders of magnitude smaller than the dynamic stress perturba-
tions with the exception of the 2012 Mw 5.4 Brawley earthquake, 
which is very close to SHF. We will later show that these static 
stress changes are too small to trigger creep events. Instead, dy-
namic perturbations are the main mechanism of triggering creep 
events at SHF.

The dynamic stress changes were constrained mainly by strong 
motion data, which are available for many of the relevant events 
over the last 40 yr. A potential instrumental problem with strong 
motion sensors is that they are not designed to accurately record 
long period (>10 s) seismic waves (Boore and Bommer, 2005). 
With the notion that longer period perturbations might be the 
most important in triggering (Brodsky and Prejean, 2005), we used 
high-rate GPS data (Bock et al., 2011) to validate the use of strong 
motion data alone for computing dynamic stress perturbations in 
this region. The comparison between high-rate GPS (1 Hz) and 
strong motion and combined GPS-strong-motion shows that the 
strong motion sensor records very likely reflect the true ground 
motion for nearby large earthquakes in this region (Fig. S1 in the 
supplementary material). For consistency, we use strong motion 
data to constrain the dynamic perturbations even when high-rate 
GPS data are available for recent events. We primarily rely on the 
strong motion station 11 628 (30 km north of the northern end of 
SHF) because it is the longest running (since at least 1992) and 
the closest station to SHF (Fig. 1). The strong motion displacement 
time series are rotated to the normal and shear directions relative 
to the SHF fault plane, and translated respectively to normal and 
shear stress changes using the equation: stress = dD

dt ∗μ/V g , where 
D is the strong motion data in displacement, V g is the group 
wave velocity (3.5 km/s), and μ is the shear modulus (30 GPa). 

http://supersites.earthobservations.org/Baja_stress.png


4 M. Wei et al. / Earth and Planetary Science Letters 427 (2015) 1–10
Fig. 2. InSAR data used to identify creep events on the SHF. (a) Time-baseline map 
of InSAR data used in this study. A baseline is the distance between the satellite 
positions when the SAR images were acquired. A short baseline (< ∼ 250 m) is re-
quired to make interferograms. Red and black solid lines link the pairs that show 
or lack displacement on the SHF (phase change across the fault trace) respectively. 
Dashed black lines denote pairs with interferograms that were too noisy to deter-
mine fault motion. Pink rectangles highlight the possible time periods for the two 
newly identified creep events. Green rectangles highlight two events that slipped 
only at the northern segment of the SHF. (b) Example InSAR image showing slip on 
the SHF as indicated by the sharp boundary between the green region in the south-
west and blue region in the northeast. The phase change across the SHF is caused 
by displacement on the fault. The cloudy blue area is likely water vapor noise. (c) 
Example InSAR image showing no slip on the SHF. The cloudy red area in the top-
left corner is also water vapor noise. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.)

This assumes that large amplitude surface waves are more impor-
tant in triggering than body waves and that the surface waves 
can be treated as a plane wave with a constant velocity. All the 
earthquakes listed in Table 1 show a peak-to-trough amplitude of 
0.5–1 MPa in dynamic perturbations at the Imler road site on the 
SHF and are at least an order of magnitude larger than static stress 
Fig. 3. Composite afterslip history on the Superstition Hills Fault at the location of 
the Imler Road creepmeter since 6 days after the 1987 Mw 6.7 SHF mainshock, 
based on creepmeter and InSAR data as well as field surveys. Field surveys provided 
ground-truth data for many creep events. The absolute amplitude of fault slip at the 
starting point of each time series is unknown. We aligned the three time series to 
form a continuous history. Gray bars show the range of possible occurrence times 
of the two newly identified creep events as constrained by InSAR data. Arrows point 
to creep events triggered by nearby large earthquakes.

changes, with the exception of the 2012 Mw 5.4 Brawley earth-
quake, for which the static stress is as large as the dynamic stress 
perturbation.

