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ABSTRACT 

	 The San Andreas plate boundary zone in southern California is characterized by a broad 

network of interlacing faults, working within different provinces of activity to accommodate 

modern Pacific – North America plate boundary motion. These tectonic provinces vary in their 

fault morphology from transpressional east-west trending faults of the Transverse Ranges, to 

transtensional northwest trending faults of the southern Mojave in the Eastern California Shear 

Zone (ECSZ), to the main dextral Southern San Andreas Fault (SSAF) running through the 

center of it all. Characterizing how strain accumulation translates to earthquake deformation 

along different areas of a plate boundary fault system is a critical goal for better understanding 

how faults can work together to accommodate plate boundary motion and for assessing the 

seismic hazards along individual faults in the system. Achieving this goal, however, requires 

integrating different perspectives and evidence from all aspects of the active tectonics field, from 

field-based measurements of paleoseismic offsets and chronologies through tectonic 

geomorphology and paleoseismic trenching, to modern space-based observations of crustal 

velocities and strain rates using Global Positioning System (GPS) and Interferometric Synthetic 

Aperture Radar (InSAR) measurements, to measurements of crustal seismicity and seismic 

waveform analysis of recent events, to synthesis modeling studies based on crustal dynamics.  

 In this dissertation, I have endeavored to complete an interdisciplinary analysis of fault 

motion and crustal deformation in southern California, in order to better characterize the current 

slip rates of faults in and around San Gorgonio Pass and in particular, to deepen our 

understanding of the possible mechanisms of slip and strain transfer that must exist between the 

SSAF system and the southern ECSZ system. In this effort, I have sought to quantify the effect 

of ongoing viscoelastic postseismic displacements on the modern deformation field in southern 
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California. I have found that postseismic displacements caused by twelve large magnitude 

earthquakes are measureable with high precision GPS measurements and thus are affecting 

crustal velocity estimates. Some of these earthquakes occurred over a century ago, revealing a 

possibility that postseismic deformation and its effect on the deformation field can last longer 

than we currently assume. Accounting for these postseismic displacements using the method 

developed in this work leads to a more accurate time-invariant GPS velocity field. We apply our 

newly created postseismic-reduced velocity field to elastic fault block models of faults in and 

around San Gorgonio Pass, and find that removing postseismic motions from the deformation 

field reduces misfit statistics by up to 50%, depending on fault geometry, when compared with 

our observed (unreduced) GPS velocity field. In addition, removing postseismic displacements 

also decreases estimated fault slip rates on nearly all faults in our model. Only one of our fifteen 

model block geometries is able to resolve a persistent slip rate discrepancy along the Mojave and 

San Bernardino sections of the SSAF system, and it can only do so with the removal of all 

activity on ECSZ faults. This intriguing result may be further evidence for a possible balancing 

connection between the SSAF system and the ECSZ system. Lastly, in order to determine 

whether block rotation may still be a mechanism of slip transfer between the SSAF and ECSZ, 

and to fill a gap in our knowledge of Eastern Transverse Ranges (ETR) fault slip rates, I conduct 

the first tectonic-geomorphologic slip rate study along the Blue Cut Fault. Geomorphic mapping 

and 10Be surface exposure dating indicate an overall time-averaged slip rate of 1.66 ± 0.44 

mm/yr (± 2σ uncertainties), however an analysis of individual surface slip rates indicates that 

rates of slip may have slowed since ~102 – 68 ka. A slowing Blue Cut Fault suggests a slowing 

rate of possible block rotation, and implies that other mechanisms of slip transfer must be at 

work in order to enable elastic strain transfer from the SSAF to the recently active ECSZ.  
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INTRODUCTION 

 The San Andreas Fault plate boundary system in southern California is composed of a 

complicated network of individual faults, each with their own unique histories of earthquake 

deformation (Figure 1). Nevertheless, these separate faults work in tandem with each other in 

order to accommodate plate boundary motion over million-year timescales. Quantifying how one 

system of faults works together with its neighbors requires complete characterization of how fast 

each fault is moving, and on what timescales its rate may accelerate or decelerate. More  
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Figure 1 (above). Regional fault map of southern California, including locations and focal 
mechanisms of historical ≥Mw6.0 earthquakes that have occurred since 1800, with recent 
≥Mw6.5 earthquakes labeled; earthquakes in red are those ≥Mw6.0 events that have occurred in 
the Eastern California Shear Zone since year 1916 and are discussed in the text; White outline 
shows the location of Figure 2. 
 

importantly, determining which faults play the most important roles in actively accommodating 

plate boundary motion requires every tool in the active tectonics arsenal, including the 

application of historical geologic offset reconstructions (million year time scale), tectonic-

geomorphologic-based geologic slip rate studies and paleoseismic trenching (hundred thousand 

year to Holocene time scales), space-based geodetic techniques that allow decadal timescale 

measurement of the present day motion of the crust, the pattern of crustal seismicity, and 

numerical modeling based on crustal deformation dynamics. Characterizing which faults are 

dominant in the transfer of plate boundary slip allows researchers to evaluate which faults in the 

overall network present the greatest seismic hazard to those communities around them, which is 

a critical objective in mitigating the impacts that the next large magnitude earthquake will have 

in southern California.  

 One of the most enigmatic areas of fault activity lies at the northern end of the Coachella 

Valley near Palm Springs, CA (Figure 2). The Southern San Andreas Fault (SSAF) lies 

primarily along the eastern edge of the Coachella Valley, and as it moves north it breaks into 

three separate strands, called, from southwest to northeast, the Garnet Hill, Banning, and Mission 

Creek Faults, in response to a major left bend in the SSAF fault trace at San Gorgonio Pass. In 

addition, to the east of the SSAF lies the east-west trending, left lateral faulting domain of the 

Eastern Transverse Ranges (ETR), including, from north to south, the Pinto Mountain, Blue Cut, 

Porcupine Wash, Smoke Tree Wash, and Chiriaco Faults. Within the same region, running north 

south in the Little San Bernardino Mountains (northwest of the Indio Hills and the trifurcation 
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point of the SSAF), lie three more faults, including the Long Canyon, Burnt Mountain, and 

Eureka Peak Faults. Lastly, to the west lies the evolving San Jacinto Fault zone, made up of 

multiple strands that bypass the bend in the SSAF altogether. All in all, this small area 

encompasses at least 12 faults that must somehow work together to accommodate plate boundary 

	
Figure 2. Detailed fault map of northern Coachella Valley and the Eastern Transverse 
Ranges, including the locations of relevant geologic slip rate studies (white stars) and their 
rates in mm/yr; bp = Biskra Palms (van der Woerd et al., 2006; Behr et al., 2010), cg = Cholla 
Gardens (Guns et al., 2019), cm = Copper Mountain (Dudash & Menges, 2019), mc = 
Mission Creek (Fosdick & Blisniuk, 2018; Waco et al., 2019), mv = Morongo Valley 
(Gabriel, 2017), om = Oasis of Mara (Cadena, 2013), pc = Pushawalla Canyon (Blisniuk et 
al., 2013b), tnp = Twentynine Palms (Menges et al., 2019), tp = Thousand Palms (Fumal et 
al., 2002), ww = Whitewater (Gold et al., 2015).  



 16 

motion at this latitude.  

 The SSAF did not always have a major left bend in its trace at San Gorgonio Pass. One of 

the original main plate boundary faults in this area was the Clemens Well – Fenner – San 

Francisquito fault system, which connected the Central San Andreas with the Gulf of California 

spreading system from about 20 Ma until 12 Ma, when the San Gabriel Fault took over in a more 

preferred orientation (Richard, 1993; Matti and Morton, 1993). While the San Gabriel Fault was 

active, a system of northeast trending left lateral fault systems initiated to the east of its main 

trace around Late Miocene time, while more faults continued to form as recently as 7 – 6 Ma to 

the north. Around 6 – 4.5 Ma, however, the San Gabriel Fault was abandoned and the SSAF as 

we know it became the main conductor of plate boundary slip (Powell, 1993; Matti and Morton, 

1993). Since its inception, the SSAF has accommodated ~200 km of dextral displacement, 

making it one of the more dominant faults of the overall system in southern California.  

 Around 1.5 Ma, a major bend in the trace of the SSAF began to form in association with 

left lateral interference from the most recently initiated fault of the ETR province, the Pinto 

Mountain Fault (Matti and Morton, 1993; Fattaruso et al., 2016). This left lateral motion helped 

move the San Bernardino Mountains block in front of the SSAF trace, thereby creating the San 

Gorgonio Pass bend in the fault trace that we see today. Several authors have also suggested that 

the San Jacinto Fault appeared on the scene at this time, likely because of the formation of this 

restraining bend and a new need to accommodate slip around it (Bennett et al., 2004; Janecke et 

al., 2010; Blisniuk et al., 2013a; Fattaruso et al., 2016). Today, the SSAF works together with the 

San Jacinto Fault to the west to accommodate the majority of plate motion across the latitude of 

Palm Springs and the Coachella Valley (Bennett et al., 2004; Blisniuk et al., 2010). In addition, 

the SSAF appears to still be the main conductor of slip through this region, with many studies 
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illustrating higher slip rates along the SSAF than along the San Jacinto Fault (Savage et al., 

1979; King and Savage, 1983; Bennett et al., 1996; McCaffrey, 2005; Meade and Hager, 2005; 

Fay and Humphreys, 2005; Becker et al., 2005; Fialko, 2006; Blisniuk et al., 2013a).  

 Despite the regional significance of the SSAF, it has not experienced a large magnitude 

earthquake in over 326 years, which is over 1.5 times its estimated recurrence interval of 215 

years (Fumal et al., 2002). On the other hand, a broad region of faulting to the northeast, called 

the Eastern California Shear Zone, has experienced eight ≥Mw6.0 earthquakes since 1947 (1947 

Mw6.5 Manix, 1948 Mw6.0 Desert Hot Springs, 1992 Mw6.1 Joshua Tree, 1992 Mw7.3 Landers, 

1992 Mw6.3 Big Bear, 1999 Mw7.1 Hector Mine, and the 2019 Mw6.4 and Mw7.1 Ridgecrest 

earthquake sequence) (Figure 1). If the SSAF maintains its role as the primary plate boundary 

fault at this latitude, we would expect it to produce large magnitude earthquakes fairly frequently 

to maintain its large measured slip rates—yet most of the modern day activity is occurring in the 

ECSZ, a system of discontinuous, and sometimes poorly mapped faults. In order for the ECSZ to 

accommodate permanent deformation in the form of earthquake rupture along faults there, elastic 

strain must have some mechanism of being transferred there. The only source of this elastic plate 

boundary strain to the south is the main SSAF system in the Salton Trough and Coachella 

Valley. Since the Eastern Transverse Ranges lie in between the major SSAF system and the 

broad ECSZ system, it stands to reason that this set of faults may be transferring strain between 

the two larger systems.  

 This uncertainty concerning where strain is accumulating is exacerbated by the fact that 

we do not have a complete accounting for fault slip as the SSAF moves towards San Gorgonio 

Pass and splits into multiple fault strands. Geologic slip rates have been characterized along the 

SSAF and Mission Creek Fault within the Indio Hills to be between 12 – 22 mm/yr at Biskra 
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Palms (14 – 17 mm/yr preferred; van der Woerd et al., 2006; Behr et al., 2010) and 18 – 22 

mm/yr at Pushawalla Canyon to the north along the Mission Creek Fault (Blisniuk et al., 2013b; 

Kimberly Blisniuk, personal communication, 2019) using tectonic geomorphologic-based slip 

rate studies and Cosmogenic Radionuclide (CRN) surface exposure dating (Figure 2). Fumal et 

al. (2002) also estimate a slip rate along the Mission Creek Fault, just north of Pushawalla 

Canyon, of 4 ± 2 mm/yr, though it may estimate only one strand of the fault. Along the Banning 

Fault, Gold et al. (2015) constrain a slip rate of 4 – 5 mm/yr at Whitewater. On the northwestern 

extent of the Mission Creek Fault, Waco et al. (2019) find possible late Quaternary fault offsets, 

while Fosdick and Blisniuk (2018) calculate a possible Pleistocene slip rate of up to 20 – 30 

mm/yr. Kendrick et al. (2015) and Matti et al. (2019) suggest an alternative hypothesis, however, 

that the Mission Creek Fault has ceased to slip in the late Quaternary, due to interference from 

the Pinto Mountain Fault and the rising importance of the San Jacinto Fault Zone to the west. In 

the ETR province, along the Pinto Mountain Fault, there is one slip rate of 2.6 – 3.6 mm/yr 

estimated using CRN dating and tectonic geomorphologic mapping (Gabriel, 2017) and one slip 

rate of 1.6 – 1.8 mm/yr estimated from paleoseismic trenching (Cadena, 2013). In the Little San 

Bernardino Mountains, Rymer (2000) discovered small surface ruptures due to the 1992 Joshua 

Tree earthquake, as well as possible Holocene earthquake scarps along the Eureka Peak Fault, 

but no slip rate estimate was calculated. Work completed by Hislop (2019) shows a possible 2 

km of total offset across the three main north-south trending faults, including the Eureka Peak 

Fault, however timing constraints are difficult to obtain due to the lack of offset Quaternary 

material in the bedrock canyons of the Little San Bernardino Mountains.  

 Taking into account the above geologic evidence reveals a known slip budget of at least 

18 mm/yr and at most 22 mm/yr of geologically measured slip as far south as Biskra Palms 
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(though this lies near the breakoff point of the Banning Fault). 22 mm/yr matches well with the 

average geodetic modeled fault slip rate measurements along the southernmost SSAF section 

(22.8 mm/yr, averaged over 11 studies; Savage et al., 1979; King and Savage, 1983; Bennett et 

al., 1996; Anderson et al., 2003; McCaffrey, 2005; Meade and Hager, 2005; Fay and 

Humphreys, 2005; Becker et al., 2005; Fialko, 2006; Lundgren et al., 2009). When looking 

towards the north however, the Banning Fault accommodates 2 – 6 mm/yr (Gold et al., 2015, 

including uncertainties); a main strand of the Mission Creek Fault may accommodate at least 2 – 

6 mm/yr (Fumal et al., 2002; including uncertainties), which, if we take the maximum of both 

measurements, leaves only 12 mm/yr of the 18 – 22 mm/yr accounted for in the northern 

Coachella Valley. If one assumes that Kendrick et al. (2015) and Yule et al. (2019) are correct in 

saying that the Mission Creek Fault to the north has ceased late Quaternary motion, then that 

leaves only the immature Garnet Hill fault to accommodate ~6 – 10 mm/yr of slip. If this is true, 

where does this surplus slip get distributed, and how much of it gets communicated to the active 

ECSZ? 

 Four main hypotheses exist to answer this question: (1) the Mission Creek Fault may 

accommodate more slip than we assume and works in tandem with another process, (2) slip may 

be transferred northward along the north-south trending faults in the Little San Bernardino 

Mountains (e.g. Eureka Peak Fault), (3) slip may be transferred northeastward along the left 

lateral Pinto Mountain Fault, or (4) slip may be accommodated by an older mechanism of block 

rotation along the left lateral faults within the Eastern Transverse Ranges province (including the 

Blue Cut Fault) (Figure 3). First, the Mission Creek Fault is made up of many small fault 

strands, particularly as it moves towards the north and San Gorgonio Pass. These other strands 

may accommodate slip either dextrally or in a compressional flower structure sense across many 
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slip planes, and therefore it is difficult to assign an amount of slip just by observations of the 

surface. Ongoing work by Waco et al. (2019) documents where and how these structures crop 

out in both bedrock and Quaternary fanglomerates, and more investigation is required to 

determine an amount of slip that they might accommodate. This model has important 

implications for seismic hazards for the densely populated San Bernardino and Los Angeles 

counties because more of SSAF motion would be transferred westward towards these counties 

rather than be transferring towards the ECSZ. This system would most likely have to work with 

another mechanism of transfer, however, because of the known recent fault activity in the ECSZ 

requiring the transfer of elastic strain. 
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Figure 3. Schematic illustrating each of the four hypotheses for explaining the slip rate budget 
discrepancy in the northern Coachella Valley as discussed in the text, and how slip may be 
transferring into the Eastern California Shear Zone (ECSZ); The main SSAF may be acting with 
one of these three mechanisms: (a) the existence of an emerging fault zone, (b) fault behavior 
that mimics a similar relationship to the north, and (c) block rotation within the Eastern 
Transverse Ranges (ETR). 
 

 Three other mechanism hypotheses exist to explain how slip may get transported from 

the SSAF to the ECSZ. First, the north south trending faults of the Little San Bernardino 

Mountains have been hypothesized to be an emergent fault structure, along with a lineation of 

earthquake activity occurring since the mid 20th century (Nur et al., 1993). Nur et al. (1993) dubs 

this lineation the “Landers-Mojave Earthquake Line” as this lineation of activity includes the 

ruptures of the 1992 Joshua Tree and Landers earthquakes (Figure 3(a)). In addition, this 

lineation also includes the rupture trace of the 1999 Hector Mine earthquake. Coincidentally, the 

location of the July 2019 Ridgecrest earthquake sequence can also point to a zone of deformation 

extending from the southern ECSZ to the northern ECSZ. The fact that so much recent seismic 

activity has occurred in this region makes this hypothesis stronger, however more time (e.g. 

thousands of years) and investigation will be required before one may be able to confidently call 

it an emergent fault zone or “the northward extension of the southern San Andreas fault” of 

Thatcher et al. (2016) (Faulds and Henry, 2008; Liu et al., 2010; Thatcher et al., 2016). 

 Second, the left lateral faults of the ETR province may hold the key to better 

understanding possible mechanisms of slip transfer. One hypothesis suggests that the Pinto 

Mountain Fault may be behaving in a similar way to the left lateral Garlock Fault to the north, in 

that it serves as a direct connection between the SSAF system and the southern ECSZ system 

(Dolan et al., 2016; Hatem and Dolan, 2018; Menges and Dudash, 2019) (Figure 3(b)). If direct 

mechanical transfer of slip is possible in this way, the Pinto Mountain may accommodate as 
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much as 1.6 – 3.6 mm/yr along its length, thereby potentially reducing the 6 – 10 mm/yr budget 

discrepancy. This hypothesis could also work in tandem with motion along the SSAF. A second 

hypothesis evoking faults of the ETR is that block rotation, which utilizes the left lateral faults of 

the ETR (including the Pinto Mountain and Blue Cut Faults), is still potentially ongoing in the 

present day, and could be accommodating a portion of SSAF motion (Figure 3(c)) to the north 

and east of Biskra Palms.  

 One important factor to keep in mind when debating the likelihood of one hypothesis 

over another is that this complicated area has been undergoing a regional tectonic evolution since 

the formation of the bend around San Gorgonio Pass, ~1.5 M.y.a. Throughout this evolution, slip 

has been transported through some mechanism into the ECSZ, as evidenced by its large scale 

dextral offsets and its paleoseismic record of earthquake activity (Dickinson, 1996; Rockwell et 

al., 2000). The hypotheses we enumerate above can potentially be explained in a manner that fits 

within this ongoing evolution. In the early days of the SSAF, block rotation was occurring 

indicated by paleomagnetic data and documented left lateral fault offsets. Block rotation can 

effectively transport dextral shear from the SSAF system to the ECSZ and perhaps did so for 5 – 

6 million years during the lifetime of those left lateral faults.  

 When the bend formed, however, potentially due to motion along the Pinto Mountain 

Fault, more faults were introduced as the SSAF attempted to regain its path of least resistance. At 

that point we see the formation of the San Jacinto Fault, and soon after that, the formation of the 

Banning Fault and eventually the Garnet Hill Fault (Matti and Morton, 1993). At the same time, 

block rotation is still occurring as suggested by late Pleistocene slip along the Blue Cut and Pinto 

Mountain faults. Yet, block rotation needs motion along the SSAF to drive its shearing process, 

and if the SSAF is slowing down due to the immovable object of the San Bernardino block in its 
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path, this rotation process can no longer accommodate the transfer of slip between SSAF and 

ECSZ at the same rates as before. We speculate here that this circumstance may have caused the 

need for a new pathway of slip between the SSAF and the ECSZ, which may have been filled by 

the north-trending faults in the Little San Bernardino Mountains. Alternatively, a secondary 

pathway resembling Figure 3(b) may have formed to emulate motion along the Garlock Fault. 

Further research and observation will be needed to distinguish between these mechanisms. 

 While these long-term estimates of slip along faults are critical to understanding how 

faults may behave in the present day, another dataset has proven invaluable in characterizing 

present day strain accumulation along plate boundary zones: space-based geodetic 

measurements. The advent and expansion of high precision Global Positioning System (GPS) 

station networks in Western North America has allowed for the determination of crustal 

velocities with submillimeter precision, thereby allowing us a glimpse into minute motions of 

tectonic processes (Pollitz et al., 2000; Wei et al., 2011; Liu et al., 2015), seasonal and long-term 

crustal loading from the hydrosphere and cryosphere (Bos et al., 2010; Blewitt and Lavallée, 

2002; Dong et al., 2002; Johansson et al., 2002; Sella et al., 2007), volcanic inflation and 

deflation events (Ji and Herring, 2011; Papoutsis et al., 2013), and anthropogenic activity (Argus 

et al., 2005). In order to best estimate time-invariant (not changing with time, or long-term) 

crustal motions instead of just secular crustal motions (velocity estimated depending on the time 

window) however, we must remove all transient signals that are recorded in GPS coordinate time 

series. We often complete this step when we are interested in using GPS velocities to estimate 

long-term fault slip rates. This need becomes even more critical in research leading towards 

seismic hazard models and earthquake probability estimates, which often rely on measurements 

of present-day crustal motion as a proxy for steady-state strain accumulation along faults 
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(Parsons et al., 2013). The presence of many different signals in geodetic observations can bias 

interpretations and conclusions about deformation occurring in the present day, ergo the better 

we can identify, model, and account for known transient signals, the more accurate time-

invariant velocity dataset we can produce, and the more informed fault slip rate estimates we can 

calculate.  

 One of the more poorly understood long-term signals present in GPS data is that caused 

by postseismic deformation driven by viscoelastic relaxation of earthquake induced stress 

perturbations. When a large magnitude earthquake occurs, the stress change caused in the instant 

of the rupture perturbs the viscous lower crust and upper mantle, causing them to deform and 

flow (Figure 4). This viscous material then flows, relaxing the perturbed stress state introduced 

by the seismic event. Depending on the size, location, and type of earthquake event, this 

relaxation process can last anywhere from a few years to decades to even a century after the 

	
Figure 4. Cartoon illustration of the earthquake cycle; in the Interseismic Period, elastic strain 
builds up on the locked fault interface; in the Coseismic Period, this elastic strain is released in an 
earthquake event that causes permanent deformation and offset in the elastic upper crust and 
introduces a new stress state; in the Postseismic Period, the viscous lower crust and upper mantle 
flow and adjust to this new stress state. Postseismic afterslip can also take place on the fault 
surface itself. The shear zone in the lower crust below the fault is localized in this illustration for 
clarity. 
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main rupture (Bürgmann and Thatcher, 2013). This motion can be measured at the surface 

through high precision GPS and Interferometric Synthetic Aperture Radar (InSAR) methods, and 

has been documented for many large magnitude events, particularly those in recent years in 

southern California such as the 1992 Mw7.28 Landers (Liu et al., 2015; Pollitz et al., 2000; Shen 

et al., 1994), the 1999 Mw7.1 Hector Mine (Hudnut et al., 2002; Pollitz et al., 2001), and the 

2010 Mw7.2 El Mayor-Cucapah (Pollitz, et al., 2012; Spinler et al., 2015) events. While this 

motion is easy to identify when the main rupture event occurs during the observation period of 

GPS time series, it becomes nearly impossible to distinguish the viscoelastic deformation signal 

from the overall interseismic trend on longer decadal time scales (and therefore becomes 

challenging to estimate and remove its effect based only on observations of time series) (Figure 

5). However, this transient relaxation signal can nevertheless affect estimates of velocities from 

GPS time series, by increasing or decreasing the time series’ slopes, hampering interpretation of 

the slopes as estimates of time-invariant velocity. To produce a truly time-invariant velocity 

dataset, all postseismic effects from past large magnitude earthquakes need to be removed. 
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Figure 5 (above). Representation of the complexity of measuring long-term postseismic 
transients; (a) presents an observed time series from a campaign station centered around the 2010 
El Mayor-Cucapah earthquake; (b) presents an observed time series from station P510 centered 
around the same earthquake; (c) presents a model time series for a hypothetical station from 
1950 to the modern day, with the addition of one hypothetical earthquake offset at year 1985. 
Model postseismic velocities are reported in blue for four times after the event. Black lines with 
dates at the top delineate time stamps. 
 

 This dissertation work aims to better characterize fault motion in the San Gorgonio Pass 

area through addressing two main goals: (1) assessing to what extent long-term deformation 

caused by large magnitude earthquakes of the past are affecting GPS measurements and 

estimated fault slip rates of today, and (2) exploring what paleoseismic earthquake deformation 

recorded in the geomorphic record can tell us about possible slip transfer mechanisms in the 

Eastern Transverse Ranges. We seek to answer these research questions in the following 

appendices by: 
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(A) Making a complete accounting of how past large magnitude earthquakes can still be 

affecting the modern deformation field through viscoelastic postseismic displacements 

(Appendix A) 

(B) Using a newly produced geodetic dataset that has been removed of postseismic effects to 

invert for fault slip rates in and around San Gorgonio Pass and explore ongoing geologic 

versus geodetic slip rate discrepancies (Appendix B); and 

(C) Applying tectonic geomorphology and 10Be surface exposure dating to evaluate a hypothesis 

of strain transfer through block rotation in the Eastern Transverse Ranges and to produce the 

first tectonic geomorphologic slip rate measurement along the Blue Cut Fault (Appendix C). 

	

	

	

SUMMARY OF WORK 

 While detailed descriptions of each portion of this dissertation are presented in 

Appendices A – C, below I present a summary of each research project and its most significant 

results. Please see individual appendices for further explanation.  

 In Appendix A, my coauthor Richard Bennett and I explore to what extent viscoelastic 

postseismic deformation may be present in the modern-day southern California deformation 

field. To do this, we first calculate forward models for all ≥M6.0 earthquakes in California, 

Nevada, and Baja California and Sonora, Mexico (N = 217 events) using a laterally homogenous 

viscoelastic Earth structure modified from work by Broermann (2017). We employ the program 

PSGRN/PSCMP written by Wang et al. (2006) to calculate the forward modeled surface 

displacements at 426 GPS station locations, caused only by viscoelastic postseismic deformation 



 28 

for all 217 events from the time the event occurred to year 2021. Through this process we 

determine that 12 of 217 events produce viscoelastic postseismic displacements that are still 

measurable (≥0.35 mm in one year) at any station in our network in our modern-day GPS 

coordinate time series (year 2000 – 2018). These events include the 1812 Wrightwood, 1857 Fort 

Tejon, 1872 Owens Valley, 1892 Laguna Salada, 1906 San Francisco, 1918 San Jacinto, 1952 

Kern County, 1992 Landers, 1994 Northridge, 1999 Hector Mine, 2010 El Mayor-Cucapah, and 

the 2012 Baja California events (Figure 6). We produce postseismic displacement time series for 

each of these events, and subtract them from our modern time series. 

  

 By subtracting the effects of these ongoing postseismic displacements, we produce a 

postseismic-reduced GPS coordinate time series data set and estimate a new velocity field. To 

determine how well our forward modeling removed and reduced postseismic displacements, we 

use the well-observed 2010 El Mayor-Cucapah earthquake to calculate a logarithmic amplitude 

Figure 6. Locations 
and focal mechanisms 
of the twelve events 
that have measureable 
postseismic 
displacements in the 
modern day; each 
colored contour 
illustrates the extent of 
measureable 
horizontal postseismic 
displacements for the 
year 2018, where any 
point inside the 
contour indicates it has 
≥0.35 mm of 
postseismic 
displacements in one 
year, whereas outside 
the contour it is too 
small to measure.  
	



 29 

residual term. We estimate the logarithmic amplitude of the postseismic signal for the El Mayor-

Cucapah event using the postseismic-reduced GPS time series to see how much postseismic 

signal was leftover after reduction. We compare this estimate to the estimate of logarithmic 

amplitude from the observed, unreduced time series to calculate a variance reduction. Our 

calculations indicate that our forward modeling approach was able to reduce recorded 

postseismic displacements by up to 60%, using two different estimation software programs. In 

addition, by plotting this leftover residual term in map view, we are able to visualize which areas 

are most likely poorly fit by our viscoelastic Earth model, and which areas need further 

exploration (Figure 7). Lastly, we compare our results and overall approach to postseismic 

deformation in the context of viscoelastic-cycle models to illustrate a possible bridging of the 

gap between two different (but potentially agreeing) approaches.  

 Through this 

work we create three 

main datasets that 

may be useful to the 

active tectonics and 

tectonic geodesy 

communities: (1) a 

newly processed GPS 

velocity field 

incorporating new 

sets of campaign time 

series collected over 	
Figure 7. Interpolated colormap illustration of how much residual 

postseismic deformation is leftover after removing our modeled 
earthquake time series; warm colors indicate more signal leftover, while 

cool colors indicate little signal was leftover and our modeling did a good 
job at removing postseismic deformation. 



 30 

the period of 2016 – 2018, (2) a set of viscoelastic postseismic correction time series for the 

twelve earthquakes we identify as having measurable ongoing displacements in the modern day, 

and (3) a postseismic-reduced GPS velocity field, that has been removed of the effects of those 

twelve earthquakes.  

 In Appendix B, my coauthors and I put the newly calculated postseismic-reduced GPS 

velocity field to work as a base dataset to invert for fault slip rates using elastic fault block 

modeling. Elastic 

fault block 

modeling is an ideal 

tool for testing 

different 

hypothesized fault 

geometries using 

GPS velocity fields 

as input data, given 

its flexibility in fault 

geometry definition 

and its ability to 

incorporate different 

datasets and 

constraints. In our approach, we focus on the area around San Gorgonio Pass in order to estimate 

fault slip rates using both our newly constructed postseismic-reduced GPS velocity field, and our 

observed velocity field. This allows us to compare between the two and to isolate the effects of 

	
Figure 8. Our most complicated model block geometry including block 
names (N = 15) and numbered faults (N = 29); See Table B4 for 
numbered fault names and locking depths. Fault surface geometries were 
chosen through comparison with the mapped traces of the USGS 
Quaternary fault map and through the use of the Southern California 
Earthquake Center Community Fault Model and the Uniform California 
Earthquake Rupture Forecast. Light blue diamonds mark locations of 
campaign GPS stations, while dark blue diamonds mark continuous site 
locations.  
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postseismic deformation on geodetically estimated fault slip rates. Centering on San Gorgonio 

Pass enables us to explore different possible active fault geometries to better understand where 

the primary pathways of slip and strain accumulation may lie in this complex area (Figure 8). 

We define 15 different fault block geometries total, each of which is a variant based on our most 

complicated geometry presented in Figure 8. We employ the Fortran program TDEFNODE 

written by McCaffrey (2005) to invert our GPS velocity fields for slip rates for each of our fault 

geometries. We do not include geologic constraints on our estimated geodetic slip rates, but we 

do calculate a RMS score between estimated geodetic rates and known geologic slip rate 

measurements in and around southern California, in order to determine which of our fifteen 

block geometries fit the geologic data best. To rank which block geometry fits geodetic data best, 

we rely on the reduced χ2 misfit statistic that is output as part of each model run.  

 Results indicate that using our postseismic-reduced GPS velocity field produces a 20 – 

50 % decrease in reduced χ2 misfit, compared to our observed GPS field. This indicates that 

removing postseismic deformation actually helps our models fit the data better than when 

postseismic deformation is included. In addition, when postseismic deformation is removed, 

resulting estimated fault slip rates are up to 6 mm/yr lower than the case when postseismic 

deformation is included. If postseismic deformation is increasing estimated fault slip rates, that 

would generally indicate that seismic hazard along that fault had increased because it was 

slipping faster. This postsiesmic deformation decays over time however, which could lead to a 

seismic hazard that varies over time. If this were taken into account, it could have intriguing 

implications for how we assess seismic hazards in plate boundary zones. 

  Our most complex fault geometry model fits our postseismic-reduced GPS velocity field 

with the lowest reduced χ2 misfit, and in addition, this same model has the lowest RMS scores to 
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both overall geologic observations and to Late Pleistocene geologic observations (Figure 9). A 

different model fits the most recent Holocene geologic slip rate measurements best, and it is a 

model geometry that does not include a West Pinto Mountain or a Blue Cut Fault (Figure 9). 

Models that best fit geologic slip rates observations within San Gorgonio Pass itself indicate that 

a Mission-Mill Creek fault strand is needed to keep geodetically estimated dextral fault slip rates 

on the Banning-SGP fault sufficiently low enough to match geologic observations.  

 

Figure 9. Two of the best fitting models across geodetic and geologic categories of fitness, with 
their slip rate estimates included along each strand; at left is our best fitting model to GPS data 
and to the overall geologic rate and Pleistocene only geologic rates; at right is our model that fits 
Holocene geologic slip rates best. 
 
 Our summed geodetic slip rate across the ECSZ region is 12 mm/yr for our best-fitting 

model geometry, while the geologic sum is 4.4 – 9.5 mm/yr, which indicates we are still 

detecting a discrepancy in this region, even when we use our postseismic-reduced GPS dataset. 

Moreover, we find that our postseismic reductions do not solve the known discrepancy gaps for 

the Mojave and San Bernardino sections of the SAF, unless the fault block geometry is altered to 

include only the SSAF and faults to the west (no ECSZ faults) (Figure 10). If the only model 
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geometry that produces geodetic rates that match geologic rates on the Mojave and San 

Bernardino sections of the SSAF is one that eliminates any active motion on ECSZ faults, this 

could be further evidence for the hypothesis of Dolan et al. (2007) of mode-switching behavior 

between the two larger systems over time (Rockwell et al., 2000; Weldon et al., 2004; Dolan et 

al., 2007; Oskin et al., 2008). 

 

 Through this work we produce a new dataset of fault slip rate estimates across a broad 

region of southern California, for a variety of active fault geometries. We compare our estimates 

to those made by other modeling attempts to find agreement in some areas and disagreement in 

others. We build on past work in this area by applying our newly calculated postseismic-reduced 

GPS velocity field and by assessing the effect of postseismic deformation on resulting estimated 

fault slip rates.  

 In my final appendix, Appendix C, my coauthors and I delve into the Quaternary slip 

history preserved in the geomorphic record along the left lateral Blue Cut Fault in the Eastern 

Transverse Ranges (within Joshua Tree National Park). We apply tectonic geomorphologic 

mapping methods to document the geomorphic surface evolution present at two sites along the 

Figure 10. Slip rate 
map plot showing 
dextral slip rates for 
our one model that 
produces geodetic 
slip rates that match 
geologic slip rates 
along the Mojave 
and San Bernardino 
Mountains sections 
of the SSAF; 
however, it has the 
poorest fit to modern 
GPS data.  



 34 

Hexie Mountains section of the Blue Cut Fault, as well as the sinistral offsets of preserved 

beheaded alluvial surfaces (Figure 11). A National Center for Airborne Laser Mapping 

(NCALM) seed grant awarded to me in 2017 provided an invaluable Light Detection and 

Ranging (LiDAR) topography dataset, from which we are able to map deformed Quaternary 

sediments and bedrock offsets in detail. Results of mapping indicate nine distinct preserved 

surfaces, of which only the penultimate deposited preserved surface is offset by the fault. This 

penultimate deposit records what may be the likely Most Recent Event (MRE), or the most 

recent surface-rupturing earthquake along this section of the fault. After completing a mapping 

interpretation for both sites using relativistic methods of surface age characterization, we employ 

10Be Cosmogenic Radionuclide (CRN) surface exposure dating to date the mapped offset 

preserved alluvial surfaces, in order to constrain the timing of fault activity and offset.  

 

Figure 11. Bedrock geologic map overlying high resolution LiDAR topography data centered on 
study sites 1 and 2 along the Hexie Mountains section of the Blue Cut fault; note preserved fault 
scarps and beheaded incised channels in the Quaternary sediments of both sites, ideal for 
studying fault slip rates over different periods of time. 
 
 10Be CRN results from samples processed both at Arizona State University through a 

National Science Foundation EarthScope Awards for Geochronology Student research (AGeS) 
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program and at San José State University and Lawrence Livermore National Laboratory through 

a U.S. Geological Survey National Earthquake Hazards Reduction Program (NEHRP) grant, 

indicate seven clusters of age dates representing seven of our surfaces. The most well 

constrained surfaces are Late Pleistocene (101.7 ka) to latest Pleistocene (21.8 ka) in age. Our 

possible MRE earthquake is recorded in sediments of age 10.6 ka, and the timing of this event is 

bracketed between 10.6 and a younger undisturbed surface. Our analysis concludes that this 

MRE must have been a ~Mw7.0 event, in order to produce the observed 1.8 – 3 m of slip at the 

surface. When we combine our 10Be age results with our mapping and measurements of surface 

offset, we find an overall time averaged slip rate of 1.66 ± 0.44 mm/yr (± 2σ), with individual 

slip rates that appear to decrease over time with an oldest slip rate of 2.21 ± 0.88 mm/yr (surface 

age 101.7 ± 25.1 ka), and a youngest well-constrained slip rate of 1.11 ± 0.68 mm/yr (surface age 

of 21.8 ± 8.1 ka) (Figure 12). This suggests that, if block rotation in the ETR province has been 

occurring in the Quaternary, it is slowing down and potentially becoming a negligible source of 

SSAF motion accommodation. If it is not a pathway of strain or slip transfer between the SSAF 

and the ECSZ, then some other mechanism must be filling the slip budget deficit seen at the 

northern end of the Coachella Valley. 
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 The three main data products from this work are (1) a collection of 27 10Be CRN surface 

exposure dating sample ages, (2) new detailed geomorphic mapping and updated fault location 

mapping for a section of the Hexie Mountains section of the Blue Cut Fault, and (3) a new 

tectonic-geomorphologic slip rate estimate that can be included as a point location constraint in 

seismic hazard probability models like the Uniform California Earthquake Rupture Forecast 

(UCERF) (Field et al., 2015). 
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A. ABSTRACT 
 
 In order to gain insight into long-term plate boundary motion and to shed light on 

geodetic-based fault slip rates and the seismic hazards they inform, we apply a forward modeling 

strategy to identify and reduce the short- and long-term effects of viscoelastic postseismic 

deformation on modern GPS observations following large magnitude earthquakes in southern 

California. We assess ongoing postseismic deformation in the southwestern United States by 

analyzing all magnitude ≥Mw6.0 earthquakes that have occurred there and in Baja California and 

Sonora, Mexico since year 1800, finding that ongoing postseismic displacements from twelve 

events are potentially contributing to the modern day deformation field in southern California. 

With a forward modeling step, we calculate postseismic displacements associated with these 

twelve events using a reference model consisting of a layered, laterally homogeneous, 

viscoelastic Earth structure; these displacements are then subtracted from processed horizontal 

GPS coordinate time series data to produce a postseismic-reduced dataset. In order to quantify 

the success of this forward modeling in reducing the postseismic signal, we estimate parameters 

representing logarithmic decay associated with the 2010 Mw7.2 El Mayor-Cucapah earthquake 

using two different time series analysis methods. Variance reduction indicates we were able to 

reduce postseismic deformation in this test case by up to 60%. Anomaly maps produced using 

our assessment of deformation around the El Mayor-Cucapah event highlight hotspots in which 

secondary processes may be occurring or where a more complex viscosity structure may be 

necessary.
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A.1 INTRODUCTION 

 The advent of high precision space geodetic measurements systems has allowed us a 

detailed look at a number of geologically short-lived crustal and mantle deformation processes, 

including periodic motions driven by seasonal variations in surface loads  (Bos et al., 2010; 

Blewitt and Lavallée, 2002; Dong et al., 2002; Elósegui et al., 2003;), ongoing isostatic rebound 

associated with Pleistocene deglaciation (Johansson et al., 2002; Sella et al., 2007; Elliot et al., 

2010), volcanic inflation and deflation events (Ji and Herring, 2011; Papoutsis et al., 2013), and 

co- and postseismic displacements (Liu et al., 2015; Pollitz et al., 2000; Wei et al., 2011). 

