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Abstract Earthquake hazard assessments rely on observations from the field and geophys-
ical data that provide fault slip rate estimates at specific sites and inform the geometry of active
faults; however, uncertainty remains for both slip rate and geometry. Furthermore, incompati-
bilities between inferred fault geometry and geologic slip rates arise within crustal deformation
models where model and geologic slip rates disagree. The impact of these incompatibilities may
be local to sites or have wider effect on the fault system deformation. Here, we investigate the
roles of structural position of sites and uncertainty of slip rates using three-dimensional mechani-
cal models that simulate deformation acrossmany earthquake cycles along southern San Andreas
fault near the San Gorgonio Pass in California. Within the models, the impact of strike-slip rate
sites on the fault system depends on their structural positions. Slip rates at sites along short and
segmented faults has lesser impact on the slip along the fault system than either slip rates at sites
along longer faults or at sites within fault branches. Consequently, inaccuracies in the slip rate
estimates used for seismic hazard assessment may have differing impacts on the fault system de-
pending on location and structural position of the slip rates. Fault branches along strike-slip faults
warrant detailed investigation not only because these areas have high spatial variability of slip rate
and accrue nearby off-fault deformation but also because changes in slip rates along branches has
larger impact on deformation along fault system than other sites. Lack of data or large uncertainty
in slip rate data from fault branches can affect our ability to accurately assess seismic hazard of
the region.

1 Introduction

While geologic evidence for slip rates along active
faults provides critical information for constraining
seismic hazard assessments (Field et al., 2015; Morell
et al., 2020, e.g.,), uncertainties in slip rate estimates
that derive from a variety of sources can be large
enough (> 10 mm/yr) to compromise the accuracy of
our hazard estimates. In the face of these large un-
certainties, collecting slip rate data from additional
sites provides one way to improve constraints on ac-
tive slip partitioning. However, in regions of mul-
tiple active faults with complex evolving geometry,
where slip rates can vary both in space and in time
(e.g., Elston et al., 2022; McGill et al., 2021; Zinke et al.,
2017), this approach can yield slip rates that are in-
consistent with each other. One such region is where
the southern San Andreas fault in southern Califor-
nia forms a restraining bend in the SanGorgonio Pass
region (SGPr) (Figure 1). Because earthquakes along
the San Andreas fault pose a great risk to the highly
populated cities of southern California, the region has
been the focus of many geologic investigations, and
these studies have producedmany slip rate estimates
on the San Andreas fault through the SGPr (Figure 1).

∗� cooke@umass.edu

However, the geologic slip rate estimates to date do
not present a consistent interpretation of slip rate dis-
tribution along the strands and segments of the San
Andreas fault.

For example, debate persists on the relative activ-
ity of the Mill Creek andMission Creek strands, which
provide a northern path for rupture through the SGPr
(Figure 1; Blisniuk et al., 2021; Fosdick and Blisniuk,
2018; Gold et al., 2015; Kendrick et al., 2015). Kendrick
et al. (2015) used reconstructed drainage segments
across the Mill and Mission Creek strands (site B in
Figure 1) to show that both strands, while active in
the past, have been inactive for ~100 ka. However,
a provenance study in this same area by Fosdick and
Blisniuk (2018) suggests that these strands are cur-
rently active. Farther to the east along the Mission
Creek fault, two sites within 5 km of each other (sites
C and 9; Figure 1) have slip rates that differ by >10
mm/yr; 19.6–23.6mm/yr at site C (Blisniuk et al., 2021)
and 10–14 mm/yr at site 9 (Muñoz Zapata, 2017).
These slip rates are averaged over different time pe-
riods (Table 1), which complicates their direct appli-
cation to current seismic hazard assessment. Long
term slip rates from very young deposits (fewer than
five earthquakes)may be impacted by earthquake cy-
cles (e.g., Styron, 2019) and older deposits have in-
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Figure 1 – The surface traces of modelled faults overlain on a digital elevation map (DEM). Different trace colors indicate
the specific fault segments. Numbers in circles show the location of slip rate sites that we use to constrain the model slip
rate. Letters in squares indicate the location of slip rate sites that we do not use to constrain themodel slip rate. The bottom
left inset shows the cross-section profile along the A-A’ line (dark gray). The top left inset shows the region of interest (black
rectangle) on a map of southern California. Table 1 lists the name and citation for all the slip rate sites. BA: Banning; CO:
Coachella; GH: Garnet Hill; GP: Galena Peak; MLC: Mill Creek; MSC: Mission Creek; SB: San Bernardino; SGPT: San Gorgonio
Pass Thrust.

Table 1 – Data from geologic strike-slip rate sites.

Site Name Age
Dextral
slip rate
(mm/yr)

Citation
Used here to
constrain model
slip rate?

1 Cajon Creek ~14 ka 21-28 Weldon and Sieh (1985) yes
2 Badger Canyon 13-15 ka 11.8 +4.2/-3.5 McGill et al. (2021) yes
3 Plunge Creek 10.5 ka 6.3–18.5 McGill et al. (2013) yes
A Wilson Creek ~14 ka 14-25 Harden and Matti (1989) no; non-robust age
4 Burro Flats ~4 ka ~4–12 Orozco (2004) yes
5 Millard Canyon ~8ka 5.2 +2.4/-1.4 Heermance and Yule (2017) yes
6 Painted Hills ~6 ka ~3.9–4.9 Gold et al. (2015) yes
7 Washington St. ~6 ka ~1.5–3.5 Blisniuk et al. (2021) yes

B
Mission Creek
Alluvial Fan
Complex

~100 ka 0 orc 0
Kendrick et al. (2015);
Fosdick and Blisniuk (2018)

not constrained in
Active Northern
Pathway model

8 Thousand Palms ~500 years 2–6 Fumal et al. (2002) Lower limit
C Pushawalla Canyon ~90 ka 19.6–23.6 Blisniuk et al. (2021) no; age 16 ka
9 Three Palms 2.6–6.4 ka 9–14 Muñoz Zapata (2017) yes
D Biskra Palms ~50 ka 14–17 Behr et al. (2010) no; age 16 ka

creasing vulnerability for recording temporal varia-
tion in slip rates (e.g., Rittase et al., 2014; Hatem et al.,
2020; Elston et al., 2022; Zinke et al., 2017). An interest-
ing outcome of having abundant slip rate data is that
inconsistency between slip rates decreases our con-
fidence in our estimates of current fault activity along
the southern San Andreas fault more than if we had
just one slip rate; this is similar to the conundrum of
having several clocks tell you different times.

Crustal deformation models provide a powerful
tool for testing themechanical consistency of slip rate
estimates along faults within complex networks. We
can test plausible fault configurations by comparing
results of alternative mechanical models with geo-
logic slip rates, uplift, and/or geodetic data (e.g., Beyer
et al., 2018; Cooke andDair, 2011; Fattaruso et al., 2014;
Herbert and Cooke, 2012). For example, Beyer et al.
(2018) find that two among six plausible configura-
tions of the San Andreas fault through the SGPr fit
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well the available geologic slip rates. Crustal defor-
mation models can also highlight regions that would
benefit from further investigation. Kinematic com-
patibility of a fault system describes how deforma-
tion is partitioned through the system (Gabrielov et al.,
1996;Hatem et al., 2015), and its analysis can highlight
regions where long-term fault slip rates are incom-
patible with the interpreted fault geometry. If inter-
preted fault geometries and slip rates are kinemati-
cally incompatible, such as fast slip rates through a
sharp fault bend, deformation that cannot be effec-
tively accommodated as fault slip results in local off-
fault deformation that impacts the fault slip budget.
Because slip along faults may not sum to the regional
loading in these regions of high incompatibility, these
regions require additional data to better characterize
partitioning of active deformation.