4. Fault slip modeling in the framework of rate-and-state friction

We next model the SHF as a 1D strike-slip fault with depth-
variable frictional properties in a 2D medium in the framework 
of laboratory-derived rate-and-state friction laws (Dieterich, 1979;
Ruina, 1983). Wei et al. (2013) proposed a model that includes 
three layers of alternating frictional stability above the seismogenic 
zone (Fig. 4) because the traditional 3-layer model (Scholz, 1998)
cannot simultaneously reproduce the continuous afterslip and the 
episodic creep events observed following the 1987 Mw 6.7 SHF 
earthquake. Specifically, a thin velocity-weakening (VW) layer is 
embedded within the top stable zone. As a result, creep events 
nucleate in this small VW layer and propagate to the surface, 
whereas long-term afterslip arises from the velocity-strengthening 
(VS) layer beneath it. The continuous creep between successive 
creep events is due to the existence of the top VS layer. The shal-
low VS layer might correspond to a special layer observed in sedi-
ments in nearby drilling samples (Wei et al., 2013). Detailed stud-
ies including well log data in the nearby Salton Sea Geothermal 
Field found that Salton Trough sediments can switch from failing 
Table 1
Triggered slip amplitude on SHF by major regional earthquakes.

Year Mw Earthquake Static perturbationsa

(MPa)
Dynamic perturbationsb

Maximum and minimum 
dynamic Coulomb stress 
(MPa)

SHF

Maximum slip on SHF 
(cm)

Distance from earthquake 
(km)

1968 6.5 Borrego Mountain 0.031 N/A 2.5 40
1979 6.4 Imperial 0.031 0.8 (−0.7) 2.0 45
1981 5.8 Westmorland 0.051 2.9 (−2.4) 1.4 20
1986 6.0 North Palm Springs < 0.00011 N/A N/A 139
1992 7.3 Landers < 0.00011,2,3 0.5 (−0.6) 2.5 155
1994 6.7 Northridge < 0.00011 N/A N/A 295
1999 7.1 Hector Mine < 0.00013 0.5 (−0.5) 2.0 190
2010 7.2 El Mayor-Cucapah −0.025 1.6 (−1.6) 2.7 85
2012 5.4 Brawley 0.074 0.05 (−0.05) 0.014 15

a The main sources: 1: Du et al., 2003; 2: King et al., 1994; 3: Fialko et al., 2002; 4: Hauksson et al., 2013; 5: Toda and Stein, http :/ /supersites .earthobservations .org /Baja _
stress .png.

b Based on the closest strong motion station. Data were downloaded from http :/ /strongmotioncenter.org/, rotated to normal and shear directions on the SHF, and translated, 
respectively, to normal and shear stresses by following τ = dD

dt /V g ∗μ, where D is the strong motion data in displacement, V g is the surface wave’s group velocity (3.5 km/s), 
and μ is the shear modulus (30 GPa).

http://supersites.earthobservations.org/Baja_stress.png
http://strongmotioncenter.org/
http://supersites.earthobservations.org/Baja_stress.png
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Fig. 4. Physical parameters used in the fault model. (a) Schematic fault model. The yellow, blue, and red regions have conditionally stable, stable, and unstable frictional 
parameters respectively. (b) Variation of critical distance Dc, effective normal stress σ , friction parameters a–b and a with depth. In the panel titled a–b, the black solid line 
shows the value of a–b, the dashed line shows the value of a, and the gray line shows a–b = 0 to illustrate the changes in frictional stability with depth. (For interpretation 
of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Numerical simulations and observed surface slip history on the SHF between 1988 and 2015. (a) Dynamic stress perturbations used to produce results in the perturbed 
model, which are applied at the times of the Landers, Hector Mine, and El Mayor earthquakes. These perturbations are scaled by a factor of 2.13, 2.023, and 0.538 from 
the stress perturbations derived from the strong motion data at stations 11 628, 11 628, and 11 369, respectively. (b) The red solid line is the reference model with no 
perturbations added (Wei et al., 2013). The blue line shows a simulation that included all three perturbations. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)
in creep events to rupturing in earthquakes over just a few km 
due to hydrothermal alteration and the introduction of a significant 
amount of feldsphar minerals (McGuire et al., 2015). Similar com-
positional heterogeneity is possible at the SHF. This fault model 
can reproduce the geodetic and geological observations, including 
coseismic slip, rapid afterslip, and spontaneous episodic or contin-
uous creep on the SHF (red line in Fig. 5b; see Wei et al., 2013). 
Following an earthquake, the rate of displacement contributed by 
successive creep events decreases continuously, while the interval 
between events increases before reaching a steady value, consis-
tent with observations. The key parameters in the rate-and-state 
friction model include a, b, Dc , and σ , where a and b are non-
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Fig. 6. Creepmeter observations of the triggered event in 2010 (a), and the spontaneous event in 2006 (c), as well as our simulations of the triggered (b), and spontaneous 
(d) events. (e) Data and simulation, same as Fig. 5b but the reference model (red line in Fig. 5b) is not shown. This figure shows that our model can reproduce the distinct 
temporal features of both spontaneous and triggered creep events. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)
dimensional friction stability parameters, Dc is the critical distance 
(sliding distance required to renew the contact population on the 
fault following a velocity step), and σ is the effective normal 
stress (normal stress minus pore pressure) (Dieterich, 1979; Ruina, 
1983). In the shallow VW layer (0.2–1 km depth) (Fig. 4) we set: 
a–b = −0.004; a = 0.015; Dc = 0.2–0.7 mm; σ = 5.6–15.6 MPa. 
The effective normal stress increases linearly with depth at a rate 
of 13 MPa/km (lithostatic minus hydrostatic) and a base value of 
2.96 MPa at surface is included.

