
• Earthquake cycle models have been used to model shallow creep (Kaneko et al., 2013); it was found that 
more data in addition to interseismic creep rates are needed to obtain a good constraint on key parameters.

• We use rate- and state- dependent friction with aging law; fully dynamic, antiplane deformation (Lapusta et 
al., 2000):

 

• Grid search and compare to inter-, co- and postseismic data: good fit exists only for V_plate < 30 mm/yr.

• We use data from Envisat (2003-2010): 149 
acquisitions on four tracks (ascending tracks 
77, 306, descending tracks 84, 356). 

• Stable  pixels  identified  by  the  StaMPS 
persistent-scatterers method (Hooper et al., 
2004).

• Sum-Remove-Filter-Restore  (SURF)  method 
(Tong  et  al.,  2013)  used  to  combine  the 
InSAR with GPS data, at a 70 km wavelength 
cutoff.

• Ascending/descending  tracks  combined  to 
separate  horizontal  and  vertical  motion, 
provided the deformation rate and azimuth 
are constant (Lindsey et al., 2014).
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Table 4.  Moment rates         (in units of 1019 N⋅m/yr) for the UCERF3 deformation models, plus implied values of maximum magnitude (Mmax) 
and mean recurrence interval (MRI) of M≥8 events8. 

[ABM, average block model; %, percent. Also listed are UCERF2 values, and the notes give important comparison details] 

Fault 
Model 

Deformation 
Model 

On-fault
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On-fault
 

increase 
from 

UCERF2 2 

On-fault
 

for new 
faults 3 

% from 
new 

faults 

change  
on 

UCERF2 
faults 4 

Off- fault 
  5 

Off-fault 
 

change  
from 

UCERF2  

Total 
 

(including 
off-fault 

aseismic) 

Total  
increase 

over 
UCERF2 6 

% of 
total off 
faults 

Mmax 7 
MRI 
M≥8  

(years) 8 

3.1 

ABM  1.93 11% 0.35 18% -9% 0.92 44% 2.85 20% 32% 8.41 207 
Geologic 2.02 17% 0.27 13% 1%        
NeoKinema 1.76 1% 0.32 18% -17% 1.02 60% 2.78 17% 37% 8.39 214 
Zeng 1.88 9% 0.28 15% -8% 0.88 37% 2.76 16% 32% 8.38 216 

3.2 

ABM 1.92 11% 0.37 19% -10% 0.92 44% 2.84 20% 33% 8.41 207 
Geologic 2.02 17% 0.28 14% 1%        
NeoKinema 1.75 1% 0.32 18% -17% 1.04 63% 2.79 18% 37% 8.39 213 
Zeng 1.88 9% 0.29 16% -8% 0.88 37% 2.76 16% 32% 8.38 216 

2.1 UCERF2 1.73 0% 0.00 0% 0% 0.64 0% 2.37 0% 27% 8.15 385 
1Value includes fault-specific downdip widths and creep-based moment-rate reductions; default is 0.1 where no creep data exist. For reference, the average lower 
seismogenic depth is ~12 km in the UCERF3 Fault Models; with surface creep the average seismogenic thickness is ~11 km. Note that UCERF3 does not include 
most of the UCERF2 “Non-CA Faults” listed in table 30, so contributions from these are included “off fault” here. The value of 1.73 listed for UCERF2 includes 
a 10-percent reduction for small earthquakes and aftershocks (table 30), but this is compensated by UCERF3 applying the default aseismicity of 0.1 (which was 
zero in UCERF2).  
2These are the on-fault values divided by the value of 1.73 for UCERF2. 
3Moment-rate contributions from only the more than 150 new fault sections added in UCERF3 (not included in UCERF2). For the geologic model with Fault 
Model 3.1, 49 percent percent of the increase (0.28 × 1019 N·m/yr) is from the following two new faults: Cerro Prieto (0.083 × 1019 N·m/yr) and Mendocino 
(0.054 × 1019 N·m/yr).  
4Change in on-fault moment rate for the same faults as used in the UCERF2 model. 
5Values from off-fault strain rates given in appendix C, which assume a seismogenic thickness of 11 km. The UCERF2 value includes contributions from both 
“C-Zones (aseismic)” and “Non-CA Faults” (table 30), the latter because most of the “Non-CA Faults” have been excluded in UCERF3. 
6Relative to the UCERF2 total value of 2.37× 1019 N·m/yr (table 30), which includes contributions from “C-Zones (aseismic)” in table 30. The UCERF3 on-fault 
values have aseismic contributions removed, but there may be aseismic contributions in the UCERF3 off-fault values.  
7Implied values computed assuming a truncated Gutenberg-Richter distribution constrained to have the observed rate of 7.9 M≥5 events per year (appendix L, 
this report) and a b-value of 1.0. 
8Values in this table compiled by running the following OpenSHA method on 04/24/13:UCERF3.analysis.DeformatioN-
modelsCalc.calcMoRateAndMmaxDataForDefModels(). 
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Imperial Fault modeling and friction:

• The Imperial fault in southern California is the only mapped 
continuous  fault  through  the  Imperial  Valley,  and  has 
hosted several major earthquakes: 1940 (Mw7.0) and 1979 
(Mw6.6).

• We find that  it  is  creeping only  north  of  the  US-Mexico 
border, opposite to the pattern of 1940 coseismic slip.

• We show that co- and postseismic observations are critical 
for constraining frictional parameters, using a fully dynamic 
earthquake cycle model (Lapusta et al., 2000).

Unrecognized hazards:

• Geodetic data suggest unmapped active structure(s) west 
of  the  Imperial  fault  slipping  at  10  -  15  mm/yr.  This 
implies a lower rate of 25-30 mm/yr for the Imperial fault.

• A lower Imperial fault slip rate also agrees with the dynamic 
modeling, and with several independent lines of evidence.

Model: rate-and-state friction

Strain asymmetry: unmapped hazards?

References

Summary

• A combination of interseismic, coseismic and postseismic observations are required to constrain key frictional parameters 
controlling fault creep, such as the shallow value of (a-b) and the depth of creep.

• To obtain a good fit to all data, earthquake cycle models require a lower Imperial fault slip rate (20 - 30 mm/yr).

• The additional relative plate motion  (10-15 mm/yr) could be taken up by one or several blind fault structures to the west.

• Extra  fault(s)  are  also  supported  by  the  presence  of  a  geodetic  strain  asymmetry  across  the  valley,  microseismic 
lineaments, and paleoseismic trenching.

• This hypothesis is tectonically simpler, and explains several unusual features of the Imperial valley, including a seismically 
imaged low velocity zone in the west, and mis-modeled off-fault strain in the UCERF-3 models.

InSAR observations

Creep rate along strike

• Combined InSAR and GPS  observations  are 
used to measure the fault creep rate every 
2km along strike.

• Fit a line to data on each side of the fault 
and measure the offset.

• Creep rate increases northward from the U.S. 
- Mexico border; no creep observed south of 
the border.

• Surface  creep  rate  is  anticorrelated  with 
coseismic  slip  during  the  Mw7.0  1940 
earthquake (Rockwell & Klinger, 2013).
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Strain Asymmetry:

• Geodetic asymmetry across the Imperial fault is better explained by dislocation models including a second fault.

• The second fault location coincides with microseismicity extending south of the San Jacinto fault zone, and the inferred 
slip rate matches that of the San Jacinto fault zone.

• The models do not rule out the presence of more than one unmapped active fault in the western Imperial valley.3.1. Model Setup
[17] We consider a vertical right-lateral strike-slip fault in a

homogeneous half-space subjected to slow tectonic loading
(Figure 5a). For simplicity, antiplane (two-dimensional, 2-D)
deformation is assumed such that the only nonzero component
of the displacement is the one along the x-direction and is given
by u(y, z, t), where t denotes time. We defined slip d(z, t) on the
fault place as the displacement discontinuity d(z, t) = u(0+, z, t)
u(0!, z, t). Then the relation between slip d(z, t), slip velocity V
(z, t) =@ d(z, t)/@ t, and the corresponding shear stress t(z, t) on
the fault can be expressed as [Lapusta et al., 2000]

t z; tð Þ ¼ to zð Þ þ f z; tð Þ ! G
2Vs

V z; tð Þ ; (1)