The abundant slip rate data available from along
the geometrically complex southern San Andreas
fault (Figure 1) provides an ideal scenario to assess
the relative impact of different slip rate sites on the
partitioning of slip along the fault system. While some
fault irregularities may only produce local off-fault
deformation and persist throughout fault evolution
(Hatem et al., 2017), other incompatibilities between
fault geometry and slip rate may have great impact
on slip rates throughout the fault system and pro-
mote reorganization of the fault system (e.g., Cooke
et al., 2020; Fattaruso et al., 2016). By assessing the
locations along the fault system with the greatest in-
fluence on slip rates, we can better understand the
potential impact of slip rate and fault geometry un-
certainties and inaccuracy on our seismic hazard es-
timates.

In this study, we use three-dimensional Bound-
ary Element Method models that simulate deforma-
tion over many earthquake cycles to investigate the
compatibility of interpreted fault geometrywith inter-
preted slip rates through the SGPr (Figure 1). Rather
than letting faults slip everywhere in response to tec-
tonic loading as done with many previous models
(e.g., Beyer et al., 2018), here in addition to allowing
slip in response to tectonic loading, we prescribe geo-
logic slip rates at the sites of the investigation. This al-
lows the models to incorporate both interpreted slip
rates and fault geometry at the same time so that
we can assess their compatibility. To explore the im-
pact of slip rate uncertainties, we investigate a second
suite of models that apply 1 mm/yr to each of the slip
rate sites independently to assess how slip at differ-
ent sites impacts deformation elsewhere on the fault
system due to variations in their structural position.
The models provide a way to assess the sensitivity of
different structural positions to uncertainties in slip
rate data. The model results show that changes to
slip rates at sites along fault branches has larger im-
pact on deformation of the fault system than sites at
other structural positions.

2 Geometry and Slip Rates of the
Southern San Andreas Fault

Within the San Gorgonio Pass region (SGPr), the
southern San Andreas fault forms a left-stepping re-
straining bend and becomes geometrically complex,
with multiple active fault strands and a complex slip
history (Figure 1 Matti et al., 1985; Matti and Morton,
1993). In this section, we describe the interpreted
geometry and records of recent slip rate along both
the southern and northern strands of the San An-
dreas fault (Table 1). The San Andreas fault geometry
used in this study primarily follows that of the South-
ern California Earthquake Center Community Fault
Model (CFM) v. 5 (Plesch et al., 2007; Shaw et al., 2015)
with exceptions noted below. Siteswith slip rates that
are either not well constrained or older than 40 ky are
given a letter site name rather than a number and
the slip rates estimates from these sites with older
records that may record temporally varying slip rate
are not used to constrain the models.

Dextral slip rates consistently decrease from north
to south along the San Bernardino strand of the San
Andreas fault from Cajon pass to where the strand
approaches the San Gorgonio Pass thrust. At Cajon
Creek the San Bernardino strand shows 21-28mm/yr
slip from 14 ka geomorphic features (site 1; Weldon
and Sieh, 1985). The next three sites to the south con-
strain slip rates from offsets of 10–16 ka alluvial fans
with 8.3–16 mm/yr at Badger Canyon (site 2; McGill
et al., 2021), 7–17 mm/yr dextral slip at Plunge Creek
(site 3;McGill et al., 2013) and 14–25 mm/yr at Wilson
Creek (site A; Harden and Matti, 1989). The fan age
at Wilson Creek site is an estimate rather than amea-
surement, which results in a large slip rate range. The
southernmost slip rate site on the San Bernardino
strand has 4–12mm/yr slip rate recorded by offset of
a ~4 ka alluvial fan at Burro Flats (site 4 Orozco, 2004).

Active slip along the southern pathway of the San
Andreas fault within the SGPr occurs along the San
Gorgonio Pass thrust, Garnet Hill strand, andBanning
strand (Figure 1). The San Gorgonio Pass thrust is a
north-dipping thrust fault that intersects the Earth’s
surface with a scalloped trace (e.g., Matti and Mor-
ton, 1993; Matti et al., 1985; Yule and Sieh, 2003). The
San Gorgonio Pass thrust has offset ~8 ka terraces to
record a dextral-oblique slip rate of 5.7+2.7/-1.5 mm/yr
at Millard Canyon (site 5; Heermance and Yule, 2017).
This net slip rate resolves to 5.2+2.4/-1.4 mm/yr dextral
slip and 2.4+1.1/-0.6 of reverse slip To the east of Mil-
lard Canyon, the north-dipping Garnet Hill and Ban-
ning strands are nearly parallel in strike and have sev-
eral different interpreted subsurface geometries (Fuis
et al., 2017; Plesch et al., 2007; Yule and Sieh, 2003).
For this study, we follow the interpretations of Fuis
et al. (2017) that the Garnet Hill strand is only active
in the footwall of the Banning strand (Figure 1). While
the Garnet Hill strand does not offer geomorphic fea-
tures that can provide slip rate estimates, the parallel
Banning strand offsets ~6 ka alluvial fans at both its
western and eastern ends. The fan at Painted Hills
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records 3.9–4.9 mm/yr dextral slip (site 6; Gold et al.,
2015) and the fan at Washington Street, near the in-
tersection of the Banning strand with Mission Creek
strand, records 1.5–3.5mm/yr dextral slip (site 7; Blis-
niuk et al., 2021).

The northern slip pathway of the San Andreas fault
consists of the Mill Creek, Galena Peak, and Mission
Creek strands (Figure 1). While the northern path-
way was active in the past and served as the primary
structure of the San Andreas fault in this region, re-
cent activity of these vertical faults remains debated
(e.g., Beyer et al., 2018; Blisniuk et al., 2021; Fosdick and
Blisniuk, 2018; Kendrick et al., 2015). Here, we include
the Galena Peak strand as part of the northern path-
way as it connects the Mill Creek strand and western
part of the Mission Creek strand (e.g., Dibblee, 1964;
Kendrick et al., 2015; Matti and Morton, 1993). This ac-
tive fault configuration allows slip to by-pass Upper
Raywood Flats where Kendrick et al. (2015) found no
evidence of slip in the past 100 ka. Beyer et al. (2018)
found that among six plausible configurations of the
San Andreas fault strands, the configuration that in-
cludes the Galena Peak strand matches the available
geologic slip rates as well as themodel without an Ac-
tive Northern Pathway for slip through the San Gor-
gonio Pass.

Researchers report differing degrees of recent ac-
tivity along the Mill Creek and Mission Creek strands
west of the Galena Peak strand to the location just
west of the A-A’ transect within Figure 1. One study
of the Mission Creek alluvial complex suggests that
neither the Mission Creek nor Mill Creek faults have
slipped at this location for 100 ka (site B; Kendrick
et al., 2015). In contrast, a sedimentary provenance
study ofmoderndrainages just a few kilometers away
suggests that the Mission Creek fault may accommo-
date most of the deformation in the region (Fosdick
and Blisniuk, 2018). To the east of the A-A’ transect
within Figure 1, theMissionCreek strand shows abun-
dant evidence for slip but with a wide range of dex-
tral slip rates. Within the Indio Hills, channel offsets
at Pushawalla Canyon show high dextral slip rates
of 19.6-23.6 mm/yr over the past ~90 ka (site C; Blis-
niuk et al., 2021), consistent with active slip along the
northern pathway through the SGPr. However, these
channels do not record recent slip rates within the
past 16 ka. A few kilometers south from Pushawalla
Canyon at Three Palms, a young 2.6–6.4 ka alluvial fan
showsmuch lower slip rate of 9–14mm/yr dextral slip
along the Mission Creek strand (site 9;Muñoz Zapata,
2017). A few kilometers north of Pushawalla, offset
channels trenched across the Mission Creek fault at
Thousand Palms recorded two slip events within the
last 500 years that give slip rates of 2–6mm/yr (site 8;
Fumal et al., 2002). Because trenches canmiss expres-
sions of slip along fault splays outside of the trench,
we consider this a minimum slip rate for the Thou-
sand Palms site.