Normal and shear stress perturbations (static or dynamic) can 
be applied on the fault at any desired time in the simulated earth-
quake cycle. For the static cases, we apply the stress change over 
the entire fault. For the dynamic cases, we apply the perturbations 
only in the top 3 km where the largest surface wave amplitudes 
are expected. Fault slip rate and state variable evolution following 
a stress perturbation are formulated based on laboratory experi-
ments (Linker and Dieterich, 1992; Richardson and Marone, 1999)
and are incorporated into the rate-and-state friction model as:

θ2

θ1
=

(
σ 1

σ 2

)α/b

(1)

V 2

V 1
=

(
σ 2

σ 1

)α/a

exp

(
τ2

aσ 2
− τ1

aσ 1

)
(2)

where θ is the state variable and V is the slip rate. σ 1 and σ 2
are the effective normal stress, and τ1 and τ2 are the shear stress, 
before and after the perturbation, respectively. α is set to be 0.2 
for a base friction of 0.6, measured by Linker and Dieterich (1992)
and Richardson and Marone (1999) on granite surface with gouge.

Building upon the reference model as shown in Fig. 5b (red 
solid line), we first added static stress changes up to 0.1 MPa and 
found that these changes are too small to instantaneously trigger 
creep events (<0.01 mm slip within 24 h). Then, we applied dy-
namic perturbations of both normal and shear components, which 
are constrained by strong motion data from the Landers, Hector 
Mine, and El Mayor earthquakes (Fig. 5a). As shown in Fig. 5b, 
the perturbed model (blue solid line) reproduces the observed 
triggered slip of similar timing and displacement. This indicates 
that creep events on the SHF are dynamically triggered by these 
three earthquakes. In addition, there seems to be distinct temporal 
features between spontaneous and triggered creep events. A spon-
taneous event includes slip acceleration over a few minutes fol-
lowed by gradual return to background slip rate over several hours 
or days, often including multiple small creep events, whereas a 
triggered event is usually manifested as a single abrupt fault dis-
placement between two data samples (1–5 min). Our model re-
produces this feature of the creepmeter data (Fig. 6). The reason 
for the difference is that when the top VS layer is triggered by 
the transient dynamic perturbations very little energy is left for 
afterslip between creep events. Our simulations also show that the 
same equivalent Coulomb stress change, due to either shear stress 
only (�σ = 0) or normal stress only (�τ = 0), would trigger sim-
ilar creep (Fig. S2 in supplementary materials). This shows that 
Coulomb stress change is a good indicator for triggering, as was 
suggested by Perfettini et al. (2003b). In our model, we use a base 
friction of 0.6 to calculate the Coulomb stress change.