However, we often require models that represent the underlying background velocity field driven 

by relative plate motion, unobscured by transient displacement processes, to better understand 

long-term tectonic processes and the earthquake cycle.  In diffuse plate boundary systems such 

as the San Andreas fault system, we need to visualize past episodic processes, such as co- and 

postseismic motions associated with large earthquakes, to better understand the full earthquake 

cycle and the how permanent strain accumulates within broad continental plate boundaries over 

geologic time scales. This need becomes even more critical in crustal deformation research 

leading towards seismic hazard models and earthquake probability estimates, which often rely on 

measurements of present-day crustal motion as a proxy for steady-state strain accumulation 

along faults (Parsons et al., 2013). The presence of many different signals in geodetic 

observations can bias interpretations and conclusions about deformation occurring in the present 

day, ergo the better we can identify, model, and account for known transient signals, the more 

accurate time-invariant velocity dataset we can produce. 

 In this study, we analyze short- and long-term postseismic signals in southern California 

in order to better image background crustal velocities. California presents an ideal location to 

explore the effects of postseismic deformation on Global Positioning System (GPS) observations 



 45 

from large magnitude earthquakes, given its rich and detailed historical and paleoseismic 

earthquake records as well as its extensive GPS network coverage provided by long-running 

continuous GPS networks (e.g. Permanent GPS Geodetic Array (PGGA), Southern California 

GPS Network (SCGN), Plate Boundary Observatory (PBO), Network of the Americas (NOTA)), 

and campaign surveys (e.g., data archived at UNAVCO by us and other members of the 

community) (Figure A1). While a common practice in estimating secular GPS velocities is to 

model and remove recent conspicuous postseismic transients from observed time series, the 

viscoelastic contribution to the postseismic displacement field can last from years up to many 

decades, depending on the size and location of the event (Bürgmann and Dresen, 2008; 

Bürgmann and Thatcher, 2013). These long-lasting viscoelastic effects from events occurring 

prior to the geodetic observation period can still be contributing to the contemporary deformation 

field, but can be challenging to identify and account for (Bürgmann and Thatcher, 2013). This is 

because it is difficult to differentiate postseismic from interseismic motions, due to the fact that 

ongoing postseismic motions appear to be steady-state in the long-term following earthquakes 

(Figure A2), and can approach steady state at different intervals for horizontal and vertical 

motions (Smith and Sandwell, 2004).  

 At the time of an earthquake, if it were well observed by a continuous GPS station, we 

would be able to fit a logarithmic or exponential function to the postseismic deformation, in 

order to account for it (as in (Figure A2b)). Yet, on longer decadal time scales, the postseismic 

transient signal becomes more difficult to distinguish from the interseismic signal, and thus 

becomes more difficult to estimate based solely on time series observations. In addition, note that 

for campaign time series, fitting postseismic motions is possible, but can be hampered by the 

lower frequency of observations (Figure A2a). 
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 Several previous researchers have studied viscoelastic relaxation associated with past 

earthquakes in California, most often for recent (<10-20 years ago) events observed by GPS, 

such as the 1992 Mw7.28 Landers (Liu et al., 2015; Pollitz et al., 2000; Shen et al., 1994), the 

1999 Mw7.1 Hector Mine (Hudnut et al., 2002; Pollitz et al., 2001), and the 2010 Mw7.2 El 

Mayor-Cucapah (Pollitz, et al., 2012; Spinler et al., 2015) events. Some studies of events 

occurring prior to GPS observations (e.g. Freed et al., 2007), showed the strong possibility of 

long wavelength viscoelastic stress relaxation affecting areas hundreds of kilometers away from 

the earthquake epicenter, but argue that large magnitude earthquakes occurring more than 10 

years prior have little to no effect on the overall modern GPS velocity field (< 2 mm/yr 

difference, Freed et al., 2007). Yet, compared to the current sub-millimiter per year precision of 

many GPS velocity estimates, a 2 mm/yr postseismic signal could bias estimates for interseismic 

velocity if left unaccounted for.  

  Our approach involves first considering the main components of a given plate boundary 

deformation field. The velocities that we measure using GPS observations (i.e., the 

“instantaneous” velocities, e.g. Pollitz and Vergnolle, 2006) represent a superposition of time-

variable postseismic and steady-state background motions: 

 

!!"#$(!) = !!"(!)+ !!!           [1] 

 

where !!"#$ is the measured instantaneous velocity as a function of time at a given station, !!" is 

the ongoing viscoelastic response of the lithosphere to past and recent large magnitude 

earthquakes as a function of time (earthquakes large enough to perturb the viscoelastic lower 

crust and upper mantle), and !!! is the contribution of steady-state, time-invariant, relative plate  
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motion (e.g., Hammond et al.’s [2009] equation [2]). In our model framework, we choose to 

calculate !!"(!) by forward modeling the postseismic displacements from each known large-

magnitude earthquake separately, and then subtracting those forward modeled displacements 

from the GPS-measured !!"#$(!). This gives us an estimate of the steady-state motion, or the 

time-invariant velocity that is due to relative plate motion. 

 In order to assess which of the earthquakes in the historical and recent records are still 

contributing to GPS coordinate time series, we forward model postseismic displacements 

associated with earthquakes occurring across the southwest United States and northwestern 

Mexico. We use a laterally uniform, layered, viscoelastic Earth model modified from Broermann 

(2017) to calculate the postseismic viscoelastic relaxation displacements. For those events that 

produce measurable displacements with our assumed viscoelastic Earth model, we subtract their 

predicted displacement fields from our GPS coordinate time series dataset. Using this modeling 

strategy, we are able to quantify, to first-order, transient displacements associated with multiple 

earthquakes that could be affecting GPS time series, in order to improve estimates for steady-

state, time-invariant motions (!!!).  

 While modeling the instantaneous coseismic displacements for each event is comparably 

simple because estimating one-time offsets directly from time series data does not require 

reference to an Earth model, determination of viscoelastic displacements is more complicated 

because it depends strongly on Earth’s viscoelastic structure, which is only approximately 

known. Each earthquake in a given plate boundary zone is unique, and thus excites a potentially 

unique viscoelastic response.  Moreover, the viscoelastic properties of plate boundary zones may 

vary laterally over relatively a short distance, such that even similar earthquakes could 

nevertheless produce different responses. These complexities notwithstanding, it is valuable to 
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approximate the true viscoelastic structure assuming a vertically stratified, laterally 

homogeneous model that, on average, fits observed postseismic displacement data (Hammond, et 

al., 2010), even across different tectonic provinces (Broermann, 2017). Such a reference model 

can provide a valuable tool, permitting identification and further analysis of anomalies, 

especially where dense networks of GPS stations reveal spatially coherent patterns, thereby 

providing directions for future research. Moreover, separating these long-lasting postseismic 

signals from background motion takes us one step closer towards revealing the steady-state 

pattern of plate boundary zone deformation, with implications for continental plate boundary 

zone dynamics, fault slip rate studies, and earthquakes hazards research. 

 

A.2 METHODS 

Methods used to account for conspicuous or suspected postseismic motions affecting continuous 

GPS time series include (1) explicit parameterization of postseismic transients in the trajectory 

model (Bevis and Brown, 2014) that is fit to the time seires data, and (2) forward numerical 

modeling of the co- and postseismic response associated with known earthquakes in order to 

produce a model time series which can be subtracted from the observed time series to remove 

postseismic transients. For example, the NSF Geodesy Advancing Geoscience (GAGE) facility, 

operated by UNAVCO (formerly known as Geodesy Advancing Geosciences and EarthScope), 

accounts for postseismic displacements by fitting a logarithmic function, ! ∙ log 1+ ∆!
! , to the 

time series data (Herring et al., 2016). The model contains two unknown parameters ! and !, but 

usually only ! is estimated; ! is assumed or “empirically determined” (Herring et al., 2016), 

because of the non-linear dependence of the logarithmic model on this parameter.  The effective 

relaxation time ! may depend on the size and location of each earthquake as well as the 
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viscoelastic structure of the lithosphere. There is no guarantee that the empirically determined 

values of ! are self-consistent among earthquakes, or among GPS stations, since they are not 

derived from a common Earth model. This modeling works well for known, conspicuous 

earthquakes observed within the modern time series period; however, it does not work for 

historical earthquakes because it is generally not possible to differentiate the late stages of 

logarithmic decay from a linear trend (Figure A2). Moreover, it is difficult if not impossible to 

apply this method to infrequent campaign style GPS measurements (Figure A2a), unless there 

are sufficient observations in the weeks or months following the earthquake to resolve the 

postseismic decay. In addition, because there is no way to ensure that assumed or inferred 

relaxation times relate in a self-consistent way to crustal and mantle viscosity structure, it greatly 

hampers their interpretive value on a regional and spatial scale. On the other hand, one major 

benefit of this approach is that the uncertainties in velocity estimates account for the uncertainty 

associated with the estimates for the logarithmic postseismic parameter !, creating an 

uncertainty which accounts for all parameters except the empirically determined !, in just one 

estimation step. 

 The second time series-based approach to account for postseismic transients is to 

numerically calculate expected postseismic displacements using models for Earth structure and 

earthquake sources (Hammond et al., 2009; Hammond et al., 2010). This approach requires 

knowledge of the specific earthquake rupture characteristics, including strike, dip, rake, length, 

width, depth of event, and slip distribution along rupture plane, as well as a chosen Earth 

structure. With an appropriate crustal and mantle viscosity structure and a rupture model for a 

known earthquake, we can calculate model time series into the future, thereby allowing us to 

model ongoing displacements associated with earthquakes of the past.  By subtracting 
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postseismic model time series from observations, we produce a reduced time series data set, the 

slope of which should more accurately represent the long-term velocity field associated with 

tectonics and the earthquake cycle.  However, the limitation with this forward modeling 

approach is that when secular velocities are estimated, the uncertainties do not account for 

forward model uncertainty.  

 Here we take an approach wherein we subtract forward modeled displacements from 

observed time series to create reduced time series, and then estimate the final velocities and 

postseismic amplitude terms, !, for those events that occurred during the GPS observation 

period. We also estimate the velocity and postseismic amplitude parameters from the original 

observed time series for comparison with the results obtained using the reduced time series to 

assess the effectiveness of the forward modeled postseismic displacements. This allows us to 

exploit the strengths of each method, by using forward modeling to calculate the known 

displacements of modern and historical earthquakes and using time series model fitting to better 

account for velocity uncertainties associated with recent earthquakes. To quantitatively assess the 

performance of our forward model, we compare postseismic amplitudes for the well-observed 

2010 El Mayor-Cucapah earthquake obtained from the reduced and un-reduced time series. In 

this way, we aim to account for transient effects of large magnitude earthquakes on the southern 

California GPS dataset, and in the process derive velocities that more accurately reflect the 

steady-state interseismic velocity field. 

 

A.2.1 Data Collection and Analysis 

 Southern California is known for its complex plate boundary fault network, extending 

from the Gulf of California to the southern Sierra Nevada Mountains. One of the most enigmatic 

sections of the fault network is San Gorgonio Pass, which lies near Palm Springs at the northern 
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end of the Coachella Valley, between the San Jacinto and San Bernardino Mountain ranges 

(Morton and Matti, 1993; Yule and Sieh, 2003) (Figure A1). It is here that three strands of the 

Coachella Valley section of the southern San Andreas Fault separate into the San Gorgonio 

Pass/Garnet Hill Fault, the Banning Fault, and the Mission-Mill Creek Fault system, in addition 

to a potential emerging fault system along the Landers-Mojave Earthquake Line (Nur et al., 

1993) near the location of the 1992 Landers earthquake surface rupture. Because of the high 

seismic hazard attributed to this section of the plate boundary (Field et al., 2015) and the diffuse 

nature of the fault network here, it is critical to better understand where permanent strain has 

accumulated in the form of fault slip along known faults in relation to where recoverable elastic 

strain is accumulating in the present-day. In order to increase the spatial density of data in this 

pivotal area, we choose to incorporate a total of 89 campaign GPS measurements from the 

Joshua Tree Integrative Geodetic Network (JOIGN) and the San Bernardino Mountains network 

(Figure A1, Figure A3). The JOIGN network comprises 23 stations including twelve 18 cm tall 

mast-mount campaign style monuments (Figure A4a) installed by the University of Arizona in 

2005, and eleven historical National Geodetic Survey brass markers that we occupy with 

constant height (13.05 cm) spike-mounts (Figure A4b), which together complement the 

continuous GPS stations in the area by providing increased coverage in remote desert areas of 

Joshua Tree National Park (Figure A3). All JOIGN stations have time series going back to 2005 

or earlier, and have been reoccupied for a minimum of 12 hours to a maximum of 7 days at 

varying frequency (Figure A5). All campaigns on the JOIGN network used Trimble Zephyr 

Geodetic antennas and a variety of receiver types from the UNAVCO instrument pool, including 

Trimble 4000SSE/SSI, Topcon GB-1000, Trimble 5700/R7, and Trimble NetRS. GPS phase data 

were sampled continuously at 15s intervals nominally over their occupation observation periods. 
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The San Bernardino Mountains network monuments have varying measurement histories, many 

of which go back to the early 1990s. These monuments were reoccupied bi-annually to annually 

for a minimum of 8 hours to a maximum of 5 days, using tripods and spike-mounts and either 

Ashtech ZXtreme or ZXII receivers with Ashtech choke-ring antennas, or Trimble 4000SSE/SSI 

or NetR9 receivers with Zephyr Geodetic antennas (Figure A5). All collected raw data from the 

San Bernardino Mountains and JOIGN networks is archived and publicly available at UNAVCO. 

 To process raw campaign data into final time series products, we use the 

GAMIT/GLOBK software suite (Herring et al., 2018) and follow standard conventions to 

analyze the JOIGN and San Bernardino Mountains datasets in conjunction with 24 local and 

regional continuous station datasets. These 24 continuous stations serve as tie-in stations when 

we use GLOBK to combine our processed campaign data with the final SINEX solutions from 

the Plate Boundary Observatory (PBO) (archived and publicly available at UNAVCO (Herring et 

al., 2016)). This incorporates the full set of available continuous GPS stations into our analysis. 

We include 337 total continuous stations spanning the breadth of southern California from just 

north of the Garlock fault to the southern border with Mexico, for all years between 2000 and 

2018. The final product is a collection of coordinate time series data that record seasonal, 

interseismic, co-, and postseismic site motions throughout the study region. We focus our 

analysis in this study on just the horizontal components at this time, because the vertical 

component is subject to as yet poorly understood displacements associated with hydrological 

loading and other environmental processes that do not affect horizontal motions as severely 

(Klein et al., 2019). Better understanding how the vertical component and the 3D deformation 

field are affected by postseismic deformation is an ideal follow-on step for this method. 
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A.2.2 Earthquake Modeling 

 A.2.2.1 Reference Model 

 In order to determine which historical earthquakes are still potentially impacting our 

coordinate time series dataset, we calculate modeled co- and postseismic displacements for 217 

earthquakes that occurred in California, Nevada, and Baja California and Sonora, Mexico, using 

a single reference crustal model within the coding suite PSGRN/PSCMP (Wang et al., 2006). 

The first portion of this code, PSGRN, computes the Green’s functions for sources at varying 

depths, based on a user-provided, layered, viscoelastic half-space structure. We implement a 

multi-layered model derived from the work of Broermann (2017) who determined a best-fit 

viscoelastic structure for the Southern Basin and Range, Southern Arizona, and Colorado Plateau 

Provinces using a random search of the parameter space for four different layers, using 

observations of postseismic deformation in GPS time series for fitting. This resulted in the best 

fit model comprising a 15 km thick elastic upper crust, a 15 km thick Maxwell viscoelastic lower 

crust with a Maxwell viscosity of 1019.9 Pa s, a Burger’s Body rheology in the lithospheric 

mantle from 30 km to 60 km depth with Maxwell viscosity of 1019.6 and a Kelvin viscosity of 

1018.6 Pa s, as well as a sublithospheric mantle below 60 km depth with Maxwell viscosity 1018.8 

and Kelvin viscosity 1017.8 Pa s (Figure A6). To better customize this viscoelastic model to 

southern California we choose our own seismic velocity and density structure using CRUST 1.0 

(Laske et al., 2013), by averaging all seismic velocities for each degree by degree grid cell to 

create a mean P-wave velocity, S-wave velocity, and density for each of the four layers in our 

chosen viscoelastic model (See Table A1 for all final crustal parameters).  

 Our chosen reference model for southern California is similar to other models reported in 

the literature for southern California, southern Basin and Range, and the Mojave Desert, 

particularly for our Maxwell viscosities. Pollitz (2015; cf. his Figure 9) shows a comparison of 
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values computed by himself and others (Ave’Lallemant et al., 1980; Behr and Hirth, 2014; Freed 

et al., 2012; Hammond et al., 2010; Smith-Konter et al., 2014), and when we compare our 

chosen values, our mantle Maxwell viscosities (µ1) fall within the range of the literature (1019.1 – 

1020.3 Pa-s for the lithospheric mantle and 1018.05 – 1019.6 Pa-s for the sublithospheric mantle), 

while our Kelvin viscosities (µ2) are slightly lower than those used by the two sources who used 

a Burgers body rheology (1017.8 for our model, 1019 for Hammond et al. (2010), and 1018.3 for 

Pollitz, (2015)) (Table A2). Lateral variations in viscosity have been inferred for southern 

California (Pollitz, 2015), but we will be able to assess the effectiveness of our layered reference 

model by assessing how well it reproduces earthquake transients such as those caused by the 

2010 El Mayor-Cucapah earthquake. If a single model can remove the majority of transient 

displacements effectively, this would present a simple tool for relatively quick removal of 

historical and modern postseismic transients from affected GPS time series data. The application 

of a single reference model that fits the majority of displacements will also illuminate areas in 

which futher study is required to understand second order signals present in the time series data. 

 A.2.2.2 Earthquake Rupture Characteristics 

 The second half of the PSGRN/PSCMP code suite of Wang et al. (2006) employs 

PSCMP to compute the time-dependent displacements (using the output Green’s functions from 

PSGRN) at given locations on the surface from user-provided finite source models for a set of 

earthquakes. We calculate model displacements only for earthquakes ≥Mw6.0 since 1800, 

because analysis of viscoelastic postseismic displacements for smaller earthquakes produced 

negligible displacements using the chosen viscosity structure. For example, in Figure A7, we 

compare the coseismic and viscoelastic postseismic displacements for hypothetical Mw5.5 and 

Mw6.0 events (one set is strike slip, one set is reverse). While both events in both sets produce 
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noticeable and measurable coseismic displacements, only the Mw6.0 produces postseismic 

displacements exceeding 0.1 mm, measured cumulatively over the first year after the event. This 

is below what we define as possible to measure, but we include all Mw6.0s to be complete, as 

they produce some cumulative deformation and serve as an appropriate cut off point. We define 

measurable hereafter as ≥ 0.35 mm, the mean Realistic Sigma/FOGMEx (Herring et al., 2018) 

uncertainty for a single year of continuous GPS time series data. 

 In order to produce finite source models for all ≥Mw6.0 earthquakes, we begin by 

referring to the earthquake catalog of Wang et al. (2009). We supplement this catalog of dates, 

times, calculated moment magnitudes, and focal mechanisms with data from the USGS 

Earthquake Catalog for events occurring after 2007 and for events farther south than the Wang et 

al. (2009) cutoff of 32º latitude. For events in the USGS earthquake catalog without focal 

mechanism solutions or otherwise published solutions, we approximate focal mechanisms using 

nearby events of similar magnitude and behavior. The final catalog includes all ≥Mw6.0 from 

1800- early 2019 from 26º—42º latitude in California, Nevada, Baja California, Mexico, and the 

1887 Sonora Earthquake in northwestern Mexico.  

 More recent events often have published finite source models, which we access through 

the SRCMOD database (Mai and Thingbaijam, 2014). We preferentially used available 

published finite source models when calculating co- and postseismic displacements for our event 

catalog, and in cases where multiple published models were available we ran each one in 

PSCMP and chose the model that produced the magnitude and seismic moment that most closely 

matched the observed magnitude from the catalog. We present the results from this analysis of 

all possible SRCMOD database source models in Table A3. When calculating the moment 

magnitude in PSCMP using SRCMOD model input parameters, PSCMP underestimates the final 
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moment value for 38 of the 42 models tested. This may be due to different assumed shear moduli 

and/or different Earth models used between studies.  

 In the cases where no published model was available, we generated our own finite source 

model using a combination of relationships derived in Wells and Coppersmith (1994) and 

optimization in PSCMP. To calculate the finite source model width, length, and slip on the 

surface, we use the Wells and Coppersmith (1994) regression equations relating moment 

magnitude and subsurface rupture length, width, and displacement. Table A4 presents a 

selection of example slip parameters for different earthquakes for which we generated source 

models. When using the moment magnitude from the earthquake catalog to calculate these 

rupture characteristics using Wells and Coppersmith (1994) relationships and plugging them into 

the PSCMP program, PSCMP calculated a final seismic moment and moment magnitude of 

either much more or much less than the published magnitude. So in order to achieve a PSCMP-

calculated magnitude that more closely matches the published catalog magnitude, we computed a 

regression relationship between PSCMP-calculated magnitude and observed magnitude to scale 

the input magnitude to a value that would allow for calculation of the rupture characteristics that 

would produce a magnitude as close as possible to the catalog magnitude (Hetland and Hager, 

2003) (Figure A8).  

 One large source of uncertainty that goes unaccounted for in this process is that 

surrounding the final choice of source model. Surface displacements caused by an earthquake 

and by the postseismic processes at depth are highly source model dependent. In this study, we 

do not attempt to quantify this uncertainty. Models from SRCMOD have undergone more 

rigorous testing and comparison to observed data sources, therefore we use these preferentially. 

While our generated source models have not undergone any validation tests, we attempt to make 
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sure that they are capable of matching the only data observations we have: source magnitude. By 

ensuring that these generated source models produce moment magnitudes that closely match 

observed catalog magnitudes (e.g. as in Hetland and Hager (2003)), we attempt to use our only 

observed data source to fit these earthquake models for which there are limited or no historical 

observations. Even in areas where there are historical observations (e.g. through paleoseismic 

records and surface offsets), uncertainties can vary widely around rupture length, magnitude, and 

fault traces ruptured (Scharer and Streig, 2019). 

 When using PSCMP, we calculate snapshots of cumulative displacements at the locations 

of our GPS stations over all years up until 2021. The program requires an (1) input of 

observation locations in latitude/longitude coordinates, (2) an input of chosen time snapshots at 

which to calculate total surface displacements at those observation locations, (3) an input of 

chosen earthquake source model that will cause the surface displacements and (4) a directory of 

Green’s Functions (calculated from PSGRN) from which to compute the surface displacements. 

To ensure finer resolution in the early postseismic period, when deformation occurs most 

rapidly, we calculate displacement snapshots for each two-day interval for the first year after the 

event, ten-day intervals for the next four years, and once a year for all following years until the 

year 2021. These snapshots of cumulative displacements create a time series from the time the 

earthquake occurred to the year 2021, which we then use to subtract from our modern GPS time 

series. 

 A.2.2.3 Identifying and Accounting for Ongoing Earthquake Effects 

 To determine which of the 217 historical earthquakes across this region may still have 

ongoing postseismic viscoelastic displacements that could potentially affect modern GPS time 

series and estimated velocities, we evaluated which events had ≥0.35 mm of cumulative total 



 58 

displacements per year at any of our 426 stations in any year of our processed time series (2000-

2018). We have determined this to be the minimum threshold of measurable displacement over 

one year of time series. Table A5 presents the 12 events that fall into this category, as well as 

their locations, times, and sources for source models used. In addition to determining which of 

these events may still be affecting modern time series, we plot the extent of affected area for 

each event for recent time (Figure A9). These plotted lobes represent the extent of measurable 

year long cumulative deformation occurring in year 2018 for the displacement field of each 

earthquake. The overlapping of each lobe structure illustrates just how complex the interweaving 

postseismic deformation fields can be. This figure does not illustrate the destructive and 

constructive interference that is most likely occurring as these deformation fields interact, but 

intereference from these events is taken into account when subtracting the modeled 

displacements from the modern time series.  

 There are cases where smaller events (not included in Table A5) produce displacements 

that constructively interfere with each other to sum together and reach our measurability 

threshold. We do not attempt to remove these from our time series. However, in order to better 

quantify the possible effects from this process, we determine that for the year 2000, 152 of our 

426 total stations (36%) experience constructive cumulative displacements that are at or larger 

than 0.35 mm. These are displacements due to any earthquake occurring before 2000, excepting 

events in Table A5. 86% of these 152 stations experienced cumulative displacements that are 

0.35 to 0.55 mm in one year, or near the lowest end of possible measurable effect. The remaining 

14% of these 152 stations (21 stations) experience displacements greater than 0.55 mm, with a 

maximum of 1 mm (only one station measures at 1 mm). We consider the first order postseismic 
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effects to be those documented within Table A5, and we do not remove these smaller, second 

order effects that affect only 36% of our network.  

 To account for the displacements from the twelve events in Table A5, we first interpolate 

the modeled earthquake displacements to match the epochs of observation of the modern time 

series observations. Then, we subtract the model displacements from the observed time series 

and produce a set of reduced coordinate time series. Instead of attempting to approximate 

uncertainties associated with earthquake model shortcomings, we chose instead to solve for 

parameters representing co- and postseismic motion in the kinematic models that we fit to the 

time series data to determine site velocities as we describe below. By estimating these 

parameters from the reduced time series we achieve two goals:  (1) it allows us to assess how 

well the reference model fits the time series data (i.e., are parameter estimates derived from the 

reduced time series significantly different from zero, indicating that the reference model did not 

capture all of the post-seismic motion?), and (2) these estimated parameters factor into the least-

squares propagation of errors. 

A.2.3 Estimating Velocities 

 We choose to estimate velocities from the reduced time series using two different 

regression programs: the GAMIT/GLOBK utility TSVIEW/TSFIT (Herring, 2003; Herring et 

al., 2015) and Hector (Bos et al., 2013). These programs estimate earthquake displacements, 

periodic seasonal motions, and secular trend using two different methods, including a weightled 

least squares inversion (TSVIEW/TSFIT) and a more general maximum likelihood estimator 

(Hector). These two programs differ primarily in how they estimate noise within the time series 

data; TSVIEW/TSFIT estimates an a posteriori scale factor to account for time-correlated noise 

by assuming a First Order Gauss Markov error process and analyzing post-fit residuals, while 
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Hector estimates parameters of a user-specified noise process simultaneously with estimation of 

the kinematic model parameters.  

 For all continuous stations, in both programs we choose to estimate annual and semi-

annual terms, recorded equipment-change related antenna offsets, and  co- and postseismic terms 

for earthquakes that occurred during the GPS era delineated in the UNAVCO GAGE Analysis 

Center processing files for the Plate Boundary Observatory network. When it comes to 

estimating uncertainties for our velocities, our final velocity datset accounts for uncertainties in 

the estimation of a logarithmic or postseismic term for events contained in the modern GPS 

observation period (e.g. the 1999 Hector Mine and the 2010 El Mayor-Cucapah events), but does 

not account for these uncertainties in older earthquakes which occurred before the modern 

observation period. In addition, our estimates of uncertainties do not account for the uncertainty 

associated with the choice of ! (the relaxation time associated with each observed earthquake in 

the modern observation period). Nine of our twelve earthquakes with possible ongoing 

postseismic displacements occurred before the observation window we are considering here, and 

therefore their uncertainties do not factor into our velocity estimate uncertainties. In addition, the 

2012 Mw7.0 Baja California event occurred too far south to produce a large enough near-field 

effect to measure in the time series directly and therefore is not included. As the GPS 

observation period extends into the future, we will be able to better characterize uncertainties 

related to how long term postseismic displacements decay, but it is beyond the scope of this 

study at this time. 

 A.2.3.1 TSVIEW/TSFIT Estimation 

 We use weighted least-squares to estimate velocities using the GAMIT/GLOBK utilities 

TSVIEW and TSFIT using the Realistic Sigma/First Order Gauss Markov Extrapolated 
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(FOGMEx) option for calculating the uncertainties.  TSFIT is a program associated with the 

GAMIT/GLOBK suite that allows for automated velocity estimation for a large number of 

stations, requiring processed PBO-format time series files, GLOBK-style reference files for 

offset inputs such as earthquake or antenna offsets, and tuning of specific controls to inform the 

program which terms to estimate with the given time series and how to determine outliers. One 

of the reference files we apply is one of the earthquake files provided as part of the GAGE 

analysis files (All_PBO_eqs.eq) (Herring, 2017). We extend the radius of influence for three 

earthquake events in this file, allowing coseismic offsets to be calculated at an increased number 

of stations for which time series offsets are apparent upon visual inspection. On the other hand, 

TSVIEW allows for all of the above, but it is a MATLAB-based program offering the chance to 

visually interact with the position time series. In TSVIEW, you can edit observations or outliers 

by hand, add or remove breaks or logarithmic terms, test and compare results of multiple 

estimations to find the best fit and output residual time series, all within an easy-to-use Graphical 

User Interface.  

 Results of TSFIT and TSVIEW include a final estimated velocity file which consisits of 

component estimations of velocity and standard deviations of uncertainties, component 

correlations, and locations and station names. Within both of these programs, there is an option 

to use an algorithm called the Realistic Sigma/FOGMEx method to account for temporal 

correlations in the time series residuals (Herring et al., 2017). This algorithm aims to account for 

the increase in uncertainty due to time-correlated errors without computationally time-intesive 

estimation of the metaparameters describing the noise process or the use of large covariance 

matrices by first calculating the white noise level of the data while estimating the model 

parameters. It then rescales the datapoint standard deviations and uses those new standard 
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deviations to compute the  !! per degrees of freedom for all the residuals, over a varying 

averaging time, eventually extrapolating !! per degrees of freedom to fit the exponential curve 

defined by the assumption of a First Order Gauss Markov process. The Normalized RMS 

(NRMS) values calculated as the square root of the !! per degrees of freedom help as an a 

posteriori scaling factor for scaling the final standard deviations of the parameter uncertainty 

estimates. 

 Estimating logarithmic terms while using the RealSigma/FOGMEx uncertainties option 

both inflates uncertainties from the added logarithmic term and scales them depending on the 

particular station’s time series length and !! per degrees of freedom, thereby causing some 

stations’ uncertainties to be larger when log terms are included and some to be slightly smaller. 

Without the RealSigma/FOGMEx option selected, estimating velocities with and without an 

added logarithmic term leads to an increase in the overall velocity uncertainties when the log 

term is added. 

 We primarily use TSFIT to estimate the majority of our velocities, but in cases of stations 

with excessively noisy observations or unexplainable behavior in their time series, we choose to 

visually edit these time series by hand in TSVIEW, to preserve sections of good data rather than 

throwing out the station entirely. We edit 15 continuous station time series and 5 campaign 

station time series using the TSVIEW graphical user interface, the results of which are presented 

in Table A6. These stations were selected for analysis given their unmodeled cyclic noise (e.g. 

AVRY), short periods of high noise volume (e.g. DYHS), unmodeled or unknown offsets (e.g. 

COSO), or because of unexplainable modeled signals (e.g. RKMG). 

 For campaign station velocity estimation, we use TSFIT to estimate the same known 

earthquake offsets and logarithmic terms as are applied to continuous stations as well as secular 
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trend, but we do not estimate any annual or semiannual seasonal terms. We use an outlier 

definition of 3 sigma for all campaign stations, as some stations have distinct visible outliers. 

Final campaign station velocities appear together with our continuous station velocities in Figure 

A10a. 

 A.2.3.2 Hector 

 In addition to using TSFIT to estimate velocity trends from our time series, we also 

estimate velocities using the program Hector (Bos et al., 2013) for only our continuous sites, in 

order to compare between the estimation results of both programs. Hector uses a maximum 

likelihood estimation method to estimate kinematic parameters simultaneously with noise 

estimation using a user-specified noise model (with many noise model choices to fit individual 

research questions). We choose a Generalized Gauss Markov (GGM) noise model to estimate 

uncertainties through Hector and we apply the same UNAVCO GAGE-based station offsets to 

this continuous data as we did in our TSFIT estimations. We note here that Hector produces 

much smaller uncertainties than TSFIT with our chosen noise model, which we attribute to 

TSFIT relying on RealSigma/FOGMEx to inflate uncertainties to account for time-correlated 

errors (and to be more conservative). 

 

A.3 RESULTS 

 We present a horizontal southern California GPS velocity field that is unaffected by the  

postseismic displacements associated with twelve large magnitude historical and recent 

earthquakes, and we present a residual velocity field derived by differencing velocities estimated 

from the un-reduced and reduced time series (Figure A10, note difference in scale). These 

residuals represent the contribution of ongoing post-seismic deformation to the southern 

California velocity field. We have applied our forward model-based postseimic displacement 
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reductions, and have estimated leftover logarithmic amplitudes that were not removed by the 

forward models for the 2010 Mw7.2 El Mayor-Cucapah and the 1999 Hector Mine earthquakes in 

order to assess how effectively our forward models reduced known displacements. The reduced 

postseismic velocity field in stable North America (NAM08) reference frame appears reasonable 

with regard to magnitude and direction, with only a handful of stations that have larger error 

ellipses (these stations fall into the category of having acute period of high noise level or un-

modeled and unexplainable displacements, such as continuous station RKMG or campaign 

station MATX). This velocity field uses the TSFIT-estimated velocities and uncertainties, rather 

than the Hector-based estimated velocities in order to illustrate the complete velocity estimates 

from both campaign and continuous data. Our residual field demonstrates the cumulative 

postseismic transients removed from the observed time series data over the time span of 2000-

2018, which reveal some intriguing patterns, which we describe in more detail in our discussion. 

 To show the station-by-station effect of our postseismic corrections and to illustrate the 

main effects of our forward modeling, we present five stations’ time series  as reduced versus 

observed time series plots in Figure A11. We present three stations’ time series with successful 

reductions for the 2010 El Mayor-Cucapah event (BEMT, OPCX, and P511) where the forward 

modeled postseismic displacements successfully removed all or the majority of coseismic and 

postseismic displacements. These stations are representative of the effects our corrections have at 

the majority of stations in our network, particularly in areas of the Mojave Desert, Little San 

Bernardino Mountains, eastern San Gabriel Mountains, Peninsula Ranges, and north of the 

Garlock Fault.  There are some exceptions where the forward model was less successful.  For 

example, station CRRS represents a subset of five stations around the Salton Trough area where 

a large portion of postseismic displacements were removed by our forward model reductions, but 
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the coseismic displacements were overcorrected (See Figure A11). Lastly, station P556 

represents the undercorrected case in which our the forward model had the effect of increasing 

the magnitude of the coseismic and logarithmic terms slightly for a subset of 20 stations mainly 

around the Los Angeles Basin and the intersection of the trace of the Garlock Fault with the San 

Andreas Fault at the south end of the San Joaquin Valley (See Figure A12 for regional 

specifics). 

 

 

A.4 DISCUSSION 

A.4.1 Assessment of Forward Model Success: Case Study  

 In order to assess how well our forward models removed postseismic deformation, we 

quantify the amount of leftover postseismic deformation by using TSFIT and Hector to estimate 

logarithmic amplitudes in both our observed time series and our newly-formed postseismic-

reduced dataset. We choose to do this for 2010 Mw7.2 El Mayor-Cucapah event because this 

event was observed at nearly all GPS stations in southern California and these ubiquitous pre-, 

co- and post-seismic measurement records make it an ideal event for assessing the regional fit of 

our reference model-based forward models. We only estimate logarithmic amplitudes from 

continuous time series that had the coseismic event recorded, and therefore we removed 25 

stations that either had a data gap right at the time of the 2010 event or had only started recording 

observations after the 2010 event. This allows our analysis to include 312 total continuous GPS 

stations, spread across southern California. TSFIT estimates these logarithmic amplitudes and  

their uncertainties using the Realistic Sigma/FOGMEx algorithm (Herring et al., 2018), which 

uses a more encompassing uncertainty model, and causes the error ellipses to appear large when 

scaled to the magnitude of these estimates. On the other hand, the Hector-estimated logarithmic 
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terms have much smaller uncertainties, which allow us to better visually assess which stations 

have poorer model fits. 

 Figure A12 presents the results of this regional assessment for the El Mayor-Cucapah 

event. The first two panels demonstrate the estimated logarithmic amplitude terms associated 

with the earthquake, for the observed time series data and the reduced time series data, as 

estimated by TSFIT in the first panel (Figure A12a), and Hector in the second panel (Figure 

A12b). Areas where only orange displacements appear are areas in which the postseismic 

displacements were successfully accounted for by our chosen reference model. Areas where blue 

arrows are visible or dominant, are areas in which the forward model fits the observed 

postseismic displacements less well. The third panel of illustrates the main “hot spots” of poor 

model fit from the Hector analysis to highlight the regions in which our forward modeling was 

less successful in fitting and removing postseismic displacements (Figure A12c).  

 The majority of stations in southern California were fit well by our forward-modeled 

displacements, as evidenced by the fact that their observed 2010 El Mayor-Cucapah 

displacements were successfully removed through our methodology. To quantify how well our 

forward modeling worked for this event, we calculate the variance reduction between estimated 

logarithmic terms associated with observed postseismic displacements of the El Mayor-Cucapah 

event and those logarithmic terms for any leftover postseismic displacements from the same 

event in our postseismic-reduced time series. We use: 

!! !"#$%&'() = !!∙!!!∙!! !!∙!!!∙!
!!∙!!!∙!          [2] 

 

where ! is defined as the array of all estimated component logarithmic terms for the postseismic-

reduced time series, ! is the matrix of variance values associated with each of those terms, 
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calculated from the estimated standard deviations (! =  !!) from our velocity estimation, ! is 

the matrix of all estimated component logarithmic terms for the observed (postseismic not 

reduced) time series, and ! is the matrix of variance values associated with each of the elements 

of the vector !, calculated in the same way as !. We calculate the variance reduction for each 

component separately and for the combined horizontal components for both the TSFIT-derived 

logarithmic terms and the Hector-derived terms (Table A7). A variance reduction value of 1.0 

indicates that our forward modeling removed all postseismic deformation from the time series, 

while a value of 0.0 would indicate that it did nothing to remove the existing postseismic 

deformation. The overall values for each scenario are presented in Figure A12 and amount to a 

variance reduction of 0.59 when calculated from TSFIT estimated values (using 

RealSigma/FOGMEx uncertainty estimation) and a reduction of 0.59 when calculated from 

Hector estimated values (using Generalized Gauss Markov noise model). The separate 

components are calculated to be a reduction of 0.38 and 0.64 for east and north components 

respectively for TSFIT-estimated values and a reduction of 0.31 and 0.64 for east and north 

components for Hector values (Table A7). These results indicate that postseismic deformation 

was reduced by up to ~60% with the use of our forward model for the 2010 El Mayor-Cucapah 

event. 