where G is the shear modulus, Vs is the shear wave speed, to

is the loading stress that would act on the interface if it were
constrained against any slip, and f(z, t) is a linear functional
of prior slip over the causality cone. The last term, known as
radiation damping, is extracted from the functional f(z, t) so
that f(z, t) can be evaluated without concern for singularities.
The details of the elastodynamic solution and simulation
methodology can be found in Lapusta et al. [2000]. The
fault is driven below depth z=! 48 km with a loading rate
of Vpl = 23 mm/yr constrained by the GPS data (Figure 5a).
The material properties are Vs=3.35 km/s, G= 30 GPa, and
density r=2670 kg/m3.
[18] The fault is governed by rate and state friction with the

aging form of state variable evolution. For time-independent
effective normal stress s, the shear strength t on the fault is
expressed as

t z; tð Þ ¼ s zð Þ fo þ a zð ÞlnV z; tð Þ
Vo

þ b zð ÞlnVoθ z; tð Þ
L

! "

dθ z; tð Þ
dt

¼ 1! V z; tð Þθ z; tð Þ
L

;

(2)

where a and b are rate and state constitutive parameters, V is slip
rate, fo is the reference friction coefficient corresponding to the
reference slip rate Vo, θ is a state variable, which can be inter-
preted as the average age of contacts between two surfaces, and
L is the characteristic slip for state evolution [Dieterich, 1978,
1979; Ruina, 1983]. The parameter combination a! b< 0
corresponds to steady-state velocity-weakening friction and
can lead to unstable slip, whereas a! b> 0 corresponds to

steady-state velocity strengthening and leads to stable sliding
[Ruina, 1983; Rice and Ruina, 1983].
[19] The actual fault resistance to sliding in our model is

given by rate and state friction regularized at zero slip velocity,
as described in Appendix B. The response of constitutive laws
(2), when extrapolated to coseismic slip rates, becomes quali-
tatively similar to the one given by linear slip-weakening
friction [Cocco and Bizzarri, 2011] widely used in dynamic
rupture models [e.g., Ida, 1972;Day et al., 2005]. For simplic-
ity, we use the standard rate and state friction framework (2),
without the inclusion of enhanced dynamic weakening at high
slip rates [e.g., Di Toro et al., 2003; Rice, 2006; Noda and
Lapusta, 2010; Brown and Fialko, 2012].
[20] The physical parameters of the simulations presented

in this work are shown in Figures 5b and 5c. The effective
normal stress, s= 1.0 + 13.0z MPa, where z is in kilometers,
increases with depth due to overburden (minus hydrostatic
pore pressure, Figure 5b). The variation of friction parameters
a and b with depth shown in Figure 5c is similar to the one
in Rice [1993] and Lapusta et al. [2000]; it is derived from
laboratory experiments [Blanpied et al., 1995]. The transition
from velocity weakening to velocity strengthening at 12.5 km
depth is assumed to be associated with temperature increase
with depth (Figure 5c). We experiment with different distribu-
tions of a! b at shallow depths and how these distributions
would affect the interseismic deformation and fault creep.
The value of the characteristic slip L used in our simulations
is 9mm, in which case the model results in sequences of
model-spanning earthquakes, consistent with the results of
Lapusta et al. [2000] and Kaneko et al. [2011]. Our models
resolve all stages of seismic and aseismic slip: the aseismic
nucleation process, the subsequent inertially controlled
earthquakes, the postseismic slip, and the interseismic de-
formation between earthquakes.

3.2. Modeling of Surface Velocity
[21] Figure 6 shows the evolution of simulated interseismic

surface velocity compared to InSAR observations in the Ismet-
pasa creeping segment. The observed surface velocity profile
(the red curve in Figure 6a) represents the average LOS veloc-
ity in a 25 km wide rectangle centered on the middle of the
creeping segment (Figure 2). To compare the simulation
against the observation, we first simulate an earthquake se-
quence (Figure 6b) and then take the corresponding surface
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3.1. Model Setup
[17] We consider a vertical right-lateral strike-slip fault in a