The displacement of triggered creep events scales with the 
maximum dynamic Coulomb stress change (Fig. 7a). To repro-
duce the proper displacement for each event, we have to fine-
tune the perturbations by applying appropriate scaling factors to 
the dynamic perturbations derived from strong motion data. Such 
scaling factors would account for the uncertainties in the calcula-
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Fig. 7. (a) Relation between the maximum dynamic Coulomb stress change and the amplitude of triggered slip. For each earthquake, we use a perturbation derived from the 
strong motion station as the reference perturbation. Then we scale the waveform with a range of factors as a group of perturbations to understand the scaling. (b) Coulomb 
stress threshold for triggering 0.01 mm (dashed lines) and 1 mm (solid lines) of slip events as a function of time during an interval between two successive creep events in 
our models. For each triggering earthquake, the timing of the perturbation is varied within this interval.
tion of dynamic stress perturbations from strong motion observa-
tions, which are not situated directly on the fault, as well as for 
the uncertainties in the parameters in our rate-and-state model. 
The modeled displacement scales exponentially with the pertur-
bations until it reaches a threshold, above which the slip scales 
steeply and linearly with the perturbation and the triggered event 
becomes an earthquake (maximum velocity >10 cm/s) (Fig. 7a). 
Thus, if a perturbation is sufficiently strong, the event in the shal-
low VW layer will become seismic (Kaneko and Lapusta, 2008). 
The slope of these scaling curves depends on the timing of per-
turbation. For example, the slope for the Landers case is gen-
tle because the perturbation occurs during an early stage of the 
creep event cycle. In contrast, the slope for El Mayor is very 
sharp because the shallow VW layer is close to failure when 
perturbation is introduced. However, observations show no evi-
dence of triggered earthquakes on SHF from these three main-
shock events. Either the perturbation was insufficient to trigger 
earthquakes or our fault model is missing some physics such as 
dilatancy strengthening that can stabilize slip (Segall et al., 2010;
Liu, 2013) so that the triggered slip will not grow to earthquakes 
even at very large perturbations.

Based on both observations and numerical simulations we may 
establish the perturbation threshold needed to trigger creep events 
on the SHF. Observations (Table S1 in the supplementary materi-
als) show that triggering of creep events on the SHF requires a 
Mw > 7 earthquake within 150 km, Mw > 6 within 80 km, and 
Mw > 5 within 20 km. Earthquakes that do trigger creep events 
on the SHF usually show a peak-to-trough amplitude of 0.5–1 MPa 
of the dynamic Coulomb stress change, whereas the earthquakes 
that do not trigger creep events usually have a perturbation less 
than ∼0.01 MPa on the SHF. This brackets the triggering threshold 
to be somewhere between 0.01–1 MPa. With numerical simula-
tion, we can reduce this triggering threshold uncertainty. Taking 
the three waveforms in Fig. 5a as examples, we vary the tim-
ing of perturbation and scale the waveforms to further constrain 
the triggering threshold. Because the resolution of the Supersti-
tion Hills creepmeter is 9.6 μm during inter-seismic period and 1 
mm during co-seismic rupture (Bilham et al., 2004), we plot the 
stress threshold as a function of time between two spontaneous 
creep events when the perturbation is introduced for the two res-
olutions. The triggering threshold for 0.01 mm slip is about 0.6 
MPa and the triggering threshold for 1 mm slip is about 0.8 MPa 
(Fig. 7b). Variation of the threshold with time is small, with the 
maximum reached around the middle of the interval when the 
shallow VW layer has returned to a more firmly locked state.

In Fig. 8 we present examples of modeling results for dynamic 
Coulomb stress histories derived from the Landers earthquake data 
during the perturbation. We find the triggered creep event usually 
consists of several individual events, each lasting less than 1 sec-
ond (blue lines in Fig. 8). The magnitude and timing of each indi-
vidual event depends on the dynamic Coulomb stress change. No-
ticeable slip will occur when the Coulomb stress exceeds a thresh-
old, 0.75 MPa for this case, and the displacement depends on the 
amplitude of the stress above the threshold. Perturbations below 
this threshold will not trigger any noticeable slip at this scale (red 
lines in Fig. 8). However, a Coulomb stress change above 0.6 MPa 
but below 0.75 MPa could trigger small slip at a level of 0.01 mm, 
which is not visible at the scale presented in Fig. 8c.