The Banning andMission Creek strandsmerge into
the Coachella segment of the San Andreas fault just

south of the Indio Hills (Figure 1). The Coachella seg-
ment dips to the northeast (e.g., Fattaruso et al., 2014;
Fuis et al., 2017; Lin, 2013; Lindsey and Fialko, 2013)
and continues southward from the Indio Hills to the
eastern shore of the Salton Sea. Near the Indio Hills,
the Mission Creek strand and the Coachella segment
dip 5–10 degrees shallower in the Fuis-based mod-
els than in the CFM-based models due to changes
in the geometry of the Banning strand. This geom-
etry honors the interpretations of Fuis et al. (2017) for
the Banning, Garnet Hill and Mission Creek strands
to the north of Palm Springs and for the Coachella
segment to the south of the Indio Hills. Just south of
the junction with the Banning and Mission Creek, the
Coachella segment shows evidence from 50 ka allu-
vial fans for a preferred rate of 14-17mm/yr at Biskra
Palms (site D; Behr et al., 2010).

3 Methods

Figure 2 – Oblique view of the model setup taken from
Beyer et al. (2018). Tectonic loading is prescribed far from
the investigated faults at the boundaries of themodel base.
Zone of applied loading is much wider than shown here.
Fault slip rates are prescribed at the distal end of faults
that extend beyond the model boundaries. Faults within
the model slip freely in response to both tectonic loading
and fault interaction. A range of plate velocities and orien-
tations account for uncertainty in tectonic loading. SAF: San
Andreas fault; SJF: San Jacinto fault.

We evaluate the impact of slip rates and sites
along faults within the San Gorgonio Pass re-
gion (SGPr) on deformation within the southern
San Andreas fault system using Poly3D, a quasi-
static, three-dimensional Boundary Element Method
code. Poly3D calculates stresses and displacements
throughout the model domain by solving the linear-
elastic equations of continuummechanics (Crider and
Pollard, 1998; Thomas, 1993). To incorporate fault dis-
continuities within the half-space continuum, Poly3D
uses triangular elements built from angular disloca-
tion solution of Comninou and Dundurs (1975). In ad-
dition to detailed three-dimensional representation
of faults described in Section 2, the models incorpo-
rate the San Jacinto fault and faults of the Eastern
California Shear Zone based on the Community Fault
Model version 5 (Figure 2). Modifications to the Com-
munity Fault Model representation have improved
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the match of model slip rates to geologic slip rates;
we include thesemodifications of the Eastern Califor-
nia Shear Zone described by Herbert et al. (2014) and
of the Coachella segment described by Fattaruso et al.
(2014). We remeshed the Community Fault Model for
more uniform element size and we iteratively refined
the mesh to reduce model artifacts that arise when
the faults slip.

For the mesh, faults are discretized into triangular
elements that can replicate complex fault geometries
within a linear-elastic and otherwise homogeneous
half-space (Figure 2). Within the SGPr, the average
element size is 4 km, allowing for the models to cap-
ture fault irregularities as small as ~10 km. Following
Marshall et al. (2009), we extend the faults of the CFM
down to a horizontal basal crack that is freely slipping
at 35 km depth to simulate distributed deformation
below seismogenic depths. This adaptation allows us
to simulate long-term deformation without the fault
slip rates going to zero at the base of the CFM-defined
faults. Furthermore, we do not consider impacts of
heterogeneous and/or anisotropic rock properties.
Over multiple earthquake cycles, fault geometry pro-
vides a first-order control on deformation patterns
(e.g., Dawers and Anders, 1995; Fay and Humphreys,
2005; Herbert and Cooke, 2012).

Within the unconstrained models, the faults
throughout the model slip in response to both the
tectonic loading and fault interaction. Because fault
slip accumulates during earthquake events, the
dynamic strength during slip rather than the static
strength at the start of the slip event captures fault
slip over many earthquake cycles. The zero shear
traction applied to the modeled faults is consistent
with low dynamic strength of faults during rupture
(e.g., Goldsby and Tullis, 2011; Di Toro et al., 2006).
Tectonic loading is prescribed far from the inves-
tigated faults at the base of the model, following
Herbert and Cooke (2012) to simulate plate motions
that are geodetically constrained as 45–50 mm/yr
at 320–325° (e.g., DeMets et al., 2010). Following
Beyer et al. (2018), we also implement an iterative
technique that uses a correction ratio for successive
iterations to ensure a uniform applied tectonic veloc-
ity parallel to the plate boundary (sides labeled I on
Figure 2) and a linear gradient in the tectonic loading
across the plate boundary adjacent to active faults
(sides labeled II on Figure 2). This technique provides
applied velocities that are within ~1% of the desired
tectonic loading.

To prevent slip from artificially going to zero on
faults that extend outside our model area (i.e., the
San Andreas, San Jacinto, and Cucamonga-Sierra
Madre fault systems), we prescribe slip rates to
patches of these faults at the edge of our model. For
the San Andreas fault, we apply 35mm/yr dextral slip
(Weldon and Sieh, 1985) at the northwestern edge of
the model. At the southeastern edge of the model,
we apply 25 mm/yr and 10 mm/yr dextral slip to the
San Andreas and San Jacinto faults, respectively (e.g.,

Becker et al., 2005; Fay and Humphreys, 2005; Meade
and Hager, 2005; Sharp, 1981). Deformation within
the SGPr is not significantly impacted by variations in
the partitioning of slip rates between the San Andreas
and San Jacinto faults at this model edge because slip
rates primarily respond to interaction among com-
plex faults within the SGPr (Fattaruso et al., 2014). Fi-
nally, we apply 1.6 mm/yr reverse slip (McPhillips and
Scharer, 2018) to the western edge of the modeled
Cucamonga fault to account for deformation along
the Sierra Madre fault, which is not included in our
model.

Because of the ongoing debate on the recent activ-
ity of the Mill Creek strand, we assess two alternative
active fault configurations. Due to the low strength
applied to faults in the models, all faults will slip,
which means that inactive faults need to be either re-
moved or prescribed zero slip. The first fault configu-
ration model considers the northern slip pathway to
be inactive through the SGPr; the model does not in-
clude the Mill Creek or Galena Peak strands and only
allows slip along the Mission Creek strand southeast
of the transect A-A’ on Figure 1. The second model
expands from the first fault configuration and incor-
porates active Mill Creek and Galena Peak strands as
well as the entire Mission Creek strand (Figure 1). We
refer to these two fault configurations as the Inactive
Northern Pathway and the Active Northern Pathway
models, respectively.

3.1 Impact of Slip Rates and their Uncer-
tainty

To assess the impact of site specific slip rates and
their uncertainty on slip elsewhere within the fault
system, we compare the fault slip rates and off-fault
deformation of models with both unconstrained and
constrained slip rates. Within the first set of uncon-
strained models, we allow the faults everywhere in
the model to slip freely in response to tectonic load-
ing and fault interaction. In this first model, the slip
rates are mechanically consistent with the fault ge-
ometry. For example, if the active fault configuration
has a sharp change in fault strike, the slip rate will
slow around this kink. However, some of the result-
ing slip rates may fall outside of the slip rate limits
determined from geologic information. A mismatch
in slip rates can arise from inaccuracies of either the
model or the geologic interpretation. At any one site,
a combination of factors may contribute to the un-
certainty of the local slip rate. Here, we explore the
impact of these slip rate mismatches on the fault sys-
tem, regardless of the source of the mismatch. To
do this we investigate a second set of constrained
models, where we limit the slip rates at geologic sites
within the models to within the geologic range. At
each slip rate site along the fault, the prescribed slip
rate patch is ~2 km by 2 km, just below the surface
trace of the fault. Locations along the faults between
the prescribed slip rate sites freely slip in response to
tectonic loading, fault interaction, and the effects of
prescribed slip patches.
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Because geologic investigations produce a range of
possible slip rates, we allow for a variety of slip rates
at each site of geologic investigation in the model. In
the absence of probability density functions for the
slip rates, we treat the geologic slip rate as having
uniform (”box car”) probability within the published
range. If the slip rates from the unconstrainedmodel
lie outside of the geologic range, then we prescribe
the slip rate at the site to be either the upper or lower
limit of the geologic slip rate range. If the slip rate
in the unconstrained model is closer to the upper
bound then we prescribe this slip rate at the site, oth-
erwise we prescribe the lower bound slip rate at the
site. Prescribing the geologic slip rate limit honors the
geologic observation while alsominimizing the devia-
tion from the slip rate that is mechanically consistent
with the interpreted active fault geometry (the uncon-
strained slip rate). Reducing the slip rate mismatch in
themodel aligns themodel with the geologic data but
does not inform the source of the mismatch.