 Two supplementary figures illustrate the spatial patterns of normalized magnitude 

residual values for both Hector and TSFIT-estimated values, showing a spatial trend in which the 

magnitude of logarithmic term has been reduced for the majority of stations in southern 

California, but in belt of area including Los Angeles, the San Gabriel Mountains, the Western 

Transverse Ranges, and the southernmost Central Valley, values have either remained exactly 

the same, or our forward modeling has increased the magnitude of postseismic logarithmic term 



 68 

estimated (Figure A13). The main areas in which our model resulted in poor fits to the observed 

2010 postseismic data lie in (1) the Salton Trough area and (2) a strip of area running from the 

Los Angeles Basin towards the southern San Joaquin Valley (Figure A12c). One possibility is 

that our chosen reference model is not a good fit for these areas regarding seismic velocity and or 

viscosity structure. Because our viscosity structure was estimated to fit the crustal structure 

around the Basin and Range, southern Arizona, and the Colorado Plateau (Broermann, 2017), 

and our seismic wave speed structure is an average across southern California crustal seismic 

wave speeds, it is possible that these do not encompass the specialized crustal structures of these 

heterogeneous areas in California. Another possibility, particularly in the Salton Trough, is that 

there could be afterslip, triggered creep, or potential poroelastic effects occurring that are not 

currently being accounted for by our analysis.  

 The Salton Trough has been studied as an anomalous crustal structure compared to the 

rest of southern California, given its high rates of heat flow, varying seismic velocities, and its 

proximity to the extensional Gulf of California plate boundary (Lachenbruch et al., 1985; Pollitz 

et al., 2012; McGuire et al., 2015). For our stations in this region, our postseismic reductions 

manage to neutralize a portion of the postseismic displacements following the 2010 El Mayor-

Cucapah event, yet they seem to overcorrect for the observed coseismic displacements. This 

behavior is exemplified in station CRRS in Figure A11, where the magnitude of postseismic 

displacements is greatly reduced in the north component, but the coseismic jump is amplified in 

the opposite direction in the reduced time series.  It is possible that this result illuminates a 

deficiency in the assumed elastic-viscoelastic structure, with either lateral variations in elastic 

moduli or viscosity (e.g., lower viscosity material in one or more layers of the Salton Trough 

relative to adjacent lithosphere), and/or the presence of an unmodeled shallow weak layer with a 
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fairly localized effect regardless of its regional extent. Another explanation for the relatively 

poor fit to stations in the southern part of our area is that, because they are within 35-150 km of 

the El Mayor-Cucapah rupture zone, they could be experiencing a portion of possible afterslip or 

poroelastic effects (Pollitz et al., 2012; Spinler et al., 2015), and for which our model does not 

account.  

 For the case of the area including the Los Angeles Basin and the southern San Joaquin 

Valley, the continuous stations in these areas indicate that our reduction methodology has the 

effect of slightly increasing or simply maintaining the magnitude of co- and post-El Mayor-

Cucapah displacements compared to the observed estimated displacements. For example, note 

the model coseismic and postseismic offset in station P556 in Figure A11, where the modeled 

displacements look nearly identical, as if our forward model had little to no effect on the effects 

of the El Mayor-Cucapah event. These estimated displacements are within error of each other, 

where the postseismic estimated logarithmic term varies from 2.05 ± 0.67 to 2.14 ± 0.91 mm in 

the north component (uncorrected and reduced time series, respectively) and from -2.10 ± 0.47 to 

-2.18 ± 0.48 mm in the east component for station P556. While P556 lies near Neenatch along 

the Mojave section of the San Andreas fault, other stations like WGPP in the southern San 

Joaquin Valley or station WLSN in the San Gabriel Mountains exhibit similar behavior. Taken 

together, our forward modeling in this region seems to result in small though insignificant 

changes, or at best does not reduce the observed postseismic displacements as successfully as it 

does elsewhere. One explanation for this anomalous behavior is, again, that our generalized 

reference model may not account for these heterogeneous crustal elements, such as the large and 

deep sedimentary basins within the Los Angeles region and the San Joaquin Valley (Fuis et al., 

2001; Hauksson, 2000). Yet, another possibility is that we may be mapping a secondary process 
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such as triggered aseismic slip into the logarithmic terms.  Although support for this latter 

hypothesis is limited at this time, it is notable that previous studies have suggested the possibility 

of aseismic deformation along faults within these basins (Davis and Namson, 1994; Heflin et al., 

1998). 

 The results of successful reduction of postseismic displacements from the recorded 2010 

El Mayor-Cucapah earthquake demonstrate the overall utility of using a uniform reference model 

and our forward modeling and inverse modeling assessment approach for highlighting regional 

anomalies. The anomalous areas are mainly isolated into two camps, where the crustal structure 

may be too different from our reference model to fully assess and remove either total co- or 

postsesimic displacements for stations there. While our forward modeling does reduce 

postseismic displacements in the Salton Trough, it had little effect on observed postseismic 

displacements in the Los Angeles Basin and southern San Joaquin Valley for the El Mayor-

Cucapah event. Effects from afterslip, triggered creep, poroelastic processes, and mismodeled 

vertical viscosity structure, however, cannot be ruled out as the cause of this poor reduction 

success there.  

 One useful way in which this analysis could be expanded in the future is to include the 

vertical component of GPS time series, in order to capture the full three dimensional deformation 

field in southern California. While using the vertical component for tectonic analysis has in some 

locations been mired in the past by large signals from anthropogenic and climatic activity (Argus 

et al., 2014; Bawden et al., 2001), increased station coverage and improved modeling has 

allowed vertical signals to come into their own as a critical piece of the puzzle to understand 

deformation, at least for some studies (Hammond et al., 2018; Howell et al., 2016; Klein et al., 

2019).  However, general understanding of the impacts of environmental loading on vertical site 
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motions remains fairly limited at this time. Since vertical deformation may have a strong 

dependence on elastic plate thickness (Ward et al., 2019), applying our reductions for our twelve 

identified earthquakes would provide a further test of how well our Earth model works to capture 

vertical deformation signals. In addition, it would enable us to get a sense of the possible time-

variability of postseismic displacements between horizontal deformation and vertical 

deformation, particulary with respect to whether vertical signals outlast horizontal deformation 

signals (Smith and Sandwell, 2004). This future analysis would allow us to better understand 

how well forward modeling of vertical displacements remove observed displacements in time 

series in southern California, but it will also enable us to get a glimpse of the measured vertical 

deformation field as visualized using our reference Earth model. 

A.4.2 Residual Velocitiy Field and Strain Rates 

 Our postseismic-reduced velocity field presented in Figure A10a illustrates our best 

estimates of interseismic velocities for southern California. In our calculated residual field, 

where we subtract this reduced interseismic velocity field from our observed, unreduced velocity 

field, several patterns emerge to potentially highlight the dominant postseismic processes that are 

occurring over the period of time series observation (Figure A10b and Figure A14). This 

residual field reflects all velocities that have been removed from the observed velocity field 

occurring mainly due to postseismic displacements from viscoelastic relaxation, and therefore 

incorporates all constructive and destructive interference occurring between the deformation 

fields of our twelve different earthquakes. The largest magnitude displacements occur in the 

southern Mojave Desert, most likely dominated by the combined displacements following the 

most recent 1992 Mw7.28 Landers, 1999 Mw7.1 Hector Mine, and 2010 Mw7.2 El Mayor-

Cucapah events. On the other hand, the smallest residuals arise in the western Salton Trough and 
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in the northern Mojave Desert, perhaps reflecting destructive interference between multiple 

events taking place there. Our residual velocity field matches that of Freed et al. (2007) quite 

well, with the exception of the inclusion of the more recent El Mayor-Cucapah event. 

 An important factor to note is which of the twelve removed earthquakes dominates the 

full residual field. Each event has a decaying influence over the the period of our time series, 

however our final residual field appears to have four to five major components represented by 

displacements caused by the 1857 Fort Tejon, 1952 Kern County, 1992 Landers, 1999 Hector 

Mine, and the 2010 El Mayor-Cucapah earthquakes (Figure A15; Figure A16). Figure 10 

presents the displacements fields of each of these events superimposed upon each other, in order 

to illustrate how they might destructively and constructively interfere to produce the calculated 

residual field in Figure A14. Areas of lowest residuals appear in the northern Mojave Desert, 

where ongoing displacements from the Fort Tejon and Kern County events interefere 

destructively to effectively cancel out displacements occurring due to the Landers and Hector 

Mine events. On the other hand, in the southern Mojave Desert the larger ongoing displacements 

due to the Hector Mine and Landers events interfere constructively with those from Fort Tejon 

and El Mayor-Cucapah to create the area of highest residuals in Figure A14 (Figure A15).  

 Lastly, we present a comparison of southern California strain rate fields derived from our 

reduced and observed velocity fields, as well as our residual field (Figure A17). The shear strain 

rate field derived from the postseismic-reduced time series maintains high strain rates along the 

main San Andreas system, with the highest strain rates appearing south of the Salton Sea, which 

is known to be one of the most actively deforming regions due to high heat flow (Crowell et al., 

2013). In addition, it includes moderate to high shear strain rates along the Garlock fault and into 

the northern part of the Eastern California Shear Zone along the Panamint and Searles valleys. 
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When comparing the observed versus the reduced strain rate field by observing the residual 

strain rate field, the largest difference appears in the heart of the Eastern California Shear Zone, 

around the locations of the 1992 Landers and 1999 Hector Mine earthquakes. This indicates that 

our model has identified and reduced high strain rates associated with postseismic displacements 

from these two events. Overall, the moderate shear strain rate within our corrected and 

uncorrected fields seems appropriate compared to other’s calculations of strain rates (Sandwell, 

2010; Kreemer et al., 2012). Future earthquakes with strong records of observation before and 

after the coseismic rupture (e.g. the recent July 2019 Ridgecrest earthquake sequence) will 

greatly aid the analysis of success of our forward modeling, and allow us to further test how well 

our chosen reference model fits different areas of southern California. 

A.4.3 Comparison to Viscoelastic-Cycle Models: 1857 Fort Tejon Earthquake 

 A robust approach for modeling postseismic motions over multiple earthquakes is to use 

a viscoelastic-cycle model in which characteristic earthquakes are prescribed along a fault, and 

calculated surface displacements are due to total combined deformation sources (Johnson et al., 

2007; Pollitz et al., 2010; Hearn et al., 2013). Pollitz & Vergnolle (2006) use a methodology in 

which they account for deformation sources both along fault planes (coseismic deformation and 

steady creep along known faults) and deformation distributed within the volume of a model 

lithosphere. The equation they use (their equation [7]) to calculate the instantaneous crustal 

velocity at a given point can be summarized as: 

 

!!"#$%"$%"&'(# =  

     !!"#$%&'(#)"$ !"#$%$&'()  !"#$ !"#$" !"#$ !"#$% !"#$ℎ!"#$%& 

+  !!"#$%&$!&'!( !"!#$!!"# !"#$ !"#$%& 

+  !!"#$%&$!&'!( !"!#$!!"# !"#$ !"#$%"&'$(! !"#$%&! 
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+  !!"#$%& !"##$ !"#$ !"#$%& 

+  !!!"!#$%!"!#$% !"#$ !""!#$% !"#$ ! !"# Κ       [3] 

 

where the first term accounts for all the effects of viscoelastic relaxation from known major 

earthquakes, the second term accounts for the average velocities over the defined interseismic 

cycle period caused by motion on discrete fault surfaces, the third term accounts for the cycle-

averaged velocities caused by motion distributed between discrete dislocations, the fourth term 

accounts for motions caused by steady creep on creeping fault segments, and the fifth term helps 

to account for known differences in how the elastic moduli, ! (shear modulus) and Κ (bulk 

modulus), vary. This is different from our approach, in which we essentially use only terms one 

and two.  

 The main difference in the viscoelastic cycle approach and our approach appears to be in 

how each one deals with estimating “long-term” motions due to viscoelastic relaxation. In our 

framework we calculate the viscoelastic relaxation response displacements from each known 

earthquake individually, and use different parameters for each event. This, ideally, approximates 

the complexity of the crustal deformation process, in which different earthquakes produce 

different displacement fields depending on magnitude, location, viscosity structure, and source 

model. One limitation of this modeling strategy is our decreasingly limited knowledge of source 

characteristics of large magnitude earthquakes as one moves further into the distant past.  In a 

viscoelastic cycle model approach, a characteristic recurrence model is assumed, whereby the 

characteristic recurrence period and slip are prescribed to approximate long-term averages of 

displacements. This characteristic earthquake model defines the “cycle” in viscoelastic cycle 

model, because its magnitude, slip distribution, and recurrence interval is chosen and applied 
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periodically in most cases.  The primary limitation of the earthquake cycle model is that it may 

oversimplify earthquake recurrence in complex plate boundary zones.   

 While it may be less realistic to prescribe a characteristic earthquake, taking this 

approach allows for the calculation of a “cycle-average” postseismic velocity that can be applied 

to all interseismic intervals.  If earthquakes of the same magnitude recur periodically, then the 

instantaneous velocity would depend on time since the last earthquake !, but is independent of 

absolute time !.  Thus, it is possible to compute an interseismic-time averaged contribution of 

postseismic motion to the steady-state velocity field:  

 

!!"#$ ! =  !!" ! +  !!!.          [4] 

 

where both  !!"#$ !  and !!" !  are periodic functions with period equal to the assumed 

characteristic earthquake recurrence time, and ! is time since the last earthquake.  A simple 

zeroth-order analysis of variance of !!" !  yields: 

 

!!" ! = !!" + Δ!!" ! ,          [5] 

 

where !!" is the interseismic-cycle average of the postseismic deformation arising from the 

periodic earthquake sequence and the “contrast” function  Δ!!" !  is zero mean. This Δ!!" !  

term is referred to as a perturbation from the cycle-average velocity, or a “ghost transient” by 

Hearn et al. (2013). Thus, the total steady-state velocity, which is constant for all !, may be 

obtained by taking the interseismic-cycle average of the instantaneous velocity field: 
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!!"#$ =  !!" +  !!!           [6] 

  

 In reality, the interseismic-averaged velocity at a station, meaning the velocity estimated 

between large-magnitude earthquakes, is not independent of absolute time !, as different 

earthquakes would happen at different times and at different distances away from a station 

location. Even for the case of a single fault, if earthquake recurrence is not characteristic, then 

!!" will vary from interseismic period to interseismic period.  Figure A18 illustrates the 

postseismic motions we have calculated at station location P577 on the northern edge of the San 

Bernardino Mountains since 1812, including all large-magnitude earthquakes listed in Table A5.   

 At long enough time, with enough observed earthquakes, one might envision being able 

to calculate an average postseismic velocity contribution using: 

 

!!" = !
! !!"!!

!!!            [7] 

 

where M is an unknown number of past earthquakes required to achive a statistical steady-state, 

and !!"!  represents the the secular postseismic velocity averaged over the !th interseismic period.  

However, the number of earthquakes and time of observation required to achive steady-state is 

likely to be quite large and unobtainable for the forseeable future.  Nevertheless, we might 

expect this long-term postseismic average contribution to be dominated by the largest-magnitude 

events, such as the 1857 Mw7.9 Fort Tejon earthquake, for which our modeling indicates that 

viscoelastic relaxation displacements could be measurable in southern California for over two 

centuries after the event, using our viscoelastic model (Figure A19).  
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 We choose to take a closer look at postseismic displacements following the 1857 Fort 

Tejon event because it is one of the most well-studied events and it allows us to effectively 

compare our results to others. In Figure A20, we plot the fault parallel postseismic velocities due 

to the Fort Tejon event for five different time intervals: half of a recurrence interval (57.5 years 

later – year 1914), 1 recurrence interval (115 years later – year 1972), year 2018 for a modern 

day perspective (161 years later), 2 recurrence intervals (230 years later – year 2087) and lastly, 

3 recurrence intervals (345 years later – year 2202) where displacements are essentially all less 

than 1 mm/yr (see recurrence intervals for all earthquakes in Table A5 presented in Table A8). 

The gridded displacements fields for each recurrence interval are also presented in 

supplementary materials for a full spatial perspective (Figure A19). Our modern day Fort Tejon 

postseismic velocity field plotted for year 2018 agrees well with that calculated by Freed et al. 

(2007) for the year 2003 in their Figure 2 (Figure A20a). In addition, our fault parallel velocities 

agree fairly well with Freed et al. in overall shape and amplitude for years 1900 and 2003 

(Figure A20b, compared to their Figure 4b).  

 When comparing to work produced from viscoelastic cycle models of Hearn et al. (2013), 

our calculated forward modeled postseismic velocities for the 1857 Fort Tejon event calculated 

for the year 2018 compare fairly well to the postseismic perturbation (ghost transient) calculated 

by Hearn et al. (2013). Our values vary from a maximum at 2.3 mm/yr to a minimum of 0.5 

mm/yr (Figure A20b), while the values from the perturbation calculated by Hearn et al. (2013) 

for the year 2000, vary between ~4 mm/yr and ~0.2 mm/yr (see their Figure 4b). This suggests 

that our forward modeled !!" !  (where t=2018) may agree more than expected with the  Δ!!", 

or the perturbation or ghost transient, calculated in the year 2000 for a Fort Tejon-like 
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characteristic earthquake. While this is not a direct comparison due to the fact that these are 

calculated quite differently, it is intriguing to note how well they overlap.  

 We do not make any correction for velocity perturbations as measured relative to a cycle-

average velocity here; however comparing results between different modeling approaches is 

critical to fully understanding how postseismic displacements can be affecting measurements of 

crustal velocity today. Given the fact that most large magnitude earthquakes and their early 

postseismic stages occurred before the modern GPS observation era (pre-1999), modeling is one 

of the only ways we can visualize what short- and long-term postseismic transients may look like 

and how they may be incorporated into the modern deformation field. However, infinite 

combinations of model parameters exist to describe the response of our Earth to a seismic event. 

Assessing which models form the most realistic description of active tectonic processes may 

require significantly longer GPS time series observations and additional large-magnitude 

earthquakes. 

A.5 CONCLUSION 

 In areas of actively deforming plate boundary zones, understanding the effect of the 

seismic cycle on ongoing high precision GPS observations of crustal motion is critical to better 

understanding long term plate motion and crustal deformation. To better identify and reduce 

long-lasting viscoelastic postseismic transients from modern GPS data, we produce displacement 

models for a catalog of 217 ≥Mw6.0 earthquakes that have occurred in California, Nevada, Baja 

California and Sonora, Mexico, using a single laterally homogenous viscoelastic earth reference 

model for southern California. We determine that 12 of these large magnitude earthquakes could 

have perturbed the viscoelastic subsurface enough to have lingering, measurable postseismic 

transients in our observed time series from year 2000 to 2018. We forward model the long-term 

transient motions from these 12 earthquakes and subtract these modeled displacement time series 
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from our observed time series in order to estimate a postseismic-reduced velocity field. In 

calculating shear strain rates of both reduced and observed GPS velocity fields, we find the 

largest difference between them to be the reduction of strain rate in the southern Mojave Desert 

around the locations of the 1992 Landers and 1999 Hector Mine earthquakes.  

 In addition, we assess the success of our use of a single reference model to calculate 

viscoelastic displacements in southern California using observed estimates of the postseismic 

displacements from the 2010 El Mayor-Cucapah earthquake. Our forward modeling does well in 

calculating postseismic displacements that match those measured in our time series for the 

majority of stations in our network and removes up to 60% of postseismic motions when 

measured by both TSFIT-estimated values and Hector-estimated values. In specific areas 

however, it does not appropriately capture the postseismic displacements measured from 

stations, including a strip of area between the Los Angeles Basin and the southern San Joaquin 

Valley, and an area around the Salton Trough. A more specific viscosity, velocity, and density 

model for this type of earth structure could potentially fit these displacements more effectively. 

Even with two areas of lower model fit, fitting the majority of stations in southern California 

with one reference model is a step towards increasing the ease and reliability of postseismic 

transient removal for all GPS data, and allows for future analysis in identifying and testing 

different viscoelastic earth structures or in detecting possible second order processes occurring in 

southern California. 

 Given our current understanding of the viscoelastic properties of the lithosphere in the 

southwest US, and southern California earthquake recurrence periods, postseismic motion 

following large magnitude earthquakes contributes to the steady-state velocity field averaged 

over the interseismic period. Because earthquakes typically do not exhibit characteristic 
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recurrence behavior, it is difficult to determine the postseismic contribution to the steady-state 

field.  However, our analysis above shows that at least in the case of the M 7.9 1857 Fort Tejon 

earthquake, the postseismic field may be dominated by the most recent large magnitude 

earthquake and may, albeit coincidentally, approximate the velocity perturbation to the steady-

state field.     
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A.7 TABLES 

Table A1. 
Viscoelastic Reference Model Parameters 

Layer Depth Density Vp Vs 
Maxwell 
Viscosity 

Kelvin-
Voigt 

Viscosity 
  (km) (kg/m3) (km/s) (km/s) (Pa s) (Pa s) 

Elastic Upper Crust 0-15 2747 6.12 3.55 - - 
Maxwell Viscoelastic 

Lower Crust 15-30 2815 6.43 3.71 1019.92 - 
Burgers Body 

Viscoelastic 
Lithospheric Mantle 30-60 2921 6.81 3.77 1019.55 1018.55 

Burgers Body 
Viscoelastic 

Sublithospheric Mantle 60 + 3271 7.93 4.41 1018.78 1017.78 

TABLE A1. Reference Earth model used to model co- and post-seismic displacements; 
Viscosities were determined by Broermann (2017) to be best fitting viscosity structure for the 
regions of Arizona, and larger portions of the Basin and Range and the Colorado Plateau; we 
determined our own velocity and density structure using CRUST 1.0 (Laske et al., 2013) and 
averaging values for each 1ºx1º quadrangle for the region of southern California. 
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Table A2.  
Comparison of Viscosity Values for the Southwestern United States 

Viscosity type in 
layer 

Broermann 
(2017) (this 
study) 

Pollitz 
(2015) 

Behr & 
Hirth 
(2014) 

Ave'Lalleman
t et al. (1980) 

Freed et 
al. (2012) 

Smith-
Konter 
et al. 
(2014) 

Hammond 
et al. 
(2010) 

  

Basin & 
Range, 
Colorado 
Plateau 

Southern 
California 

Basin & 
Range 

Basin & 
Range 

Central 
Mojave 
Desert 

Souther
n 
Californi
a, Plate 
Boundar
y 

Basin & 
Range, 
Southern 
Nevada 

  (Pa s) (Pa s) (Pa s) (Pa s) (Pa s) (Pa s) (Pa s) 
Lower Crustal 
Values   

     
  

Maxwell (η1) 1019.9 
1020 — 
1020.3 - - - - - 

Lithospheric 
Mantle   

     
  

Maxwell (η1) 1019.6 
1019.4 — 

1020.1 
1019.1 — 

1020.3 
1018.05 — 

1019.6 
1019.2 — 

1019.4 - - 

Kelvin-Voigt (η2) 1018.6 
1019.025 — 

1019.1 - - - - - 
Sublithospheric 
Mantle   

     
  

Maxwell (η1) 1018.8 
1019 — 
1019.3 

1018.05 — 
1019.6 

1018.05 — 
1019.6 

1019.2 — 
1019.4 

1018.7 — 
1019 - 

Kelvin-Voigt (η2) 1017.8 
1018.15 — 

1018.3 - - - - 
1018.25 — 

1019 
TABLE A2. We compare our chosen model (column 1, Broermann (2017)) to six other models 
produced by different studies of crustal viscosity. Our model values compare closely for all 
values except the sublithospheric Kelvin-Voigt viscosity, in which our value (1017.8 Pa s) is 
slightly outside the range of the other study’s values (1018.15 — 1019 Pa s). 
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Table A3. 
Model Evaluation of all SRCMOD Finite Source Models  

Earthquake 
and Source 

Mw 
calculat
ed by 
PSCMP 
using 
SRCMO
D 
source 
charact
eristics 

Mw 
from 
SRC-
MOD 
databas
e 
website 

Mw 
from 
earthq
uake 
catalog 
(Table 
S2) 

Mw calculated 
by PSCMP 
using Wells & 
Coppersmith 
(1994) 
generated 
source 
characteristics, 
no regression 

Mw 
calculated 
by PSCMP 
using Wells 
& 
Coppersmith 
(1994) 
generated 
source 
characteristi
cs, with 
regression 

Residual 
between 
SRCMO
D source 
and 
earthqua
ke 
catalog 

Residual 
between 
Wells & 
Coppers
mith (no 
regressio
n) source 
and 
earthqua
ke 
catalog 

Residual 
between 
Wells & 
Coppersm
ith (with 
regression
) source 
and 
earthquak
e catalog 

Model 
Chosen 
based on 
lowest 
residual value 
between 
calculated 
Mw and 
catalog Mw 

1906 San 
Francisco 
California                   
Wald et al. 
(1993) 7.58 7.64 7.8 7.94 7.71 0.22 -0.14 0.09   
Thatcher et 
al. (1997) 7.85 7.91 7.8 7.94 7.71 -0.05 -0.14 0.09   
Song et al. 
(2008) 7.85 7.91 7.8 7.94 7.71 -0.05 -0.14 0.09 

Song et al. 
(2008) 

1971 San 
Fernando, 
California                   
Heaton 
(1982) 6.52 6.82 6.6 6.58 6.7 0.08 0.02 -0.1 

Heaton 
(1982) 

1979 
Imperial 
Valley, 
California                   
Archuleta 
(1984) 6.51 6.53 6.51 6.43 6.57 0 0.08 -0.06 

Archuleta 
(1984) 

Hartzell 
and Heaton 
(1983) 6.52 6.58 6.51 6.43 6.57 -0.01 0.08 -0.06   
Olson and 
Apsel 
(1982) 6.56 6.53 6.51 6.43 6.57 -0.05 0.08 -0.06   
Zeng and 
Anderson 
(2000) 6.4 6.35 6.51 6.43 6.57 0.11 0.08 -0.06   
1984 
Morgan 
Hill, 
California                   
Beroza and 
Spudich 
(1988) 6.22 6.28 6.15 5.84 6.11 -0.07 0.31 0.04 

Beroza and 
Spudich 
(1988) 

Hartzell 
and Heaton 
(1986) 6.05 6.07 6.15 5.84 6.11 0.1 0.31 0.04   
1986 North 
Palm 
Springs, 
California                   
Hartzell 6.04 6.21 6.02 5.63 5.99 -0.02 0.39 0.03 Hartzell 
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(1989) (1989) 
Mendoza 
and 
Hartzell 
(1988) 6 6.14 6.02 5.63 5.99 0.02 0.39 0.03   
1987 
Elmore 
Ranch, 
California                   
Larsen et 
al. (1992) 6.48 6.52 6.04 5.66 5.99 -0.44 0.38 0.05 W&C with R 
1987 
Superstitio
n Hills, 
California                   
Larsen et 
al. (1992) 6.55 6.6 6.5 6.42 6.57 -0.05 0.08 -0.07 

Larsen et al. 
(1992) 

Wald et al. 
(1990) 6.44 6.51 6.5 6.42 6.57 0.06 0.08 -0.07   
1989 Loma 
Prieta, 
California                   
Beroza 
(1991) 6.79 6.95 6.89 6.97 6.86 0.1 -0.08 0.03   
Emolo and 
Zollo 
(2005) NA 6.91 6.89 6.97 6.86 NA -0.08 0.03   
Steidl et al. 
(1991) 6.83 6.99 6.89 6.97 6.86 0.06 -0.08 0.03   
Wald et al. 
(1991) 6.85 6.94 6.89 6.97 6.86 0.04 -0.08 0.03   
Zeng and 
Anderson 
(2000) 6.9 6.98 6.89 6.97 6.86 -0.01 -0.08 0.03 

Zeng and 
Anderson 

(2000) 
1992 
Joshua 
Tree, 
California                   
Hough and 
Dreger 
(1995) 6.08 6.15 6.15 5.84 6.11 0.07 0.31 0.04   
Bennett et 
al. (1995) 6.19 6.25 6.15 5.84 6.11 -0.04 0.31 0.04 

Bennett et al. 
(1995) 

1992 
Landers, 
California                   
Cotton and 
Campillo 
(1995) 7.15 7.29 7.28 7.45 7.22 0.13 -0.17 0.06   
Cohee and 
Beroza 
(1994) 7.09 7.08 7.28 7.45 7.22 0.19 -0.17 0.06   
Hernandez 
et al. 
(1999) 7.13 7.22 7.28 7.45 7.22 0.15 -0.17 0.06   
Wald and 
Heaton 
(1994) 7.19 7.28 7.28 7.45 7.22 0.09 -0.17 0.06 

Wald and 
Heaton 
(1994) 
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Zeng and 
Anderson 
(2000) NA 7.2 7.28 7.45 7.22 NA -0.17 0.06   
1994 
Northridge
, California                   
Dreger 
(1994) 6.59 6.66 6.65 6.67 6.7 0.06 -0.02 -0.05   
Hartzell et 
al. (1996) 6.62 6.73 6.65 6.67 6.7 0.03 -0.02 -0.05 

Hartzell et al. 
(1996) 

Hudnut et 
al. (1996) 6.74 6.81 6.65 6.67 6.7 -0.09 -0.02 -0.05   
Shen et al. 
(1996) 6.76 6.84 6.65 6.67 6.7 -0.11 -0.02 -0.05   
Wald et al. 
(1996) 6.69 6.8 6.65 6.67 6.7 -0.04 -0.02 -0.05   
Zeng and 
Anderson 
(2000) 6.58 6.71 6.65 6.67 6.7 0.07 -0.02 -0.05   
1999 
Hector 
Mine, 
California                   
Ji et al. 
(2002) 7.1 7.17 7.12 7.21 7.1 0.02 -0.09 0.02   
Jonsson et 
al. (2002) 7.07 7.16 7.12 7.21 7.1 0.05 -0.09 0.02   
Kaverina et 
al. (2002) 7.14 7.24 7.12 7.21 7.1 -0.02 -0.09 0.02 

Kaverina et 
al. (2002) 

Salichon et 
al. (2004) 7.05 7.14 7.12 7.21 7.1 0.07 -0.09 0.02   
2005 
Northern 
California 
(Offshore 
Eureka)                   
Shao and Ji 
(2005) 7.16 7.2 7.2 7.33 7.22 0.04 -0.13 -0.02 W&C with R 
2009 Gulf 
of 
California, 
Baja 
California, 
M.X.                   
Hayes 
(2009) 6.8 6.9 6.9 6.86 6.97 0.1 0.04 -0.07 Hayes (2009) 
2010 El 
Mayor-
Cucapah, 
Baja 
California, 
M.X.                   
Mendoza 
and 
Hartzell 
(2013) 7.29 7.35 7.2 7.33 7.22 -0.09 -0.13 -0.02   
Wei et al. 
(2011) 7.2 7.29 7.2 7.33 7.22 0 -0.13 -0.02 

Wei et al. 
(2011) 

2014                   
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South 
Napa, 
California 
Gallovic 
(2016) 6.15 6.07 6.02 5.63 5.99 -0.13 0.39 0.03 W&C with R 

TABLE A3. Values from our analysis of how earthquake moment magnitudes from different 
published source models from the SRCMOD database compare with being calculated within our 
model framework in PSCMP (columns 2 through 3). In addition, we present earthquake 
magnitudes calculated from these published source models compare with magnitudes calculated 
from our own source models generated using Wells and Coppersmith relationships (columns 5 
and 6). To choose a final model, we calculate residuals between the calculated magnitudes and 
the magnitude within our earthquake catalog (columns 7 through 9). Chosen model is presented 
in the final column. 
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Table A4. 
Example Characteristics From Our Generated Source Models 

Year Magnitude Latitude/Longitude Length/Width Strike/Dip/Rake 
Slip 
Magnitude 

  (Mw) (º) (km) (º) (m) 
1812 7.5 34.370/-117.650 103/20 295/90/180 3.5 
1892 7.3 32.550/-115.630 81/20 328/90/180 2.3 
1918 6.8 33.800/-117.000 43/17 150/87/-176 1.1 
1952 7.5 34.958/-118.998 103/20 73/75/50 3.5 
2012 7.0 28.696/-113.104 56/20 305/85/-3 1.2 
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Table A5.  
Earthquakes With Measurable Ongoing Postseismic Displacements 

Year Day Catalog 
magnitude Lat/Lon 

Location 
Finite 
source 
model 

References 

    (Mw) (º)       

1812 December 8 7.5 34.370/-117.650 
Wrightwood, 

CA Generated 

Wang et al. 2009 + 
Wells & Coppersmith 
(1994) 

1857 January 9 7.9 35.300/-119.800 Fort Tejon, CA Generated 
Sieh (1978); Hammond 
et al. (2010) 

1872 March 26 7.4 36.700/-118.100 
Owens Valley, 

CA Generated 

Beanland & Clark, 
1994; Hammond et al. 
(2010) 

1892 February 24 7.3 32.550/-115.630 
Laguna Salada, 

B.C., M.X. Generated 

Wang et al. 2009 + 
Wells & Coppersmith 
(1994) 

1906 April 18 7.8 37.700/-122.500 
San Francisco, 

CA SRCMOD Song et al. (2008) 

1918 April 21 6.8 33.800/-117.000 
San Jacinto 

Area, CA Generated 

Wang et al. 2009 + 
Wells & Coppersmith 
(1994) 

1952 July 21 7.5 34.958/-118.998 
Kern County, 

CA Generated 

Wang et al. 2009 + 
Wells & Coppersmith 
(1994) 

1992 June 28 7.28 34.203/-116.431 Landers, CA SRCMOD Wald & Heaton (1994) 

1994 January 17 6.65 34.206/-118.549 Northridge, CA SRCMOD Wald et al. (1996) 

1999 October 16 7.12 34.596/-116.269 
Hector Mine, 

CA SRCMOD Kaverina et al. (2002) 

2010 April 4 7.2 32.286/-115.295 

El Mayor-
Cucapah, B.C., 

M.X. SRCMOD Wei et al. (2011) 

2012 April 12 7.0 28.696/-113.104 
Baja California, 

M.X. Generated 

Wang et al. 2009 + 
Wells & Coppersmith 
(1994) 

TABLE A5.These are the events that display larger than 0.35 mm of horizontal displacement 
accumulating in any year of our time series (year 2000-2018), and whose co- and post-seismic 
displacements are removed from our time series. References refer to the source of the finite fault 
model used; our generated source models refer to Wang et al. (2009) and Wells and Coppersmith 
(1994). 
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Table A6. 
List of stations whose velocities were estimated in TSVIEW 
Continuous Stations 
Station Justification 
AVRY Increasing unmodeled cyclic noise 
CHMS Increasing unmodeled cyclic noise 
CJMG Short period of high noise volume 
COSO Large unmodeled offset 
DYHS Short period of high noise volume 
ELSC Short period of high noise volume 
LPHS Short period of high noise volume 
MHMS Increasing unmodeled cyclic noise 
NOPK Short period of high noise volume 
P506 Large unmodeled offset 
P795 Large unmodeled offset 
RHCG Unknown unmodeled signal 
RKMG Unknown unmodeled signal 
WCHS Short period of high noise volume 
WORG Large unmodeled offset 
Campaign Stations   
Station Justification 
BRIN Outliers 
DEAD Outliers 
DIVD Outliers 
INA5 Outliers 
MATX Outliers 

TABLE A6. List of 15 continuous stations and 5 campaign stations whose velocities were 
estimated in TSVIEW, as well as our reasoning for each station. 
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Table A7. 
Variance Reduction Values for Assessment of El Mayor-Cucapah Postseismic Deformation 
  Variance Reduction Values   

Program Used 
East 
Component North Component Both Horizontals 

Estimated from TSFIT Log. 
Amplitudes 0.375 0.644 0.592 
Estimated from Hector Log. 
Amplitudes 0.314 0.644 0.594 

TABLE A7. Variance Reduction values calculated for both the observed and postseismic-
removed time series using the estimated 2010 El Mayor-Cucapah logarithmic terms and sigmas 
from both TSFIT and Hector programs. A value of 1.0 would indicate that we were successful in 
removing all postseismic displacements using just our forward modeling approach for the El 
Mayor-Cucapah event. 
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Table A8.  
Recurrence Intervals for the 12 earthquakes in Table A5 

Earthquake   Fault zone 

Years 
since 
earthquake 
(in 2020) 

Status in 
earthquake 
cycle 

Recurrence 
interval   References 

Year Magnitude Location   (yrs) 
 

(yrs) (yrs) (yrs)   

            Avg Max Min   

1812 7.5 Wrightwood 
Mojave 
Segment 208 Late 106 148 76 

Dawson & Weldon 
(2013) 

      
Mojave 
Segment     149 225 99 

Dawson & Weldon 
(2013) 

1857 7.9 Fort Tejon 
Carrizo 
Plain 163 Late 115 205 64 

Dawson & Weldon 
(2013) 

1872 7.4 
Owens 
Valley 

Lone Pine 
Fault 148 Early ~10000 - - 

Bacon & Pezzopane 
(2007) 

1892 7.3 
Laguna 
Salada 

Laguna 
Salada 
Fault 128 Early ~2000 - - Rockwell et al. (2010) 

1906 7.8 
San 
Francisco 

SAF North 
Coast 114 Middle 264 408 170 

Dawson & Weldon 
(2013) 

      

SAF 
Peninsula 
section   Middle 285 320 250 Hall et al. (1999) 

1918 6.8 San Jacinto San Jacinto 102 Middle 312 549 177 
Dawson & Weldon 
(2013) 

1952 7.5 Kern County White Wolf 68 Early 310 450 170 
Stein & Thatcher 
(1981) 

1992 7.28 Landers 
Homestead
/Kickapoo 28 Early 10000 15000 5000 Rockwell et al. (2000) 

1994 6.65 Northridge 
Northridge 
Blind Fault 26 Early 1650 1800 1500 

Davis & Namson 
(1994) 

1999 7.12 Hector Mine Lavic Lake 21 Early 10000 15000 5000 Rockwell et al. (2000) 

2010 7.2 
El Mayor-
Cucapah 

Laguna 
Salada/Sier
ra Cucapah 10 Early ~2000 - - Rockwell et al. (2010) 

2012 7 Baja CA Unnamed 8 Unknown - - - - 
TABLE A8. Reported recurrence intervals for the fault segments on which each of our twelve 
earthquakes from Table A5 occurred; recurrence intervals are reported from the literature or 
from the Uniform California Earthquake Rupture Forecast (UCERF) version 3 catalog (Dawson 
& Weldon, 2013). 
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A.8 FIGURES 

 
Figure A1. Regional map of southern California faults and Mw6.0+ earthquakes in the last 50 
years and their focal mechanisms; locations of GPS stations used in this study are marked as blue 
diamonds (continuous stations), yellow diamonds (campaign style stations from the California 
State University, San Bernardino network) and orange diamonds (campaign stations from the 
University of Arizona Joshua Tree Integrative Geodetic Network). Red fault segments delineate 
historical earthquake ruptures modified from the USGS Quaternary Fault database (black lines). 
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Figure A2. Illustration of the complexity of measuring long-term postseismic transients; (a) 
presents an observed time series from a campaign station centered around the 2010 El Mayor-
Cucapah earthquake; (b) presents an observed time series from station P510 centered around the 
same earthquake; (c) presents a model time series for a hypothetical station from 1950 to the 
modern day, with the addition of one hypothetical earthquake offset at year 1985. Model 
postseismic velocities are reported in blue for four times after the event. Black lines with dates at 
the top delineate time stamps. 
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Figure A3. Map of campaign style GPS stations used in this study, labeled with their monument 
names; yellow diamonds are part of the California State University San Bernardino network, and 
red diamonds are part of the University of Arizona Joshua Tree Integrative Geodetic Network 
(JOIGN). 
 

 
Figure A4. Field photos illustrating the two different campaign GPS antenna support systems 
used to reoccupy stations in the JOIGN network; (a) shows the mast mount, a 18 cm tall stainless 
steel post which is screwed into a drilled monument posthole. In this image the white Trimble 
Zephyr Antenna is screwed on top of the mast; (b) shows the spike mount setup, a 13.05 cm tall 
spike pointing into the center of an established monument and held steady by two metal arms 
that are set to level by adjusting the lengths of the arms and the height of the metal bolts at each  
end. 

a. Mast Mount Campaign Site, JT10 b. Spike Mount Campaign Site, BLOY
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Figure A5. GPS time series plot illustrating the variety of reoccupation and observation intervals 
for a selection of campaign stations; JT10 and JT05 are part of the UA JOIGN network in Joshua 
Tree National Park and BRYN, CHER, and WMTN are part of the CSUSB San Bernardino 
Mountains network of campaign stations in the San Bernardino Mountains.  While some stations 
maintain constant observation intervals, most stations have been reoccupied at with varying 
frequency over the last two decades.  
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Figure A6. Illustration of our preferred crustal model (Broermann, 2017) used to calculate 
surface displacement responses caused by earthquake sources at depth. 
 