The time-integrated dynamic Coulomb stress perturbation also 
affects the triggering threshold and the displacement of triggered 
slip, in addition to the maximum Coulomb stress perturbation. In 
Fig. 9, we show the results of three groups of simulations. Group 
one is the original waveform for the Landers earthquake. In the 
other two groups, we modify the original waveform by scaling 
both the normal and shear stress perturbations by a factor of 0.5 
(modified waveform 1, red) and 2 (modified waveform 2, black), 
respectively, when the Coulomb stress change is negative (Fig. 9a). 
This multiplication factor artificially reduces or amplifies the nega-
tive Coulomb stress change but keeps the positive Coulomb stress 
change the same for all the three groups. Then we scale each 
group of perturbation by a common factor of 1.0–2.4 and apply 
them at timing of the Landers earthquake. The scaling of triggered 
slip with maximum positive Coulomb perturbation is different for 
the three groups of simulations (Fig. 9b). Modified waveform 1 re-
quires less Coulomb stress to trigger 1 mm slip whereas modified 
waveform 2 requires more (Fig. 9d). The threshold scales linearly 
with the Coulomb stress change integrated over the period of the 
wave train (Fig. 9d). This shows that the asymmetry of a wave-
form can also affect the ability to trigger fault creep, in addition 
to just the maximum Coulomb stress change. The waveform with 
negative integrated Coulomb stress change (black lines in Fig. 9) 
can still trigger creep events mainly because the nonlinear effect 
of stress perturbations on the slip velocity and state variable (as 
shown in equations (1) and (2)). To our knowledge, there is no 
previous study on the asymmetry of waveforms for dynamic trig-
gering.
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Fig. 8. Effect of Coulomb stress change on the dynamic triggering of modeled creep events during the perturbation. (a) Coulomb stress perturbations applied in cases 1 and 2. 
Perturbation 1 (blue solid line) is scaled by a factor of 2.13 from the stress perturbation derived from the strong motion data at station 11628 for the Landers earthquake. 
Perturbation 2 (red solid line) is the same time series scaled up by a factor of 1.30. (b) Modeled surface fault slip velocity V s (log scale) for the two cases. V 0 is the 
geological slip rate of SHF at 5 mm/yr. (c) Modeled surface slip resulting from the two perturbations. Horizontal dashed line in (a) shows triggering threshold at 0.75 MPa, 
and in (b) shows slip velocity V s at 4 mm/s. Vertical dashed lines are plotted to help identify the phase alignment of noticeable triggered slip. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. Effects of perturbations with asymmetric waveforms. (a) Reference perturbations of the three groups of simulations. For each group, we simulated the triggering by 
perturbations with the same waveform but scaled by different factors ranging from 1.0 to 2.4. (b) Triggered slip versus the maximum Coulomb stress change for the three 
groups of perturbations (c) Time-integrated Coulomb stress change for the three reference perturbations shown in (a). (d) Coulomb stress change integrated over the period 
of the wave train of the three reference perturbations scales linearly with the maximum Coulomb stress change needed to trigger 1 mm slip. (For interpretation of the 
references to color in this figure, the reader is referred to the web version of this article.)
5. Discussion