Because some sites have uncertain recent slip
rates, we either exclude themor limit their role within
the constrained models (Table 1). The alluvial fan
age at the Wilson Creek (site A) uses qualitative soil
chronology rather than modern dating techniques
(Harden and Matti, 1989). Because of this uncertainty,
we include the slip rate for comparison but do not
constrain the model to fit this slip rate. We also
exclude slip rate constraints on the Mission Creek
strand at theMission Creek Alluvial Fan Complex (site
B)within the ActiveNorthern Pathwaymodel because
interpretations of recent slip along this portion of the
fault (Fosdick and Blisniuk, 2018) do not provide rates.
The Kendrick et al. (2015) interpretation of zero slip
rate at site B is explicitly considered within the In-
active Northern Pathway model. The slip rate from
the Thousand Palms trench (site C) may not include
nearby fault strands (Fumal et al., 2002); we use the
reported range as only a lower limit for dextral slip
rates. Slip rates from the Pushawalla Canyon (site C)
and Biskra Palms (sites C) are based on > 60 ka al-
luvial fans (Behr et al., 2010; Blisniuk et al., 2021). Be-
cause the activity among fault strands in the SGPr has
shifted over the past 100 ka, strands that were active
60 ka may have different activity now (e.g., Kendrick
et al., 2015). Laboratory experiments confirm that
restraining bends with greater than 20° restraining
bend angle, such as the SGPr, are unstable and gen-
erate new faults segments (Cooke et al., 2013; Hatem
et al., 2015) and slip rates on some bends can vary
on time spans of ~50 ka (Elston et al., 2022). Because
of the inferred shifts in activity over the last ~100 ka
for the SGPr, we only use slip rates from offset of fea-
tures younger than ~40 ka to constrain the models
that simulate current fault slip patterns.

We assess the kinematic incompatibility of the two
fault configurations (Inactive and Active Northern
Pathway) for both the unconstrained and constrained
models by calculating maps of the off-fault deforma-
tion. We assess the net strain rate, defined as the
sum of the vorticity rate and the divergence rate de-

rived from the velocity field at the top surface of the
model half-space. The vorticity captures the distor-
tion along and off of faults while divergence captures
dilatational strain. In order to investigate the off-fault
deformation, we exclude net strain rate information
within 1 km from all active faults. We compare the
resulting off-fault strain rate pattern, the mean net
strain rate across the region and the uplift pattern to
those of the unconstrained models. The spatial pat-
terns of deformation reveal regions where geologic
slip rates are incompatible with interpreted fault ge-
ometry, while the spatial average of the net strain
rate provides a metric for the relative overall kine-
matic compatibility of the system. Because themodel
does not include isostacy, we correct the uplift rates
of the BEM model using a model of elastic flexure of
the crust that reduces amplitude and increases wave-
length of uplift (e.g., Cooke and Dair, 2011; Fattaruso
et al., 2014, 2016). Here we use a mantle density of
4500 kg/m3, crustal density of 2700 kg/m3, and a flex-
ural rigidity of the crust of 2x1023 Pa·m3.

3.2 Assessing Impact of each Slip Rate
Site on the System

Due to their structural position, some sites may have
a stronger influence on slip rates along the fault sys-
tem than other sites. While the kinematic efficiency
analysis highlights regions of the model where fault
geometry is incompatible with geologic slip rates,
those findings do not inform the role of each site on
the slip distribution within the system. We assess
the sensitivity of individual sites by exploring the re-
sponse of the fault system to 1mm/yr of dextral strike
slip applied at each of the sites independently. The
influence factors report the change in slip rate at all
other sites due to the applied 1 mm/yr at each site.
Within the elastic model, the values of slip rate ev-
erywhere in the model scale linearly to the applied
slip rate; we apply 1 mm/yr to all sites to allow direct
comparison of site impact and to facilitate normaliz-
ing the slip rate uncertainties. To assess the impact
along stretches of fault between the slip rate sites, we
also calculate slip rate impact factors by integrating
the slip along the fault system that results from ap-
plying 1 mm/yr at each site.

3.3 Results

To assess the roles of fault geometry and slip rate
constraints, we present fault slip rates and off-fault
deformation through the San Gorgonio Pass region
(SGPr) for Inactive Northern Pathway and Active
Northern Pathway models with unconstrained and
constrained slip rates. Sites without reliable and
young (< 40 ka) slip rates (sites A, B, C and D) are
not constrainedwithin themodels but are considered
within the analysis of site impact.
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Figure 3 – Dextral slip rates along strands of San Andreas fault at the upper surface of the model. Vertical bars show the
geologic slip rates at sites labeled in Figure 1; bars with lighter hues are not used for the model assessment. Upward pink
arrow indicates that slip rate may exceed the reported range at Thousand Palms. The shaded bands show the range of
modeled strike-slip faults for the various applied tectonic loading. a) and b) show results from the unconstrained models
with and without an Active Northern Pathway for slip. The Inactive Northern Pathway model overlaps more geologic slip
rates than the Active Northern Pathwaymodel. c) and d) show results for the constrainedmodel where we prescribed strike
slip rate to fit within the geologic ranges at sites with robust estimates of slip rate within the past 40 k years.

3.4 Surface Slip Rates through the San
Gorgonio Pass Region

Forward numerical models that simulate tectonic
loading can provide slip rate estimates along the en-
tire fault surface including at the sites of geologic slip
rate investigations. Models for the southern San An-
dreas fault show dextral slip rates at the upper sur-
face of the model that vary along the fault strands
through the SGPr (Figure 3a and b).

In the Inactive Northern Pathwaymodel (Figure 3a),
the dextral slip rate along the San Bernardino strand
(maroon) gradually decreases southward from Cajon
Pass, with a small, stepped decrease in slip rate be-
tween Plunge Creek (site 3) and Wilson Creek (site A),
where the San Gorgonio Pass thrust (green) takes up
some dextral slip. Dextral slip rate along the San Gor-
gonio Pass thrust generally increases to the east to
reach a maximum of 6 mm/yr dextral slip near its in-
tersection with the Banning strand (coral). Because
strike-slip is partitioned between both the San Gor-
gonio Pass thrust and a short active segment of the
Banning strand that parallels the San Gorgonio Pass
thrust (Figure 1), the dextral slip rate along the thrust
varies along strike. The model produces a local low
in dextral slip along the San Gorgonio Pass thrust at
Millard Canyon (site 5). Dextral slip on the Garnet Hill
strand (beige) decreases to the east, where the fault
trace ends just short of reaching the Coachella seg-
ment of the San Andreas fault (brown). In contrast,
dextral slip on both the Banning strand and the ac-
tive portion of the Mission Creek strand (purple) in-

crease to the east to maximum values where these
faults merge with the Coachella segment.