homogeneous half-space subjected to slow tectonic loading
(Figure 5a). For simplicity, antiplane (two-dimensional, 2-D)
deformation is assumed such that the only nonzero component
of the displacement is the one along the x-direction and is given
by u(y, z, t), where t denotes time. We defined slip d(z, t) on the
fault place as the displacement discontinuity d(z, t) = u(0+, z, t)
u(0!, z, t). Then the relation between slip d(z, t), slip velocity V
(z, t) =@ d(z, t)/@ t, and the corresponding shear stress t(z, t) on
the fault can be expressed as [Lapusta et al., 2000]

t z; tð Þ ¼ to zð Þ þ f z; tð Þ ! G
2Vs

V z; tð Þ ; (1)

where G is the shear modulus, Vs is the shear wave speed, to

is the loading stress that would act on the interface if it were
constrained against any slip, and f(z, t) is a linear functional
of prior slip over the causality cone. The last term, known as
radiation damping, is extracted from the functional f(z, t) so
that f(z, t) can be evaluated without concern for singularities.
The details of the elastodynamic solution and simulation
methodology can be found in Lapusta et al. [2000]. The
fault is driven below depth z=! 48 km with a loading rate
of Vpl = 23 mm/yr constrained by the GPS data (Figure 5a).
The material properties are Vs=3.35 km/s, G= 30 GPa, and
density r=2670 kg/m3.
[18] The fault is governed by rate and state friction with the

aging form of state variable evolution. For time-independent
effective normal stress s, the shear strength t on the fault is
expressed as

t z; tð Þ ¼ s zð Þ fo þ a zð ÞlnV z; tð Þ
Vo

þ b zð ÞlnVoθ z; tð Þ
L

! "

dθ z; tð Þ
dt

¼ 1! V z; tð Þθ z; tð Þ
L

;

(2)

where a and b are rate and state constitutive parameters, V is slip
rate, fo is the reference friction coefficient corresponding to the
reference slip rate Vo, θ is a state variable, which can be inter-
preted as the average age of contacts between two surfaces, and
L is the characteristic slip for state evolution [Dieterich, 1978,
1979; Ruina, 1983]. The parameter combination a! b< 0
corresponds to steady-state velocity-weakening friction and
can lead to unstable slip, whereas a! b> 0 corresponds to

steady-state velocity strengthening and leads to stable sliding
[Ruina, 1983; Rice and Ruina, 1983].
[19] The actual fault resistance to sliding in our model is

given by rate and state friction regularized at zero slip velocity,
as described in Appendix B. The response of constitutive laws
(2), when extrapolated to coseismic slip rates, becomes quali-
tatively similar to the one given by linear slip-weakening
friction [Cocco and Bizzarri, 2011] widely used in dynamic
rupture models [e.g., Ida, 1972;Day et al., 2005]. For simplic-
ity, we use the standard rate and state friction framework (2),
without the inclusion of enhanced dynamic weakening at high
slip rates [e.g., Di Toro et al., 2003; Rice, 2006; Noda and
Lapusta, 2010; Brown and Fialko, 2012].
[20] The physical parameters of the simulations presented

in this work are shown in Figures 5b and 5c. The effective
normal stress, s= 1.0 + 13.0z MPa, where z is in kilometers,
increases with depth due to overburden (minus hydrostatic
pore pressure, Figure 5b). The variation of friction parameters
a and b with depth shown in Figure 5c is similar to the one
in Rice [1993] and Lapusta et al. [2000]; it is derived from
laboratory experiments [Blanpied et al., 1995]. The transition
from velocity weakening to velocity strengthening at 12.5 km
depth is assumed to be associated with temperature increase
with depth (Figure 5c). We experiment with different distribu-
tions of a! b at shallow depths and how these distributions
would affect the interseismic deformation and fault creep.
The value of the characteristic slip L used in our simulations
is 9mm, in which case the model results in sequences of
model-spanning earthquakes, consistent with the results of
Lapusta et al. [2000] and Kaneko et al. [2011]. Our models
resolve all stages of seismic and aseismic slip: the aseismic
nucleation process, the subsequent inertially controlled
earthquakes, the postseismic slip, and the interseismic de-
formation between earthquakes.