Perfettini et al. (2003a, 2003b) studied static and dynamic trig-
gering of earthquakes in a 1D fault model in the rate-and-state 
friction framework. They showed many characteristics that we 
have seen in our simulations including the instantaneous triggering 
of slip events. However, in Perfettini et al. (2003b), the instanta-
neous dynamic triggering threshold is about 7 MPa, whereas ours 
is an order of magnitude smaller at about 0.6 MPa for 0.01 mm 
slip and 0.8 MPa for 1 mm slip. This difference likely results from 
the different parameters used for the fault segments that nucle-
ate the slip events (Table S2 in the supplementary material). The 
ratio of these thresholds (∼11.7) is close to the ratio of the nu-
cleation sizes in the two studies (∼10; 9 km versus 0.9 km) but 
not to that of normal stress (∼5) or Dc (∼ 40). However, we find 
that the triggering threshold does not linearly scale with the nu-
cleation size. We consider three additional scenarios by decreasing 
(i) the effective normal stress by 50% in the top 1 km, (ii) the Dc by 
50% in the top 1 km, and (iii) both the effective normal stress and 
Dc by 50% (and hence retaining the same h∗) (Fig. S3 in the sup-
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plementary material), where h∗ is the nucleation size (Rubin and 
Ampuero, 2005). The triggering threshold for 1 mm slip decreased 
from 0.84 to 0.75, 0.78, and 0.74 MPa for scenario (i), (ii), and (iii), 
respectively (Fig. S3). Therefore, the similar ratio between the trig-
gering threshold and the nucleation size is a coincidence. These 
results also suggest that the triggering threshold depends on the 
effective normal stress and Dc even for the same h∗ .

The dynamic Coulomb stress model has explained the asym-
metry in aftershock distribution of the 1992 Landers earthquake 
(Kilb et al., 2000), the instantaneously triggering of earthquake in 
simulations by Perfettini et al. (2003b), and the instantaneously 
triggering of creep events in our study. This is consistent with what 
Parsons et al. (2014) have suggested that azimuth and polariza-
tion of surface waves might be important for dynamic triggering 
of earthquakes. The polarization describes the effect when seismic 
surface waves travel through heterogeneous structure, the wave 
packets get refracted laterally, away from the source-receiver great 
circle (Laske et al., 1994), which is different from the polarity of 
body waves. Both azimuth and polarization of surface waves affect 
the dynamic Coulomb stress because perturbations caused by sur-
face waves need to be projected to the normal and shear direction 
of the fault. Therefore, the same surface wave but different az-
imuth or polarization will cause different dynamic Coulomb stress 
and triggered slip.

The findings we present in this paper are specific for the SHF 
site for a specific type of fault slip. It is not yet clear how appli-
cable our results are for other regions. For example, creepmeters 
in Central California recorded many apparent fault-slip steps at 
times of moderate local earthquakes of magnitudes 4–5 (King et 
al., 1977). It is possible to conduct a similar study focusing on 
Central California. Moreover, the threshold of 0.6 MPa for dynamic 
triggering for creep events in Salton Trough seems larger than that 
for triggering earthquakes in geothermal fields, 5 kPa (Brodsky and 
Prejean, 2005) and non-volcanic tremors in subduction zones, 40 
kPa in Cascadia (Rubinstein et al., 2007) and 60 kPa in Taiwan 
(Peng and Chao, 2008), non-volcanic tremors on San Andreas Fault, 
2–3 kPa (Peng et al., 2009), and earthquakes near shale gas pro-
duction sites in western Alberta, Canada, 0.2–0.4 kPa (Wang et 
al., 2015). Many remotely triggered earthquakes and non-volcanic 
tremors are believed to occur at locations with elevated pore pres-
sure and low effective normal stress of a few MPa (Hill et al., 1993;
Brodsky and Prejean, 2005; Rubinstein et al., 2007). In contrast, the 
average normal stress change at the shallow VW layer in our sys-
tem is much larger at about 10 MPa. Moreover, the different den-
sity of source population might also explain the different triggering 
threshold. As shown in Perfettini et al. (2003b), dynamic trigger-
ing threshold drops dramatically if the fault is very close to failure 
(<5% of interval), i.e. critically stressed. For a given study region, 
there are much more tremor/earthquake (in geothermal fields) 
sources that are very close to failure than creep-event sources 
and hence the observed triggering threshold is much smaller for 
tremor/earthquake. All in all, if rate-and-state friction is the sole 
mechanism that dictates triggering, the difference between trig-
gering and non-triggering should depend on the magnitude of the 
effective normal stress, the frictional properties, or the density of 
source population of the system.