In the Active Northern Pathway model (Figure 3b),
the dextral slip rate along the San Bernardino strand
decreases with distance from Cajon Pass, similar to
slip rates of the Inactive Northern Pathway model
(Figure 3a). However, unlike the Inactive Northern
Pathway model, the dextral slip rate abruptly de-
creases between Badger Canyon (site 2) and Plunge
Creek (site 3), due to the transfer of dextral slip
onto the Mill Creek strand (blue). Farther to the
east, dextral slip of ~10 mm/yr along the Mill Creek
strand continues onto the Galena Peak strand (or-
ange). The dextral slip rates along the Mission Creek
and Banning strands gradually increase to the south-
east where these strands merge with the Coachella
segment.

Model reverse slip rates can be compared with
recent reverse slip rates at Millard Canyon (site
5). The Inactive Northern Pathway model produces
3.5–6.2 mm/yr and the Active Northern Pathway
model produces 3.6–4.5 mm/yr of reverse slip at Mil-
lard Canyon. The greater reverse slip of the Inac-
tive Northern Pathway model is consistent with the
greater strike-slip rate along the San Gorgonio Pass
thrust along the southern slip pathway. Both reverse
rates from the unconstrained models narrowly ex-
ceed the 1.8-3.5 mm/yr range determined by Heer-
mance and Yule (2017) from offset alluvial terraces.

The Inactive Northern Pathway model matches
more of the geologic strike-slip rates than the Active
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Northern Pathway model (Figure 3a and b). Both un-
constrained models underestimate strike-slip rates
at Millard Canyon (site 5) on the San Gorgonio Pass
thrust and overestimate slip rates at both Badger
Canyon (site 2) and at Washington Street (site 7).
While those are the only sites of slip rate mismatch
for the Inactive Northern Pathway model, the Active
Northern Pathway model also underestimates dex-
tral slip rates at Burro Flats (site 4) and Painted Hills
(site 6) and overestimates dextral slip rates at Three
Palms (site 9). The Active Northern Pathway model
has much greater dextral slip rate along the north-
ern pathway and underestimates dextral slip rates at
all sites along the southern slip pathway, except for
Washington St. (site 7).

In the second pair of models, we constrain the slip
rates at sites where rates from the unconstrained
models lie outside of the geologic ranges. These ap-
plied slip rates use the limiting value at sites, which
produces slip rate gradients adjacent to the applied
slip rate regions (Figure 3c and d). The local slip rate
gradients are not meant to represent local crustal
conditions but reflect the incompatibility of the ap-
plied slip rate with the interpreted fault geometry.
For both fault configurations (Figure 3c and d), the
San Bernardino strand is pinned to the upper limit
of the Badger Canyon slip rate (site 2), the San Gor-
gonio Pass thrust is pinned to the lower limit of the
Millard Canyon dextral slip rate (site 5), and the Ban-
ning strand is pinned to the upper limit of the Wash-
ington Street slip rate (site 7). Additionally, the Ac-
tive Northern Pathway model has pinned slip rates at
the lower limits of the geologic slip rate range along
the San Bernardino strand at Burro Flats (site 4) and
along the Banning strand at Painted Hills (site 6). The
Active Northern Pathway model slip rates are also
pinned to the upper slip rate limit along the Mission
Creek strand at Three Palms (site 9).

The Active Northern Pathway model has greater
change in slip rate with the imposed constraints than
the Inactive Northern Pathway model. Integrating
the absolute value of change in slip rate along the
San Andreas fault within this study area, the Active
Northern Pathway model has 260 m2/yr while the In-
active Northern Pathway has only 160 m2/yr of slip
rate change. Constraining the slip rates has the great-
est impact on slip rate distributionwhere the greatest
mismatch arises between the unconstrained model
and the geologic estimates of slip rate. For example,
the pinning of slip rates results in a slip rate distribu-
tion within the constrained models that differs signif-
icantly from both unconstrained models near Wash-
ington Street (site 7). The local reduction in slip rate
produces sharp gradients in slip rate both east and
west of the site in both the Inactive and Active North-
ern Pathway models. Local slip rate gradients also
arise adjacent to other constrained sites. While the
slip rate constraints in the Active Northern Pathway
model locally impact slip, these constraints do not
significantly alter the partitioning of slip between the
northern and southern pathways. The Mission Creek

strandmaintains ~15mm/yr of slip and the strands of
the southern pathway maintain ~5 mm/yr of dextral
slip.

The Active Northern Pathway model is not con-
strained at the Mission Creek alluvial complex (site
B) within Figure 3b, even though some studies have
found zero slip here along the Mission Creek fault
strand (Kendrick et al., 2015). Figure 4 provides an
additional version of the constrained Active Northern
Pathway model, which adds a constraint of zero dex-
tral slip at the Mission Creek alluvial complex where
slip rates are debated (site B). In similar manner as
the other sites, constraining slip rate at the Mission
Creek alluvial complex produces sharp local gradi-
ents in slip rate but does not shift the partitioning of
slip rate between the two pathways.

3.5 Off-fault Deformation

To assess off-fault deformation within the fault sys-
temwe sum the vorticity, which produces vertical axis
rotation, and the dilation, which produces uplift/sub-
sidence. This net off-fault deformation rate is calcu-
lated at distances greater than 1 km from active fault
traces (Figure 5). Both models with unconstrained
slip produce distributed off-fault deformation within
both the western San Bernardino Mountains and the
Little San Bernardino Mountains (Figure 5a and b).
In the unconstrained models of both fault configu-
rations, localized off-fault deformation develops near
many fault intersections and geometric irregularities
where strike-slip is hindered by these irregularities.
Within the Active Northern Pathway model, the ir-
regularities along the southern slip pathway produce
lesser local off-fault deformation because the south-
ern pathway has lesser dextral slip rate than the In-
active Northern Pathway model (Figure 4; Beyer et al.,
2018).

The Inactive Northern Pathway model produces
greater off-fault deformation in the southern San
Bernardino Mountains than the Active Northern
Pathway model. Slip along the additional active fault
strands of the northern pathway reduces the local
off-fault deformation. Consequently, the mean off-
fault deformation calculated > 1 km from active faults
in the study area decreases with the addition of the
northern slip pathway. The slightly lower mean off-
fault deformation of the Active Northern Pathway
model (83 nanostrain/yr) compared to the Inactive
Northern Pathway model (87 nanostrain/yr) is con-
sistent with the findings that adding more faults to
the system generally allows for greater fault slip and
less off-fault deformation (Madden et al., 2017;McBeck
et al., 2017).

The uplift pattern for both models shows uplift
within the San Bernardino mountains. Because the
fault geometry used here differs slightly from the
models usedby Fattaruso et al. (2016), the uplift is very
close to that produced in the 2016 study. Updates in-
clude the dip of the Garnet Hill and Banning strands
and the activity along the Galena Peak strand. Fat-
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Figure 4 – a) Dextral slip rates along strands of San Andreas fault at the upper surface of the model for the constrained
Active Northern Pathway model of Figure 3d that also limits slip rate to zero at the Mission Creek alluvial complex (MCAC).
Vertical bars show the geologic slip rates at sites labeled in Figure 11 - lighter hued bars are slip rates that are not used for
the model assessment. b) Difference in slip rate between the constrained Active Northern Pathway model of Figure 3d and
the model with MCAC also constrained to have zero slip.

taruso et al. (2016) show that time averageduplift over
the past 1 Ma that considers changes to active fault
geometry matches rock exhumation patterns. In ad-
dition to uplift in regions of net off-fault deformation,
dip slip on faults contributes to the uplift pattern.
Both models show subsidence in the San Bernardino
basin that is consistent with geodetic measurements
(Wisely and Schmidt, 2010). The results highlight sev-
eral regions where recent uplift data might distin-
guish between the two plausible models (roman nu-
merals on Figure 5e and f). The Inactive Northern
Pathway model predicts greater subsidence at the
Banning bench (site i) than the Active Northern Path-
way. At site ii, east of the Mission Creek Alluvial Com-
plex, the Inactive Northern Pathway model predicts
uplift while the Active Northern Pathway model pre-
dicts subsidence. The modeled uplift patterns re-
flect verticalmovement overmany earthquake cycles,
Consequently, geomorphic data, such as exposure
ages from recent alluvial deposits, in these regions
may provide valuable constraints to distinguish be-
tween the two models.