 
 
 

 
Figure A7. Comparison of hypothetical model earthquake displacements, both coseismic 
displacements (white, measured in contours of 0.35 mm) and cumulative viscoelastic relaxation-
derived displacements over the first year after the hypothetical earthquake (dark blue, measured 
in contours of 0.1 mm); On the top we compare a Mw5.5 strike slip (strike/dip/rake: 
270º/90º/180º) event with a Mw6.0 event of the same strike, dip and rake characteristics, and on 
the bottom we compare a reverse type event (strike/dip/rake:  270º/30º/90º). 
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Figure A8. Plot illustrating the logarithmic regression relationship used to produce magnitudes 
and moments in PSCMP that are as close to the observed magnitude and moment of each 
earthquake. When using the observed magnitudes within the Wells and Coppersmith [1994] 
relationship-produced rupture characteristics in PSCMP, the program would underestimate the 
final calculated moment and moment magnitude, thereby producing incorrect displacement 
estimates. In order to avoid this underestimation, we first used the ‘maximum’ displacement to 
magnitude relationship to calculate our rupture properties (pg20, Wells and Coppersmith [1994]) 
for all events <M6.8, then an average of the ‘average’ and ‘maximum’ relationship for M6.8 and 
M6.9, then the ‘average’ displacement to magnitude relationship for all events >M7.0. When that 
did not solve the whole underestimation, we used this logarithmic regression relationship to 
calculate the magnitude necessary to plug into the Wells and Coppersmith [1994] relationships 
and PSCMP program to produce a modeled earthquake magnitude as close to the observed 
catalog magnitude as possible.  
 
 
 
 
 
 
 
 
 
 
 
 



 98 

 
Figure A9. Extent of measureable horizontal displacements in the year 2018 due to viscoelastic 
deformation following each of the twelve earthquakes that accumulate ≥ 0.35 mm in any year of 
our time series (2000-2018). Any space inside the 0.35 mm contour indicates it has larger than 
0.35 mm of displacement accumulated in the time span between Jan 1 2018 and Jan 1 2019 and 
is therefore measureable by GPS instruments. This model map plot does not account for any 
interaction between the different displacement fields caused by different earthquakes, but 
removal of the displacements from our time series accounts for both constructive and destructive 
interference between these twelve events. 
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Figure A10.  (a) Postseismic-reduced GPS Velocity field (in stable North America reference 
frame (NAM08)) corrected for the 12 earthquakes in Table A5. The five red/orange stars with 
numbers show stations (1) BEMT, (2) CRRS, (3) P511, (4) OPCX, and (5) P556 for which time 
series are shown in Figure A11; (b) shows the residual field (observed velocities – reduced 
velocities) showing the directions and magnitudes of the removed post-seismic biases at each 
station. Note the factor of 10 difference in scale between left and right. Error ellipses in left are 
95% confidence interval.  The white star in both (a) and (b) shows the location of Palm Springs 
for reference.   
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Figure A11. Time series plot comparing horizontal observed time series (light blue) and their 
velocity models (red) versus time series that have been reduced for the 12 earthquakes in Table 
A5 and Figure A9 (dark blue) for a selection of stations around southern California, zoomed in 
to 2010 (error bars are one sigma). Time series are labeled with their respective velocity estimate 
(in mm/yr) and 1 sigma uncertainty. We present stations BEMT, OPCX, and P511 as examples 
of successfully applied reductions for the 2010 El Mayor-Cucapah earthquake, while stations 
CRRS and P556 (circled in dashed black) are cases in which the reductions were not as 
successful. Station locations presented on Figure A10a. 
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Figure A12 (above). Using the 2010 El Mayor-Cucapah earthquake as one example for testing 
reference model fit, we present a comparison of estimated logarithmic amplitude terms from 
observed time series versus those estimated from reduced time series; We used only continuous 
GPS time series to estimate log terms, and only stations that observed both the co-seismic and 
post-seismic periods; (a) shows log. terms estimated using TSFIT software with Real 
Sigma/FOGMEx uncertainties for both the observed (orange) and reduced (blue) time series; (b) 
shows the same comparison, except with log. terms estimated using Hector software with the 
Generalized Gauss-Markov uncertainty model; We also calculate the variance reduction for both 
horizontal components and show the overall value; (c) presents an interpolated color map of 
Hector estimated log terms from the reduced time series. Interpolation was completed with a grid 
size of 70 km. Hotspots of red indicate areas in which the leftover postseismic log terms are still 
large even after our reductions. Red-orange stars indicate the locations of stations presented in 
Figure A11 (with the same labels as in Figure A10a). 
 
 
 
 

 
 
Figure A13. Logarithmic term residuals for the 2010 El Mayor-Cucapah earthquake; residuals 
are calculated as the observed logarithmic term (logarithmic term estimated from the observed, 
unreduced time series) minus the logarithmic term estimated from the postseismic reduced time 
series, and then normalized by dividing by the observed logarithmic term to illustrate the spatial 
effect of the forward-modeling based postseismic reduction in another form (see equation); (a) 
shows the TSFIT-estimated values, while (b) shows Hector-estimated values. Warm colors 
illustrate a situation in which our postseismic reduction has led to a slight increase in the 
estimated logarithmic term for the 2010 earthquake, while cool colors show areas in which our 
reduction has effectively reduced the estimated logarithmic term. 
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Figure A14. Colormap of residual velocity field which illustrates the spatial relationships 
between areas of high residual magnitude and low residual magnitude. Velocity magnitudes are 
interpolated with a grid size of 28 km. Magnitudes are largest in the southern Eastern California 
Shear Zone. 
 
 

 
Figure A15. Postseismic displacement fields for five earthquakes for just the year 2018; These 
five events are the ones that appear to dominate our residual velocity field in Figure A14. Each 
separate displacement field for each earthquake is also presented in supplementary materials 
(Figure A16) 
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Figure A16. Cumulative displacement field in year 2018 due to viscoelastic displacements 
caused by the (a) 2010 El Mayor-Cucapah, (b) 1999 Hector Mine, (c) 1992 Landers, (d) 1952 
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Kern County, and (e) 1857 Fort Tejon earthquakes. See Figure 10 in the text to compare how 
these fields constructively and destructively interfere. 
 
 
 
 
 
 
 

 
Figure A17. Maximum shear strain rate fields calculated from (a) the observed GPS velocities, 
(c) the postseismic reduced GPS velocities and (c) the residual velocity field (observed velocities 
minus reduced velocities). Each shear strain rate field is calculated using the SSPX program 
[Cardozo and Allmendinger, 2009] using a Gridded Nearest Neighbor interpolation and is then 
plotted in GMT [Wessel et al., 2013]. The Residual velocity-derived shear strain rate field (c) 
shows higher levels of shear strain in the southern Mojave region, consistent with post-seismic 
displacements occurring due to the 1992 Mw7.28 Landers and 1999 Mw7.1 Hector Mine 
earthquakes. In addition, there appear to be higher levels of strain rate along the southern Mojave 
segment of the San Andreas Fault, begging the question of how postseismic displacements could 
be affecting fault motion and stress along local faults. 
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Figure A18. Plot of model earthquake displacements over time from earthquakes presented in 
Table A5 (east component only) as experienced at the location of station P577. This illustrates 
the complexity of postseismic displacements over a given interval. 
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Figure A19. Cumulative postseismic displacement fields caused by the 1857 Fort Tejon 
earthquake for years (a) 1972, or 1 recurrence interval later, (b) 2087, or 2 recurrence intervals 
later, (c) 2202 or 3 recurrence intervals later, and (d) 2317 or 4 recurrence intervals later.  
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Figure A20. Case study of the 1857 Fort Tejon event where (a) illustrates the gridden 
displacement field for postseismic displacements in the year 2018 and (b) shows the fault parallel 
velocities for five different time periods, including the 2018 velocities (RI = Recurrence 
Interval). 
	
  



 109 

A.9 REFERENCES 

Archuleta, R. J. (1984). A faulting model for the 1979 Imperial Valley earthquake. J. Geophys. Res., 89 
(B6), 4559-4585. https://doi.org/10.1029/JB089iB06p04559. 
Argus, D.F., Fu, Y., & Landerer, F.W. (2014). Seasonal variation in total water storage in California 

inferred from GPS observations of vertical land motion. Geophysical Research Letters, 41, 1971 – 
1980. https://doi.org/10.1002/2014GL059570. 

Ave’Lallemant, H., Mercier J., Carter, N., & Ross, J. (1980). Rheology of the upper mantle: Inferences 
from peridotite xenoliths. Tectonophysics, 70, 85-113. https://doi.org/10.1016/0040-1951(80)90022-0. 

Bacon S.N., & Pezzopane, S.K. (2007). A 25,000-year record of earthquakes on the Owens Valley fault 
near Lone Pine, California: Implications for recurrence intervals, slip rates, and segmentation models. 
GSA Bulletin, 119(7/8), 823-847. https://doi.org/10.1130/B25879.1. 

Bawden, G.W., Thatcher, W., Stein, R.S., Hudnut, K.W., & Peltzer, G. (2001). Tectonic contraction 
across Los Angeles after removal of groundwater pumping effects. Nature, 412(6849), 812-815. 
https://doi.org/10.1038/35090558. 

Beanland, S., & Clark, M.M. (1994). The Owens Valley Fault Zone, Eastern California, and Surface 
Faulting Associated with the 1872 Earthquake. U.S. Geological Survey Bulletin 1982.  

Behr, W.M., & Hirth, G. (2014). Rheological properties of the mantle lid beneath the Mojave region in 
Southern California. Earth and Planetary Science Letters, 393, 60-72. 
https://doi.org/10.1016/j.epsl.2014.02.039 

Bennett, R. A., Reilinger, R.E., Rodi, W., Li, Y.P., Toksoz, M.N., & Hudnut, K. (1995). Coseismic Fault 
Slip Associated with the 1992 M(W)-6.1 Joshua-Tree, California, Earthquake - Implications for the 
Joshua-Tree Landers Earthquake Sequence. J. Geophys. Res., 100 (B4), 6443-6461. 
https://doi.org/10.1029/94JB02944. 

Beroza, G. C., & P. Spudich. (1988). Linearized Inversion for Fault Rupture Behavior - Application to the 
1984 Morgan-Hill, California, Earthquake. J. Geophys. Res., 93(B6), 6275-6296. 
https://doi.org/10.1029/JB093iB06p06275. 

Beroza, G. C. (1991). Near-Source Modeling of the Loma-Prieta Earthquake - Evidence for 
Heterogeneous Slip and Implications for Earthquake Hazard. Bull. Seis. Soc. Am., 81(5), 1603-1621. 

Bevis, M. & Brown, A. (2014). Trajectory models and reference frames for crustal motion geodesy. 
Journal of Geodesy, 88, 283-311. https://doi.org/10.1007/s00190-013-0685-5. 

Blewitt, G. & Lavallée, D. (2002). Effect of annual signals on geodetic velocity. Journal of Geophysical 
Research, 107( B7). https://doi.org/10.1029/2001JB000570. 

Bos, M. S., Bastos, L., & Fernandes, R. M. S. (2010). The influence of seasonal signals on the estimation 
of the tectonic motion in short continuous GPS time-series. Journal of Geodynamics, 49, 205-209. 
https://doi.org/10.1016/j.jog.2009.10.005. 

Bos, M.S., Fernandes, R.M.S., Williams, S.D.P., & Bastos, L. (2013). Fast Error Analysis of Continuous 
GNSS Observations with Missing Data. J. Geod., 87(4), 351-360, https://doi.org/10.1007/s00190-012-
0605-0. 

Broermann, James. (2017). Appendix B: Time-independent and time-varying surface velocity field for the 
Colorado Plateau and adjacent Basin and Range inferred from viscoelastic modeling, in Alignment of 
post-Atlantic-rifting Volcanic Features on the Guinea Plateau, West Africa, and Present-Day 
Deformation in the Southwest United States from GPS Geodesy, (PhD Dissertation). Retrieved from 
University of Arizona Dissertation Repository, https://repository.arizona.edu/handle/10150/626156. 
Tucson, AZ: University of Arizona. 

Bürgmann, R. & Dresen, G. (2008). Rheology of the Lower Crust and Upper Mantle: Evidence from 
Rock Mechanics, Geodesy, and Field Observations. Annual Review of Earth and Planetary Sciences, 
36, 531-567, https://doi.org/10.1146/annurev.earth.36.031207.124326. 

Bürgmann, R. & Thatcher, W. (2013). Space geodesy: A revolution in crustal deformation measurements 
of tectonic processes. In Bickford, M.E., ed., The Web of Geological Sciences: Advances, Impacts, and 



 110 

Interactions, Geological Society of America Special Paper 500, p. 1-34. 
https://doi.org/10.1130/2013.2500(12). 

Cardozo, N. & Allmendinger, R.W. (2009). SSPX: A program to compute strain from 
displacement/velocity data. Computers & Geosciences, 35, 1343-1357. 
https://doi.org/10.1016/j.cageo.2008.05.008. 

Cohee, B. P., & Beroza, G.C. (1994). Slip distribution of the 1992 Landers earthquake and its 
implications for earthquake source mechanics. Bull. Seis. Soc. Am., 84(3), 692-712. 

Cotton, F., & Campillo, M. (1995). Frequency-Domain Inversion of Strong Motions - Application to the 
1992 Landers Earthquake, J. Geophys. Res., 100 (B3), 3961-3975. https://doi.org/10.1029/94JB02121. 

Crowell, B.W., Bock, Y., Sandwell, D.T., & Fialko, Y. (2013). Geodetic investigation into the 
deformation of the Salton Trough. Journal of Geophysical Research: Solid Earth, 118, 5030-5039. 
https://doi.org/10.1002/jgrb.50347. 

Davis, T.L., & Namson, J.S. (1994). A balanced cross-section of the 1994 Northridge earthquake, 
southern California, Nature, 372(6502), 167-169. https://doi.org/10.1038/372167a0. 

Dawson, T.E. & Weldon, R.J., II. (2013). Appendix B: Geologic Slip-Rate Data and Geologic 
Deformation Model, in Uniform California earthquake rupture forecast, version 3 (UCERF3)—The 
time-independent model, U.S. Geological Survey Open-File Report 2013–1165, 97 p., California 
Geological Survey Special Report 228, and Southern California Earthquake Center Publication 1792. 
http://pubs.usgs.gov/of/2013/1165/. 

Dong, D., Fang, P., Bock, Y., Cheng, M.K., & Miyazaki, S. (2002). Anatomy of apparent seasonal 
variations from GPS-derived site position time series. Journal of Geophysical Research, 107(B4), 
https://doi.org/10.1029/2001JB000573. 

Dreger, D. S. (1994). Empirical Greens-Function Study of the January 17, 1994 Northridge, California 
Earthquake. Geophys. Res. Lett., 21 (24), 2633-2636. https://doi.org/10.1029/94GL02661. 

Elliott, J. L., Larsen, C. F., Freymueller, J.T., & Motyka, R. J. (2010). Tectonic block motion and glacial 
isostatic adjustment in southeast Alaska and adjacent Canada constrained by GPS measurements. 
Journal of Geophysical Research,115, B09407. https://doi.org/10.1029/2009JB007139. 

Elósegui, P., Davis, J.L., Mitrovica, J.X., Bennett, R.A., & Wernicke, B.P. (2003). Crustal loading near 
Great Salt Lake, Utah. Geophysical Research Letters, 30(3), https://doi.org/10.1029/2002GL016579. 

Emolo, A., & Zollo, A. (2005). Kinematic Source Parameters for the 1989 Loma Prieta Earthquake from 
the Nonlinear Inversion of Accelerograms. Bull. Seis. Soc. Am., 95 (3), 981–994. 
https://doi.org/10.1785/0120030193. 

Field, N. & 2014 Working Group on California Earthquake Probabilities. (2015). UCERF3: A new 
earthquake forecast for California’s complex fault system: U.S. Geological Survey 2015–3009, 6 p. 
https://dx.doi.org/10.3133/fs20153009. 

Freed, A.M., Ali, S.T., & Bürgmann, R. (2007). Evolution of stress in Southern Calfornia for the past 200 
years from coseismic, postseismic, and interseismic stress changes. Geophysical Journal International, 
169, 1164-1179. https://doi.org/10.1111/j.1365-246X.2007.03391.x. 

Freed, A.M., Hirth, G., & Behn, M.D. (2012). Using short-term postseismic displacements to infer the 
ambient deformation conditions of the upper mantle. Journal of Geophysical Research, 117, B01409. 
https://doi.org/10.1029/2011JB008562. 

Fuis, G.S., Ryberg, T., Godfrey, N.J., Okaya, D.A., & Murphy, J.M. (2001). Crustal structure and 
tectonics from the Los Angeles basin to the Mojave Desert, southern California. Geology, 29(1), 15-18. 
https://doi.org/10.1130/0091-7613(2001)029<0015:CSATFT>2.0.CO;2. 

Fumal, T.E., Rymer, M.J., & Seitz, G.G. (2002). Timing of Large Earthquakes since A.D. 800 on the 
Mission Creek Strand of the San Andreas Fault Zone at Thousand Palms Oasis, near Palm Springs, 
California. Bulletin of the Seismological Society of America, 92(7), 2841-2860. 
https://doi.org/10.1785/0120000609. 

Gallovič, F. (2016). Modeling velocity recordings of the Mw6.0 South Napa, California, earthquake: 
unilateral event with weak high-frequency directivity, Seism. Res. Lett., 87, 2-14. 
https://doi.org/10.1785/0220150042. 



 111 

Hall, N.T., Wright, R.H., and Clahan, K.B. (1999). Paleoseismic studies of the San Francisco Peninsula 
segment of the San Andreas fault zone near Woodside, California. Journal of Geophysical Research, 
104(B10), 23215-23236. https://doi.org/10.1029/1999JB900157. 

Hammond , W.C., Kreemer, C., & Blewitt, G. (2009). Geodetic constraints on contemporary deformation 
in the northern Walker Lane: 3. Central Nevada seismic belt postseismic relaxation. In Oldow, J.S. & 
Cashman, P.H., eds., Late Cenozoic Structure and Evolution of the Great Basin – Sierra Nevada 
Transition, Geological Society of America Special Paper 447, (p.33-54). 
https://doi.org/10.1130/2009.2447(03). 

Hammond, W.C., Kreemer, C., Blewitt, G., & Plag, H. (2010). Effect of viscoelastic postseismic 
relaxation on estimates of interseismic crustal strain accumulation at Yucca Mountain, Nevada. 
Geophysical Research Letters, 37, L06307. https://doi.org/10.1029/2010GL042795. 

Hammond, W.C., Blewitt, G., & Kreemer, C. (2018). GPS Imaging of non-seasonal uplift variability in 
California and Nevada: A key for separating tectonic versus non-tectonic and vertical land motion. 
Paper #G53B-05 presented at the 2018 American Geophysical Union Fall Meeting, Washington D.C., 
U.S.  

Hartzell, S. H., & Heaton, T.H. (1983). Inversion of strong ground motion and teleseismic waveform data 
for the fault rupture history of the 1979 Imperial Valley, California, earthquake, Bull. Seis. Soc. Am., 73 
(6, Part A), 1553-1583. 

Hartzell, S. H., & Heaton, T.H. (1986). Rupture history of the 1984 Morgan Hill, California, earthquake 
from the inversion of strong motion records, Bull. Seis. Soc. Am., 76 (3), 649-674. 

Hartzell, S. (1989). Comparison of Seismic Waveform Inversion Results for the Rupture History of a 
Finite Fault - Application to the 1986 North Palm-Springs, California, Earthquake, J. Geophys. Res., 94 
(B6), 7515-7534. https://doi.org/10.1029/JB094iB06p07515. 

Hartzell, S., Liu, P.C., & Mendoza, C. (1996). The 1994 Northridge, California, earthquake; investigation 
of rupture velocity, risetime, and high-frequency radiation. J. Geophys. Res., 101 (9), 20091-20108. 
https://doi.org/10.1029/96JB01883. 

Hauksson, E. (2000). Crustal structure and seismicity distribution adjacent to the Pacific and North 
America plate boundary in southern California. Journal of Geophysical Research, 105(B6), 13875-
13903. https://doi.org/10.1029/2000JB900016 

Hearn, E. H., Onishi, C. T., Pollitz, F. F., & Thatcher, W. R. (2013). How do “ghost transients” from past 
earthquakes affect GPS slip rate estimates on southern California faults? Geochemistry Geophysics 
Geosystems, 14(4). https://doi.org/10.1002/ggge.20080. 

Heaton, T. H. (1982). The 1971 San-Fernando Earthquake - a Double Event? Bull. Seis. Soc. Am., 72 (6), 
p. 2037-2062. 

Heflin, M., Dong, D., Donnellan, A., Hurst, K., Jefferson, D., Watkins, M., Webb, F., & Zumberge, J. 
(1998). Rate change observed at JPLM after the Northridge earthquake. Geophysical Research Letters, 
25(1), 93-96. https://doi.org/10.1029/97GL03397. 

Hernandez, B., Cotton, F. and Campillo, M. (1999). Contribution of radar interferometry to a two-step 
inversion of the kinematic process of the 1992 Landers earthquake. J. Geophys. Res.,104 (B6), 13083-
13099. https://doi.org/10.1029/1999JB900078. 

Herring, T. (2003). MATLAB Tools for viewing GPS velocities and time series. GPS Solutions, 7, 194 – 
199, https://doi.org/10.1007/s10291-003-0068-0. 

Herring, T.A., Floyd, M.A., King, R.W., & McClusky, S.C. (2015). GLOBK Reference Manual: Global 
Kalman filter VLBI and GPS analysis program Release 10.6. http://geoweb.mit.edu/gg/docs.php. 

Herring, T.A., Melbourne, T.I., Murray, M.H., Floyd, M.A., Szeliga, W.M., King, R.W., Phillips, D.A., 
Puskas, C.M., Santillan, M., & Wang, L. (2016). Plate Boundary Observatory and related networks: 
GPS data analysis methods and geodetic products. Reviews of Geophysics, 54, 759-808. 
https://doi.org/10.1002/2016RG000529. 

Herring, T.A. (2017). UNAVCO GAGE GPS Data Analysis Plan and Products, UNAVCO Derived Data 
Products > GPS Data Analysis Plan: GAGE, https://www.unavco.org/data/gps-gnss/derived-
products/derived-products.html 



 112 

Herring, T.A., King, R, & Floyd, M. (2017). Quarterly Report Massachusetts Institute of Technology 
GAGE Facility GPS Data Analysis Center Coordinator And GAGE Facility GAMIT/GLOBK 
Community Support, MIT GAGE Quarterly Report 10/17 – 12/17 YR 5, Q01, 39p; 
https://www.unavco.org/data/gps-gnss/derived-products/docs/technical-
reports/MIT_GAGE_Y5Q1_0917-1217_QRep.pdf 

Herring, T.A., King, R.W., Floyd M.A., & McClusky, S.C. (2018). Introduction to GAMIT/GLOBK, 
Release 10.7, GAMIT/GLOBK Documentation, http://geoweb.mit.edu/gg/docs.php 

Hetland, E.A. & Hager, B.H. (2003). Postseismic relaxation across the Central Nevada Seismic Belt, 
Journal of Geophysical Research, 108(B8), 2394. https://doi.org/10.1029/2002JB002257. 

Hough, S. E., & Dreger, D.S. (1995). Source parameters of the 23 April 1992 M 6.1 Joshua Tree, 
California, earthquake and its aftershocks; empirical Green's function analysis of GEOS and 
TERRAscope data. Bull. Seis. Soc. Am., 85 (6), 1576-1590. 

Howell, S., Smith-Konter, B., Frazer, N., Tong, X., & Sandwell, D. (2016). The vertical fingerprint of 
earthquake cycle loading in southern California. Nature Geoscience, 9, 
https://doi.org/10.1038/NGEO2741. 

Hudnut, K. W., Shen, Z., Murray, M., McClusky, S., King, R., Herring, T., Hager, B., Feng, Y., Fang, P., 
Donnellan, A., & Bock, Y. (1996). Co-seismic displacements of the 1994 Northridge, California, 
earthquake. Bull. Seis. Soc. Am., 86 (1, Part B Suppl.), 19-36. 

Hudnut K.W., King N.E., Galetzka, J.E., Stark, K.F., Behr, J.A., Aspiotes, A., et al. (2002). Continuous 
GPS Observations of Postseismic Deformation Following the 16 October 1999 Hector Mine, California, 
Earthquake (Mw7.1). Bulletin of the Seismological Society of America, 92(4), 1403-1422. 
https://doi.org/10.1785/0120000912. 

Ji, C., Wald, D.J., and Helmberger, D.V. (2002). Source description of the 1999 Hector Mine, California, 
earthquake, part II: Complexity of slip history. Bull. Seis. Soc. Am., 92 (4), 1208-1226. 
https://doi.org/10.1785/0120000917. 

Ji, K. H., & Herring, T. A. (2011). Transient signal detection using GPS measurements: Transient 
inflation at Akutan volcano, Alaska, during early 2008. Geophys. Res. Lett., 38, L06307. 
https://doi.org/10.1029/2011GL046904. 

Johansson, J.M., Davis, J.L., Scherneck, H.-G., Milne, G.A., Vermeer, M., Mitrovica, J.X., Bennett, R.A., 
Jonsson, B., Elgered, G., Elósegui, P., Koivula, H., Poutanen, M., Rönnäng, B.O., & Shapiro, I.I. 
(2002). Continuous GPS measurements of postglacial adjustment in Fennoscandia. Journal of 
Geophysical Research, 107(B8). https://doi.org/10.1029/2001JB000400. 

Johnson, K.M., Hilley, G.E., & Bürgmann, R. (2007). Influence of lithosphere viscosity structure on 
estimates of fault slip rate in the Mojave region of the San Andreas fault system. Journal of 
Geophysical Research, 112(B07408). https://doi.org/10.1029/2006JB004842. 

Jonsson, S., Zebker, H., Segall, P., & Amelung, F. (2002). Fault slip distribution of the 1999 Mw 7.1 
Hector Mine, California, earthquake, estimated from satellite radar and GPS measurements. Bull. Seis. 
Soc. Am., 92 (4), 1377-1389. https://doi.org/10.1785/0120000922.  

Kaverina, A., Dreger, D., & Price, E. (2002). The combined inversion of seismic and geodetic data for the 
source process of the 16 October 1999 Mw 7.1 Hector Mine, California, earthquake. Bull. Seis. Soc. 
Am., 92 (4), 1266-1280. https://doi.org/10.1785/0120000907.  

Klein, E., Bock, Y., Xu, X., Sandwell, D.T., Golriz, D., Fang, P., & Su., L. (2019). Transient deformation 
in California from two decades of GPS displacements: Implications for a three-dimensional kinematic 
reference frame. Journal of Geophysical Research: Solid Earth, 124, 
https://doi.org/10.1029/2018JB017201. 

Kreemer, C., Hammond, W.C., Blewitt, G., Holland, A.A., & Bennett, R.A. (2012). A geodetic strain rate 
model for the Pacific-North American plate boundary, western United States, Map 178, scale 
1:1,500,000. Reno, NV: Nevada Bureau of Mines and Geology, 

Lachenbruch, A.H., Sass, J.H., & Galanis, S.P., Jr. (1985). Heat Flow in Southernmost California and the 
Origin of the Salton Trough. Journal of Geophysical Research, 90(B8), 6709-6736. 
https://doi.org/10.1029/JB090iB08p06709. 



 113 

Larsen, S., Reilinger, R., Neugebauer, H., & Strange, W. (1992). Global Positioning System 
Measurements of Deformations Associated with the 1987 Superstition Hills Earthquake - Evidence for 
Conjugate Faulting. J. Geophys. Res., 97 (B4), 4885-4902. https://doi.org/10.1029/92JB00128. 

Laske, G., Masters., G., Ma, Z. & Pasyanos, M. (2013). Update on CRUST1.0 - A 1-degree Global Model 
of Earth's Crust. Geophys. Res. Abstracts, 15, Abstract EGU2013-2658, 
https://igppweb.ucsd.edu/~gabi/crust1.html. 

Liu, S., Shen, Z., & Bürgmann, R. (2015). Recovery of secular deformation field of Mojave Shear Zone 
in Southern California from historical terrestrial and GPS measurements. Journal of Geophysical 
Research: Solid Earth, 120, 3965-3990. https://doi.org/10.1002/2015JB011941. 

Mai, P.M. & Thingbaijam, K.K.S. (2014). SRCMOD: An online database of finite�fault rupture models. 
Seismological Research Letters, 85(6), p.1348-1357. https://doi.org/10.1785/0220140077.  

McGuire, J.J., Lohman, R.B., Catchings, R.D., Rymer, M.J., & Goldman, M.R. (2015). Relationships 
among seismic velocity, metamorphism, and seismic and aseismic fault slip in the Salton Sea 
Geothermal Field region. Journal of Geophysical Research: Solid Earth, 120, 2600-2615. 
https://doi.org/10.1002/2014JB011579. 

Mendoza, C., & Hartzell, S.H. (1988). Inversion for slip distribution using teleseismic P waveforms; 
North Palm Springs, Borah Peak, and Michoacan earthquakes, Bull. Seis. Soc. Am., 78 (3), 1092-1111. 

Mendoza, C. & Hartzell, S. (2013). Finite-fault source inversion using teleseismic P waves: Simple 
parameterization and rapid analysis. Bull. Seis. Soc. Am., 103(2A), 834-844. 

Morton, D.M., & Matti, J.C. (1993). Extension and contraction within an evolving divergent strike-slip 
fault complex: The San Andreas and San Jacinto fault zones at their convergence in southern California. 
In Powell, R.E., Weldon, R.J., II, & Matti, J.C., eds. The San Andreas Fault System: Displacement, 
Palinspastic Reconstruction, and Geologic Evolution: Boulder, Colorado, Geological Society of 
America Memoir, v.178, p. 217 – 230. 

Nur, A., Ron, H., & Beroza, G.C. (1993). The Nature of the Landers-Mojave Earthquake Line. Science, 
261(5118), 201-203. https://doi.org/10.1126/science.261.5118.201. 

Olson, A. & Apsel, R. (1982). Finite faults and inverse theory with applications to the 1979 Imperial 
Valley earthquake. Bull. Seism. Soc. Am., 72, 1969-2001. 

Papoutsis, I., Papanikolaou, X., Floyd, M., Ji, K. H., Kontoes, C., Paradissis, D., & Zacharis, V. (2013). 
Mapping inflation at Santorini volcano, Greece, using GPS and InSAR. Geophys. Res. Lett., 40, 267– 
272. https://doi.org/10.1029/2012GL054137. 

Parsons, T., Johnson, K.M., Bird, P., Bormann, J., Dawson, T.E., Field, E.H., et al. (2013). Appendix C—
Deformation Models for UCERF3 in Uniform California earthquake rupture forecast, version 3 
(UCERF3)—The time-independent model: U.S. Geological Survey Open-File Report 2013–1165, 97 p., 
California Geological Survey Special Report 228, and Southern California Earthquake Center 
Publication 1792, http://pubs.usgs.gov/of/2013/1165/. 

Pollitz, F.F., Peltzer, G., & Bürgmann, R. (2000). Mobility of continental mantle: Evidence from 
postseismic geodetic observations following the 1992 Landers earthquake. Journal of Geophysical 
Research, 105(B4), 8035-8054. https://doi.org/10.1029/1999JB900380. 

Pollitz, F.F., Wicks, C., & Thatcher, W. (2001). Mantle Flow beneath a Continental Strike-Slip Fault: 
Postseismic Deformation after the 1999 Hector Mine Earthquake. Science, 293(5536), 1814-1818. 
https://doi.org/10.1126/science.1061361. 

Pollitz, F.F. & Vergnolle, M. (2006). Mechanical deformation model of the western United States 
instantaneous stran-rate field. Geophysics Journal International, 167, 421-444. 
https://doi.org/10.1111/j.1365-246X.2006.03019.x. 

Pollitz, F.F., McCrory, P., Wilson, D.,  Svarc, J., Puskas, C., & Smith, R. (2010). Viscoelastic-cycle 
model of interseismic deformation in the northwestern United States, Geophys. J. Int., v.181, 665-696. 
https://doi.org/10.1111/j.1365-246X.2010.04546.x. 

Pollitz, F.F., Bürgmann, R., & Thatcher, W. (2012). Illumination of rheological mantle heterogeneity by 
the M7.2 2010 El Mayor-Cucapah earthquake. Geochmistry Geophysics Geosystems, 13(6), Q06002, 
https://doi.org/10.1029/2012GC004139. 



 114 

Pollitz, F.F. (2015). Postearthquake relaxation evidence for laterally variable viscoelastic structure and 
water content in the Southern California mantle. Journal of Geophysical Research: Solid Earth, 120, 
2672-2696, https://doi.org/10.1002/2014JB011603. 

Rockwell, T.K., Lindvall, S., Herzberg, M., Murbach D., Dawson, T., & Berger, G. (2000). 
Paleoseismology of the Johnson Valley, Kickapoo, and Homestead Valley Faults: Clustering of 
Earthquakes in the Eastern California Shear Zone. Bulletin of the Seismological Society of America, 
90(5), 1200-1236. https://doi.org/10.1785/0119990023.  

Rockwell, T.K., Fletcher, J.M., Teran, O., &, Mueller, K.J. (2010). The Surface Rupture of the 2010 El 
Mayor-Cucapah Earthquake and its Interaction with the 1982 Laguna Salada Rupture – Complex Fault 
Interaction in an Oblique Rift System. Paper #T51E-01 presented at the 2010 American Geophysical 
Union Meeting, San Francisco, CA. 

Salichon, J., Lundgren, P., Delouis, B., & Giardini, D. (2004). Slip History of the 16 October 1999 Mw 
7.1 Hector Mine Earthquake (California) from the Inversion of InSAR, GPS, and Teleseismic Data. 
Bull. Seis. Soc. Am., 94, 2015-2027. https://doi.org/10.1785/0120030038 . 

Sandwell, D.T. (2010). Comparison of Strain Rate Maps, Presentation at UCERF3 Meeting, March 30, 
2010, last accessed 05/24/19: https://files.scec.org/s3fs-public/0930_Sandwell_UCERF_strain.pdf 

Scharer, K. & Streig, A. (2019). The San Andreas Fault System: Complexities Along a Major Transform 
Fault System and Relation to Earthquake Hazards. In Duarte, J.C. ed., Transform Plate Boundaries and 
Fracture Zone, Elsevier, 246 – 269, https://doi.org/10.1016/B978-0-12-812064-4.00010-4. 

Sella, G. F., Stein, S., Dixon, T. H., Craymer, M., James, T. S., Mazzotti, S., & Dokka, R. K. (2007). 
Observation of glacial isostatic adjustment in “stable” North America with GPS. Geophys. Res. Lett., 
34, L02306, https://doi.org/10.1029/2006GL027081. 

Shao, G. & Ji, C. (2005). Preliminary Result of the Jun 15, 2005 Mw 7.2 Northern CA Earthquake, UC 
Santa Barbara, http://www.geol.ucsb.edu/faculty/ji/big_earthquakes/2005/06/smooth/northernca.html, 
Last accessed February 19, 2020. 

Shen, Z., Jackson, D.D., Feng, Y., Cline, M., Kim, M., Fang, P., & Bock, Y. (1994). Postseismic 
Deformation Following the Landers Earthquake, California, 28 June 1992. Bulletin of the Seismological 
Society of America, 84(3), 780-791. 

Shen, Z. K., Ge, B.X., Jackson, D.D., Potter, D., Cline, M., & Sung, L.Y. (1996). Northridge earthquake 
rupture models based on the global positioning system measurements, Bull. Seis. Soc. Am., 86 (1), S37-
S48. 

Sieh, K.E. (1978). Slip along the San Andreas Fault associated with the great 1857 earthquake. Bulletin of 
the Seismological Society of America, 68(5), 1421 – 1448.  

Smith, B. & Sandwell, D. (2004). A three-dimensional semianalytic viscoelastic model for time-
dependent analyses of the earthquake cycle, Journal of Geophysical Research, 109, B12401. 
https://doi.org/10.1029/2004JB003185. 

Smith-Konter, B.R., Thornton, G.M., & Sandwell, D.T. (2014). Vertical crustal displacement due to 
interseismic deformation along the San Andreas fault: Constraints from tide gauges. Geophysical 
Research Letters, 41, 3793-3801. https://doi.org/10.1002/2014GL060091. 

Song, S., Beroza, G.C., and Segall, P. (2008). A unified source model for the 1906 San Francisco 
earthquake. Bull. Seis. Soc. Am., 98(2), 823-831. https://doi.org/10.1785/0120060402.  

Spinler, J.C., Bennett, R.A., Walls, C., Lawrence, S. & Javier González García, J. (2015). Assesing long-
term postseismic deformation following the M7.2 April 2010, El Mayor-Cucapah earthquake with 
implications for lithospheric rheology in the Salton Trough. Journal of Geophysical Research: Solid 
Earth, 120, 3664-3679. https://doi.org/10.1002/2014JB011613. 

Steidl, J. H., Archuleta, R.J., and Hartzell, S.H. (1991). Rupture History of the 1989 Loma-Prieta, 
California, Earthquake, Bull. Seis. Soc. Am., 81 (5), 1573-1602. 

Stein, R.S. & Thatcher, W. (1981). Seismic and Aseismic Deformation Associated With the 1952 Kern 
County, California, Earthquake and Relationship to the Quaternary History of the White Wolf Fault, 
Journal of Geophysical Research, 86(B6), 4913-4928. https://doi.org/10.1029/JB086iB06p04913. 



 115 

Suter, M. (2008). Structural Configuration of the Otates Fault (Southern Basin and Range Province) and 
Its Rupture in the 3 May 1887 Mw 7.5 Sonora, Mexico, Earthquake. Bulletin of the Seismological 
Society of America, 98(6), 2879-2893, https://doi.org/10.1785/0120080129. 

Thatcher, W., Marshall, G., & Lisowski, M. (1997). Resolution of fault slip along the 470-km long 
rupture of the great 1906 San Francisco earthquake and its implications, J. Geophys. Res., 102 (B3), 
5353-5367. https://doi.org/10.1029/96JB03486. 

Wald, D. J., Helmberger, D.V., & Hartzell, S.H. (1990). Rupture Process of the 1987 Superstition Hills 
Earthquake from the Inversion of Strong-Motion Data. Bull. Seis. Soc. Am., 80 (5), 1079-1098. 

Wald, D. J., Helmberger, D.V., & Heaton, T.H. (1991). Rupture Model of the 1989 Loma-Prieta 
Earthquake from the Inversion of Strong-Motion and Broad-Band Teleseismic Data, Bull. Seis. Soc. 
Am., 81 (5), 1540-1572. 

Wald, D. J., Kanamori, H., Helmberger, D.V., & Heaton, T.H. (1993). Source Study of the 1906 San-
Francisco Earthquake. Bull. Seis. Soc. Am., 83, (4), 981-1019. 

Wald, D. J., & Heaton, T.H. (1994). Spatial and Temporal Distribution of Slip for the 1992 Landers, 
California, Earthquake. Bull. Seis. Soc. Am., 84 (3), 668-691. 

Wald, D. J., Heaton, T.H., & Hudnut, K.W. (1996). The slip history of the 1994 Northridge, California, 
earthquake determined from strong-motion, teleseismic, GPS, and leveling data, Bull. Seis. Soc. Am., 86 
(1), S49-S70. 