One key aspect of dynamic triggering as applied to earth-
quakes and tremor has been the uncertainty in the physical mech-
anism that would cause the observed delays between the applied 
stress perturbation and the occurrence of earthquake/tremor event. 
Shelly et al. (2011) proposed that dynamic triggering of aseismic 
creep is a likely explanation for the prolonged, dynamically trig-
gered tremor sequences on the deep San Andreas Fault, and by 
extension for many other delayed triggering earthquake or tremor 
sequences. Owing to the source depth (∼20 km) and small mag-
nitude, those postulated creep events were not detectable with 
geodetic data and instead inferred based on tremor migration rates 
(10s of km/h) that are somewhat similar to creep event rupture 
velocities observed elsewhere. A similar connection is observed in 
earthquake swarms in the Salton Trough (Lohman and McGuire, 
2007; Roland and McGuire, 2009). While the spontaneous creep 
events on the SHF are not typically associated with any seismicity 
(Wei et al., 2011), they do propagate at velocities (∼100 km/h; 
Bilham, 1989) similar to that inferred from the tremor migra-
tion on the SAF (Shelly et al., 2011). On one hand, this suggests 
similar frictional properties and stress conditions (Rubin, 2008;
Roland and McGuire, 2009) between 20 km depth at Parkfield and 
top 1 km in Salton Trough. On the other hand, this seems contra-
dictory to our suggestion that effective normal stress can explain 
the different triggering threshold of tremor at 2–3 kPa (Peng et al., 
2009) and creep events at 0.6 MPa (this study).

To look for the connection postulated by Shelly et al. (2011)
we examined the seismograms at a nearby seismic station (ERR of 
the Caltech Regional Seismic Network) during the passing surface 
waves from the 2004 Mw 9.1 Sumatra, 2010 Mw 8.8 Chile, 2011 
Mw 9.0 Tohoku, and 2012 Mw 8.6 Indian Ocean earthquakes which 
had maximum velocities of 0.06, 0.11, 0.10, and 0.06 cm/s, respec-
tively, but did not trigger any detectable slip on the creepmeter or 
InSAR data. The corresponding stress perturbations are about 5.1, 
9.4, 8.6, and 5.1 kPa. Therefore, the lack of triggered creep is not 
surprising because the normal stress of the shallow VW layer is 
quite high (∼10 MPa) and these ground motions are at least one 
order of magnitude smaller than that of the 1992 Landers, 1999 
Hector Mine and 2010 El Mayor earthquakes.

Thus, while triggered creep is common on the SHF and other 
strike-slip faults in the Salton Trough there is not a clear extrap-
olation of these events as a likely causative source of prolonged 
tremor or earthquake sequences in other regions. In particular, the 
observation that triggered creep events happen nearly instanta-
neously (Fig. 6) in contrast to multi-day spontaneous events sug-
gests that triggered creep may have the same difficulties explaining 
protracted sequences of triggered seismicity/tremor that last for 
days following the transient dynamic stresses.

6. Conclusions

Not all creep events on the Superstition Hills fault are triggered 
by earthquakes, but of the subset that accompany nearby earth-
quakes we show that dynamic stress changes during the passage 
of seismic waves are most likely to have triggered slip. Numerical 
simulations show that static stress changes from regional nearby 
large earthquakes (M ≥ 5.4) are typically less than 0.1 MPa and 
too small to instantaneously trigger creep events, whereas dynamic 
perturbations alone are large enough to do so. The instantaneous 
triggering of creep events depends on the peak amplitude of the 
Coulomb stress change and the time-integrated dynamic Coulomb 
stress change. Observations show that triggering of creep events 
on the Superstition Hills fault accompanies Mw > 7 earthquakes 
within 150 km, Mw > 6 earthquakes within 80 km, and Mw > 5
earthquakes within 20 km. Based on observations and simulations, 
the stress change amplitude required to trigger a creep event of 
0.01 mm surface slip is about 0.6 MPa. This is at least one mag-
nitude larger than the triggering threshold of non-volcanic tremor 
(2–60 kPa) and earthquakes in geothermal fields (5 kPa) and near 
shale gas production sites (0.2–0.4 kPa), which may be due to the 
difference in effective normal stress, friction, or density of source 
population in these systems or different triggering mechanisms. 
We conclude that shallow frictional heterogeneity can explain both 
the spontaneous and dynamically triggered creep events in our 
study area.
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