3.6 Influence of Slip Rate Sites on each
Other

We assess the influence of slip rates at each site on
other sites with a suite of models that apply 1 mm/yr
of dextral slip at each slip rate site independently. The
tables of Figure 6b and c show the resulting dextral
slip rate detected at each site due to 1 mm/yr dextral
slip applied to the sites listed in the first column of
the table. Because theMission Creek alluvial complex
(site B) is not part of the Inactive Northern Pathway
model, it does not have any impact within thatmodel.

The influence of sites varies within the system, and
nearby sites have greater influence on each other
than distal sites. For example, within both the Inac-
tive and Active Northern Pathway models, the clus-
ter of sites within the Indio Hills (sites 7-9, C and D)
have a large influence on each other (Influence Fac-
tor 0.2–0.5; Figure 6b and c). The influence tables

are slightly asymmetric indicating that the influence
of slip at one site on another site is not necessarily
reciprocal. For example, in the Active Northern Path-
way model, 1 mm/yr at the Plunge Creek (site 3) pro-
duces only 0.06mm/yr at Badger Canyon (site 2)while
1 mm/yr at Badger Canyon produces 0.10 mm/yr at
Plunge Creek. In other words, changes in slip at Bad-
ger Canyon have greater influence at Plunge Creek
than vice versa in this model. The site influences
between the Badger Canyon and Plunge Creek sites
aremore symmetric in the InactiveNorthern Pathway
model, which suggests that the presence of the fault
branch between Badger Canyon and Plunge Creek
in the Active Northern Pathway model, reduces the
influence of dextral slip at Plunge creek on Badger
Canyon. The additional active northern strand also
changes the influence of the Wilson Creek (site A)
between the Active and Inactive Northern Pathway
models. Most other sites have similar influences on
each other between the two models.

The influence of sites on each other generally de-
creases with distance between sites (Figure 6d). The
best fitting exponential curve through the results
shows decreasing influence with distance for sites
within 20 km of each other. In addition to this trend,
some sites within 5–20 kmof each other have anoma-
lously low and high influence. Three pairs of sites
with relatively low influence (1- Burro Flats & Millard
Canyon; 2- Mission Creek alluvial complex & Painted
Hills; 3- Washington Street & Thousand Palms) are
highlighted in blue on Figures 6a and 6d while three
pairs of sites with relatively high influence (1- Cajon
Creek & Badger Canyon; 2- Plunge Creek & Wilson
Creek; 3- Thousand Palms & Three Palms) are high-
lighted in red on Figures 6a and 6d. For example,
the Badger Canyon and Cajon Creek sites have sim-
ilar distance (19 km) as the Burro Flats and Painted
Hills sites (19 km) but have much larger influence on
each other (~0.12 > 0.01). The three pairs of low in-
fluence sites for their distances all occur on differ-
ent segments or parallel branches of the fault sys-
tem. Even though the sites are nearby one another,
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Figure 5 –Net off-fault strainmaps from Inactive Northern Pathway (a and c) and Active Northern Pathway ((b and d)mod-
els, each with tectonic loading at midpoint of the applied range. The top row (a and b) shows strain for the unconstrained
models. Themiddle row (c and d) shows the difference between the unconstrained and themodels where slip rates are not
permitted to exceed the geologic ranges (constrained-unconstrained). Red indicates regions of increased off-fault defor-
mation when slip rates are constrained for that fault system configuration. The bottom row (e and f) shows the uplift rate
pattern, which is due to a combination of off-fault deformation and dip-slip along faults. SB Basin: San Bernardino Basin.

slip at one does not influence slip on the nearby site
because of the lack of fault connectivity at these dis-
tances. Pairs of sites on branched faults that are sit-
uated very close to the branch, such as Washington
Street and Thousand Palms, have influence consis-
tent with the general trend on Figure 6d because slip
at one of these sites is close enough to where the
faults intersect that slip on one branch can influence
the nearby branch. The pairs of sites that have rela-
tively high influence for their distances all occur along
continuous portions of the fault without branches,
segments, or kinks. Dextral slip transmits more eas-
ily along the continuous segments so that slip at one
site has a high influence on other sites along the con-
tinuous segment.

3.7 Impact of each Slip Rate Site on the
Fault System

While Figure 6 shows how each site influences slip
rate at other sites, that analysis does not inform the
impact of the sites’ slip rates on the stretches of fault
between the sites. To assess this, we map the dextral
slip in response to the applied 1 mm/yr at each site
and integrate the slip along the faults to derive the to-
tal impact factor (Figure 7). The piecewise integration
excludes the patch with applied slip rate and also ex-
cludes sections of the faults with less than 2% of the
applied slip rate (slip < 0.02 mm/yr). In this study, we
only prescribe slip rate for the upper 2 km of the fault
surface – deeper portions of the faults are free to slip.
If these patches of applied slip rate were extended to
greater depths, we would see greater values for the
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Figure 6 – Influence of 1 mm/yr dextral slip applied at sites listed at left on all other sites in the model. a) Map of the
site locations with ellipses highlighting pairs of sites with relative high influence (red) and low influence (blue). b) and c)
influence for Inactive Northern Pathway and Active Northern Pathwaymodels respectively. The diagonals of the table are all
1%, reflecting the influence of each site on itself while the off-diagonals show influence values less than one. d) Correlation
of influence factor with distance between sites shows that nearby sites have greater influence on each other than distal
sites. Lines show an exponential best fit to all the data. Outliers to the best fit are highlighted in red and blue. TP: Thousand
Palms; 3P: Three Palms; PC: Plunge Creek; WC: Wilson Creek; CC: Cajon Creek; BC: Badger Canyon; WS: Washington Street;
PH: Painted Hills; MCAC: Mission Creek Alluvial Complex; B: Burro Flats; Mi: Millard Canyon. MLC: Mill Creek; GP: Galena
Peak; SGPT: San Gorgonio Pass Thrust; GH: Garnet Hill; BA: Banning; MSC: Mission Creek.
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Figure 7 – Slip rate impact factors for both the a) Inactive Northern Pathway and b) Active Northern Pathway models. The
darkness and height of the bar represent the impact factor value of each site. MLC: Mill Creek; GP: Galena Peak; SGPT: San
Gorgonio Pass Thrust; GH: Garnet Hill; BA: Banning; MSC: Mission Creek.

impact factors among sites and on the system, but
the relative impact may be similar.

The Inactive and Active Northern Pathway models
show similar patterns of slip rate impact factor for
most sites (Figure 7). The impact factors of the sites
range from 7 to 25. The lowest impact factor (IF) is
at the Millard Canyon site for both model geome-
tries. Sites along the San Bernardino strand in the
Inactive Northern Pathwaymodel also have relatively
low impact factors. The application of 1 mm/yr of
slip rate at these sites produces less slip rate along
the fault system than applied slip rate at the other
sites, implying that applied slip rate along the San
Bernardino strand produces greater off-fault defor-
mation in the Inactive Northern Pathway model. For
Millard Canyon, off-fault deformation may arise be-
cause the site is located within a segmented portion
of the southern San Andreas fault, along the San Gor-
gonio Pass thrust, which does not at the surfacemeet
with the San Bernardino strand. This segmentation
leads to greater off-fault deformation in this region.