3.2. Modeling of Surface Velocity
[21] Figure 6 shows the evolution of simulated interseismic

surface velocity compared to InSAR observations in the Ismet-
pasa creeping segment. The observed surface velocity profile
(the red curve in Figure 6a) represents the average LOS veloc-
ity in a 25 km wide rectangle centered on the middle of the
creeping segment (Figure 2). To compare the simulation
against the observation, we first simulate an earthquake se-
quence (Figure 6b) and then take the corresponding surface
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In the vicinity of the US-Mexico border in the Imperial Valley, the southern and northern
ends of the San Jacinto and Cerro Prieto fault zones, respectively, are not well defined
beneath the thick sequence of late Holocene Lake Cahuilla deposits. We present new
observations that indicate a direct connection between the Cerro Prieto and San Jacinto
fault zones.  Data include analysis of pre-agriculture geomorphy, relocation and analysis
of regional microseismicity, and trench exposures from a new paleoseismic site in southern
Mexicali, Baja California.  The new trench site, which generally coincides with a right jog
in the otherwise northwest-trending New River, exposed a broad, diffuse zone of vertical
strike-slip faults. . We interpret these faults as the northwest continuation of the Cerro
Prieto fault zone in an extensional jog or step-over. The width of the step is currently
unconstrained, but if the jog in the New River is an indication, it may be inferred to be on
the order of 2-3 km.

Geomorphic analysis suggests that several linear, northwest-trending shallow lakes
along the New River represent fault-controlled transtensional grabens along a right-
stepping en echelon fault zone.  This geomorphic pattern suggests an active continuation
of the Cerro Prieto fault zone to the northwest from Mexicali toward the Heber geothermal
field.  Relocated earthquakes support this interpretation. A northwest trending seismicity
lineament extends from Cerro Prieto volcano to the west side of the Heber geothermal
field. Hypocenter lineations also define the southeast extensions of the Superstition
Mountain and Superstition Hills faults of the San Jacinto fault zone for nearly 30 km beyond
their mapped fault traces; the Superstition Mountain fault extension reaches the Heber
geothermal field. The Heber field apparently occupies a right step in the Cerro Prieto-San
Jacinto fault zone (Magistrale, 2002). The other two major geothermal fields in the region,
near Cerro Prieto and Salton Buttes, are also associated with major fault step-overs.

The northwestward continuation of the Cerro Prieto fault zone, which we believe
includes the new zone of faulting found in Mexicali, may help account for some of the
missing slip in the Imperial Valley, as suggested by Thomas and Rockwell (1996). They
found that only 15-20 mm/yr of the 40 mm/yr geodetic strain rate across the Salton Trough
(Savage et al., 1979) is accommodated on the Imperial fault, assuming that the past 300-
500 years is representative of the long term rate.  If correct, then nearly 20 mm/yr of slip
is unaccounted for, which Thomas and Rockwell attribute to faults between the Imperial
fault and Cerro Centinela.  Thus, the zone of faults exposed in our Mexicali trench site
may accommodate a significant portion of this 20 mm/yr.
Based on interpretation of trench exposures and correlation with other regional studies
that have dated Lake Cahuilla stratigraphy, we interpret the most recent earthquake on
the fault zone exposed in Mexicali occurred about 350 years ago, just prior to the last lake
high stand.  Significant strike-slip is indicated by mismatches in stratigraphic thickness.
We also observed evidence for an earlier earthquake just prior to the penultimate lake
during a period of deltaic sedimentation, which could be 330-500 years B.P. based on
correlation to dated section of deltaic deposits near Superstition Mountain (Gurrola and
Rockwell, 1996).  If the assumed correlation of dated lucustrine and deltaic sections is
correct, then it appears that the northern Cerro Prieto fault zone in Mexicali has an average
repeat time of about 160-250 years with the last rupture occurring nearly 350 years ago.
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1 =  Most Recent Event (MRE) Horizon defined by upward termination of faults

2 =  Penultimate Event Horizon defined by upward termination of faults and liquefaction features
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Additional evidence for unmapped active faults:

• Paleoseismic trenching found an active structure with 
several large events (orange star; Hogan et al., 2002).

• UCERF-3 models require significant “off-fault” strain in 
the Imperial valley.

• SSIP-imaged  low  velocity  zone  also  suggests  trans-
tension in the western part of the valley.