Ward, L., Smith-Konter, B.R., Xu, X., & Sandwell, D.T. (2019). Assessing the Sensitivity of Earthquake 
Cycle Vertical Deformation to Spatially Variable Elastic Plate Thickness. Paper #G32A-03 presented at 
the 2019 American Geophysical Union Fall Meeting, San Francisco, CA. 

Wang, Q., Jackson, D.D., & Kagan, Y.Y. (2009). California Earthquakes, 1800-2007: A Unified Catalog 
with Moment Magnitudes, Uncertainties, and Focal Mechanisms. Seismological Research Letters, 
80(3), 446-457. https://doi.org/10.1785/gssrl.80.3.446. 

Wang, R., Lorenzo-Martín, F., & Roth, F. (2006). PSGRN/PSCMP—a new code for calculating co- and 
post-seismic deformation, geoid and gravity changes based on the viscoelastic-gravitational dislocation 
theory. Computers & Geosciences, 32, 527-541. https://doi.org/10.1016/j.cageo.2005.08.006. 

Wei, S., Fielding, E., Leprince, S., Sladen A., Avouac, J., Helmberger, D., et al. (2011). Superficial 
simplicity of the 2010 El Mayor Cucapah earthquake of Baja California in Mexico. Nature Geoscience 
Letters, 4, 615-618. https://doi.org/10.1038/NGEO1213. 

Wells, D.L., & Coppersmith, K.J. (1994). New Empirical Relationships among Magnitude, Rupture 
Length, Rupture Width, Rupture Area, and Surface Displacement. Bulletin of the Seismological Society 
of America, 84(4), 974-1002. 

Wessel, P., Smith, W.H.F., Scharroo, R., Luis, J., & Wobbe, F. (2013). Generic Mapping Tools: 
Improved Version Released. EOS Transactions, American Geophysical Union, 94(45), 409-420. 
https://doi.org/10.1002/2013EO450001. 

Yule, D. & Sieh, K. (2003). Complexities of the San Andreas fault near San Gorgonio Pass: Implications 
for large earthquakes. Journal of Geophysical Research, 108(B11), 2548, 
https://doi.org/10.1029/2001JB000451. 

Zeng, Y., & Anderson, J. (2000). Evaluation of numerical procedures for simulating near-fault long-
period ground motions using Zeng method. Report 2000/01 to the PEER Utilities Program, available at 
http://peer.berkeley.edu. 

 

 
 
 
 
 
 



 116 

APPENDIX B: 
NEW GEODETIC CONSTRAINTS ON SOUTHERN SAN ANDREAS FAULT SLIP 

RATES, SAN GORGONIO PASS, CA 
 
 

The text and figures in this appendix were submitted for review for publication in Geosphere 
	  



 117 

New Geodetic Constraints on southern San Andreas Fault slip rates, San Gorgonio Pass, 
CA 

 
Katherine A. Guns1, Richard A. Bennett1, Joshua C. Spinler2, & Sally F. McGill3  

1 Department of Geosciences, The University of Arizona, Tucson, AZ, USA 
2 Department of Earth Sciences, University of Arkansas Little Rock, Little Rock, AR, USA 

3Department of Geological Sciences, California State University San Bernardino, San Bernardino, CA, 
USA 

 
B. ABSTRACT 

Assessing fault slip rates in diffuse plate boundary systems such as the San Andreas Fault in 

southern California is critical both to characterize seismic hazards and to understand how 

different fault strands work together to accommodate plate boundary motion. In places like San 

Gorgonio Pass, where one fault diverges into three separate strands, this geometric complexity 

adds an extra obstacle to understanding the rupture potential and behavior of each individual 

fault. To better understand partitioning of fault slip rates in this region, we build a new set of 

elastic fault block models that test fifteen different model fault geometries for the area. These 

models invert a newly calculated GPS velocity field that has been removed of long- and short-

term postseismic displacements from 12 past large-magnitude earthquakes to determine modeled 

long-term fault slip rates. Using this postseismic-reduced GPS velocity field improves χ2 misfits 

to the data by 20-50% depending on model geometry. Our lowest χ2 misfit model geometry 

produces a summed slip rate across the Eastern California Shear Zone in the Mojave Desert of 

11-12 mm/yr, higher than geologic rates, but in agreement with other geodetic estimates. Only 

one model geometry produces geodetic slip rates that match preferred geologic rates along the 

Mojave section of the San Andreas Fault, an area of ongoing discrepancy. This model requires a 

fault geometry that has zero motion on all faults east of the main San Andreas trace, suggesting 

that activity in the Eastern California Shear Zone may modulate San Andreas Fault slip rates. 

 



 118 

B.1 INTRODUCTION 

 Complex plate boundary zones like that of the Southern San Andreas Fault (SSAF) 

system in southern California present an opportunity to investigate how elastic strain and slip are 

distributed among networks of interlocking and branching fault segments of different and 

sometimes seemingly incompatible azimuths, lengths, ages, and maturities. Along the SSAF 

system, there are more than a dozen fault segments compactly arranged within a handful of 

tectonic provinces along the main San Andreas Fault, that together accommodate ~52 mm/yr of 

plate boundary motion (Argus et al., 2010). Yet, these tectonic provinces each have their own 

deformation styles, with varying fault types (right lateral, left lateral, reverse, or oblique 

combinations), map view texture (multiple faults parallel to the plate boundary versus multiple 

faults striking east-west; straight and clearly-defined versus sinuous, disconnected traces), 

geologic level of maturity (e.g. recently formed in last < 2 Ma versus been accommodating slip 

since 10 Ma) and level of active seismicity (Figure B1). Determining which faults play the most 

important roles in actively accommodating plate boundary motion requires every tool in the 

active tectonics arsenal, including the application of historical geologic offset reconstructions 

(million year time scale), tectonic-geomorphologic-based geologic slip rate studies and 

paleoseismic trenching (hundred thousand year to Holocene time scales), space-based geodetic 

techniques that allow decadal timescale measurement of the present day motion of the crust, the 

pattern of crustal seismicity, and numerical modeling based on crustal deformation dynamics. 

 One of the most complicated areas of fault interaction in southern California lies in and 

around San Gorgonio Pass, at the northern end of the Coachella Valley (Figure B2). As the 

SSAF stretches north from the Salton Sea towards San Gorgonio Pass, it splits from one main 

fault strand into three subparallel strands, including, from southwest to northeast, the Garnet Hill, 
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Banning-Coachella Valley, and Mission-Mill Creek faults. The 14-30 mm/yr of geologically and 

geodetically measured slip along the Coachella Valley segment of the SSAF near or to the south 

of this juncture (Meade & Hager, 2005; Becker et al., 2005; van der Woerd et al., 2006; Behr et 

al., 2010; Spinler et al., 2010; Blisniuk et al., 2013b; Spinler et al., 2015), must somehow be 

partitioned onto these three strands to the north, onto a possible emerging fault zone along the 

“Landers Mojave Earthquake Line” of Nur et al. (1993), or transferred to other faults of the plate 

boundary zone through other mechanisms such as block rotation (Carter et al., 1987; Powell, 

1993). Understanding where this slip is being accommodated in the present day is vital to testing 

seismic hazard scenarios for this region, particularly in light of the evidence that this section is 

overdue for a major earthquake (Fumal et al., 2002; Fialko, 2006; Field et al., 2015). However, 

the diffuse nature of the fault system here hampers our understanding of the role each part plays 

in the earthquake cycle. 

 An added wrinkle to the challenge that this complex fault geometry poses to 

understanding the distribution of slip rate is the question of how an individual earthquake rupture 

may or may not propagate along these closely spaced faults in and around San Gorgonio Pass. 

The individual fault strands together comprise a left-stepping restraining bend in the SSAF zone, 

which represents a regional-scale structural knot in known fault geometry (Sykes and Seeber, 

1985; Yule and Sieh, 2003). Geometrical complexities such as this can serve as rupture 

endpoints or breaks (Wesnousky, 2008; Lozos et al., 2015), but evidence from previous large 

magnitude earthquakes along the San Andreas Fault shows through-going ruptures propagating 

through large stepovers, like the 1857 Fort Tejon event rupturing through the “Tejon Knot” 

(Sykes and Seeber, 1985). While there could be a through-going rupture along one of the strands, 

as suggested by work by Douilly et al. (2017) and Castillo (2019), there is the possibility of a 
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more complex rupture involving several strands simultaneously, even strands that are unmapped 

as yet (Yule and Sieh, 2003).  

 As the San Jacinto fault has evolved in close proximity to the San Andreas fault over the 

last ~1.5 Ma (Morton and Matti, 1993; Fattaruso et al., 2016), it has produced and even 

reactivated many smaller connecting faults between itself and the San Andreas particularly in the 

San Bernardino Basin and eastern San Gabriel Mountains (Morton and Matti, 1993). In such 

intricate fault geometry, these smaller, less obvious (and potentially unmapped) faults could play 

a key role in a complex rupture, adding to the confusion and challenge of modeling seismic 

behavior here (Ross et al., 2017). It is critical to understand the overall fault geometry, slip 

histories, and interconnectedness of these related faults because of the implications for 

transported seismic energy during an earthquake rupture. These faults lie under and near some of 

the most populated counties in California, including Riverside, San Bernardino and Los Angeles 

counties, and better characterization of their fault properties and rupture potential can help 

inform efforts to mitigate the crippling effects that the next large magnitude event is expected to 

have (Olsen et al., 2006; Jones et al., 2008; Field et al., 2015). 

 One effective tool for evaluating how slip and elastic strain is partitioned across a 

complex fault system is elastic fault block modeling constrained by geodetic surface velocities. 

Many authors have completed elastic fault block modeling to better understand southern 

California crustal deformation (Bennett et al., 1996; Becker et al., 2005; Meade and Hager, 2005; 

McCaffrey, 2005; Spinler et al., 2010; Johnson et al., 2013; McGill et al., 2015; Liu et al., 2015; 

Evans et al., 2016; Hearn, 2019), and each iteration of block modeling of this area has included 

more precise and modern geodetic data, and improved knowledge obtained about geologic slip 

rate constraints.  However, past models for this region differ in the way they account for transient 
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deformation in their Global Positioning System (GPS) time series observations. Transient 

deformation in the forms of seasonal surface loading (Dong et al., 2002; Blewitt and Lavallée, 

2002; Elósegui et al., 2003; Bos et al., 2010), and earthquake co- and postseismic displacements 

(Pollitz et al., 2000; Wei et al., 2011; Liu et al., 2015) can affect final estimated crustal 

velocities, for years to decades depending on the process. Viscoelastic postseismic displacements 

in particular have been demonstrated to last decades to centuries after large-magnitude 

earthquakes (Vergnolle et al., 2003; Freed et al., 2007; Hearn et al., 2013), thereby affecting 

measurements of surface displacements on a long-term scale (Guns & Bennett, 2019). Some 

authors have mitigated the effects of postseismic displacements through data selection (selecting 

out the data most affected by these signals), simulating viscoelastic motions within the block 

model (e.g., Johnson, 2013), or assuming postseismic motions are negligible (e.g., Bennett et al., 

1996; Meade & Hager, 2005; Becker et al., 2005; Spinler et al., 2010). These transient motions 

must be properly reduced or removed from a geodetic velocity field to approximate the steady-

state crustal deformation field driven by relative plate motion, and consequently to estimate long-

term fault slip rates.  

 While geodetic data often form the basis for crustal deformation models in this region, 

these models of crustal strain-rate fields (and the fault slip rates derived from them) are highly 

dependent on chosen model fault geometry (Bürgmann & Thatcher, 2013). Multiple model 

geometries can fit the GPS velocities equally well to within their uncertainties (d’Alessio et al., 

2005; Spinler et al., 2010; Bürgmann & Thatcher, 2013), so we require a combination of field-

based geologic and space-based geodetic datasets to address this challenge. Field-based slip rate 

estimates aid in the interpretations of active fault geometries, allowing us to weed out fault 

geometries that are less likely due to the lack of visible Quaternary surface offsets. In addition, 
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geologic slip rates and measurements of overall fault displacement are vital to bounding 

“realistic” fault slip rates for geodetically estimated rates and are often used as constraints for 

modeling (Johnson, 2013; Zeng & Shen, 2016), even though it is a precarious comparison to 

relate these datasets at time scales that differ by orders of magnitude e.g., thousands of years (of 

order 103 to 105 years) verses decades (101 years). Several long-standing discrepancies between 

geologic observations and estimated geodetic fault slip rates exist in southern California, from 

rate mismatches along the Garlock Fault (McGill et al., 1993; Hearn et al., 2013), the summed 

fault slip rates across the Eastern California Shear Zone (Oskin et al., 2008; Evans et al., 2016), 

to rates measured along the Mojave and San Bernardino strands of the SSAF (Meade & Hager, 

2005; Chuang & Johnson, 2011). Resolving these discrepancies has been attempted with 

modeling of the earthquake cycle that includes a viscoelastic component (Chuang & Johnson, 

2011; Johnson, 2013), or by removing modeled viscoelastic displacements of representative 

≥Mw7.0 earthquakes (Hearn et al., 2013); however if long-term viscoelastic deformation could be 

the root of these discrepancies, a good way to account for the majority of postseismic 

displacements is to quantify the displacement field earthquake by earthquake through time (Guns 

& Bennett, 2020).  

 Here we present an updated elastic fault block modeling approach wherein we construct 

fifteen different fault models to test and reevaluate which fault geometries fit the modern GPS 

velocity field best, which fit the geologic observations best, and whether there is any overlap 

between the two sets of best-fitting models. This improves on past work in this region in two 

main ways: (1) we use a newly calculated steady-state GPS velocity field that has been separated 

from viscoelastic postseismic transients associated with historical and recent large magnitude 

earthquakes to calculate long-term slip rates (Guns & Bennett, 2020) and (2) we incorporate 
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comparisons to past and new geologic slip rate observations using an RMS score to judge 

agreement of our fifteen different model fault geometries relative to overall geologic slip rate 

observations (Holocene and Pleistocene), Holocene only geologic observations, and Pleistocene 

only geologic observations. There have been noted “persistent” slip rate discrepancies in 

southern California, namely within the Mojave area of the Eastern California Shear Zone (ECSZ) 

(Liu et al., 2015; Evans et al., 2016), and along the Mojave and San Bernardino sections of the 

SSAF (Meade & Hager, 2005; McGill et al., 2015). Our new modeling sheds light on these 

focused discrepancies and suggests that even with the reduction of the GPS data by removal of 

ongoing long- and short-term postseismic transients many of these discrepancies remain 

unresolved, indicating another possible mechanism may be at work.  In addition, parameter 

estimate trade-offs between different strands in the model geometry of San Gorgonio Pass itself 

indicates a possible dependence of the San Gorgonio Pass Thrust Fault strand on the activity 

level of the controversial and debated Mission-Mill Creek Fault strand. We explore the results of 

all models and evaluate their individual capacity to fit the GPS velocity field and known 

geologic observations in order to constrain a most likely scenario for motion in the San Gorgonio 

Pass region. 

B.2 GEOLOGIC SETTING OF SAN GORGONIO PASS 

 Since its inception, the main trace of the SSAF has accommodated approximately 200 km 

of displacement (Powell et al., 1993). Around 1.5 Ma, a major left-stepping restraining bend in 

the fault trace began to develop, possibly related to the interference of the left-lateral Pinto 

Mountain Fault at the north end of the present-day Coachella Valley (Figure B2) (Matti and 

Morton, 1993; Fattaruso et al., 2016). This bend, located in the geographic region known as San 

Gorgonio Pass, created an area of complexity that decreased the level of efficiency of fault 
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motion (Fattaruso et al., 2016) and introduced lasting effects to the fault geometry surrounding it. 

The San Jacinto Fault just to the west likely formed at this time, because of this new need to 

accommodate strain around the San Gorgonio Pass restraining bend in the San Andreas Fault 

zone (Morton and Matti, 1993; Matti and Morton, 1993; Bennett et al., 2004; Janecke et al., 

2010; Blisniuk et al., 2013a; Fattaruso et al., 2016).  

 Today, the SSAF works together with the San Jacinto Fault to accommodate the majority 

of motion across the plate boundary at the latitude of Palm Springs and the Coachella Valley. 

Authors debate which of the two faults accommodates the majority of slip, and there is evidence 

to support a variety of geologic and geodetic slip rates on the San Jacinto Fault. Geologic slip 

rates estimates along different sections of the San Jacinto Fault demonstrate a range of rates from 

8 to >23 mm/yr from measurements of offset surface features and from paleoseismic trenching 

estimates (Rockwell et al., 1990; Kendrick et al., 2002; Rockwell et al., 2006; Janecke et al., 

2010; Blisniuk et al., 2010; McGill et al., 2012; Onderdonk et al., 2015), while different geodetic 

data-based estimates of fault slip indicate overlapping rates of 7-26 mm/yr (Bennett et al., 1996; 

McCaffrey et al., 2005; Meade & Hager, 2005; Becker et al., 2005; Spinler et al., 2010; Liu et 

al., 2015; McGill et al., 2015; Spinler et al., 2015; Evans et al., 2016). The majority of recent 

geodetic estimates of San Jacinto and SSAF slip rates show that those along the SSAF are higher 

than those along the San Jacinto Fault, implying that it is still carrying most of the relative plate 

motion (Bennett et al., 1996; McCaffrey, 2005; Meade and Hager, 2005; Becker et al., 2005; 

Spinler et al., 2010; Liu et al., 2015; Evans et al., 2016). However, despite it being the main 

carrier of plate boundary motion in this area, the behavior of the SSAF at it enters San Gorgonio 

Pass along the Mission-Mill Creek (MMC), Banning, and Garnet Hill fault strands remains 
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enigmatic because of the apparent reduction in slip rate and fault activity along the zone as it 

approaches the Pass. 

 Geologic slip rate estimates for the MMC fault just south of the Indio Hills (Figure B2; 

Table B1) reveal between 20-24 mm/yr (Blisniuk et al., 2013b; K. Blisniuk, personal 

communication September 2019) and 14-17 mm/yr (van der Woerd et al., 2006; Behr et al., 

2010) of slip in the Holocene and Late Pleistocene at Pushwalla Canyon and Biskra Palms, 

respectively. Current slip rate and hazard models indicate a progressive decrease in slip rate 

northward along the MMC fault segment (Field et al., 2015), following the evidence of previous 

studies showing little to no Quaternary offsets along the northern extension of the MMC (Morton 

and Matti, 1993; Yule and Sieh, 2003; Kendrick et al., 2015; Yule et al., 2019; Matti et al., 

2019). Therefore, the Banning, Garnet Hill, and San Gorgonio Pass faults are hypothesized to be 

the main conduits of slip approaching San Gorgonio Pass along the SSAF system.  

 However, a recent study by Fosdick and Blisniuk (2018) reports compelling 

sedimentological evidence for the continued activity of the MMC strand into Quaternary time, 

suggesting a much higher than expected slip rate along this section, up to 20-30 mm/yr. Ongoing 

mapping analysis of possible Holocene displacements suggest the possibility of a newer MMC 

strand replacing the older, inactive strand (Waco & Blisniuk, 2019). Nearer to San Gorgonio 

Pass to the south of the MMC, Gold et al. (2015) completed the first geologic slip rate study 

along the Banning Fault in the Coachella Valley, and demonstrated a low right-lateral slip rate 

range of 2 – 6 mm/yr, effectively indicating that this strand carries only a small portion of plate 

motion at this latitude. Another study along the San Gorgonio Thrust conducted by Heermance 

and Yule (2017), presents a low oblique slip rate of ~6 +3/-2 mm/yr across two strands of the 

fault and an argument for transfer of strain to some other portion of the plate boundary system. 
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Moreover, the recent occurrence of three ≥Mw7.0 and three ≥Mw6.0 earthquakes over the last 27 

years in the ECSZ (1992 Mw6.1 Joshua Tree, Mw6.3 Big Bear, and Mw7.3 Landers, the 1999 

Mw7.1 Hector Mine, and the recent 2019 Mw6.4 and Mw7.1 Ridgecrest earthquakes), not to 

mention the 5 ≥Mw5.0 events that occurred since 1947 along the same linear trend— dubbed the 

“Landers-Mojave Earthquake Line” of Nur et al. (1993)—begs the question of how elastic strain 

from the SSAF is being transferred and converted into permanent strain in the form of fault slip 

during earthquakes in the ECSZ.. The fact that this “Landers-Mojave Earthquake Line” diverges 

to the north, just where the SSAF trifurcates into the MMC, Banning, and Garnet Hill strands, 

suggests that it could potentially play a role in reducing the amount of slip going through San 

Gorgonio Pass. Taken together, these recent events and studies indicate the need for a 

reevaluation of how slip is being partitioned along these enigmatic faults, in order to both 

determine the distribution of plate boundary zone deformation, and to better quantify the seismic 

hazard and possibility of through going rupture potential in San Gorgonio Pass. 

B.3 METHODS 

B.3.1 GPS Data 

 B.3.1.1 GPS Collection & Processing 

 While southern California is known for its extensive continuous GPS data coverage, a 

handful of areas still exist in which terrain is too rugged, satellite visibility is obscured by trees 

or other forms of vegetation, or wilderness areas too restricted to install long-term continuously 

recording instruments. Two of these areas are the San Bernardino Mountains adjacent to San 

Gorgonio Pass, and the remote areas of Joshua Tree National Park in the Eastern Transverse 

Ranges to the southeast. In order to increase the spatial density of data coverage in these areas to 

better delineate how permanent and elastic strain are accommodated along the diffuse fault 
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network, we incorporate campaign GPS measurements from a total of 89 sites within the Joshua 

Tree Integrative Geodetic Network (JOIGN) run by the University of Arizona, and the San 

Bernardino Mountains network run by California State University, San Bernardino (Figure B2, 

Figure B3). The JOIGN network comprises 21 stations including twelve mast-mount campaign 

style monuments installed by the University of Arizona in 2005, and eleven historical National 

Geodetic Survey brass markers that we occupy with constant height spike-mounts, which 

together complement the 13 continuous GPS stations in the area, by providing increased 

coverage in remote desert wilderness areas of Joshua Tree National Park. All JOIGN stations 

have time series going back to 2005 or earlier, and have been reoccupied for a minimum of 12 

hours to a maximum of 7 days at varying frequency (Figure B4). All campaigns on the JOIGN 

network used Trimble Zephyr Geodetic antennas and a variety of receiver types from the 

UNAVCO instrument pool, including Trimble 4000SSE/SSI, Topcon GB-1000, Trimble 

5700/R7, and Trimble NetRS. GPS phase data were sampled continuously at 15s intervals 

nominally over their occupation observation periods. The San Bernardino Mountains network 

monuments are mostly historical survey markers and have varying measurement histories. 

Observations by CSUSB began between 2002 and 2009 and continued through 2016 for most 

sites, but some sites include observations by other agencies that go back to the early 1990s. 

These monuments were reoccupied bi-annually to annually for a minimum of 8 hours to a 

maximum of 5 days, using tripods and spike-mounts and either Ashtech ZXtreme or ZXII 

receivers with Ashtech choke-ring antennas, or Trimble 4000SSE/SSI or NetR9 receivers with 

Zephyr Geodetic antennas (Figure B4). All collected raw data from the San Bernardino 

Mountains and the majority of JOIGN network raw data is archived and publicly available at 

UNAVCO, and station locations are presented in Table B2. 
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 To process raw campaign data into final time series products, we use the 

GAMIT/GLOBK software suite (Herring et al., 2018) and follow standard conventions to 

analyze the JOIGN and San Bernardino Mountains datasets in conjunction with 24 local and 

regional continuous station datasets. These 24 continuous stations serve as tie-in stations when 

we use GLOBK to combine our processed campaign data with the final SINEX solutions from 

the Plate Boundary Observatory (PBO) (archived and publicly available at UNAVCO (Herring et 

al., 2016)). This incorporates the full set of available continuous GPS stations into our analysis. 

We include 337 total continuous stations spanning the breadth of southern California from just 

north of the Garlock fault to the southern border with Mexico, for all years between 2000 and 

2018. The final product is a collection of coordinate time series data that record seasonal, 

interseismic, co-, and postseismic site motions throughout the study region. 

 

 B.3.1.2 Accounting for Transient Viscoelastic Postseismic Displacements 

 When large magnitude earthquakes perturb the viscoelastic lower crust and upper mantle, 

they produce time-dependent, viscoelastic, postseismic displacements measurable by GPS 

instruments. Depending on the size and location of the event, these transient postseismic 

displacements can last from years up to decades into the future.  If unaccounted for, the 

postseismic displacements can bias estimates of surface velocity derived from the trends of the 

GPS coordinate time series data. Ongoing viscoelastic effects from historical earthquakes 

occurring before the GPS observation period can still be contributing to the modern-day 

deformation field (Hearn et al., 2013), but can be difficult to isolate and account for due to the 

fact that the long-term components of postseismic displacements are difficult or impossible to 

distinguish from secular trends after only a relatively short time following the earthquake, 
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depending on whether it is horizontal or vertical deformation (Smith & Sandwell, 2004). In order 

to estimate long-term fault slip rates free of the effects of transient postseismic surface motions, 

we apply a forward modeling strategy to identify and reduce the ongoing short- and long-term 

effects of viscoelastic postseismic deformation on modern GPS observations caused by large 

magnitude earthquakes in southern California (Hammond et al., 2010; Guns & Bennett, 2019).  

 To distinguish which earthquakes in the historical and recent earthquake record could still 

be measurably contributing to GPS time series in southern California, we compute forward 

model displacements for 217 ≥Mw6.0 earthquakes that have occurred in the southwestern United 

States, Baja California, and Sonora Mexico since year 1800 (Wang et al., 2009). To compute the 

viscoelastic component of deformation we use the PSGRN/PSCMP program (Wang et al., 2006), 

in combination with a laterally homogenous, layered Earth model developed by Broermann 

(2017). In assessing these modeled postseismic displacements, we discovered 12 past events are 

likely still contributing measurable viscoelastic displacements to the deformation field in any 

year of our time series (2000-2018) within the uncertainties of sub-millimeter precision of 

continuous GPS data. These earthquakes include, in time-order: the 1812 Mw7.5 Wrightwood, 

1857 Mw7.9 Fort Tejon, 1872 Mw7.4 Lone Pine/Owens Valley, 1892 Mw7.3 Laguna Salada, 

1906 Mw7.8 San Francisco, 1918 Mw6.8 San Jacinto, 1952 Mw7.5 Kern County, 1992 Mw7.3 

Landers, 1994 Mw6.7 Northridge, 1999 Mw7.1 Hector Mine, 2010 Mw7.2 El Mayor-Cucapah, 

and the 2012 Mw7.0 Baja California events. Once identified, we subtracted the co- and 

postseismic displacements associated with these earthquakes from our coordinate time series to 

produce a postseismic-reduced GPS dataset (Figure B4). To both remove any further leftover 

postseismic displacements for modern, observed postseismic displacements and to assess the 

success of this forward modeling approach in reducing postseismic signal, we use an inverse 
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modeling step to estimate parameters associated with logarithmic postseismic decay. When we 

complete this estimation step for the well-observed 2010 Mw7.2 El Mayor Cucapah earthquake, 

we calculate the variance reduction to be 60% using two different estimation programs, 

illustrating successful reduction of the majority of postseismic displacements for southern 

California using our modeling scheme. This ensures that we obtain a more accurate interseismic 

GPS velocity field for our block modeling approach. 

 B.3.1.3 Estimating Final Velocities 

 We estimate our final velocities for our (1) postseismic reduced (Figure B5), (2) 

observed (unreduced) and (3) partially reduced GPS time series using a GAMIT/GLOBK utility 

called TSVIEW/TSFIT (Herring et al., 2016). These programs estimate earthquake 

displacements, periodic seasonal motions, and secular trends using a weighted least squares 

inversion in either a MATLAB-based Graphical User Interface (TSVIEW) or a command line 

setting (TSFIT). We employ the RealSigma/First Order Gauss Markov Extrapolated option to 

estimate noise within the time series data by estimating an a posteriori scale factor to account for 

the noise processes by assuming a First Order Gauss Markov error process and analyzing post-fit 

residuals. All continuous station velocities were estimated first using TSFIT, but in cases where 

specific station time series exhibited excessively noisy observations or unexplainable behavior, 

we choose to visually edit these time series records by hand in TSVIEW, to estimate velocities 

from the good data rather than removing the station from our analysis. We edited 15 continuous 

station and 5 campaign station time series by hand, the names and statistics of which are 

presented in Table B3. These stations were chosen because of the presence of un-modeled cyclic 

noise (e.g. AVRY), short periods of high noise volume (e.g. DYHS), un-modeled or unknown 

offsets (e.g. COSO), or because of unexplainable modeled signals (e.g. RKMG). For estimating 
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velocities from our campaign network sites, we use TSFIT to estimate the same known offsets 

and logarithmic postseismic terms that are applied to the continuous stations as well as secular 

trend, but we do not estimate any annual or semiannual seasonal terms. We apply an outlier 

cutoff of 3-sigma for all campaign stations, as some stations have distinct visible outliers. For 

stations that have outliers that are not accommodated by this outlier cutoff, we estimate 

velocities by hand within TSVIEW (see Table B3). Final campaign station velocities appear 

together with our continuous station velocity estimates in Figure B5.  

 We estimate velocities for our three different GPS time series datasets in order to better 

understand the differences in the resulting fault slip rates estimated from each set. Using our 

newly calculated, postseismic-reduced GPS velocity field will allow block modeling to estimate 

long-term fault slip rates because this velocity field has had both short-term (recent) and long-

term (historical) viscoelastic postseismic displacements removed. Inverting the unreduced, or 

currently observed GPS velocity field will enable us to capture how the current deformation field 

(including all measured postseismic displacements) is mapped onto each of our fault geometries 

by estimating the modern day slip rates. Our third velocity field represents the type of dataset 

that would normally be used in this type of block modeling inversion: a partially reduced GPS 

velocity field that has only the short-term postseismic displacements from recent, observed 

earthquakes removed. This last velocity field will be free of the effects of recent earthquakes like 

the 1999 Mw7.1 Hector Mine and the 2010 Mw 7.2 El Mayor Cucapah earthquakes, but will still 

contain ongoing viscoelastic postseismic deformation displacements from historical, large 

magnitude earthquakes.  
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B.3.2 Geologic Slip Rate Data 

 Southern California has one of the most extensive records of geologic fault slip rates, slip 

histories, and earthquake recurrence intervals in the North America plate boundary (Scharer & 

Streig, 2019), which makes it an ideal place for comparing geologic slip rate observations with 

estimates of geodetic slip rate. Table B1 presents the slip rate data either included in our analysis 

of geodetic data fit, or that is included in our discussion for comparison. In selecting rates to use 

to assess how well our calculated geodetic rates agree with geologic rates, we choose those that 

have two main characteristics: (1) the geologic slip rate measurement is in an accessible 

published paper, meeting abstract, or thesis or dissertation, (2) the slip rate has clearly defined 

location either through map figures, specific place names, or reevaluations of known locations, 

and (3) the rate has Holocene or Late Pleistocene age constraints, and clearly defined 

uncertainties. Slip rate study locations presented in papers, abstracts or theses/dissertations were 

verified in ©Google Earth. Well-defined uncertainties are necessary in our calculation of 

geodetic fit to geologic rates; therefore we only use sources that describe their slip rate 

calculations in detail, either with Gaussian uncertainties or a boxcar range of minimum to 

maximum values. We choose to use only the most recent geologic time-based geologic slip rates 

(either Late Pleistocene or Holocene) in order to have the closest possible comparison to 

geodetic rate, while making no assumptions regarding whether fault slip rates may vary over 

time scales of order 104 – 105 years. Although the geologic record shows that fault zones evolve 

on million-year time scales, there is currently no agreed upon mechanism or geodynamic 

explanation for fault slip rate variations on time scales of less than order of 100,000 years. As a 

result, when discrepancies are observed between Holocene, Late Pleistocene, and geodetic slip 

rates (e.g. Weldon et al., 2004) it can be difficult to assess whether such differences are real and 
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associated with a poorly understood deformation process, or if they represent epistemic errors in 

either the geodetic or geologic methods used to estimate fault slip rate. While making any 

comparison between modern day geodetically estimated fault slip rate and a time-averaged, long-

term geologic rate is potentially incompatible due to the large difference in scale between the 

two observation datasets, it is making this comparison that can give us a window that may 

improve understanding of how fault slip rate may have changed or remained constant through 

time.  

 

B.3.3 Block Modeling using TDEFNODE 

 To better characterize how plate boundary motion is being transferred through the 

network of faults in and around the San Gorgonio Pass area, we construct a suite of fifteen 

different elastic fault block models using the Fortran program TDEFNODE (McCaffrey, 2005; 

McCaffrey et al., 2007). This program can use a variety of data inputs, in combination with a 

user-specified block geometry, to invert for rigid body rotations of fault-bounded rigid blocks, 

calculate the elastic deformation created by locking along a fault interface, and thereby estimate 

the interseismic, or long-term, fault slip rate between the rotating blocks. We use our 

postseismic-reduced GPS velocity field, our partially postseismic-reduced velocity field, and our 

unreduced observed GPS velocity field as data inputs into our inversions so that we may 

compare the effect that reduction of postseismic deformation has on fault slip rate estimates for 

each of our fifteen different fault geometries. 

 B.3.3.1 Inversion Parameters 
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 Depending on what the user chooses to solve for in TDEFNODE, the program can run a 

linear least-squares inversion, a simulated annealing process, or a grid search method, all 

minimizing the reduced χ2 misfit to the data inputs: 

 !"#$%"# !! !"#$!" = !
!"#  ∙  !!,!"#!!!,!"#$

!

!!!
!
!!!  . (1) 

where DOF is the degrees of freedom in the inversion problem (number of data observations 

minus the number of free parameters being estimated), N is the number of data observations, 

!!,!"# is the ith data observation, !!,!"#$ is the ith model predicted observation, and !!! is the ith 

variance, or uncertainty. In our model set up, we employ a linear least-squares inversion to 

estimate the M number of Euler vectors describing crustal block motion using our GPS velocity 

fields which use N = 392 data observations for our postseismic-reduced velocity field. In our 

most complicated model construction we estimate 15 Euler vectors from 15 blocks, thereby 

estimating 45 individual parameters (the Cartesian components of the Euler vectors, ωx, ωy, ωz 

for each of 15 blocks). The forward problem for our reduced GPS field case is shown as: 
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where !!"# is the 392 element array containing the horizontal components of our postseismic-

reduced GPS velocity field sampled at 196 observation points (i.e., with both north and east 

components), ! is our mapping function matrix of Green’s Functions (unit response functions to 

motion along constructed fault nodes at depth), !!,!"#$% !"#$%&' = !!" ,!!" ,!!"
!
 are the 

chosen model parameters to estimate (block motions for each block in the model geometry), and 
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e is an array of measurement errors with variance covariance matrix V = EeeT from our TSFIT 

analyses. The least squares solution for the model parameters is given by: 

 !!" = !!!!!! !!!!  ∙ !!!!!"# . (4) 

where !!" is our array of model-predicted block Euler vector parameter estimates. This problem 

is overdetermined, meaning the number of observed data, N, is greater than the number of model 

parameters, M, and the system is well posed in the sense that the matrix !!!!!! !!exists 

without damping or regularization.  For this case there exists one set of model parameter 

estimates that minimizes equation (1), providing the closest approximation to the observed 

velocity data values for each model geometry that we tested.  

 B.3.3.2 Model Construction 

 In defining our block geometries in TDEFNODE, we first begin by constructing the most 

complicated fault geometry and then alter it to generate our fourteen other geometries. Most 

often, block geometry decisions are guided by known mapped surface traces of active faults, 

though lines of evidence like seismicity patterns, gravity lows, topography changes and regional-

scale GPS velocity changes can also aid in testing block boundary fault locations (McCaffrey, 

2005; Elliott et al., 2010; Spinler et al., 2010).  We use a combination of known fault surface and 

subsurface geometries digitized by the Southern California Earthquake Center Community Fault 

Model (CFM) (Plesch et al., 2007; Nicholson et al., 2017), the Uniform California Earthquake 

Rupture Forecast (UCERF3) report (Dawson & Weldon, 2013), and mapped fault traces or 

historical rupture traces through the U.S. Geological Survey Quaternary Fault and Fold Database 

(USGS, 2019) to construct our model fault geometries. We choose our most complex initial 

block model geometry to represent all major faults in the Peninsula Ranges, San Gorgonio Pass, 

San Bernardino Mountains, Eastern Transverse Ranges, and Eastern California Shear Zone areas. 
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This geometry is presented in Figure B6, and includes fifteen total blocks and twenty-nine total 

fault segments. Table B4 presents our assigned locking depths and fault dips for all numbered 

faults in our models. The TDEFNODE program requires the specification of a hanging wall 

block for each fault segment, so to accommodate that we assign all vertical faults the near 

vertical dip of 89º. For all other faults, we assign patch dips based on values within the SCEC 

CFM5 and the UCERF3 fault geometry catalogs (Plesch et al., 2007; Dawson & Weldon, 2013).  

 By specifying coupling on the defined fault geometry, we can produce elastic 

deformation in the blocks, which is then estimated at the surface by the TDEFNODE code using 

an elastic half space dislocation model (Okada 1985, 1992). Locking is chosen by defining the 

coupling fraction term, ϕ, to be between 0 and 1, where ϕ = 0 is freely slipping (no coupling) 

and ϕ = 1 is completely locked (McCaffrey et al., 2007). A common method for applying 

locking is to assign ϕ values of 1 to all fault nodes down to the locking depth, d, and to then 

assign values of 0 to all nodes below d to simulate the freely slipping nature of a dislocation 

below the locking depth (Savage and Burford, 1973; McCaffrey, 2005) (Figure B7). We 

implement this scheme of keeping the faults locked (ϕ = 1) to the assigned locking depth at each 

fault, and letting the fault freely slip (ϕ = 0) below that locking depth. All faults have nodes 

placed at 5 km down-dip intervals (down to 25 km), ensuring that they connect together properly 

in the subsurface, and they are locked (ϕ = 1) to their assigned locking depth. In order to 

incorporate more realistic details into our fault geometries, and to lower our overall misfits to the 

GPS velocity field data, we incorporate variable locking depths along different sections of the 

fault geometries, which are presented with assigned fault names and numbers in Table B4. These 

locking depths are selected based on the depth of located microseismicity in the subsurface fault 

zone, observed from work by Hauksson (2000). We also implemented slightly different locking 
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depths as represented through work by Richards-Dinger et al. (2000), but found that using the 

microseismicity depths of Hauksson (2000) produced lower χ2 misfits to the GPS data. 

 In order to test various plausible hypotheses of fault activity in this complex zone of 

deformation, we chose to construct fifteen different models that each consist of as little as five 

total blocks to the full fifteen blocks (Figure B8). Each block model tests a different hypothesis 

of fault activity and possible block motion in this network (Table B5). To create our different 

models, we take the model geometry of SGP1, the most complex model (Figure B6), and assign 

poles of rotation to different groups of adjacent blocks, effectively forcing them to move 

together. When multiple blocks are assigned the same pole of rotation, they rotate together as 

one body (with zero motion on the faults between them) thereby acting as one larger block. 

Therefore, in Figure B8 when multiple blocks have all been colored the same color, it means 

they have been forced to move together as one block.  

 We test three end-member scenarios including (1) a San Jacinto + Banning-San Gorgonio 

Thrust + Mission-Mill Creek system only model, testing the viability of total motion 

accommodated by the “main” San Andreas system (SGP2), (2) a San Jacinto + Eastern 

Transverse Ranges and Eastern California Shear Zone block rotation only model testing the 

viability of possible microblock rotation transferring motion and strain away from the main San 

Andreas system to the Eastern California Shear Zone (SGP3), and a (3) San Jacinto + Burnt 

Mountain – Eureka Peak (Landers Mojave Earthquake Line) scenario which tests the possibility 

of an emerging fault zone taking the brunt of plate motion (SGP4). The rest of the models 

(SGP1, SGP5 – SGP15) test variations of fault geometry hypotheses that envision possibilities of 

strain and plate motion being accommodated across different sections of the diffuse fault 

network. Each of these geometries was selected and included in order to test the activity levels of 
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certain faults (e.g. SGP5 tests whether GPS data is better fit with an inactive Mill Creek Fault 

section, while SGP12 tests whether the Blue Cut Fault needs to be active to fit GPS data best, 

etc.). See Table B5 for our entire list of hypothesis descriptions. 