The PaintedHills (site 6), which has low influence on
other sites (Figure 6) has the greatest impact factor of
the sites in the Inactive Northern Pathwaymodel (Fig-
ure 7). Because this site sits on the Banning strand,
which merges with the parallel-striking Garnet Hill
strand at depth, slip rates imposed on the Banning
strand also impact slip rates on theGarnet Hill strand.
The slip distributions plotted on Figure 8 show how
slip rate applied at Painted Hills impacts nearby fault
strands. The Garnet Hill strand doesn’t yet have any
slip rate sites, so the interaction of the Banning and
Garnet Hill strands was not considered in the site

analysis of Figure 6. The Washington Street (site 7)
also occurs along the Banning strand but has a lower
impact factor than the Painted Hills site because the
Garnet Hill strand is not active as far east as site
7. Furthermore, while the Banning strand merges at
depth to the Mission Creek strand at the Washington
Street site, these two faults meet much deeper than
the Garnet Hill and Banning faults (Figure 1). Conse-
quently, the transmission of surface slip rates from
the Banning to Mission creek strands at Washington
Street is not as effective as the transmission of slip
rates from the Banning to Garnet Hills strands at the
Painted Hills site.

Due to the longer active fault trace in the Active
Northern Pathway model, slip from the Washington
Street site as well as slip from sites along the Mission
Creek strand and Coachella segment extends much
farther northwest along the Mission Creek strand
than in the Inactive Northern Pathway model (Fig-
ure 8). This increase in slip extent with the Active
Northern Pathway model also increases the impact
factor of all of the sites.

While most sites increase their impact by 1–3 with
the addition of the northern pathway to host dex-
tral slip, the Mission Creek Alluvial Complex and the
Plunge Creek and Wilson Creek sites along the San
Bernardino strand have impact increases of 15–16.
The impact increase for the Mission Creek Alluvial
Complex reflects that this site has zero slip within
the Inactive Northern Pathwaymodel. For the Plunge
Creek and Wilson Creek sites, the close branch angle
between the San Bernardino and Mill Creek strands
(~10°) allows dextral slip applied along one branch to
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Figure 8 – Distribution of dextral slip rate in response to applied slip at each site within the a) Inactive Northern Pathway
and b) Active Northern Pathway models. On slip rates greater than 2% of applied rate are plotted. Numbers report the
integrated impact factor along the faults (IF in m2/yr).

produce shear tractions on the other branch that in-
crease the impact factor compared to themodel with-
out the branch. Because these sites are within a fault

branch in the Active Northern Pathway model, they
have high impact factor like the Painted Hills site.

The impact factor of sites along branches is greater
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than the impact factor of sites that lie outside merge
of the two branches. For example, in the Active
Northern Pathway model, the impact factor of the
Plunge Creek and Wilson Creek sites is greater than
that of the Badger Canyon site, north of the branch
of the San Bernardino strand with the Mill Creek
Strand. The applied slip rate at sites along one branch
impacts the other branch much more than applied
slip rate at sites outside the merge of the two fault
branches. Also in both models, sites along the Mis-
sion Creek and Banning strands have greater im-
pact factors than the Biskra Palms site, which is lo-
cated south of themerger of the Banning andMission
Creek strands.

4 Discussion

Slip rate uncertainties typically derive from the inter-
pretation of offset units (e.g., Cowgill, 2007), offset
measurements (e.g., Gold et al., 2009) and the age of
materials (e.g., Prush and Oskin, 2020). Studies also
show that slip rates can vary over tens of thousands
of years (e.g., Rittase et al., 2014; Hatem et al., 2020;
Elston et al., 2022; Zinke et al., 2017), which makes
older rates less reliable estimates of current activ-
ity. The uncertainties of slip rate estimates can be
large enough to permit a variety of active fault geom-
etry interpretations. For example, the Inactive and
Active Northern Pathway models predict dextral slip
rates that differ by ~5 mm/yr at Plunge Creek (site
#3; Figure 3) south of where the northern and south-
ern pathways branch; however, both model predic-
tions fall within the slip rate uncertainty ofMcGill et al.
(2013). In the face of these large uncertainties, col-
lecting slip rate data from additional sites provides
one way to constrain active slip partitioning but the
results of this study demonstrate that not all sites
provide the same impact on our understanding of the
active fault system deformation.

4.1 High and Low Impact Structural Po-
sitions along the Fault System

Within fault systems that have multiple intersecting
active faults, the impact factor of sites depends on
their position within the fault system. This depen-
dence of slip rate on structural position means that
even sites close to each other may have very dif-
ferent impact on the deformation of the fault sys-
tem (Figure 7). Sites along parallel or subparallel
branched fault segments, such as the Painted Hills
and Plunge Creek sites in the Active Northern Path-
way model, have greater impact on the fault system
than sites outside of the branch because slip is trans-
mitted between connected parallel fault segments.
At the same time sites along unconnected strands or
near intersecting faults that are not parallel or sub-
parallel, such as the Burro Flats and Millard Canyon
sites, have low impact factor.

The geologic slip rates typically have uncertainties
much larger than the 1 mm/yr applied to the slip rate

sites in the assessment of the sites’ impact. Conse-
quently, changes of slip rate within the range of slip
rate uncertainty at some sites of geologic slip rate in-
vestigation can have a large impact on the partition-
ing of deformation within the fault system. Along pla-
nar strike-slip faults, different sites may have simi-
lar impact on the system; however, sites along the
San Andreas fault through the San Gorgonio Pass re-
gion, which geometry is more complex, produce sig-
nificantly different slip rate impacts with structural
position. Slip rate sites along fault branches necessi-
tate detailed consideration because these areas have
high impact factors, as slip on one branch impacts slip
along the other.

Sites along irregular or disconnected faults have
low impact factors and greater nearby off-fault de-
formation. For example, the Burro Flats and Millard
Canyon sites are along relatively disconnected fault
strands so that they have both low influence on other
sites (Figure 6) and low impact on the nearby fault
system (Figures 7 and 8). The irregular geometry of
the San Gorgonio Pass thrust and its connection to
the southern end of the San Bernardino strand im-
pedes transmission of dextral slip along the southern
slip pathway and contributes to off-fault deformation
(Figure 5). The local accumulation of off-fault defor-
mation may promote distributed inelastic deforma-
tion, such as via pressure solution creep (e.g., Gratier
et al., 1999) or cleavage development (e.g., Elliott et al.,
1976).

4.2 Incompatibility of Slip Rates and
Fault Geometry

Where themechanical model produces slip rates that
are consistent with the geologic observations, we
confirm that the tested fault geometry is mechani-
cally and kinematically compatible with the estimated
slip rates. However, regions where slip rates from
the numerical model do not agree with geologic esti-
mates may have incompatibility between the tested
fault geometry and slip rate and produce off-fault
deformation. In the models with constrained slip
rates, this off-fault deformation increases (Figure 5c
and d). For both the unconstrained and the con-
strained models, the Active Northern Pathway model
produces lesser off-fault deformation than the Inac-
tive Northern Pathwaymodel because the addition of
the Mill Creek strand provides an additional opportu-
nity for accommodation of strain as fault slip rather
than off-fault deformation.

Little to no change in off-fault deformation occurs
where the unconstrained model fault slip rates are
within or near the limits of the geologic ranges. The
compatibility of dextral slip rates with interpreted
fault geometry doesn’t preclude the possibility that
the models inaccurately represent the subsurface
fault configuration. For example, geophysical evi-
dence suggests that rather than the vertical dip repre-
sented in this study, the San Bernardino strand may
dip to the northeast Fuis et al. (2012). Both verti-
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cal and dipping faults can accommodate strike slip
so that variations in fault dip might not produce dis-
tinguishable dextral slip rates (e.g., Fattaruso et al.,
2014).

Regions with mismatched slip rates in both the
Inactive and Active Northern Pathway models (Fig-
ure 3), Washington Street (site 7) and Badger Canyon
(site 2), indicate that slip rates in these regionsmay be
kinematically incompatible with the interpreted ac-
tive fault geometry near these sites. These incompat-
ibilities highlight the need for additional constraints
on subsurface active fault configuration in these re-
gions. While microseismicity during the interseismic
period can illuminate subsurface active fault geom-
etry, such as along the San Jacinto fault (Ross et al.,
2017), the southern San Andreas fault has not pro-
ducedmuchmicroseismicity during the recorded cat-
alog. Uncertainty persists on the subsurface geome-
try of active faults in these regions. For example, at
Cajon Pass, the San Andreas and San Jacinto faults
may be connected at depth even though the surface
traces are separated by several km (e.g., Matti and
Morton, 1993;McGill et al., 2013). A hard connection at
depth between these faults would alter slip distribu-
tion among the faults. Mechanical models of Herbert
et al. (2014) show that connecting the San Jacinto and
San Andreas faults reduces dextral slip rates at the
Badger Canyon (site 2), which would bettermatch the
site’s geologic slip rates.