Persaud et al., 2016
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3-D Structure of the Imperial Valley
The depth slices reveal a narrow north-northwest–trending velocity 

gradient at the western basin boundary that mimics the sea-level contour 
(orange line) at 1 km depth (Fig. 3A). To highlight the progressively better 
match of seismicity trends (L1–L4, dashed purple lines in Fig. 3E) and 
faults with the shape of deeper basin edges, we show depths to the 5.65 
km/s surface (Fig. 3F), representing approximate basement depths within 
the valley, and a shallower surface outside the valley where basement VP 
is typically higher. A shoaling basement block (HVZ1) is between the 
Elsinore fault and Superstition Mountain fault. The Yuha Wells fault cor-
responds to the southeast boundary of this block. Relatively low veloci-
ties (LVZ1) to the southwest of HVZ1 (Fig. 2 and 3C) coincide with the 
along-strike extension of the Elsinore fault.

The Mesquite basin, bounded by the Imperial fault and Brawley fault, 
appears to be a low-velocity zone at 3 km depth (Fig. 3B). In contrast, 
at 5 and 7 km depth, a more prominent velocity low and possible basin 
(Figs. 2, 3C, and 3D; LVZ2) occupies the left step between the Supersti-
tion Hills fault and the Imperial fault, west of the Mesquite basin. This 
velocity depression (~15 km long, 8 km deep; Fig. 3F) coincides with 
a gravity low (Biehler, 1971). Based on its location in a region of local 
compression (assuming right-lateral slip on the Superstition Hills fault 
and Imperial fault), if this feature is a basin, it may have rotated from 
where it was first formed, or may represent an inherited structure from 
an earlier extensional phase that predates the Imperial fault and the San 
Jacinto fault zone, possibly reflecting the overprinting or destruction of 
an older pull-apart basin.

Another velocity low and possible basin (LVZ3, Figs. 3C and 3D) 
northwest of the Heber geothermal area appears to be bounded by two 
subparallel northwest trends in seismicity, i.e., by L3, which extends along 
strike from the Cerro Prieto fault, and by the Imperial fault, or to a lesser 

extent L2 (Fig. 3F). This basin lies in a poorly imaged region, where the 
exact VP values may be less accurate; however, it coincides with a broad 
gravity low (Biehler, 1971) and unlike the larger wedge-shaped Imperial 
Valley basin, which is controlled by faulting on virtually all sides, it may 
be a rhombochasm in an interpreted 9-km-wide right step between the 
Cerro Prieto fault and the Superstition Mountain fault (Magistrale, 2002).
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Figure 2. A: P-wave velocity along the profile in Figure 1 (green line). 
Cyan lines enclose regions with ray coverage. LVZ1 and LVZ2 are 
low-velocity zones discussed in the text. Earthquakes from Hauksson 
et al. (2012) within 5 km of the profile are shown with red circles, or 
yellow circles if M > 3.5 (v.e.—vertical exaggeration). B: The number of 
rays in each grid cell. C: The initial 5 km smoothed CVM-H model (see 
text). Shots (red stars) and major faults in Figure 1 are projected along 
strike and labeled above the topography in the top panel: AF—Algo-
dones, BF—Brawley, EF—Elsinore, IF—Imperial, SMF—Superstition 
Mountain, WF—Wienert, YWF—Yuha Wells.

Figure 3. A–D: P-wave velocities at 1, 3, 5, and 7 km depths based on 
inversion of explosion and earthquake data. Cells with no rays are 
shaded gray based on the coverage in Figure DR4 (see footnote 1). 
The velocity profile in Figures 1 and 2 (green line), and regions with 
ray penetration from shots (cyan lines from Fig. DR5) are shown. C: 
High-velocity zones (HVZ1–HVZ3), and low-velocity zones (LVZ1–
LVZ3) discussed in the text. E: Labels of features also shown in other 
panels. F: Imperial Valley basement depths based on an assumed 
VP of 5.65 km/s. Faults (purple lines), seismicity lineaments (dashed 
purple lines, L1–L4, based on the seismicity in Fig. DR1), geothermal 
areas (http://www.conservation.ca.gov/dog/geothermal/maps), and the 
sea-level contour (orange line), are shown in all panels.
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