 B.3.3.3 Goodness of Fit Scores 

 One of the caveats of elastic fault block modeling is that one can often end up with 

multiple models that fit the data with equally low reduced χ2 misfit scores. However, using 

reduced χ2 misfit (defined in eqn. (1)) to delineate which models in a suite fit the input data best 

is useful in weeding out model geometries that have very poor fits to the observed input data. 

Here, we attack this problem by purposefully not choosing one overall best fitting model, but 

rather a handful of best models that point towards best fits to either the GPS data or to observed 

geologic slip rate data. In order to determine what fits our observed (GPS and/or geologic) data 

best, we use three different scores: (1) reduced χ2 misfit (defined earlier), (2) F-Test probabilities 

between low χ2 misfit model pairs, and (3) RMS scores to geologic observations for overall 

geologic rates, Holocene only rates, and Late Pleistocene rates.   

 In general, models that have increased complexity and number of parameters tend to fit 

the data better with lower χ2 scores.  This result is not guaranteed however, because it is possible 

to create a model that contains many parameters but in, for example, an unrealistic fault 

configuration, which would not produce as good a fit as a smaller but more realistic fault 

configuration might. We may use an F-Test for the discrimination between models of varying 

complexity (i.e., differing M) and χ2 misfit, by calculating a probability (p-value) that a lower 

misfit (improved model fit to observations) is justified given the corresponding reduction in the 

degrees of freedom, N- M (data – parameters). For the majority of models tested, the χ2 misfit 

values decrease as the number of model blocks increases (see Figure B9). To calculate this 



 139 

probability value, one must compare only two models at a time, one model with higher misfit 

and lower number of parameters, and the second model with lower misfit and higher number of 

parameters. Then one can directly assess whether the added parameters actually were necessary 

to decrease misfit, or whether that decrease is due to chance. We use a MATLAB-based program 

written by Anderson & Conder (2011) to calculate the F-Test probability values, which uses 

inputs of number of data, number of free parameters for each of the two models, and the 

unreduced χ2 misfit for each of the models.  

 For our RMS misfit scores to geologic observations, we devise a calculation that 

compares the residuals between model-produced geodetic fault slip rates and the geologic slip 

rates from the literature. In order to assess whether geodetic fault slip rates might match more 

recent geologic rates or those farther in the past, we calculate a Holocene rate only RMS score 

and a Late Pleistocene rate only RMS score, in addition to an overall geologic rate RMS score. 

Our overall geologic rate RMS score is calculated as: 

!"#$#%&' !"# !"#$%
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!"#$#!%& !"#$ !"#!! − !"#$"%&' !"#$ !"#!! !

!"#$#!%& !"#$ !"#$ !"#$%&'("&!!  1! ! + !"#$"%&' !"#$ !"#$ !"#$%&'("&!!  1! !  
!

!!!

!
!

 . (5) 

 

where ! is the number of geologic slip rates in the calculation (Holocene rates only N=14, Late 

Pleistocene rates only N=18, and overall geologic rates is N=27 because we give preference to 

Holocene rates at sites where there are both Pleistocene and Holocene rates (Table B1)), 

!"#$#!%& !"#$ !"#!! is the ith geologic slip rate in a given set, !"#$"%&' !"#$ !"#!! is the ith 

geodetic model fault slip rate that corresponds to the closest point location to the location of the 

associated geologic slip rate observation, !"#$#!%& !"#$ !"#$ !"#$%&'("&!! is the uncertainty on 

the geologic rate as determined by the authors of the particular study and converted to 1σ for use 
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here, and  !"#$"%&' !"#$ !"!" !"#$%&'("&!! is the 1σ uncertainty calculated by the 

TDEFNODE model. These values are squared to form variances, resulting in a measure of the 

average agreement (Equation (5)) that is unitless. If a geologic slip rate investigation has 

reported both Holocene and Late Pleistocene rates (refer to Table B1 for specific authors), then 

we use the Holocene rate in the overall Geologic RMS score calculation, and then use the 

specific Holocene and Late Pleistocene rates in each respective score calculation.  

 For model geometries in which there is a geologic slip rate recorded along a fault, but 

that fault is not active in the model, we penalize the RMS score calculation by assigning a 

geodetic rate of zero to be compared with the measured nonzero geologic rate. This ensures that 

all geologic observations are included and that the RMS score is meaningful to tell us how each 

model compares to known geologic data. These scores of fitness between geodetic data and 

geologic data allow us to determine which models fit best for each dataset and even both 

datasets.  

B.4 RESULTS 

 We introduce results of TDEFNODE modeling for three sets of fifteen different model 

geometries: one set inverting postseismic-reduced GPS velocities (Supplementary Map Sheets 

B1, B2), one set inverting the partially reduced GPS velocity field (Supplementary Map Sheets 

B3, B4), and one set inverting the observed (unreduced) GPS velocity field (Supplementary 

Map Sheets B5, B6). Table B6 presents the comparison of calculated reduced χ2 misfit and 

geologic RMS score goodness of fit results for the postseismic-reduced and observed model sets 

(see supplementary Tables B7A, B7B, B7C for full model parameters and GPS NRMS/WRMS 

fits for all three datasets). The lowest reduced χ2 misfit models are SGP1, SGP8, SGP6, and 

SGP5 from the postseismic-reduced GPS data set of models. While their counterparts in the 
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observed GPS dataset share low relative misfits to other model geometries in the observed 

dataset, it appears that the full postseismic reduction in the GPS data lowered misfits for these 

same models by up to 51% when compared to the observed GPS dataset (a 37% decrease for our 

lowest misfit model SGP1) (Figure B9). Moreover, using the fully reduced datasets result in up 

to a 45% decrease in misfit (a 30% decrease for our lowest misfit model SGP1) when compared 

to the partially reduced GPS dataset. Models SGP1, SGP8, SGP6, and SGP5 are four of the eight 

most complicated geometries (the highest number of blocks and faults) and due to this added 

complexity, we assess whether the larger number of parameters reduced misfit by chance, or 

whether those additional parameters are warranted in their improved fits. For this, we present the 

results of our F-Tests in Table B8, which demonstrate that the probability that these lower 

misfits are due to chance is less than 0.03 % in all comparison cases between SGP8/SGP1, 

SGP6/SGP1, SGP5/SGP6, and SGP5/SGP1, which suggests that the added blocks and fault 

boundaries in these more complex models (particularly SGP1 and SGP6) are necessary to 

improve overall reduced χ2 misfit values. In addition, we run an F-Test between our most 

complicated model (SGP1) and one of our least complicated models (SGP2) that produces a 

probability of 0%, which underscores the fact that more added parameters are warranted to 

decrease the overall misfit (Table B8). 

 The models that have the lowest RMS scores to the overall geologic slip rate dataset are 

SGP1, SGP6, SGP15, and SGP5 which is intriguing given that three of these same models fit the 

postseismic-reduced GPS velocity dataset best. The postseismic reduction also decreases model 

RMS scores for the overall geologic slip rate dataset category by again up to 19%, indicating that 

postseismic reduction brought geodetic fault slip rates closer to Pleistocene and overall geologic 

slip rates. In the case of Holocene slip rates however, RMS scores actually increase between the 
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observed GPS dataset and the postseismic-reduced dataset. The lowest Holocene RMS score 

models for the postseismic-reduced dataset are SGP12, SGP14, SGP13, and SGP6, suggesting 

that very different model geometries actually fit Holocene slip rate data better than the best 

fitting geometries to the GPS data. Lastly, for Late Pleistocene geologic slip rate RMS scores, 

the lowest models are SGP1, SGP6, SGP15, and SGP5, and once again the postseismic reduction 

decreases RMS scores by up to 20%. Overall, the best fitting model to postseismic-reduced GPS 

data, overall geologic slip rate data, and Pleistocene geologic slip rate data is SGP1, while the 

best fitting model to Holocene only geologic slip rates is SGP12 (Figure B10). Model SGP6 is 

the only model that is in the top four of each category. 

 

B.5 DISCUSSION 

To evaluate the results of our block modeling we examine two first order questions inherent in 

our investigation: (1) how do our estimated geodetic fault slip rates compare to geological 

observations along the faults of San Gorgonio Pass? And (2) how does the reduction of ongoing 

postseismic displacements affect estimated fault slip rates across our models of southern 

California? We explore what the low misfit and low RMS score models have to tell us about 

active fault geometry and slip distribution across the San Gorgonio Pass area, and the possible 

implications of the fits to geologic data for studies of earthquake recurrence and the 

determination of steady-state slip rates using geodetic and geologic data.    
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B.5.1 Comparing Rates within San Gorgonio Pass 

 B.5.1.1 Strike-Slip Rates 

 Strike-slip geologic slip rate observations within San Gorgonio Pass consist of three main 

studies along the Banning-San Gorgonio Pass Thrust-San Bernardino fault strand (Orozco, 2004; 

Gold et al., 2015; Heermance & Yule, 2017) and three main regional slip rate studies along the 

Mission-Mill Creek (MMC) (Morton & Matti, 1993; Kendrick et al., 2015; Fosdick & Blisniuk, 

2018; see also Matti et al., 2019; Yule et al., 2019). Rates along the Banning-San Gorgonio Pass 

Thrust-San Bernardino strand seem to be low along the Banning Fault to the southeast (2.3-5.9 

mm/yr, but 3.9-4.9 mm/yr preferred, Gold et al., 2015), decreasing slightly to the northwest 

along the San Gorgonio Pass Thrust (approximate dextral motion of 0.6 – 3.5 mm/yr with an 

oblique motion of 4.2-8.4 mm/yr across two fault strands as measured by Heermance & Yule 

(2017)), and increasing farther towards the main San Bernardino section as evidenced by a study 

by Orozco (2004) that measured 4-12 mm/yr of oblique slip and 2-9 mm/yr of dextral slip at 

Burro Flats where the San Gorgonio Pass Thrust fault bends to meet the San Bernardino strand 

of the SSAF. Of our lowest reduced χ2 misfit to GPS data models, SGP1, SGP8, SGP6 and 

SGP5, all four estimate geodetic rates that are low enough to be within the limit of the dextral 

rate at Burro Flats (2 – 9 mm/yr), but only model SGP6 achieves low enough rates to the south to 

be within uncertainty of the 0.6 – 3.5 mm/yr or 2.3 – 5.9 mm/yr rate ranges there (Figure B11). 

For the MMC fault strand, regional rate estimates differ significantly between as low as 0 mm/yr 

(inactive, no displacements over the late Quaternary period, Morton & Matti, 1993; Kendrick et 

al., 2015) and a maximum of 20-30 mm/yr within the Pleistocene (Fosdick & Blisniuk, 2018). 

Our lowest reduced χ2 misfit models SGP1 has low dextral rates estimated along the MMC fault 

(between 0 – 1.9 mm/yr for SGP1), while our second lowest reduced χ2 misfit model, SGP8, has 
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a geometry that does not include the MMC fault as active, thereby having geodetic rates of 0 

mm/yr along its length (Figure B11). On the other hand, our third lowest reduced χ2 misfit 

model, SGP6, exhibits slip rates along the MMC strand of 3.4 – 8.2 mm/yr, which implies a lot 

more slip being accommodated along this strand than the other two models. 

 Figure B11 presents an intriguing observation about MMC fault activity when 

comparing model SGP8 with models SGP1 or SGP6. While models fit nearly equally well with 

only ~0.2 difference in their relative misfit values, only the SGP1 and SGP6 fault geometries 

allow for the estimation of fault slip rates along the San Gorgonio Pass Thrust that are low 

enough to just touch or to be within upper limits of geologic rates within uncertainties, while 

model SGP8 produces rates along the San Gorgonio Pass Thrust of 6.5 – 7.1 mm/yr, which 

represents more dextral slip than current geologic observations would allow here (Figure B11B). 

The largest difference between model SGP8 and models SGP1 and SGP6 is the lack of the MMC 

strand running through San Gorgonio Pass. This observation indicates that in order to achieve 

sufficiently low dextral fault slip rates measured along the San Gorgonio Pass Thrust, strain 

needs to be partitioned across two faults, not just one. This observation was also noted by work 

by Beyer et al. (2018), when comparing their two best fitting San Gorgonio Pass model 

geometries. One of these geometries excludes an active Mill Creek fault (“Inactive Mill Creek” 

model) and one includes a version of a west Mill Creek strand (“West Mill Creek” model). The 

model in which there is no Mill Creek fault produces dextral slip rates that are higher than the 

other model, and just slightly higher than the geologic slip rate measurements there (Beyer et al., 

2018). In addition, SGP1 and SGP8 include a Burnt Mountain – Eureka Peak fault strand to 

accommodate slip and strain away from San Gorgonio Pass and north towards the ECSZ, but 

when this fault is removed in model SGP6 (the third best fitting model to GPS data), calculated 
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slip rates decrease on the San Gorgonio Thrust and Banning to 3.3 – 4.1 mm/yr, and increase 

along the MMC Fault to 3.4 – 8.2 mm/yr (see Figure B11C). This implies that even if there is no 

other fault present to absorb and transfer strain away from the Pass, geologic rates along the San 

Gorgonio Pass Thrust fault are better fit when there is a MMC fault strand in the picture.  

 When looking at which of the fifteen model geometries produce dextral geodetic rates 

that best match geologic rates on the Banning-SGP fault in San Gorgonio Pass, SGP12, SGP9, 

and SGP6 jump to the top of the list as they produce the lowest rates of all the models (Figure 

B12C,B, Figure B11C). SGP12 presents a model that has the closest dextral slip rates to 

geologic rates at San Gorgonio Pass with a slip rate of 3.0 - 3.8 mm/yr, which fits well in the 

bounds of 0.6 – 3.5 mm/yr calculated from Heermance & Yule (2017), the 2 – 9 mm/yr rate at 

Burro Flats (Orozco, 2004), and the 2.3 – 5.9 rate at Whitewater (Gold et al., 2015)) (Figure 

B12B). SGP6, as discussed in the previous paragraph, has the next best fitting slip rates in the 

pass (3.3 – 4.1 mm/yr geodetic, Figure B11C) and is one of the four best fitting RMS scores for 

overall geologic slip rates, Holocene only geologic slip rates and Late Pleistocene geologic slip 

rates. This suggests that it is a strong model for the region, both because of its low reduced χ2 

misfit (the third lowest) and because of its low RMS scores against all geologic rates. The third 

best-fitting model for San Gorgonio Pass rates is model SGP9, which produces slip rates of 1.4 – 

2.2 mm/yr which overlaps the range of the Heermance & Yule (2017) and Orozco (2004) rate, 

but falls short of the Gold et al. (2015) rate. However, SGP9 exhibits very poor fit to the GPS 

data with a χ2 misfit of 12.4 (Figure B12C). This is most likely due to that fact that SGP9 has a 

fault geometry that includes a single shear zone for the Eastern California Shear Zone 

(essentially represents an extension of the Burnt Mountain – Eureka Peak Fault into the Landers 
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Mojave Earthquake Line of Nur et al. (1993)), and includes all SSAF faults and those to the 

west.  

 One fault that bears consideration when discussing slip being accommodated through San 

Gorgonio Pass is the San Jacinto Fault, as it is argued to be the new evolving optimal path of 

strain and slip accommodation to get around the San Gorgonio Pass Knot (Janecke et al., 2010; 

Fattaruso et al., 2016). Across our fifteen models, only two produce rates higher than 10 mm/yr 

on the San Jacinto Fault: SGP3 and SGP4, which are two of our highest reduced χ2 misfit 

models, indicating very poor fits to modern GPS data. These two models are also highly unlikely 

geometries as neither model includes a SSAF San Bernardino strand, San Gorgonio Pass Thrust, 

or Banning Fault strand (all of which have Holocene geologic slip observations). For the rest of 

our models, we estimate fault slip rates of 9-10 mm/yr on the central San Jacinto, and rates only 

increase when it joins the SSAF near Cajon Pass. These estimated rates imply that the San 

Jacinto is slipping at a lower rate than the neighboring parallel SSAF Coachella strand, which in 

the majority of our models (barring SGP3 and SGP4) is estimated to slip over a range of 12.9 – 

17.5 mm/yr depending on model geometry. The debate over which parallel strand is 

accommodating the majority of plate motion at this latitude still continues (Janecke et al., 2010; 

Scharer & Streig, 2019), but our estimates add another voice to the argument that the SSAF is 

still carrying the brunt of motion over the San Jacinto Fault here.  

 B.5.1.2 Convergent and Tensile Slip Rates 

 In order to best characterize slip rates within San Gorgonio Pass, we must also consider 

the behavior of convergent motion along this reverse-oblique fault system. We estimate both 

fault parallel (dextral or sinistral) and fault perpendicular (convergent or divergent) slip rates 

within each of our fifteen block models. Yule & Sieh (2003) and Heermance & Yule (2017) have 
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measured dip slip rates within San Gorgonio Pass at Millard Canyon, along two fault strands that 

parallel each other there. Their measurements yield convergent rates of >2.2 mm/yr (Yule & 

Sieh, 2003), and an approximated 3.6 – 6.6 mm/yr, with a central rate of 4.6 mm/yr using all 

parameters averaged with their reported ranges (data from Heermance & Yule, 2017; they report 

a net oblique slip rate and not a true dip-slip rate, hence we calculate an approximate dip slip rate 

from their provided supplementary materials). Our best-fitting model to GPS data, SGP1, shows 

estimated geodetic slip rates of 3.3 mm/yr at the same location of these geologic measurements 

(Figure B13). However, if we examine all of our models, six produce geodetic slip rates within 

the range given by the approximate slip rate calculation using data from Heermance & Yule 

(2017): SGP5 (with 4.9 mm/yr of convergence, the closest to the central calculated dip slip rate 

using averaged values from Heermance & Yule (2017), SGP11 (with 4.1 mm/yr convergence), 

SGP8 (with 4.1 mm/yr convergence), SGP15 (with 3.9 mm/yr convergence), SGP14 (with 3.9 

mm/yr convergence) and SGP7 (with 3.8 mm/yr convergence). SGP5 is presented in Figure 11 

as it produces geodetic slip rates that are closest to both the Heermance & Yule (2017) 

approximate dip slip rate along the SGP Thrust, as well as the dip slip rate measured along the 

Cucamonga Fault by Lindvall and Rubin (2006) at Day Canyon.  

 Interestingly, these results seem to contradict what the dextral slip rate estimates tell us 

about the activity of the MMC strand to the north of the San Gorgonio Thrust Fault. While the 

San Gorgonio Thrust seems to require another pathway for elastic strain in the form of the MMC 

fault strand, in order to keep dextral rates low enough to be closer to geologic observations, the 

only way to get high enough convergent dip-slip rates along the San Gorgonio Thrust in our 

model framework, is to not have an MMC strand at all. None of the models that produce 

convergent geodetic rates within the approximate geologic rates have a MMC fault, barring 
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SGP5, which only has the Mission Creek Fault and no Mill Creek Fault, and SGP15, which has a 

full MMC strand. This could also imply that the geometry of the MMC strand should not have 

much dip-slip motion, and our dipping model geometry for this fault could be causing dip-slip 

motion to be accommodated along both the San Gorgonio Thrust and the MMC in models in 

which they both appear. In reality, perhaps the dip of the MMC strand is closer to vertical than 

previously thought and accommodates mainly right lateral motion instead of oblique right lateral 

motion. More direct field study of both of these fault strands is required to elucidate the 

interacting behavior between the two, as well as their ability to rupture either on their own, or 

together simultaneously.  

 

B.5.2 Effect of Postseismic Deformation on Fault Slip Rates 

 B.5.2.1 Misfit Reduction Between Different GPS Velocity Fields 

 To assess how fault slip rates are affected by changes in how the inverted GPS velocity 

dataset is processed, we calculate how reduced χ2 misfit values change across models for each of 

our three datasets. In Table B9, we calculate the percentage reduction of χ2 misfit between (1) 

the fully postseismic-reduced GPS velocity field (removed of both long- and short-term 

postseismic transients) and the observed (unreduced) velocity field, (2) the partially reduced GPS 

velocity field (removed of short-term postseismic transients) and the observed (unreduced) 

velocity field, and (3) the fully reduced field with the partially reduced field. We find that when 

an observed GPS velocity field is removed of both short-term (recent earthquake) and long-term 

(historical earthquake) postseismic transients, the reduced χ2 misfit values go down across all 

model geometries by between 21 – 51 % depending on model geometry (Table B9, column 1). 

When the velocity field is removed of only short-term postseismic transients (the partially 
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reduced GPS velocity field), χ2 misfit still decreases from the observed (unreduced) dataset, but 

only by 5 – 15 % depending on model geometry (Table B9, column 2). The observation that 

removing both long- and short-term postseismic transients from the modern observed velocity 

field improves the χ2 misfit better than only removing the recent, observed, short-term transients 

implies that these ongoing postseismic transients from large magnitude earthquakes that 

happened decades to centuries ago have more of an effect that perhaps was previously assumed. 

These results suggest that accounting for the ongoing long-term postseismic displacements, in 

addition to the recent, short-term ones, helps to produce a more accurate steady-state velocity 

field, thereby improving long-term estimates of fault slip rate.  

 B.5.2.2 In the Context of Previous Investigations 

 In order to set our results in the context of past geodetic block modeling work completed 

in southern California, we present Table B10 which shows our estimated geodetic fault slip 

rates, averaged along their section length, for our lowest reduced χ2 misfit model (SGP1) 

(presented with the postseismic-reduced GPS dataset, observed GPS dataset, and partially 

reduced GPS dataset) alongside eight other authors’ work (Meade & Hager, 2005; Becker et al., 

2005; Spinler et al., 2010; Johnson, 2013; McGill et al. 2015; Liu et al., 2015; Evans et al., 2016; 

Zeng & Shen, 2016). If an author had presented multiple models, we either chose their preferred 

“best-fit” model or we chose the model that most closely matched our lowest reduced χ2 misfit 

model geometry. Rows that appear blank mean that a particular author’s fault geometry did not 

include that particular fault. Where slip rates are reported without uncertainties, we either 

measured from a figure in the relevant published work or the authors reported a range. In 

addition, at the bottom of the table, we present the summed geodetic slip rates across the Eastern 

California Shear Zone between all authors.  
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 When comparing across studies, in general, our estimated fault slip rates seems to match 

studies like Meade & Hager (2005), Becker et al. (2005), Spinler et al. (2010), McGill et al. 

(2015), and Evans et al. (2016) wherein they used only geodetic data to invert for slip rates. On 

the other hand, our fault slip rates do not agree well with values from studies like Johnson (2013) 

and Zeng and Shen (2016) in which they used some form of geologic slip rate constraint, either 

as an assigned maximum or minimum (e.g. Johnson) or as actual data observations in an 

inversion (e.g. Zeng & Shen). This brings to the forefront a question of what it means for 

geodetically estimated slip rates to match (or not match) observed geologic fault slip rates, when 

postseismic deformation is removed from the GPS field. If high precision GPS instruments are 

measuring high strain rates following large magnitude earthquakes, how do those high strain 

rates affect the faults around them? Based on block-style modeling, ongoing postseismic 

deformation can increase or decrease estimated fault slip rate (see comparison of rates along the 

Helendale fault, versus a fault like the San Bernardino strand in Table B10), yet in the long-term 

scenario, any increases in fault slip rates due to “higher than normal” postseismic-caused strain 

rates are ephemeral and eventually decay. Particularly with respect to geologic time, these are 

minor blips in the relentless march of plate motion. However, since temporary increased strain 

rate leads to increased overall accumulated strain, could these increased strain rates (and their 

subsequent effect on fault slip rates) play a role in a several hundred year-scale earthquake 

cycle? We know that coseismic changes in stress fields are the drivers of viscoelastic postseismic 

deformation, and that those stress changes can affect and even trigger faults around them to 

produce earthquakes (Stein et al., 1997; Pollitz et al., 2003), yet what if these stress change-

caused displacements actually impact how fast these faults accumulate elastic strain over 

appreciable fraction of an earthquake recurrence interval? Does GPS measure increased fault 
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motion caused by viscoelastic displacements that can last up to decades? Most importantly, if 

faults are already close to failure, can post-seismic motion result in time-variable seismic hazard 

over shorter time scales (Oskin et al., 2008)?  

 While we do not have definitive answers to the many questions engendered by comparing 

long term slip rates with short-term slip-rate estimates, we present below our take on how our 

datasets and modeling speak to the geodetic versus geologic slip rate debate in two specific 

cases: the faults of the ECSZ in the Mojave Desert, and the Mojave segment of the SSAF. 

 B.5.2.3 Eastern California Shear Zone 

 One of the most cited examples of a geologic versus geodetic fault slip rate discrepancy 

lies within the Mojave Desert just to the northeast of San Gorgonio Pass along the parallel 

northwest-trending right lateral faults of the ECSZ (Figure B1) (Meade & Hager, 2005; Oskin et 

al., 2008; Evans et al., 2016). The summed Late Pleistocene geologic rates documented by Oskin 

et al. (2008) indicate motion of ≤ 6.2 ± 1.9 mm/yr across the Helendale, Lenwood, Camp Rock – 

Emerson, Calico, Pisgah – Buillion, and Ludlow faults. This range can be extended slightly with 

recent work completed by Xie et al. (2018), to include a slightly faster slip rate on the Calico 

Fault of 3.2 ± 0.4 to show a range of ~4.4 – 9.5 mm/yr across the whole zone. Previous geodetic 

estimates generally give a much larger slip rate sum across the southern Mojave, as evidenced in 

Table B10, where authors that did not utilize geologic observations as constraints calculate 

summed rates of 13.9 – 19.5 mm/yr. When we compare our work for our lowest reduced χ2 

misfit model, SGP1, we see that with our observed, unreduced, GPS velocity field, we also 

calculate a similar summed rate of ~18.9 mm/yr across the ECSZ (Figure B14). When we use 

our partially postseismic-reduced field, that rate dips slightly to 16.8 mm/yr, which is still in 

agreement with other published summed slip rates (Table B10). Lastly, our postseismic-reduced 
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GPS velocity field produces the lowest summed slip rate of 12.0 mm/yr (Figure B14), which 

still lies above the Oskin et al. and Xie et al. combined range of 4.4 – 9.5 mm/yr, but is also 

smaller than estimates from other studies. Work done by Spinler et al. (2014) showed that 

geodesy could estimate a summed fault slip rate of 7.0 ± 0.6 mm/yr across the Northern Mojave 

Desert just south of the Garlock Fault, which is well within this range of geologic slip rate. Our 

best-fitting model geometry results indicate that the southern Mojave Desert still exhibits fault 

slip rates that sum to twice that of the measured Late-Pleistocene geologic rates, even in the case 

where we removed both long- and short-term postseismic transients.  

 This suggests that reducing the GPS dataset by removing ongoing long- and short-term 

postseismic displacements from the deformation field, while decreasing geodetically-estimated 

slip rates in this particular area, does not resolve the discrepancy observed by so many other 

authors (Meade & Hager, 2005; Becker et al., 2005; Spinler et al., 2010; McGill et al., 2015; 

Evans et al., 2016). However, when we turn our attention to our other block model geometries, 

four of our fifteen produce summed ECSZ fault slip rates that lie within the range of geologic 

measurements (4.4 – 9.5 mm/yr). These include models SGP4, SGP7, SGP9, and SGP14, with 

rates that span from the lowest sum at 3.9 mm/yr for SGP9, to 9.2 mm/yr with SGP4. All four of 

these models share simplified ECSZ fault geometries, as well as an absence of a Blue Cut Fault 

within the Eastern Transverse Ranges. SGP4, SGP7, and SGP9 take the form of one fault 

carrying all the slip for the region, analogous to the hypothesis about a Landers-Mojave 

Earthquake Line (Nur et al., 1993), while SGP14 includes two faults. Yet, all four of these 

models have very poor misfits to the geodetic data, for all velocity fields. One other feature that 

these particular models share is the fact that they all estimate larger slip rates along the Mojave 

segment of the San Andreas Fault. This may imply that strain measured in most of our models to 



 153 

map onto ECSZ faults, can potentially be mapped onto the San Andreas Fault on the western 

side of the Mojave Desert, thereby improving a second geologic-geodetic rate discrepancy there. 

This may also suggest the possibility that there could be give and take between these two 

systems, a concept that we explore in more detail in the next section. 

 The geodetic-geologic slip rate discrepancy in the ECSZ can also be explained with the 

mechanism of permanent off-fault deformation (Herbert et al., 2014; Milliner et al., 2016). This 

explanation suggests deformation that occurs near or in between distinct fault zones is being 

measured by geodesy, but that this strain is mapped directly onto model fault planes because of 

the assumption of zero intra-block deformation in elastic fault block modeling methods. This 

strain, however, is not measured by geologic slip rate observations as it is accommodated 

through other mechanisms around the fault system (e.g. pressure solution, folding, fracturing, 

rigid body rotation (Shelef and Oskin, 2010)). Herbert et al. (2014) use Boundary Element 

Modeling methods to determine that off-fault deformation of this form can account for 

approximately 40% ± 23% of total strain in the ECSZ region. While they include the entire 

ECSZ system from south of the Garlock fault to north of the Pinto Mountain fault, if we apply 

their findings to our best fit geodetically summed rate across the southern ECSZ (12 mm/yr), we 

find that accounting for an inferred 40% of deformation occurring off-fault produces a summed 

slip rate of 7.2 ± 2.8 mm/yr. This rate falls directly within the bounds of the geologically 

measured summed slip rate across the ECSZ and provides another testimony for the importance 

of accounting for off-fault deformation in geodesy-based elastic fault block modeling studies.  

 B.5.2.4 Mojave and San Bernardino Sections of the SSAF 

 Along the Mojave and San Bernardino sections of the SSAF, geodetic rate estimates from 

previous studies are systematically lower than their geologic counterparts, in contrast to the 
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ECSZ where reported geodetic slip rates have hitherto been higher than geologic rate estimates. 

A number of detailed geologic slip rate studies have been completed along both the Mojave and 

San Bernardino strands through intensive paleoseismic trenching such as the study at 

Wrightwood (Weldon et al., 2002; Weldon et al., 2004), through detailed mapping and dating of 

offset surfaces (Weldon & Sieh, 1985; Harden & Matti, 1989; Matmon et al., 2005; McGill et al., 

2013; Young et al., 2019; McGill et al, in review [this volume]), and through paleomagnetic 

investigation at Pallett Creek (Salyards et al., 1992). These geologic rates indicate a Holocene 

slip rate of approximately 30 mm/yr along the southern Mojave section (Salyards et al., 1992; 

Matmon et al., 2005; Weldon et al., 2002; Young et al., 2019 (at X12 site)) that transitions to 

approximately 25 mm/yr at Cajon Pass (Weldon at Sieh, 1985). At Cajon Pass, the SSAF 

transitions from the Mojave section to the San Bernardino section which runs along the San 

Bernardino Mountains range front. In addition, this location is where the San Jacinto Fault 

originates and breaks off to run parallel to and slightly to the south and west of the San 

Bernardino strand. Geologic observations along the San Bernardino strand indicate a drop from 

the high slip rates in Cajon Pass to rates between 7-18 mm/yr for four well-constrained estimates 

((McGill et al., 2013; McGill et al., in review [this volume]), with a couple of other sites having 

rates that overlap this range but with larger uncertainties (Harden and Matti, 1989; McGill et al., 

in review [Matthews Ranch/Pitman Canyon site]).  The drop in SSAF slip rate within a couple of 

km southeast of Cajon Pass presumably is due to sharing plate boundary motion and slip with the 

San Jacinto Fault. 

 Previously reported geodetic rate estimates for the southern Mojave section are in the 

range of 14 – 18 mm/yr for models derived without geologic constraints (Table B10) (Meade & 

Hager, 2005; Becker et al. 2005; Liu et al., 2015; Evans et al., 2016), which is just over half of 
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the measured geologic rate. When geologic slip-rate constraints are included (Johnson, 2013; 

Zeng & Shen, 2016), estimated rates rise only to ~20 mm/yr, which reaches the lower bound of 

some of the geologic rate uncertainties (Weldon et al., 2002; Matmon et al., 2005; Young et al., 

2019), but still lies ~10 mm/yr below the preferred geologic rate in Pleistocene and Holocene 

time. Our estimated fault slip rate for our lowest reduced χ2 misfit model, using the observed, 

unreduced, GPS velocity field is ~18.6 mm/yr which agrees well with rates from earlier geodetic 

modeling, yet when we apply our full postseismic reduction this rate decreases to 11.9 mm/yr for 

this model geometry. This decrease implies that long-term geodetic velocities are detecting a 

very slow rate along this section of the plate boundary, an observation that is in direct conflict 

with geologic measurements along the same section. A similar story is represented along the San 

Bernardino section, where most geologic rates imply a rate in the teens (7-18 mm/yr), but rates 

estimated from geodetic data are in the single digits,  ~0.9 – 8 mm/yr, depending on chosen 

model (Table B10). Our model with the lowest reduced χ2 misfit to the full postseismic-reduced 

GPS field produces fault slip rates of 6.5 mm/yr, which is another decrease that widens the gap 

more when compared to our unreduced observed GPS dataset fault slip rate of 7.4 mm/yr (Table 

B10). The rate produced with our unreduced, observed GPS field fall within the range of 

geologic slip rates provided from the literature (7-18 mm/yr), but our postseismic-reduced field 

rate falls just under the lowest end of this geologic range, illustrating the persistence of this 

particular geodetic-geologic discrepancy. 

  

 B.5.2.4.1 Implications for Alternating SSAF/ECSZ Hypothesis. In attempting to deduce 

possible explanations for this discrepancy between geodetic and geologic rates along the Mojave 

and San Bernardino sections, we turn again to our fifteen different model geometries. In only one 
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model geometry do rates along the Mojave section and San Bernardino sections fit within 

preferred geologic rates of ~30 mm/yr and 7 - 18 mm/yr respectively: model SGP2, one of our 

end member scenarios (Figure B12D, Figure B15). This model geometry was included in order 

to test the feasibility of just the SSAF system accommodating plate motion (along with the 

known parallel fault systems to the west, including the San Jacinto and Elsinore Faults). The 

main component that this model geometry lacks is active faulting the ECSZ. This is an 

unrealistic model for modern day fault motion, given that small and large magnitude earthquakes 

have been occurring in the ECSZ over the last century; however, since our postseismic-reduced 

GPS field approximates steady-state motion, it is feasible to test what slip rates are estimated 

when all elastic strain in our field is applied to an end-member SSAF fault geometry. 

Geodetically estimated fault slip rates for this model (with our postseismic-reduced GPS velocity 

field) lie between 33.5 – 33.6 mm/yr along the Mojave section, and 11.6 – 11.8 along the San 

Bernardino section, both within the range of preferred geologic rates (Figure B15). However, 

estimates along the San Gorgonio Pass Thrust show low rates of left-lateral motion, which is 

highly improbable, and likely contributes to the fact that this model has the highest misfit to the 

geodetic data of all fifteen models. In addition, geodetic rates along the Coachella strand are 

estimated to be 12.8 -13.0 mm/yr along its length, which lies within the lowest end of the two 

Late Pleistocene geologic rates at Biskra Palms Oasis (van der Woerd et al., 2005; Behr et al. 

2010). Rates along the MMC reach into the 13 - 14 mm/yr range, while the rates along the San 

Jacinto Fault are estimated to be approximately 9 – 10 mm/yr (Figure B15).  

 The fact that our end-member SSAF scenario fits these two areas of geologic – geodetic 

discrepancy may present another intriguing line of supporting evidence for the hypothesis that 

southern California has been experiencing periodic alternating levels of activity between the 
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SSAF system and the ECSZ system (Dolan et al., 2007; Oskin et al., 2008). If our postseismic-

reduced GPS velocity field approximates long-term plate boundary crustal velocities, we should 

be able to at least better match long-term geologic slip rates with our estimated block motions, if 

we assume that fault slip rates generally remain constant over long periods of geologic time 

(Tapponnier et al., 2001). In the case that the removal of transient earthquake processes from 

GPS velocities does not resolve the discrepancy, we then turn to the possibility that perhaps these 

fault slip rates may have changed through time. Dolan et al. (2007) discuss this in the context of 

their hypothesis pointing out that geologic observations from the Wrightwood paleoseismic 

investigation (Weldon et al., 2002; Weldon et al., 2004, see their Figure 9) show time averaged 

slip rates of 31 mm/yr over the last 1500 years, but that the most recent slip rate over the last 

1100 years is only 24 mm/yr, which is much closer to the estimated geodetic rate of Argus et al. 

(2005) of 20 mm/yr and to the previous block modeling work estimated rates of 14 – 18 mm/yr. 

This transition from a very large slip rate over a period of earthquake clustering along the SSAF 

(89 mm/yr between 600 – 900 AD; Weldon et al., 2004), to a slower rate over more recent time 

corresponds with a change in active seismicity towards the ECSZ system (Rockwell et al., 2000; 

Dolan et al., 2007). Turning back to our different fault geometries, this transition may be 

reflected in the fact that our end-member, SSAF only, scenario SGP2 produces 34 mm/yr on the 

Mojave section (faster rates than other models, because this model does not have an active ECSZ 

system), but an alternative model with an ECSZ fault zone included produces slip rates along the 

Mojave section of 19 mm/yr (model SGP7, Map Sheet B1G) and lower (SGP14, Map Sheet 

B1N; SGP15 Map Sheet B1C; SGP9, Map Sheet B1I) depending on which faults in the ECSZ 

are included.  
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 However, with an end member ECSZ-only model and no active SSAF system, resulting 

fault slip rates are quite unreasonable compared to geologic observations in the models we have 

constructed, with estimated geodetic Coachella section rates of ~9.0 mm/yr (SGP3, Map Sheet 

B1A; SGP4, Map Sheet B1A). This observation suggests that perhaps the mechanism proposed 

by Dolan et al. (2007) is less an alternating fault system switch, but rather the ECSZ sharing the 

load of the SSAF for periods of time, while the SSAF still remains partially active. Alternatively, 

we could simply be observing some sort of transition period with our long-term (century scale) 

steady-state dataset, rather than seeing a picture of one or the other fault system being fully 

active during the past century. The cause of this switch to turn on the ECSZ may lie within the 

same hypothesized mechanism of strain annealing and hardening in the ductile roots of the main 

faults (Dolan et al., 2007), yet further characterization of how these two major fault systems 

interact in and around San Gorgonio Pass and southern California is needed to test this.  

 One last observation to take into consideration is that the sum of block model slip rates 

across the Mojave section of the SAF and the Eastern California Shear Zone of 28 to 31 mm/yr is 

smaller than the 36 mm/yr obtained by summing the geologic slip rate estimates, even for the 

model that produces geodetic rates matching observed geologic rates along the Mojave and San 

Bernardino sections of the SSAF. If the SSAF Mojave segment—ECSZ system is a closed 

system, we might expect the total rate accommodated across the system to be constant regardless 

of how slip is partitioned between the SSAF and the ECSZ over time. However, our best fitting 

GPS model, SGP1, only seems to recover ~24 mm/yr across these systems (Figure B14). Our 

best fitting Mojave – San Bernardino model, SGP2, comes much closer as it attributes 34 mm/yr 

across those two systems (Figure B15), though it is still just short of the preferred geologic 

summed rate. However, when we examine our fault slip rates estimated from the observed GPS 
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velocity field (no postseismic reduction performed), the rates across the Mojave Section and 

ECSZ amount to ~38 mm/yr, which matches the summed geologic rate quite well. This could be 

an indication that accumulated postseismic strain contributes in some way to the earthquake 

cycle, or alternatively it could indicate that the SSAF Mojave segment—ECSZ system is not 

closed and accommodating a constant total rate through time together.  That is, the SSAF 

Mojave segment—ECSZ system might itself trade-off with other components of the plate 

boundary zone through time, similar to what has been suggested by Dolan et al. (2007) with 

regards to faults of the Los Angeles Area or the Garlock Fault.  If the former explanation is 

applied, it could have important implications for our treatment of postseismic motions as a 

transient process that has little bearing on earthquake recurrence.  If the later explanation is 

correct, we would expect to find another portion of the plate boundary system that is 

accommodating ~5-8 mm/yr of motion in excess of the geologic rates there. More investigation 

is required to further understand how these systems may interact. 