Near the Indio Hills, the Banning andMission Creek
strands merge into the Coachella segment of the San
Andreas fault. The subsurface geometry of the faults
near this intersection is not well constrained (e.g., Fuis
et al., 2017). The off-fault deformation in this region
and themismatch to geologic slip estimates (Figure 5)
could be a result of incorrectly inferred fault geome-
try. For example, while the Garnet Hill strand does
not produce surface expression of active faulting, it
may connect to the Coachella segment at depth. If
the models included such a connection, the Garnet
Hill strand might take up dextral slip rate currently
partitioned to the Banning strand.

4.3 Potential Data to Assess Activity
along Northern Slip Pathway

The results of this study and that of Beyer et al. (2018)
show that adding a northern pathway for fault slip
modifies slip distribution. While the Mission Creek
strand shows evidence of recent slip near its intersec-
tion with the Banning strand, debate persists on the
activity of the northern slip pathway near and north-
west of the Mission Creek alluvial complex (Beyer
et al., 2018; Fosdick and Blisniuk, 2018; Kendrick et al.,
2015). This study is not able to ascertain between the
two viable models, but it does highlight areas where
additional geologic datamay provide critical evidence
for the partitioning of slip along faults. Because the
northern slip pathway was active > 100 ka, we need
young ages along the northern pathway to resolve
current activity (Kendrick et al., 2015). Furthermore,

the region’s complex history provides several poten-
tial slip surfaces so that low slip rate along one fault
does not preclude another nearby fault accommodat-
ing dextral slip along a northern pathway. Neverthe-
less, we can benefit from additional slip rates from
the various faults along the northern pathway, such
as the Galena Peak and Mill Creek strands.

Slip along the northern pathway also impacts de-
formation in the region that can be used to delin-
eate between the plausible active fault models. The
Wilson Creek site (#4) has slip rates that differ by
5 mm/yr between the Inactive and Active Northern
Pathway models. Because the age of the alluvial
fan was estimated from soil chronology (Harden and
Matti, 1989) rather than modern dating techniques,
redating of this surface might provide substantial im-
provement to our understanding of strain partition-
ing and potential activity of the northern pathway.
Additionally, uplift rates from the region between the
Pinto Mountain fault and the Mission Creek strand
(region labeled ii on Figure 5) could distinguish be-
tween the models. In this region, the model predicts
uplift if the northern pathway is inactive and subsi-
dence if the norther pathway is active. Such addi-
tional geologic data would be valuable for resolving
the ongoing debate about activity along the northern
strand of the San Andreas fault.

The two alternative models also predict differing
degrees of off-fault deformation between the south-
ern and northern pathways (Figure 5); the Active
Northern Pathway produces negligible off-fault de-
formation between the pathways while the Inac-
tive Northern Pathway model produces ~500 nanos-
train/yr. However, documenting recent off-fault de-
formation rates can be challenging. The catalog of
microseismicity in this regionmay indicate significant
secondary deformation (e.g, slip along existing sur-
faces), but this deformation may vary through the
earthquake cycle and might not represent long-term
strain partitioning. Furthermore, the lack of micro-
seismicity does not confirm lack of strain accumu-
lation. Current off-fault deformation rates are diffi-
cult to constrain with geologic data. Most methods
of estimating off-fault deformation rates, such as pa-
leomagnetic records of vertical axis rotation (e.g., Ti-
tus et al., 2011) and folding of contracted units (e.g.,
Scharer et al., 2004), are generally not available for
young unlithified sediments. Data collected from
units older than 100 ka need to consider the variation
in fault activity in the region (Fattaruso et al., 2016),
which complicates the delineation of current fault ac-
tivity.

4.4 Seismic Hazard

The numerical models demonstrate the high spatial
variability of strike-slip rates along faults with non-
planar configuration. The well-studied southern San
Andreas fault investigated here has far more slip rate
sites thanmost strike-slip fault systems with restrain-
ing bends and branches. In this study, the model re-
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sults confirm the estimated slip rates that range from
5 to 25 mm/yr along the southern San Andreas faut.
In other regions of complex faulting that lack suffi-
cient slip rate estimates to reveal spatial variations,
numerical models can inform slip rate distribution
and strengthen seismic hazard assessments.

Numerical models can also highlight regions where
additional data could shed significant insight on re-
gional deformation. This study demonstrates that
strike-slip fault branches show particularly high spa-
tial variability of slip rate (Figure 3), accrual of nearby
off-fault deformation (Figure 5) and impact on the
fault system (Figures 7 and 8). Fault brancheswarrant
detailed investigation in order to understand regional
strain partitioning. Furthermore, the range of impact
factors for the different sites demonstrates that not
all slip rate sites have equal impact on the fault sys-
tem. Consequently, if we have errors or are off in our
estimate of slip rate at any one of the more sensi-
tive sites, such as those at fault branches, this error
may have a large impact on our understanding of the
deformation of the fault system and thus hinder our
ability to accurately assess seismic hazard in the re-
gion.

5 Conclusions

We use three-dimensional numerical crustal defor-
mation models to analyze the role of slip rate sites
in determining deformation of the southern San An-
dreas fault system within the San Gorgonio Pass re-
gion. We investigate the compatibility of models with
andwithout active slip along the northern pathway of
the San Andreas fault around the San Gorgonio Pass
region with geologic slip rates. Within unconstrained
models that allow all faults to slip freely everywhere
in response to tectonic loading and fault interaction,
the Active Northern Pathway model produces slip
rates with greater mismatch to young (< 40 ka) slip
rate estimates at sites of geologic investigations than
the Inactive Northern Pathway model. To assess in-
compatibilities between fault geometry and slip rate,
we utilize a new approach and constrain the slip rates
along the faults to within the geologic range at each
geologic slip rate site. Slip rate adjustments in the
constrained model ensure that the model matches
all geologic slip rates, but this produces local off-fault
deformation near the constrained sites.

Maps of off-fault deformation show that the Inac-
tive Northern Pathway fault configuration for both
the unconstrained and the constrained models has
greater off-fault deformation than the Active North-
ern Pathway. The additional northern slip pathway
provides an opportunity for a greater amount of de-
formation to be expressed as fault slip. While fault
systems may evolve to reach more efficient configu-
rations (e.g., Hatem et al., 2017; McBeck et al., 2017),
this does not mean that the presently active config-
uration must be the most optimal. Additional slip
rate constraints and data off-fault deformation rates
within the southern San Andreas system would pro-

vide valuable information to assess between the two
alternative configurations.

We assess how much of an impact the incompati-
bilities between fault geometry and geologic slip rate
have on the system by assessing the impact of slip
rate changes. Small changes of slip rate at any one
site of geologic slip rate investigation impact slip rates
elsewhere in the system. However, this impact is
not the same for all sites, which means that inaccu-
racies in the slip rate that we use for seismic haz-
ard analysis may have differing impact along active
fault systems at one site than another. The de-
gree of impact that slip rate sites have on the fault
system depends on their structural positions. Sites
along segmented faults may have lesser impact than
sites along a continuous fault segment, and sites
along fault branches have the greatest impact. Fault
branches along strike-slip faults require detailed in-
vestigation because these areas have high spatial
variability of slip rate and can impact the nearby
branches of the fault system, adding additional un-
certainty to our current assessment of the seismic
hazard.
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