 

B.6 CONCLUSION 

 San Gorgonio Pass in southern California is one of the main loci of fault complexity in 

the San Andreas Plate boundary system and characterizing the slip rates of the separate fault 

strands in the area is critical to better delineating seismic hazards for the region. We apply elastic 

fault block modeling to address this challenge, and to improve upon past results of block 

modeling we incorporate a new postseismic-reduced GPS velocity field dataset in order to assess 

its effect on estimated fault slip rates. We find that multiple model fault geometries fit different 

data observations in different ways. The most complex fault geometry model fits our 

postseismic-reduced GPS velocity field with the lowest reduced χ2 misfit, and in addition, this 
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same model has the lowest RMS scores to both overall geologic observations and to Late 

Pleistocene geologic observations. Models that best fit geologic slip rates observations within 

San Gorgonio Pass itself indicate that a Mission-Mill Creek fault strand is needed to keep 

geodetically estimated dextral fault slip rates on the Banning-SGP fault low enough to match 

geologic observations. A key result is that accounting for postseismic deformation in the method 

we have used improves overall reduced χ2 misfit to the geologic data for all models. In addition, 

we estimate summed geodetic slip rates across the ECSZ, which are in agreement with previous 

estimates of geodetic rates that are double the summed geologic rates in the area. Our summed 

geodetic slip rate across the ECSZ region is 12 mm/yr for our best-fitting model geometry, while 

the geologic sum is 4.4 – 9.5 mm/yr, which indicates we are still detecting a discrepancy in this 

region. Moreover, we find that our postseismic reductions do not fill the known discrepancy gap 

for the Mojave and San Bernardino sections of the SAF, unless the geometry is altered to include 

only the SSAF and faults to the west. The implications of this lack of success indicate that this 

particular discrepancy might have a different source, and that our results might support the Dolan 

et al. (2007) fault system switching hypothesis and the idea that Mojave SAF slip rates may have 

potentially changed through time and thereby may not be represented well by long-term steady-

state geodetic velocities. In summary, our elastic fault block modeling using a postseismic-

reduced GPS velocity field introduces a promising new dataset for fault modeling in California, 

and our suite of fifteen models have allowed us to examine regional fault activity and fault 

interaction in this complex area.  
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B.8 TABLES 
 

TABLE B1. GEOLOGIC SLIP RATES AND UNCERTAINTIES ALONG FAULTS NEAR SAN GORGONIO PASS   

Fault Study Site 
Holocene Slip 

Rate 
Pleistocene Slip 

Rate Reference 
Citation 
Number 

    (mm/yr) ± 2σ (mm/yr) ± 2σ     
Coachella Valley 

    
  

Mission Creek Fault 
Pushawalla 

Canyon 20 ± 2 20 ± 2 Blisniuk et al. (2013b) 1 

Mission Creek Fault Biskra Palms - 15.9 ± 3.4 
van der Woerd et al. 
(2006) 2 

Mission Creek Fault Biskra Palms - 14 — 17 Behr et al. (2010) 3 

Mission Creek Fault 
Mission Creek 

Preserve - 20 — 30 
Fosdick and Blisniuk 
(2018)* 4 

Mission Creek Fault  
Thousand Palms 

Oasis 4 ± 2 
 

Fumal et al. (2002)† 5 
  

    
  

Eastern California Shear 
Zone 

    
  

Calico — Hildalgo Fault 
 

- 1.8 ± 0.3 Oskin et al. (2007) 6 
Camp Rock — Emerson Fault 

 
- ≤1.4 ± 0.6 Oskin et al. (2008) 6 

Helendale — South Lockhart 
Fault 

 
- ≤0.8 ± 0.3 Oskin et al. (2008) 6 

Ludlow — Cleghorn Lake 
Fault 

 
- ≤0.4 ± 0.2 Oskin et al. (2008) 6 

Pisgah—Bullion Fault 
 

- 1.0 ± 0.2 Oskin et al. (2008) 6 
Calico — Hidalgo Fault 

 
- 3.2 ± 0.4 Xie et al. (2018) 7 

  
    

  
Eastern Transverse Ranges 

    
  

Blue Cut Fault Hexie Mountains - 1.73 - 2.17 Guns et al. (2019) 8 
Pinto Mountain Fault Oasis of Mara 1.59-1.80 - Cadena (2013) 9 

Pinto Mountain Fault 
West Yucca 

Valley - 3.0 +0.6/-0.4 Gabriel (2017) 10 
  

    
  

San Gabriel Mountains 
    

  

Sierra Madre — Cucamonga Day Canyon - 
1.9 ± 0.4 (dip-

slip) Lindvall and Rubin (2006) 11 
  

    
  

San Bernardino Section & 
Cajon Pass 

    
  

SAF San Bernardino Section Cajon Pass 25 +6/-4 23 +5/ -2 Weldon and Sieh (1985) 12 
SAF San Bernardino Section Plunge Creek 6.3 - 18.5 7.0 - 15.7 McGill et al. (2013) 13 

SAF San Bernardino Section Badger Canyon - 12.8 +5.3/-4.7 
McGill, et al (in review, 
this volume) 14 

SAF San Bernardino Section Pitman Canyon - 14.5 +9.9/-6.2 
McGill, et al (in review, 
this volume) 14 

SAF San Bernardino Section Wilson Creek 14.0 - 25.0 12.0 - 34.0 Harden and Matti (1989) 15 
SAF San Bernardino Section Burro Flats 4.5 ± 2.5 

 
Orozco (2004) 16 

  
    

  
Mojave Section 
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SAF Mojave section Pallett Creek 35.6 ± 6.7 - Salyards et al. (1992)§ 17 
SAF Mojave section Wrightwood 20-40 - Weldon et al. (2002) 18 

SAF Mojave section 
Ritter Ranch/Key 

Slide 21.2 +4.2/-9.3 - Young et al. (2019)* 19 
SAF Mojave section Little Rock Creek 

 
30  ± 10 Matmon et al. (2005)* 20 

  
    

  
San Gorgonio Pass 

    
  

Banning Fault Whitewater 2.3 - 5.9 - Gold et al. (2015) 21 

San Gorgonio Pass Fault 
Millard Canyon, 

Cabezon 
5.7 +2.7/-1.5 

(oblique) - 
Heermance and Yule 
(2017) 22 

San Gorgonio Pass Fault 
Millard Canyon, 

Cabezon 
~ 0.64 to ~ 3.51 

(strike-slip) 
 

Heermance and Yule 
(2017)# 22 

Mill Creek Fault 
 

0 - Kendrick et al. (2015)* 23 
Mission-Mill Creek Fault 

 
0 - Matti et al. (2019) SCEC* 24 

  
    

  
Peninsula Ranges 

 
- 

  
  

San Jacinto Fault Anza 9.2 ± 2 12 +9/-5 Rockwell et al. (1990) 25 
San Jacinto Fault Thomas Mountain 12.4 +2.5/-2.0 13.4 +3.8/-2.5 Blisniuk et al. (2013a) 26 
San Jacinto Fault Quincy 12.8 - 18.3 - Onderdonk et al. (2015) 27 

San Jacinto Fault, Clark Fault 
Rockhouse 

Canyon - 8.9 ± 2 Blisniuk et al. (2010) 28 
San Jacinto Fault, all strands Borrego Springs - ≥14.0 +7.1/-4.5 Janecke et al. (2010)* 29 
Elsinore Fault, Glen Ivy 
Section Temescal Valley - 5.3 -5.9 

Millman and Rockwell 
(1986) 30 

Elsinore Fault, Widomar 
Section Murietta 4.9 +1.0/-0.6 - Rockwell et al. (2000a) 31 
*Not included in analysis due to location outside boundary or lack of point location, but shown 
for comparison 

 
  

† Only potentially measuring 
one strand 

    
  

§Not located within model boundary, but included in 
RMS analysis 

   
  

# This rate is a strike slip rate calculated from the oblique "net slip" rate data reported by Heermance & Yule (2017) for 
surface Qt-3 in their supplementary materials   

TABLE B1. Compilation of geologic slip rates along faults of San Gorgonio Pass and 
surrounding area, corresponding with reference numbers plotted in Figure B2. 
 
 
 
 
 
 
 
 
 
 
 
 
 



 164 

TABLE B2. GPS STATION LOCATIONS 

Longitude Latitude Station name 
(ºW) (ºN)   
243.69201 33.85417 0181 
243.68194 33.8266 0184 
243.52541 33.92512 0358 
243.35805 33.92486 0822 
244.03611 33.67719 1113 
244.75691 33.68069 1114 
243.32918 34.14902 3SIS 
243.54227 34.09028 5297 
242.60385 34.03831 6106 
242.65801 34.21237 6108 
243.02618 34.28081 7211 
243.75007 33.88582 8252 
242.72681 34.18351 AWHD 
244.06612 33.92529 BLOY 
243.80558 34.19314 BOUR 
242.86079 34.01379 BRIN 
243.40187 34.20348 BRNS 
242.73444 34.06319 BRYN 
243.22447 33.9159 CABZ 
243.04816 34.00275 CHER 
243.43589 34.14986 CHPA 
242.61961 34.00363 CLSA 
243.21048 34.23378 DEAD 
244.59963 33.71513 DESO 
242.66114 34.21705 DEVL 
243.0308 34.07802 DIVD 
243.18805 33.97558 DVID 
244.00138 33.97409 F726 
242.83932 33.96366 FATL 
243.24704 34.11977 FSCR 
243.44958 33.99537 G011 
243.26815 33.93785 G021 
242.77897 34.00515 G068 
242.86122 33.94723 G069 
243.20384 33.66916 G076 
243.36096 33.57211 G078 
242.77997 34.28624 GVWP 
243.80185 34.15429 HI65 
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242.83073 34.13393 HIGH 
243.45538 33.93544 INA3 
243.48461 34.00404 INA5 
243.96622 34.07442 JT01 
243.92231 34.02462 JT02 
243.86675 34.02648 JT03 
243.8362 33.97294 JT04 
243.81792 34.02489 JT05 
243.6713 33.9165 JT06 
243.74318 34.08836 JT07 
243.85065 34.10792 JT08 
243.69368 34.01079 JT09 
243.65088 34.02949 JT10 
243.77568 33.97772 JT11 
244.3237 33.87362 JT12 
244.23589 33.83415 JTRE 
242.79692 34.10776 K526 
242.95048 34.19589 KELL 
243.80923 34.08266 KEY2 
243.00555 33.87118 LACY 
242.69075 33.83737 LAST 
244.41597 34.08797 LITE 
243.55981 33.96129 LNGC 
242.78319 34.01823 LS35 
243.11805 34.4395 LUCS 
242.87194 34.34404 LUNE 
243.34823 33.98367 MATX 
243.1722 34.17817 MEAD 
243.38257 34.25791 MEEK 
242.76829 33.79638 METB 
242.98937 34.09072 MILL 
243.72048 34.21934 MNA2 
243.4138 33.98801 MOGO 
243.16434 34.34094 MONA 
242.43904 33.93436 NORC 
243.66542 34.17841 NWAL 
243.29051 34.19257 ONYX 
244.15222 33.90569 PB15 
244.31772 33.97193 PB21 
243.07404 34.16055 PITS 
242.93205 34.45384 PT65 
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243.4558 33.96159 RC67 
243.53112 34.26411 RICU 
242.98324 33.73655 RYN6 
242.48694 34.01818 SANO 
243.17504 34.09924 SGPK 
243.32055 33.81472 SJPK 
243.52467 34.14976 SKYL 
242.6966 34.11215 U471 
243.47152 34.1048 ULMO 
242.98547 34.35101 WMTN 
242.90681 34.11641 7ODM 
242.55511 33.27427 ACSX 
243.57062 34.59428 AGMT 
241.3052 34.82449 ALPP 
242.67507 33.34185 AR27 
242.52349 33.38114 AR53 
241.08958 35.20125 ARM1 
241.08944 35.20126 ARM2 
242.84603 34.4683 AVRY 
243.3703 33.54007 AZRY 
242.10351 34.12602 AZU1 
243.11576 34.26428 BBRY 
244.00181 34.00053 BEMT 
241.92591 35.87839 BEPK 
241.8403 33.96712 BGIS 
242.9354 33.57824 BILL 
243.91958 35.28705 BKAP 
241.9053 33.96226 BKMS 
245.28515 33.61042 BLYT 
243.94702 34.25145 BMHL 
243.0153 33.96268 BMRY 
244.2703 33.36463 BOMG 
241.72295 34.18489 BRAN 
241.42319 34.68228 BRPK 
242.98801 34.91861 BSRY 
241.81177 34.29281 BTDM 
244.01005 33.65514 CACT 
242.59602 33.45535 CASE 
241.51699 33.44577 CAT1 
241.66618 33.31162 CAT2 
241.51699 33.44576 CAT3 



 167 

241.37019 34.13856 CBHS 
242.32883 35.56531 CCCC 
241.7888 33.87626 CCCO 
243.66407 34.82947 CDMT 
242.03505 34.24399 CGDM 
241.974 34.33342 CHIL 
242.1723 34.64046 CHMS 
243.33424 31.87068 CIC1 
241.0627 34.10955 CIRX 
241.87271 34.13671 CIT1 
242.57554 34.2712 CJMG 
242.52062 34.3138 CJMS 
241.85577 34.53032 CJVG 
242.29119 34.10993 CLAR 
242.68902 33.13539 CLBD 
241.58858 34.35318 CMP9 
242.39108 33.85763 CNPP 
242.19111 35.98234 COSO 
243.61311 33.73249 COTD 
242.42698 35.07173 CPBN 
242.90032 34.03905 CRFP 
241.72723 33.8235 CRHS 
244.26496 33.06981 CRRS 
241.74328 33.86148 CSDH 
241.47619 34.25355 CSN1 
241.38679 34.51655 CTDM 
243.62957 34.1241 CTMS 
242.09828 34.08201 CVHS 
241.60314 34.33484 DAM2 
241.60253 34.33399 DAM3 
244.21197 33.38981 DHLG 
242.69278 33.43059 DLUZ 
241.65146 34.02393 DSHS 
242.75046 33.03648 DSME 
243.28791 33.73333 DSSC 
242.15412 35.26747 DTPG 
242.13987 34.41341 DVPB 
241.87254 33.93832 DYH2 
241.87402 33.93799 DYHS 
241.67098 33.88675 ECCO 
242.58831 33.64768 ECFS 
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241.16959 34.94619 EDPP 
241.87121 33.5835 ELLY 
241.79157 34.02973 ELSC 
242.57398 33.64914 ELSG 
241.57427 34.70312 ELTN 
241.54624 34.59929 ELTS 
244.17727 33.11645 ERRG 
242.47441 34.1042 EWPP 
243.06413 34.09355 FHOG 
241.10586 34.40986 FMTP 
241.11597 34.35634 FMVT 
241.7595 34.73391 FOXG 
241.64052 34.0806 FXHS 
241.10662 34.80019 FZHS 
242.60211 34.20389 GHRP 
244.47863 33.27481 GLRS 
243.61743 34.29144 GMAG 
245.17265 33.05109 GMPK 
244.33977 34.784 GMRC 
243.11075 35.42516 GOLD 
241.88711 34.04745 GVRS 
242.70079 35.01154 HAR7 
241.71421 33.78365 HBCO 
243.56992 34.75477 HCMN 
242.20055 34.75992 HIVI 
242.9985 33.7081 HMTG 
244.36466 33.70501 HNPS 
242.15487 34.45816 HOL3 
242.15484 34.45819 HOLC 
241.83183 33.92454 HOLP 
245.1553 34.06496 HW62 
244.08855 34.72733 I40A 
243.77849 33.7968 IDOG 
243.76102 33.76797 IDQG 
244.8549 34.15756 IMPS 
241.5257 35.66227 ISLK 
242.04456 34.44907 JNHG 
243.8266 33.92537 KYVW 
241.42535 34.18192 LAPC 
241.6935 33.92794 LASC 
241.86282 33.83207 LBC1 
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241.82676 33.79161 LBC2 
241.79666 33.78777 LBCH 
243.5672 34.26734 LDES 
243.79086 34.69943 LDSW 
241.67825 34.1346 LEEP 
241.58717 34.09507 LFRS 
242.23555 33.6406 LGWD 
241.8608 34.66202 LINJ 
241.13226 34.80752 LJRN 
243.24123 33.23601 LKHG 
242.16504 34.48546 LL01 
242.16207 34.58598 LLAS 
242.60872 33.7442 LMHG 
242.55493 33.8174 LMSG 
243.06035 35.0902 LNMT 
241.99659 34.1119 LONG 
242.24593 34.13333 LORS 
242.45364 34.31486 LPCG 
242.04328 34.02677 LPHS 
241.97001 34.52706 LRRG 
242.5633 33.85676 MAT2 
241.75587 33.93906 MHMS 
241.87374 34.13683 MILK 
242.68204 33.9184 MLFP 
241.12198 34.29551 MPWD 
242.11831 34.17523 MRDM 
243.35204 34.0385 MSCG 
242.78987 34.23084 MSOB 
241.7545 34.05522 MTA1 
243.35277 33.19916 MTGG 
243.85183 34.50862 NBPS 
245.38137 34.76769 NDAP 
242.43042 33.91971 NOCO 
241.65199 33.97974 NOPK 
244.84249 35.96982 NVBM 
244.50439 35.95628 NVPO 
243.93226 34.14101 OAES 
242.65326 33.24067 OCSD 
244.08194 34.36988 OPBL 
243.69454 34.42772 OPCL 
243.91663 34.36713 OPCP 
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243.85052 34.43008 OPCX 
243.70772 34.53303 OPRD 
243.18491 34.6749 ORMT 
241.79268 34.12881 OXYC 
242.60611 34.46241 P470 
242.45913 33.56213 P471 
242.75131 33.35519 P474 
242.81032 33.43965 P476 
242.88663 33.5028 P477 
242.92841 33.23572 P478 
243.21707 33.49332 P479 
243.32859 33.24018 P482 
243.43067 33.05916 P483 
243.37916 33.37559 P484 
243.59096 33.21021 P485 
243.67771 33.26019 P486 
243.81693 33.21353 P487 
243.92119 33.20102 P488 
243.88839 33.29621 P489 
243.5741 33.52346 P490 
243.77318 33.57468 P491 
244.37161 33.04496 P495 
244.23415 33.51641 P504 
244.313 33.42387 P505 
244.4898 33.08143 P506 
244.3876 33.19998 P507 
244.5713 33.24778 P508 
244.65667 33.14357 P510 
244.7039 33.88694 P511 
241.82243 34.37637 P517 
241.12103 34.83509 P553 
241.15197 34.7923 P554 
241.33058 34.69499 P555 
241.45455 34.77111 P556 
241.34441 34.94439 P557 
241.38835 35.13861 P558 
241.3824 34.83891 P559 
241.45913 34.82181 P560 
241.60094 34.61846 P561 
241.81126 34.98213 P562 
241.24642 35.42095 P567 
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241.87349 35.25431 P568 
241.87623 35.37797 P569 
241.73996 35.66735 P570 
242.36611 34.28677 P574 
242.45784 34.21551 P575 
242.68109 34.30461 P577 
241.99423 35.03876 P579 
242.80777 35.62095 P580 
242.271 34.50974 P581 
242.45114 34.63426 P582 
242.45661 34.987 P583 
243.04836 33.8926 P584 
243.45425 34.01935 P585 
242.71948 34.53484 P586 
241.96866 34.33223 P587 
242.7324 34.78544 P588 
242.88981 34.62067 P589 
242.63525 35.11678 P590 
242.69677 35.23855 P592 
242.79494 35.38787 P593 
242.60987 35.89671 P594 
242.59716 35.69756 P595 
243.11048 35.99818 P596 
243.1116 35.7106 P597 
243.28973 34.19246 P598 
243.46254 34.21717 P599 
243.78812 33.86585 P600 
243.91977 33.9593 P601 
243.9705 34.71691 P603 
243.32855 34.93683 P604 
242.06333 34.34113 P605 
243.12038 34.46206 P606 
244.17935 33.74104 P607 
244.3134 33.99408 P608 
243.10718 34.06269 P609 
244.23628 34.42575 P610 
244.35019 35.20477 P611 
242.68448 34.18738 P612 
242.95004 34.19619 P613 
244.74974 34.73179 P614 
243.23709 35.20461 P615 
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242.10667 35.42456 P616 
243.42836 35.32064 P617 
243.89607 35.14189 P618 
243.8782 35.52595 P619 
243.85508 35.78536 P620 
244.45605 35.47276 P621 
244.63414 35.16299 P622 
245.4006 34.18893 P623 
245.03486 34.84444 P625 
244.76172 35.29112 P626 
243.40402 33.5982 P740 
243.46898 33.55747 P741 
243.39743 33.49554 P742 
243.85187 34.50812 P795 
243.40747 33.53729 P797 
241.69365 33.92765 P799 
241.65093 34.02169 P800 
241.37855 34.83602 P808 
241.98339 35.15243 P811 
241.98347 35.1525 P812 
242.96822 33.38902 PALG 
242.07743 34.50823 PBPP 
242.30552 34.92542 PHLB 
251.88107 34.30151 PIE1 
241.7671 34.07156 PKRD 
241.84631 33.90263 PMHS 
243.07625 33.68713 POBG 
242.81791 33.83573 PPBF 
243.50601 33.81924 PSAP 
242.19291 34.09177 PSDM 
241.59574 33.7433 PVE3 
241.62784 33.77945 PVHS 
241.67941 33.77386 PVRS 
241.75519 34.62868 QHTP 
243.84854 34.68314 RAGG 
242.31665 35.33871 RAMT 
242.41352 33.44414 RCSC 
243.37531 34.64394 RDMT 
241.98665 34.0009 RHCG 
241.97383 34.01905 RHCL 
242.39057 33.67413 RKMG 
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242.44468 33.48581 RMVJ 
241.32357 34.23567 ROCK 
241.80707 34.87508 RSTP 
242.64667 34.08915 RTHS 
242.33851 33.553 SBCC 
242.6117 34.60745 SCIA 
243.7211 34.25501 SDHL 
241.24549 34.45981 SFDM 
242.1383 34.20563 SGDM 
241.89102 34.08863 SGHS 
243.30431 33.91254 SGPS 
243.70102 35.97135 SHOS 
243.98442 34.62426 SIBE 
241.73613 34.10286 SILK 
241.52137 34.43862 SKYB 
243.74594 33.19262 SLHG 
244.02216 33.29223 SLMS 
243.19221 34.03521 SNOG 
242.43974 33.38075 SONG 
241.35384 34.05934 SPK1 
242.15122 33.99265 SPMS 
242.32172 34.38185 TABL 
241.58543 35.15818 THCP 
243.92275 33.65064 THMG 
242.2332 33.54964 THMS 
243.83954 33.64125 TMAP 
241.6694 33.7978 TORP 
241.16334 34.24796 TOST 
242.23511 35.80856 TOWG 
241.77143 34.87886 TPOG 
243.46946 34.8386 TROY 
242.27448 33.97246 TWMS 
241.55809 34.06912 UCLP 
241.71489 34.02395 USC1 
241.72267 34.01952 USC2 
243.91467 33.03006 USGC 
241.78 34.17857 VDCY 
241.48559 34.12645 VIMT 
241.51546 34.29319 VNCX 
241.87884 34.50148 VNPS 
241.70618 33.71264 VTIS 
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242.80681 33.22502 VTOR 
242.00795 34.03092 VYAS 
241.44302 35.73839 WASG 
242.08889 34.0619 WCHS 
241.01631 35.01085 WGPP 
241.96883 33.97989 WHC1 
241.64805 35.69505 WHFG 
243.60822 33.93476 WIDC 
241.25848 34.5685 WKPK 
241.94409 34.22612 WLSN 
241.58571 34.25942 WMAP 
244.41811 33.03832 WMDG 
241.94074 34.04324 WNRA 
243.06833 34.66901 WOMT 
241.75761 35.69557 WORG 
241.57239 33.95815 WRHS 
244.42122 33.27884 WWFG 
243.34614 33.95531 WWMT 
241.91611 34.60352 ZLA1 

 
TABLE B2. All locations and station names for continuous and campaign GPS stations used in 
this study. 
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TABLE B3. STATIONS WHOSE VELOCITIES WERE ESTIMATED MANUALLY IN 
TSVIEW          

Continuous 
station Justification 

Comp
onent 

Previous 
velocity Sigma NRMS WRMS 

New 
velocity Sigma NRMS WRMS 

      (mm/yr) (mm/yr) 
 

(mm) (mm/yr) (mm/yr)   (mm) 
    N 11.87 0.21 9.69 2.28 12.45 0.11 3.61 1.14 

AVRY 

Increasing 
unmodeled 
cyclic noise E -14.20 0.47 23.68 2.91 -12.78 0.10 3.76 1.15 

    N 14.96 0.23 10.51 1.78 16.19 0.06 1.29 0.67 

CHMS 

Increasing 
unmodeled 
cyclic noise E -13.54 0.29 14.35 2.04 -14.94 0.19 4.51 0.76 

    N 16.81 0.29 9.06 1.92 15.70 0.07 1.21 0.99 

CJMG 

Short period of 
high noise 
volume E -12.57 0.96 32.24 4.39 -15.85 0.24 4.63 1.02 

    N 16.00 0.21 9.01 1.44 15.26 0.08 3.07 0.83 

COSO 

Large 
unmodeled 
offset E -6.43 0.40 18.68 2.77 -4.84 0.23 9.35 1.34 

    N 22.78 0.62 11.46 3.21 23.59 0.26 2.29 1.14 

DYHS 

Short period of 
high noise 
volume E -28.93 0.43 8.97 3.29 -29.10 0.26 2.53 0.91 

    N 22.12 0.17 11.18 2.36 22.43 0.15 8.29 1.08 

ELSC 

Short period of 
high noise 
volume E -23.65 0.19 13.39 2.56 -23.79 0.15 8.73 1.09 

    N 23.57 0.58 34.64 7.19 23.28 0.30 15.75 1.84 

LPHS 

Short period of 
high noise 
volume E -25.45 0.68 43.30 8.15 -25.03 0.49 27.85 2.39 

    N 23.81 1.21 36.23 4.89 25.18 0.24 5.03 1.96 

MHMS 

Increasing 
unmodeled 
cyclic noise E -26.56 2.38 85.55 9.06 -22.18 0.31 8.17 3.22 

    N 24.95 0.26 20.85 2.36 25.12 0.21 9.13 1.20 

NOPK 

Short period of 
high noise 
volume E -23.32 0.43 36.77 4.71 -22.77 0.12 5.55 1.28 

    N -1.52 1.46 104.91 7.11 3.38 0.32 14.89 1.54 

P506 

Large 
unmodeled 
offset E -7.92 0.96 71.96 4.68 -5.47 0.73 36.01 3.14 

    N 4.94 0.13 10.90 0.91 4.69 0.07 4.30 0.70 

P795 

Large 
unmodeled 
offset E -5.75 0.33 29.97 1.89 -6.51 0.03 2.28 0.72 

    N 7.61 4.67 1115.30 10.16 23.94 0.31 3.04 0.80 

RHCG 

Unknown 
unmodeled 
signal E -7.82 3.84 96.22 8.43 -22.59 0.36 3.52 1.12 
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    N 17.61 1.41 22.92 2.27 22.16 0.48 3.49 1.01 

RKMG 

Unknown 
unmodeled 
signal E -20.21 1.97 34.30 4.21 -28.91 0.51 3.96 0.89 

    N 21.67 0.20 21.65 2.54 21.86 0.19 18.91 1.61 

WCHS 

Short period of 
high noise 
volume E -23.23 0.24 27.16 4.38 -23.24 0.22 24.03 1.90 

    N 18.34 1.33 10.86 2.62 11.94 0.26 1.04 1.17 

WORG 

Large 
unmodeled 
offset E -2.98 1.37 12.44 2.78 -9.55 0.19 0.82 1.40 

Campaign 
station Justification 

Comp
onent 

Previous 
velocity Sigma NRMS WRMS 

New 
velocity Sigma NRMS WRMS 

      (mm/yr) (mm/yr)   (mm) (mm/yr) (mm/yr)   (mm) 
    N 20.66 2.10 8.79 14.81 18.29 0.42 1.47 2.97 
BRIN Outliers E -26.92 3.70 16.55 24.50 -18.05 0.32 1.18 2.12 
    N 10.08 0.91 2.25 9.39 9.34 0.58 1.34 3.54 
DEAD Outliers E -12.22 1.43 3.49 10.37 -11.21 0.65 1.51 4.62 
    N 18.48 5.75 27.86 54.60 18.56 0.69 3.34 4.51 
DIVD Outliers E -11.85 6.34 31.31 37.24 -12.40 0.67 3.32 3.53 
    N 11.80 1.08 0.93 3.56 12.80 0.74 0.60 3.07 
INA5 Outliers E -12.23 5.16 4.44 22.12 -16.04 0.34 0.28 2.24 
    N 16.62 1.63 2.90 15.02 12.79 0.42 0.57 2.30 
MATX Outliers E -3.95 3.20 5.40 33.06 -12.28 0.36 0.46 2.51 

TABLE B3. List of continuous and campaign stations whose velocities were estimated by hand 
within TSVIEW software; the reason for manual velocity estimation is presented in column two; 
the statistics for estimated velocities from the postseismic-reduced velocity field before manual 
noise or outlier removal is presented in columns four through seven; the statistics for estimated 
velocities after removal of excessive noise, outliers or un-modeled signals is presented in 
columns eight through eleven. 
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TABLE B4. MODEL FAULT LOCKING DEPTHS AND DIPS   

Fault Name 
Fault Number in 

Model 
Locking Depth 

Assigned* Dip Assigned† 
    (km) (º) 

San Jacinto 1 15 80 - 89 
SAF Coachella Valley 2 10 89 
SAF Banning-Garnet Hill-San 
Gorgonio Pass 3 20 21 - 86 
SAF San Bernardino 4 15 86 - 89 
SAF Mission Creek 5,6 15 81 - 89 
Mill Creek 7 15 81 - 86 
Burnt Mountain (Eureka Peak) 8,9 15 78 
Blue Cut 10 10 89 
Pinto Mountain 11,12,13,14 10 89 
West North Frontal 15 10 46 - 89 
Helendale-South Lockhart 16,17 10 89 
East North Frontal 18 10 43 
Johnson Valley 19 10 89 
North Emerson 20 10 89 
Pisgah-Bullion 21 10 89 
Calico-Hidalgo 22 10 89 
Ludlow-Cleghorn Lake 23 10 89 
Sheep Hole 24,25 10 89 
Cucamonga 26 15 58 
San Jacinto, Cajon Pass 27 20 85 
SAF Mojave 28 15 89 
Elsinore 29 15 68 - 88 
*Assigned based on depth of seismicity from Hauksson 
(2000) 

 
  

† Assigned based on dips from the SCEC Community Fault Model (CFM4 and CFM5), and UCERF3 
Values 

TABLE B4. List of faults included in our block modeling geometries along with their chosen 
locking depths and assigned fault dips. 
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TABLE B5. MODEL FAULT LOCKING DEPTHS AND DIPS 
Model 
Name 

Number of 
Blocks Geometry Description 

SGP1 15 
Testing the possibility of all potentially active faults presently accommodating plate 
motion together 

SGP2 6 
Testing the end-member scenario of just "San Andreas" motion with an active San 
Gorgonio Pass Fault, Mission-Mill Creek system 

SGP3 10 
Testing the end-member scenario of near total block rotation in the Eastern 
Transverse Ranges transferring slip to the Eastern California Shear Zone 

SGP4 5 
Testing the end-member scenario in which the "Landers-Mojave Earthquake Line" 
zone works with the westernmost faults to accommodate plate motion 

SGP5 13 
Testing the possibility of an active San Gorgonio Pass Fault and Mission Creek Fault 
(no Mill Creek or Burnt Mountain Fault motion 

SGP6 14 

Testing the possibility of simultaneous transfer of plate motion through San Gorgonio 
Pass Fault and through block rotation in the Eastern Transverse Ranges (no Burnt 
Mountain Fault). 

SGP7 6 

Testing the possibility of the combination of only the San Jacinto, the San Gorgonio 
Pass Fault, and the "Landers-Mojave Earthquake Line" zone to accommodate all plate 
motion 

SGP8 13 
Testing the possibility of an active San Gorgonio Pass Fault with no Mission-Mill Creek 
motion 

SGP9 8 

Testing the possibility of an active San Gorgonio Pass Fault and Mission-Mill Creek 
system working together with the "Landers Mojave Earthquake Line" to accommodate 
plate motion 

SGP10 14 
Testing the possibility of simultaneous transfer of motion through all faults but the Blue 
Cut Fault 

SGP11 12 
Testing the possibility of an active San Gorgonio Pass Fault only (no Mission-Mill 
Creek system) working with a "Landers-Mojave Earthquake Line" zone 

SGP12 13 

Testing the possibility of an active San Gorgonio Pass Fault and Mission-Mill Creek 
system, with the westernmost section of the Pinto Mountain Fault and the Burnt 
Mountain Fault inactive 

SGP13 13 

Testing the possibility of an active San Gorgonio Pass Fault, active Mission-Mill Creek 
system, with no activity on the Blue Cut or Burnt Mountain faults in the Eastern 
Transverse Ranges 

SGP14 7 
Testing the possibility of all faults that have Holocene displacements or historical 
earthquake ruptures being active 

SGP15 14 
Testing the possibility of all potentially active faults presently accommodating plate 
motion together, except for the removal of the Western North Frontal fault 

TABLE B5. Descriptions of our block model geometry hypotheses, which correspond to Figure 
B8.  
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TABLE B6. BLOCK MODELING GOODNESS OF FIT RESULT COMPARISON         

  

Postseismic 
Reduced 
GPS 
Velocity 
Field 

   
  

Observed 
GPS Velocity 
Field (no 
reduction of 
postseismic 
deformation) 

  
    

Model 
name 

χ2 Misfit 
value 

Number 
of model 
paramet

ers 

RMS 
residu
als to 
geolo

gic 
slip 

rates 

RMS 
residuals 

to 
Holocene 
geologic 
slip rates 

RMS 
residuals to 
Pleistocene 

geologic 
slip rates 

χ2 Misfit 
value 

Number 
of model 
paramete

rs 

RMS 
residuals 

to 
geologic 
slip rates 

RMS 
residuals 

to 
Holocene 
geologic 
slip rates 

RMS 
residuals to 
Pleistocen
e geologic 
slip rates 

SGP1 7.87 45 5.44 4.02 6.09 12.46 45 5.83 3.25 6.92 
SGP8 8.06 39 6.05 4.31 6.74 12.71 39 6.48 3.94 7.50 
SGP6 8.27 42 5.45 3.79 6.17 13.13 42 6.16 3.11 7.31 
SGP5 8.65 39 5.85 4.50 6.36 13.82 39 6.74 4.26 7.65 
SGP10 8.72 42 6.16 3.82 7.10 13.74 42 6.37 2.89 7.67 
SGP15 8.74 42 5.56 4.47 6.24 12.94 42 6.27 3.43 7.53 
SGP12 8.98 39 6.48 3.60 7.55 13.94 39 6.74 2.89 8.10 
SGP11 9.19 36 6.70 4.26 7.59 14.32 36 6.92 3.66 8.12 
SGP13 9.40 39 6.42 3.78 7.41 15.40 39 7.01 2.81 8.42 
SGP9 12.38 24 9.38 8.91 8.69 20.95 24 10.16 8.74 10.02 
SGP14 12.79 21 7.53 3.64 8.93 21.71 21 9.23 3.15 11.14 
SGP7 13.44 18 9.69 8.98 9.22 22.11 18 11.10 8.85 11.38 
SGP3 16.86 30 6.47 5.19 7.39 21.50 30 8.00 5.50 9.39 
SGP4 17.33 15 10.65 9.56 10.60 26.35 15 11.99 9.55 12.66 
SGP2 28.07 18 9.19 9.18 8.11 57.48 18 9.22 9.21 8.09 

TABLE B6. Goodness of fit results for all block models using the postseismic-reduced GPS 
velocity field (left) and the observed GPS velocity field (right) sorted by postseismic-reduced 
GPS field χ2 misfit; bolded terms are the two lowest values in each category. We present the χ2 
misfit values and a normalized RMS score between our geodetically determined fault slip rates 
and published available geologic slip rates for all geologic slip rates (column 7), Holocene 
geologic slip rates only (column 8) and Pleistocene geologic slip rates only (column 9); lower 
RMS scores indicate geodetic rates that are closer to geologic rates (within the sum of 1-sigma 
geologic and 1-sigma geodetic uncertainties). See text for explanation of calculation of the RMS 
residual terms, and χ2 misfit values. 
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TABLE B7A. BLOCK MODELING GOODNESS OF FIT RESULTS, POSTSEISMIC-REDUCED GPS FIELD   
Reduced GPS Velocity 
Field 

      
  

Model 
name 

Reduced 
χ2 misfit 

value 

Degrees 
of freedom 

Number of 
parameters 

GPS data 
NRMS 

GPS data 
WRMS (mm) 

RMS 
residuals to 
geologic slip 

rates 

RMS 
residuals to 
Holocene 

geologic slip 
rates 

RMS 
residuals to 
Pleistocene 
geologic slip 

rates 

SGP1 7.87 347 45 2.6 0.9 5.44 4.02 6.09 
SGP2 28.07 374 18 5.2 1.7 9.19 9.18 8.11 
SGP3 16.86 362 30 3.9 1.3 6.47 5.19 7.39 
SGP4 17.33 377 15 4.1 1.3 10.65 9.56 10.60 
SGP5 8.65 353 39 2.8 0.9 5.85 4.50 6.36 
SGP6 8.27 350 42 2.7 0.9 5.45 3.79 6.17 
SGP7 13.44 374 18 3.6 1.2 9.69 8.98 9.22 
SGP8 8.06 353 39 2.7 0.9 6.05 4.31 6.74 
SGP9 12.38 368 24 3.4 1.1 9.38 8.91 8.69 
SGP10 8.72 350 42 2.8 0.9 6.16 3.82 7.10 
SGP11 9.19 356 36 2.9 1.0 6.70 4.26 7.59 
SGP12 8.98 353 39 2.8 0.9 6.48 3.60 7.55 
SGP13 9.40 353 39 2.9 1.0 6.42 3.78 7.41 
SGP14 12.79 371 21 3.5 1.2 7.53 3.64 8.93 
SGP15 8.74 350 42 2.8 0.9 5.56 4.47 6.24 

 
TABLE B7B. BLOCK MODELING GOODNESS OF FIT RESULTS, OBSERVED GPS FIELD     
Observed GPS Velocity Field 
(unreduced) 

     
  

Model 
name 

Reduced 
χ2 misfit 

value 

Degrees 
of freedom 

Number of 
parameters 

GPS data 
NRMS 

GPS data 
WRMS (mm) 

RMS 
residuals to 
geologic slip 

rates 

RMS 
residuals to 
Holocene 

geologic slip 
rates 

RMS 
residuals to 
Pleistocene 
geologic slip 

rates 

SGP1 12.46 349 45 3.3 1.1 5.83 3.25 6.92 
SGP2 57.48 376 18 7.4 2.4 9.22 9.21 8.09 
SGP3 21.50 364 30 4.5 1.4 8.00 5.50 9.39 
SGP4 26.35 379 15 5.0 1.6 11.99 9.55 12.66 
SGP5 13.82 355 39 3.5 1.1 6.74 4.26 7.65 
SGP6 13.13 352 42 3.4 1.1 6.16 3.11 7.31 
SGP7 22.11 376 18 4.6 1.5 11.10 8.85 11.38 
SGP8 12.71 355 39 3.4 1.1 6.48 3.94 7.50 
SGP9 20.95 370 24 4.4 1.4 10.16 8.74 10.02 
SGP10 13.74 352 42 3.5 1.1 6.37 2.89 7.67 
SGP11 14.32 358 36 3.6 1.2 6.92 3.66 8.12 
SGP12 13.94 355 39 3.5 1.1 6.74 2.89 8.10 
SGP13 15.40 355 39 3.7 1.2 7.01 2.81 8.42 
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SGP14 21.71 373 21 4.5 1.5 9.23 3.15 11.14 
SGP15 12.94 352 42 3.4 1.1 6.27 3.43 7.53 

 
 

TABLE B7C. BLOCK MODELING GOODNESS OF FIT RESULTS, PARTIALLY REDUCED FIELD   

Observed GPS Velocity Field (partially reduced) 
    

  

Model 
name 

Reduced 
χ2 misfit 

value 
Degrees 

of freedom 
Number of 
parameters 

GPS data 
NRMS 

GPS data 
WRMS (mm) 

RMS 
residuals to 
geologic slip 

rates 

RMS 
residuals to 
Holocene 

geologic slip 
rates 

RMS 
residuals to 
Pleistocene 
geologic slip 

rates 

SGP1 11.13 345 45 3.1 1.1 5.24 3.26 6.12 
SGP2 51.14 372 18 7.0 2.3 9.39 9.52 8.15 
SGP3 20.39 360 30 4.3 1.4 7.72 5.41 9.06 
SGP4 23.78 375 15 4.8 1.5 11.83 9.56 12.42 
SGP5 12.32 351 39 3.3 1.1 6.07 4.32 6.70 
SGP6 11.68 348 42 3.2 1.0 5.43 3.14 6.37 
SGP7 19.36 372 18 4.3 1.4 10.91 8.87 11.10 
SGP8 11.40 351 39 3.2 1.0 5.99 4.09 6.77 
SGP9 18.11 366 24 4.1 1.3 10.08 8.76 9.88 
SGP10 12.11 348 42 3.3 1.1 5.87 2.97 7.00 
SGP11 12.68 354 36 3.4 1.1 6.49 3.90 7.46 
SGP12 12.30 351 39 3.3 1.1 6.25 2.95 7.46 
SGP13 13.44 351 39 3.5 1.1 6.27 2.92 7.45 
SGP14 18.52 369 21 4.2 1.4 8.95 3.27 10.76 
SGP15 11.82 348 42 3.2 1.1 5.65 3.44 6.74 

TABLE B7A,B,C. All model statistics results for the postseismic-reduced GPS field (A), the 
observed GPS velocity field (B) and our partially reduced GPS velocity field (C). We present a 
normalized RMS score between our geodetically determined fault slip rates and published 
available geologic slip rates for all geologic slip rates (column 7), Holocene geologic slip rates 
only (column 8) and Pleistocene geologic slip rates only (column 9); lower RMS scores indicate 
geodetic rates that are closer to geologic rates (within the sum of 1-sigma geologic and 1-sigma 
geodetic uncertainties). See main text for equation used to calculate the RMS score and χ2 misfit 
values.  
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TABLE B8. F-TEST RESULTS 

Model 
name 

 χ2 Misfit 
value 

(unreduced) 

Number of 
parameters 

SGP1 2730.20 45 
SGP8 2844.12 39 
SGP6 2895.55 42 
SGP5 3053.80 39 
SGP2 10498.55 18 
F-Test Probability   

  vs. SGP1 vs SGP6 
SGP8 0.0272000   
SGP6 0.0001420   
SGP5 0.0000007 0.00033109 
SGP2 0.0000000 0.00000000 

TABLE B8. Results of statistical F-tests for the top four best fitting models to the postseismic-
reduced GPS data; a F-test probability indicates the extent to which the added parameters in the 
lowest misfit scenario are warranted, or whether the better fit is due to chance. A score closer to 
zero indicates the parameters are warranted, while a score closer to 1 would indicate the lower 
misfit would be due to chance. 
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TABLE B9. REDUCTION IN MISFIT DUE TO POSTSEISMIC REDUCTION 

Model name 

Fully reduced 
compared to unreduced 

GPS field 

Partially reduced 
compared to unreduced 

GPS field 

Fully reduced compared 
to partially reduced GPS 

field 

  (% Reduction in χ2 
misfit value) 

(% Reduction in χ2 misfit 
value) 

(% Reduction in χ2 
misfit value) 

SGP1 36.9 10.7 29.3 
SGP2 51.2 11.0 45.1 
SGP3 21.6 5.2 17.3 
SGP4 34.2 9.8 27.1 
SGP5 37.4 10.9 29.8 
SGP6 37.0 11.0 29.2 
SGP7 39.2 12.5 30.6 
SGP8 36.6 10.3 29.3 
SGP9 40.9 13.6 31.6 

SGP10 36.6 11.9 28.0 
SGP11 35.8 11.4 27.6 
SGP12 35.6 11.8 27.0 
SGP13 39.0 12.7 30.1 
SGP14 41.1 14.7 30.9 
SGP15 32.5 8.7 26.1 

 
TABLE B9. Percentages of misfit reduction between each set of GPS velocity datasets; column 
2 compares the fully postseismic-reduced (long- and short-term transients removed) field to the 
observed (unreduced) GPS field; column 3 compares the partially reduced (only short term 
postseismic transients removed) to the observed (unreduced) GPS field; and column 4 compares 
the fully reduced field to the partially reduced field. The fully reduced field has he greatest 
reduction in misfit value (see Figure B9 for visual representation). 
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TABLE B10. OUR ESTIMATED FAULT SLIP RATES COMPARED TO OTHER 
PUBLISHED RATES           

Faults 

Our 
lowest 
χ2 misfit 
model         
SGP1 

(postsei
smic-

reduced 
GPS 
field) 

Our 
lowest χ2 

misfit 
model         
SGP1 

(observed
, 

unreduce
d GPS 
field) 

Our 
lowest 
χ2 misfit 
model         
SGP1 

(partially 
reduced 

GPS 
field) 

Meade 
& Hager 
(2005) 

Becker 
et al. 

(2005) 
Preferre
d B=1 

Spinler 
et al. 

(2010) 
CM 

model 

Johnson 
(2013) 
Elastic 

medium: 
Fig. 10*† 

McGill et 
al. (2015) 
preferred 

model 

Liu et al. 
(2015) 
GroupA 
BM4C* 

Evans 
et al. 

(2016) 

Zeng & 
Shen 

(2016)† 

  
Strike 
Slip Strike Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

Strike 
Slip 

  (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) (mm/yr) 
SSAF 
Mojave 
(South) 

11.9 ± 
0.5 18.6 ± 0.5 17.1 ± 

0.5 
14.3 ± 

1.2 
15.7 ± 

12   ~20 

 

~12.6 18 20.1 ± 
0.7 

SSAF San 
Bernardino 

6.5 ± 
0.3 7.4 ± 0.2 8.1 ± 0.2 5.1 ± 

1.5 0.9 ± 12  ~12 6.5 ± 3.6 ~3.4 8 10.3 ± 
0.9 

SSAF San 
Gorgonio 
Pass 

5.8 ± 
0.6 4.4 ± 0.5 4.2 ± 0.6      

 

~3.4 6-8 9.4 ± 0.9 

SSAF Mill 
Creek 

0.1 ± 
0.6 2.6 ± 0.6 3.5 ± 0.6    8.1 ± 0.2  

 

~3.4  1.7 ± 0.6 

SSAF 
Mission 
Creek 

3.3 ± 
0.7 6.9 ± 0.6 7.5 ± 0.6    9.5 ± 0.4 ~17 

 

~8    

SSAF 
Banning 

8.3 ± 
0.5 9.6 ± 0.4 9.5 ± 0.4     ~0 

 

~3.4 8-9   

SSAF 
Coachella 

15.4 ± 
0.2 17.8 ± 0.2 17.9 ± 

0.2 
23.3 ± 

0.5 22.9 ± 8 18.1 ± 
0.3 ~15 

 

~20.7 17-22 19.8 ± 
0.6 

San Jacinto 
Central 

9.5 ± 
0.2 12.5 ± 0.2 12.1 ± 

0.2 
11.9 ± 

1.2 14.5 ± 9 12.6 ± 
0.3 ~15 14.1 ± 

2.9 
~17.2 16 

13.9 ± 
1.0 avg 
(north) 

Elsinore 
2.7 ± 
0.2 2.5 ± 0.2 2.5 ± 0.2 2.7 ± 

0.6 3.7 ± 6  ~2 - 3 2.7 ± 1.7  2.8 3.9 ± 0.3 
avg 

Cucamong
a 

0.2 ± 
0.3 

—3.7 ± 
0.3 

—0.5 ± 
0.3 

—4.0 ± 
1.3   ~0 

 

~2.3 -3 — -7 1.7 ± 0.3 

North 
Frontal 
(West) 

—2.7 ± 
0.2 

—2.3 ± 
0.2 

—3.0 ± 
0.2 

—0.8 ± 
1.7    

 
 -5 — -6   

North 
Frontal 
(East) 

2.9 ± 
0.3 3.1 ± 0.3 2.0 ± 0.3 —0.8 ± 

1.7   ~1 

 
 -2 — -4   

           
 

    
Eastern 
California 
Shear Zone 

         

 

    

Blue Cut 
—3.5 ± 

0.2 
—4.4 ± 

0.2 
—3.8 ± 

0.2    
— 1.7 ± 

0.4  
 

-4.6    

Pinto 
Mountain 

—2.6  to 
+0.9 

—2.5 to 
+5.6 

—2.6 to 
+3.1 

—9.4 ± 
0.9  

 —2.2 - 
5.2 ± 0.3 ~-1 

 

—2.3 to 
—3.4 -2 — -5 3.9 ± 0.4 

Burnt 
Mountain/E
ureka Peak 

5.4 ± 
0.4 6.5 ± 0.4 5.4 ± 0.4 21.3 ± 

1.6  
8.6 - 9.4 

± 0.4  

 

~3.4 7-9   

Johnson 
Valley/Cam

0.6 ± 
0.3 2.6 ± 0.3 2.7 ± 0.3 1.9 ± 

0.6  
10.4 ± 

0.2 ~4 

 

~4.6 0.5-4.7 1.2 ± 0.3 
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p 
Rock/Emer
son 

Helendale 
6.9 ± 
0.3 6.6 ± 0.3 5.8 ± 0.3 2.2 ± 

1.2   ~2 1.9 ± 2.7  2-4 0.9 ± 0.2 

Lenwood - -       0.4 ± 2.9   1.0 ± 0.3 

Calico 
2.5 ± 
0.4 3.7 ± 0.5 4.3 ± 0.4      

11.7 ± 
2.6 ~4.6 7.6 2.5 ± 0.3 

Pisgah-
Bullion 

0.7 ± 
0.4 5.00 ± 0.4 2.9 ± 0.4    

11.0 ± 
0.3  

 

~4.6 0 1.2 ± 0.3 

Ludlow/Cle
ghorn 

1.8 ± 
0.2 2.1 ± 0.2 2.1 ± 0.2 —2.5 ± 

0.8   —4.6 ± 
0.2 ~1 1.7 ± 1.4 ~5.7 1-3 0.5 ± 0.3 

Eastern 
California 
Shear 
Zone 
Sum§ 

12.0 18.9 16.8 15 13.9 16.8 ~7 15.7 ~19.5 17.6 ~7.8+ 

* Slip rates measured from Figures rather than tables within above references; Johnson (2013) has labeled numerical slip rates and color 
wheels, while Liu et al. (2015) use line width 
† These authors used some form of geologic slip rate 
constraint in their modeling 

      
  

§ Geologic slip rate range summed over the Eastern California Shear Zone in the Mojave is 4.4-9.5 mm/yr including uncertainties, measured 
by Oskin et al. (2008) and Xie et al. (2018) 

TABLE B10. Table comparing our estimated fault slip rates to others published in the literature; 
first three columns provide our estimated rates from inversions of our three datasets; In the last 
row we compare summed geodetic slip rates across the Eastern California Shear Zone (see 
Figure B14 for approximate location of summed cross section). 
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B.9 FIGURES 
 

 
FIGURE B1. Regional fault geometry and historical (≥Mw6.5) earthquakes in southern 
California; earthquake surface ruptures presented in red and focal mechanism solutions plotted 
from catalog of Wang et al. (2009) and the USGS Earthquake catalog. Large magnitude 
earthquakes of the last 50 years are labeled with their location names. Earthquakes that make up 
the Landers-Mojave Earthquake Line of Nur et al. (1993) are shown with their years and names 
in black text (1979 Homestead, 1975 Galway, 1965 Calico, 1947 Manix, 2008 Ludlow). The 
dashed white box line presents the extent of our block model boundary in the context of the 
larger region, and we highlight the location of the San Gorgonio Pass knot in solid white line. 
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FIGURE B2. Data 
coverage and fault 
geometry within our 
chosen model 
boundary (dashed 
black line);  (A) 
shows fault 
geometry and fault 
names; (B) shows 
Holocene and 
Pleistocene geologic 
slip rate 
measurement 
locations (stars) 
labeled by citation 
number (refer to 
Table B1); (C) 
shows GPS stations 
including continuous 
and campaign 
stations; campaign 
stations from the 
California State 
University, San 
Bernardino 
(CSUSB) (yellow 
diamonds) and the 
Joshua Tree 
Integrative Geodetic 
Network (JOIGN) 
(orange diamonds) 
allow for needed 
increased coverage 
in remote areas of 
the San Bernardino 
Mountains and 
Joshua Tree National 
Park.	
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FIGURE B3. Map of the Joshua Tree Integrative Geodetic Network (JOIGN) run by the 
University of Arizona (A), and the San Bernardino Mountains (run by California State 
University, San Bernardino (CSUSB)) campaign station network (B), with all campaign stations 
labeled with their four-character names. 
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FIGURE B4. Selected examples of postseismic-reduced coordinate time series for continuous 
GPS stations (left) and campaign GPS stations (right) used in our block modeling analysis. Four 
letter codes at right of each block are station names. Vertical gray dashed line delineates the time 
of the 2010 M7.2 El Mayor Cucapah earthquake, and short blue dashed line in WIDC time series 
at left delineates a station antenna change offset. All time series presented in stable North 
America reference frame (NAM08) and red velocity models estimated using GAMIT/GLOBK 
utility TSFIT (Herring et al., 2018). 
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FIGURE B5. Final postseismic-reduced GPS velocity field. Velocities from stations within 
dashed white model boundary line are used to constrain fault slip rates in our model inversion. 
Velocity field presented in stable North America reference frame (NAM08). Light blue 
diamonds mark locations of campaign GPS sites, while dark blue diamonds mark continuous site 
locations. 
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FIGURE B6. Block model geometry including block names and numbered faults, for hypothesis 
1 (SGP1), the block geometry with the most faults and blocks included. See Table B4 for 
numbered fault names and locking depths. Fault surface geometries were chosen through 
comparison with the mapped traces present in the USGS Quaternary fault map and through the 
use of the Southern California Earthquake Center Community Fault Model (SCEC CFM) and the 
Uniform California Earthquake Rupture Forecast (UCERF3), particularly for fault geometry at 
depth. Light blue diamonds mark locations of campaign GPS sites, while dark blue diamonds 
mark continuous site locations. 
 
 
 
 
 



 192 

 
 
FIGURE B7. Illustration of fault geometries at depth as seen by the program TDEFNODE 
(McCaffrey, 2005); All surface traces, delineated by blue nodes, are defined by the user using 
latitude and longitude points, while geometry at depth is initially defined by the user input of dip 
and fault depth using layers of nodes that are individually numbered for each fault (see orange 
and yellow nodes) with numbering increasing down dip. For fault motion to be estimated, the 
user must specify a “locking depth” by assigning a coupling ratio of 1 or 0 (1 being completely 
coupled and 0 being freely slipping). 
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FIGURE B8. Illustration of all tested block model geometry hypotheses. See Table B5 for 
hypothesis descriptions. See Figure B6 in conjunction with Table B4 for block and fault names. 
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FIGURE B9. Plot of χ2 misfit against the number of model parameters for each model geometry 
(excluding SGP2) using the fully reduced GPS velocity field (blue), the observed GPS velocity 
field (orange), and the partially reduced GPS velocity field (cyan). Three example models are 
labeled for orientation.  
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FIGURE B10. Two of the best fitting models across different categories of fitness, with their 
slip rate estimates along all included fault strands; at left is model SGP1 which has the lowest χ2 
misfit to GPS data, the lowest RMS score to the overall Geologic slip rates, and the lowest RMS 
score to the Late Pleistocene geologic slip rates; At right is model SGP12 which has the lowest 
RMS score to the Holocene only geologic slip rates. 
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FIGURE B11. Fault slip rate comparison between model-calculated geodetic (plotted lines) and 
observed geologic (plotted points and shaded background area) rates for the top three lowest χ2 
misfit models; Slip rates plotted against distance along the plate boundary from the western edge 
of the model boundary (red line on map plot); (A) presents SGP1, the lowest misfit model, and 
best overall geologic and Pleistocene RMS score model; (B) presents SGP8 the second lowest 
misfit; (C) presents SGP6, the third lowest misfit model and one of the top three RMS scores to 
overall geologic, Holocene, and Pleistocene rates. 
 
 
 
 
 



 197 

 
FIGURE B12. Fault slip rate comparison between model-calculated geodetic (plotted lines) and 
observed geologic (plotted points and shaded background areas) rates for the models that best fit 
measured geologic rates overall and within San Gorgonio Pass; Slip rates plotted against distance 
along the plate boundary from the western edge of the model boundary (red line on map plot); 
(A) presents SGP15 which has a low geodetic misfit (fifth lowest of the fifteen) and has the third 
lowest RMS score to overall geologic and Pleistocene slip rates; (B) presents SGP12 which has 
the lowest Holocene geologic RMS score and has the best fitting San Gorgonio Pass geodetic 
rates; (C) presents SGP9, which has a high geodetic χ2 misfit (poor fit), but whose geodetic rates 
match geologic rates second best in San Gorgonio Pass; (D) presents SGP2 which has the worst 
geodetic χ2 misfit, but is the only model which produces geodetic slip rates that match geologic 
observations along the Mojave segment. 
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FIGURE B13. Tensile slip rates estimated from our postseismic-reduced GPS field and plotted 
along fault geometries for models SGP1 and SGP5; black star is a Holocene dip slip rate 
calculated from average values given in Heermance & Yule (2017) supplementary Table 1; the 
grey star is a Pleistocene dip slip rate from work by Lindvall and Rubin (2006); SGP1 is our 
best-fitting model to the GPS data, while model SGP5 produces the closest dip-slip rate to rates 
from geology. 
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FIGURE B14. Comparison of estimated fault slip rates between the postseismic-reduced GPS 
velocity field (A) and the observed GPS velocity field (B). The biggest difference between these 
two model slip rate datasets are (1) the majority of slip rates are lower using the postseismic-
reduced velocity field, and (2) within the ECSZ (black arrows), fault slip rates from the 
postseismic-reduced velocity field sum to a rate of ~12.0 mm/yr while in the observed velocity 
field the sum across the ECSZ is ~18.9 mm/yr. 
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FIGURE B15. Slip rate map plot showing the along strike, strike-slip sense geodetic fault slip 
rates for model SGP2 (slip rate scale is same as Figures B10 and B14). This is the only fault 
geometry model to produce geodetic slip rates along the Mojave section of the SSAF that match 
the ~30 mm/yr measured geologically over most recent Holocene time (Salyards et al., 1992; 
Weldon, et al., 2002; Matmon et al., 2005; Young et al., 2019) and the Holocene and Late 
Pleistocene rates range along the San Bernardino Section (McGill et al., 2010; McGill et al., 
2013; McGill et al., in review [this volume]); however it has the poorest fit to modern GPS 
observations. 
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B.10 SUPPLEMENTARY MAP SHEET EXPLANATIONS 

(See separate supplementary materials) 
 
MAP SHEET B1 (A – O). Final model-calculated fault parallel slip rates for all models (SGP1-
SGP15) showing fault slip rates calculated from the postseismic-reduced GPS velocity field.  
 
MAP SHEET B2 (A – O). Final model-calculated fault perpendicular slip rates for all models 
(SGP1-SGP15) showing fault slip rates calculated from the postseismic-reduced GPS velocity 
field.  
 
MAP SHEET B3 (A – O). Final model-calculated fault parallel slip rates for all models (SGP1-
SGP15) showing fault slip rates calculated from the partially postseismic-reduced GPS velocity 
field.  
 
MAP SHEET B4 (A – O). Final model-calculated fault perpendicular slip rates for all models 
(SGP1-SGP15) showing fault slip rates calculated from the partially postseismic-reduced GPS 
velocity field. 
 
MAP SHEET B5 (A – O). Final model-calculated fault parallel slip rates for all models (SGP1-
SGP15) showing fault slip rates calculated from the observed (unreduced) GPS velocity field.  
 
MAP SHEET B6 (A – O). Final model-calculated fault perpendicular slip rates for all models 
(SGP1-SGP15) showing fault slip rates calculated from the observed (unreduced) GPS velocity 
field. 
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ABSTRACT 

In complex plate boundary fault systems like that of the San Andreas Fault in southern 

California, identifying where and how slip is transferred across the network is challenging due to 

the lack of well-constrained spatial and temporal slip rate and earthquake recurrence information 

on faults. To better evaluate where and how slip from the San Andreas Fault is transferred to 

faults of the Eastern California Shear Zone (ECSZ) we conduct a slip rate study on one of the left 

lateral faults of the Eastern Transverse Ranges (ETR), the province in between the San Andreas 

Fault and the ECSZ. Our 10Be ages from offsets of four different age alluvial surfaces, sampling 

a mixture of surface clasts including boulder tops, cobbles, and amalgamated pebble clasts, 

suggest an overall late Pleistocene slip rate of 1.66 ± 0.44 (± 2σ) across two sites along the 

central Blue Cut Fault. We bracket a possible Most Recent Event of 1.8 – 3 m of surface slip to 

be younger than ~10.6 ka, but older than our youngest undeformed surface. Slip rate data across 

four distinct time intervals during the late Pleistocene indicate that slip rate on the Blue Cut Fault 

may decrease over time, which suggests that possible block rotation along faults of the ETR may 

have a negligible effect in transferring slip between the San Andreas and ECSZ systems in the 

modern day. Alternative active transfer mechanisms, such as the Pinto Mountain or the Eureka 

Peak Fault systems, are required to efficiently accommodate plate boundary motion.  
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C.1 INTRODUCTION  

Characterizing fault slip rates using surface measurements is critical for quantifying seismic 

hazard along plate boundary systems. Larger slip rates generally equate with more frequent 

earthquakes and higher seismic hazard assessments for habitants living near fault zones, while 

lower slip rates imply less frequent earthquake events and lower amounts of seismic risk (Field 

et al., 2015). Assessing seismic hazards becomes more challenging, however, in areas where 

there are complex networks of fault systems that interlink and work together to accommodate 

relative plate motion. Southern California presents one such area, where a complicated tectonic 

history has resulted in the Southern San Andreas Fault (SSAF) system, made up of tectonic 

provinces that vary from transpressional regimes like the Transverse Ranges to transtentional 

areas like the Eastern California Shear Zone and Walker Lane Belt (Wallace, 1990). Previous 

thinking has led to the assumption that fault slip rates generally remain steady over long time 

scales (e.g. several earthquake cycles) (Reid, 1910; Schwartz and Coppersmith, 1984), which is 

supported by the observation that relative plate motion appears to remain constant over million 

year time scales (DeMets and Dixon, 1999). The idea that provinces of faulting may interlink 

within a larger plate boundary system, however, has produced hypotheses suggesting that 

different parts of the SSAF system may interact over time, leading to earthquake clustering 

behavior and potential time-variable slip rates along even major portions of the primary San 

Andreas Fault zone (Rockwell et al., 2000; Weldon et al., 2004; Dolan et al., 2007; Oskin et al., 

2008). To better understand how fault zones may interact, we must first better quantify how 

strain is transferred between different provinces of faulting.  

 One of the most pivotal areas to better understand the interaction of fault zones and the 

strain transfer that may happen there is in the northern Coachella Valley near San Gorgonio Pass 
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(Figure C1). The SSAF lies within the Coachella Valley, and as it approaches the San 

Bernardino Mountains from the south, the fault trifurcates into, from southwest to northeast, the 

Garnet Hill, Banning, and Mission-Mill Creek faults. In addition, northwest of the trifurcation 

point of these three strands, three more north-south trending faults lie within the Little San 

Bernardino Mountains and Eastern Transverse Ranges (ETR); these are, from west to east, the 

Long Canyon, Burnt Mountain, and Eureka Peak faults. Lastly, to the east of the trifurcation 

point, lies a much older province of left lateral faulting in the ETR province, which consists of 

five east-west trending left lateral faults including, from north to south, the Pinto Mountain, Blue 

Cut, Porcupine Wash, Smoke Tree Wash, and Chiriaco faults (Figure C1). To the north of both 

the north-south trending fault and the east-west trending faults of the ETR lies the Eastern 

California Shear Zone (ECSZ) and the Mojave Desert. 

 The recent occurrence of several medium (Mw5.0+) and large magnitude (Mw6.0+) 

earthquakes since the 1940’s within the ECSZ has stimulated earthquake clustering hypotheses 

(Nur et al., 1993; Rockwell et al., 2000), particularly when paired with the fact that the main 

SSAF to the south has not ruptured in over 1.5 times its estimated average recurrence interval 

(Fumal et al., 2002). The 1992 Mw6.1 Joshua Tree, Mw6.4 Big Bear, and the even larger Mw7.3 

Landers earthquakes all occurred in a single year, and were followed only seven years later by 

the 1999 Mw7.1 Hector Mine event nearby. In addition, the 2019 Mw6.4 and Mw7.1 Ridgecrest 

earthquake sequence occurred just to the north of the Mojave Desert, within the ECSZ tectonic 

province. This very recent cluster of activity begs the question—how has elastic strain been 

transferred from the SSAF towards the north, to recently be converted to permanent deformation 

through multiple large magnitude earthquakes in the ECSZ? The faults within the ETR province 

lie directly in between the SSAF and the ECSZ system and may hold the key to understanding 
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strain transfer between these larger systems; yet, constraints on Quaternary fault slip in this 

province are sparse. 

 In order to get a sense of the roles the faults of the ETR may play in the regional transfer 

of strain, it is necessary to further characterize slip histories on all possible faults and fill in the 

gaps in our knowledge. Slip rates along the SSAF and two of its northern strands have been 

constrained by past work, while more recent studies are currently ongoing (Figure C1). Behr et 

al. (2010) and Van der Woerd et al. (2006) conducted tectonic geomorphologic mapping studies 

at Biskra Palms, aided by Cosmogenic Radionuclide (CRN) dating of surfaces there to estimate a 

preferred slip rate of 14 – 17 mm/yr. Just to the north, along the Mission Creek Fault, Blisniuk et 

al. (2013b) calculate a slip rate of 18 – 22 mm/yr at Pushawalla Canyon using both CRN dating 

and U-series Burial Dating. Along the Banning Fault, Gold et al. (2015) estimate a slip rate of 4 

– 5 mm/yr. Along the northwestern extent of the Mission Creek Fault, Waco et al. (2019) find 

possible late Quaternary fault offsets, while Fosdick and Blisniuk (2018) calculate a Pleistocene 

slip rate range of 20 – 30 mm/yr. Kendrick et al. (2015) and Matti et al. (2019) suggest an 

alternative hypothesis, that the Mission-Mill Creek Fault has ceased to slip in the late 

Quaternary, due to interference from the Pinto Mountain Fault and the rising importance of the 

San Jacinto Fault Zone to the west. In the ETR province, along the Pinto Mountain Fault, there is 

one slip rate of 2.6 – 3.6 mm/yr estimated using CRN dating and tectonic geomorphologic 

mapping (Gabriel, 2017) and one slip rate of 1.6 – 1.8 mm/yr estimated from paleoseismic 

trenching (Cadena, 2013). Work by a group led by Robert Powell at the U.S. Geological Survey 

is ongoing at sites near Copper Mountain (Dudash et al., 2019) and Twentynine Palms (Menges 

et al., 2019). In the Little San Bernardino Mountains, Rymer (2000) discovered small surface 

ruptures due to the 1992 Joshua Tree earthquake, as well as possible Holocene earthquake scarps 
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along the Eureka Peak Fault. Work completed by Hislop (2019) shows a possible 2 km of total 

offset across the three main north-south trending faults, including the Eureka Peak Fault, 

however timing constraints are difficult to obtain due to the lack of offset Quaternary material in 

the bedrock canyons of the Little San Bernardino Mountains.  

 While this previous work has helped enormously in characterizing regional slip rate 

budgets, there are still gaps in our catalog of geologic slip rate information, particularly within 

the ETR province. The Blue Cut Fault is the primary focus of this study because it exhibits both 

bedrock offsets (Langenheim and Powell, 2009), as well as late Quaternary fault offsets at 

several locations along its length (Hope, 1966; Powell, 1981; Richard, 1993), but has not yet 

been documented by tectonic geomorphologic mapping or CRN analysis. Here, we extend our 

knowledge of ETR Quaternary fault slip history through the completion of a tectonic 

geomorphologic-based slip rate study using geomorphic field mapping, high-resolution digital 

elevation dataset analysis, and 10Be CRN surface exposure dating. Studies like this can feed 

directly into seismic hazard analyses such as the Uniform California Earthquake Rupture 

Forecast (UCERF) which uses estimated geologic slip rates as constraints in its overall modeling 

of all faults in California (Dawson and Weldon, 2013; Parsons et al., 2013). In addition, we shed 

light on the question of strain transfer processes in the ETR province between the SSAF and the 

ECSZ in order to identify and characterize the most likely modern pathways of slip and strain 

between the two zones. Only by characterizing how each component of this larger system 

accumulates elastic and permanent strain, can we better comprehend how the pieces fit together 

and how we can more fully assess the probabilities of future earthquakes on all faults within the 

southern California region.  
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C.2 REGIONAL TECTONIC SETTING 

The modern day SSAF surface trace had several predecessors since late Oligocene time. The 

main fault accommodating plate motion before the SSAF existed was the Clemens Well-Fenner-

San Francisquito fault system, which connected the Central San Andreas to the spreading center 

in the Gulf of California area (Richard, 1993). This system accommodated ~115 km of 

displacement from 20 Ma until about 12 Ma, when the San Gabriel Fault initiated in a more 

preferred orientation and became the main trace (Matti and Morton, 1993). Around late Miocene 

(9 – 7 Ma), left lateral, northeast-trending faults established themselves to the east of the San 

Gabriel Fault, beginning with the Mammoth Wash fault (Powell, 1993). As time progressed and 

the San Gabriel fault began to move inboard to form the through-going SSAF trace, more 

northeast-trending left lateral faults emerged potentially as early as 7 – 6 Ma (and as late at 1.5 

Ma; Powell, 1993), just to the north-northwest of the first three, including the Smoke Tree Wash, 

Porcupine Wash, Blue Cut, and Pinto Mountain faults. At 6 – 4.5 Ma, the San Gabriel fault had 

been completely abandoned and the SSAF became the main trace of the plate boundary system 

(Powell, 1993; Matti and Morton, 1993). 

  Since its inception, this trace of the SSAF system has accommodated approximately 200 

km of displacement, yet around 1.5 Ma, a major bend in the fault trace began to grow, possibly 

due to the interference of the left-lateral Pinto Mountain fault at the north end of the present-day 

Coachella Valley (Figure C1) (Matti and Morton, 1993; Fattaruso et al., 2016). This bend, today 

known as San Gorgonio Pass, became a restraining bend in the fault and caused the trifurcation 

of the main SSAF into three strands. Several authors have also suggested that the San Jacinto 

Fault appeared on the scene at this time, likely because of the formation of this restraining bend 

and a new need to accommodate strain around it (Bennett et al., 2004; Janecke et al., 2010; 
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Blisniuk et al., 2013a; Fattaruso et al., 2016). Today, the SSAF works together with the San 

Jacinto Fault to the west to accommodate the majority of plate motion across the latitude of Palm 

Springs and the Coachella Valley (Bennett et al., 2004; Blisniuk et al., 2010). While slip rates 

along each of these faults are debated, many authors have found that both geologic and geodetic 

slip rates along the SSAF are higher than those along the San Jacinto Fault, implying that it is 

still carrying the brunt of plate motion (Savage et al., 1979; King and Savage, 1983; Bennett et 

al., 1996; McCaffrey, 2005; Meade and Hager, 2005; Fay and Humphreys, 2005; Becker et al., 

2005; Fialko, 2006; Blisniuk et al., 2013a). Despite its significance in the regional system, as the 

SSAF approaches San Gorgonio Pass and trifurcates into multiple fault strands, its slip rate 

appears to decrease rapidly (Gold et al., 2015; Heermance and Yule, 2017). This decrease in slip 

rate has been inferred from the lack of visible Quaternary surface displacement along the 

Mission-Mill Creek fault trace (Kendrick et al., 2015; Matti et al., 2019; Yule et al., 2019), 

though ongoing research may suggest the presence of a new Mission-Mill Creek strand with 

visible small late Quaternary offsets (Waco et al., 2019). If the slip budget along the trifurcated 

SSAF strands at the northern end of the Coachella Valley can only account for at least 12 mm/yr 

(6 mm/yr on Banning Fault; Gold et al., 2015; 6 mm/yr on the Mission Creek Fault; Fumal et al., 

2002) of the, at most, 22 mm/yr from the SSAF below the trifurcation point, where does the 10 

mm/yr of leftover slip go? Four main possibilities exist: (1) it is being transferred through the 

north-south trending faults in the Little San Bernardino Mountains (on which the 1992 Joshua 

Tree earthquake occurred), (2) the Garnet Hill or Mission Creek Faults are accommodating more 

than we assume they are, (3) slip is being partially accommodated by off-fault deformation along 

the strands within the Coachella Valley, or (4) the left-lateral faults of the ETR may be playing a 

larger role than we currently assume. Here, we explore the possibility that block rotation along 
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faults in the ETR province may be accommodating a portion of the leftover slip budget in 

Quaternary time.  

C.2.1 Eastern Transverse Ranges: Block Rotation & Quaternary Deformation 

 Block rotation has been proposed as a mechanism of accommodating strike slip fault 

motion over a large area, through the rigid body rotation of a series of blocks separated by 

systematic sets of faults. The block rotation theory itself arose from observations made of clay 

cake experiments, in which conjugate sets of faults would form and rotate as more deformation 

occurred (Ron et al., 1984). Many researchers present geometric relationships that show how 

systematic sets of fault-bounded blocks can rotate together as rigid bodies to accommodate 

motion at their sides, and using different assumptions about how the boundary faults are pinned, 

or how block must maintain their shape, or not, can results in different calculated cumulative 

offsets (Ron et al., 1984; Powell, 1993; Dickinson, 1996; Nur et al., 1993). Garfunkel and Ron 

(1985) illustrate this style of block rotation geometry using real world systematic fault examples 

from New Zealand, Iran, Israel, and Scotland, as well southern California. This block rotation 

requires certain assumptions to be considered, namely (1) in order to maintain contact with the 

major boundary faults, the blocks inside the boundary faults must rotate with the opposite sense 

of motion than those bounding faults, (2) the faults bounding the interior rotating blocks must 

rotate along with the blocks, (3) deformation only occurs at the block external boundary, and not 

internally, and (4) if blocks rotate they open up gaps at their edges, which may evolve into basins 

in which sediments are deposited. Different authors make different assumptions about how the 

block rotation is achieved.  

 In the real world, this kind of million-year timescale block rotation can be tested and 

measured using geophysical data and structural or palinspastic reconstructions. Paleomagnetic 
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data allow for the calculation of an amount of rotation since the extrusion or emplacement of a 

magnetized lithologic unit. If one measures the preserved magnetic pole direction in the same 

unit over a certain area, one can calculate how far that preserved magnetism has shifted or 

rotated compared to the present day. Often these magnetized units are dateable using long half-

life isotopes like K-Ar or Ar-Ar, and when dated, provide an excellent time constraint on 

possible rotation or translation (Ernesto et al., 1999; Collombet et al., 2002; Sprain et al., 2018). 

In addition, gravity surveys allow for the assessment of modern basin depth, which enables the 

investigation of basins as hypothesized rotated block-created gaps (Langenheim and Powell, 

2009; Spinler et al., 2010). Lastly, in creating palinspastic reconstructions of long-term tectonic 

evolution, block rotations become a critical tool in being able to characterize the possible history 

of tectonic motion over time (Matti and Morton, 1993; Powell, 1993; Atwater, 1998). 

 Figure C2 presents an interpretation of a block rotation relationship for southern 

California, including the blocks bounded by faults of the ETR province that is modified from a 

figure by Carter et al. (1987). The east trending faults of the ETR province have long been 

thought to accommodate rigid body block rotation caused by deformation induced by the dextral 

motion of the SSAF to the west (Luyendyk, 1991; Carter et al., 1987; Powell, 1993; Richard, 

1993). Evidence for clockwise block rotation in the ETR comes from both paleomagnetic data 

and from palinspastic reconstructions of southern California tectonic evolution. Paleomagnetic 

data collected and interpreted by Carter et al. (1987) indicate that 41.4 ± 7.7º of clockwise 

rotation has occurred since the late Miocene (10 Ma). This is recorded in multiple basalt flows 

sampled for paleomagnetic cores, while whole rock K-Ar dating of the same samples is able to 

constrain the timing of this measured rotation to be between 10 Ma and 4.5 Ma. Palinspastic 

reconstructions of tectonic evolution in southern California tend to require some amount of 
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clockwise block rotation in the ETR. Reconstructions by Powell (1993) indicate 15-20º of 

rotation within the blocks of the ETR, while other geometric relationship models of block 

rotation require varying amounts of clockwise rotation, from 39º (Carter et al., 1987) to 80 – 90º 

(Luyendyk et al., 1985). Based on the paleomagnetic evidence of Carter et al. (1987), lower 

estimates (25 – 41º) of clockwise rotation seem more appropriate, yet the observation that this 

rotation ceased by 4.5 Ma, as reported by Carter et al., becomes slightly suspect given the fact 

that motion along several of these ETR faults has continued into the late Quaternary period.  

 Powell (1993) discusses detailed geologic and stratigraphic evidence for late Miocene to 

Pliocene offsets along the faults of the ETR, from the Mammoth Wash Fault in the south, to the 

Pinto Mountain Fault in the north. In addition, work by Langenheim and Powell (2009) 

documents the offsets of major lithologic units as well as basin geometry and gravity low offsets 

along faults north of and including the Chiriaco fault. Offsets of late Quaternary deposits, 

however, are located only in the northernmost ETR faults, including the Smoke Tree Wash, Blue 

Cut, and Pinto Mountain faults, implying that all other faults have not experienced motion that 

has been documented in the Quaternary geomorphic record. Moreover, these three faults that do 

show Quaternary offsets are also characterized by visible microseismicity along their lengths, 

while faults to the south are seismically quiet (Powell, 1993). Along the central Smoke Tree 

Wash Fault there are offset alluvial fan deposits, most likely late Pleistocene or earliest Holocene 

in age, offset 5 – 15 m along an oblique, left-lateral, transpressional portion of the fault. Little 

work has yet been done to characterize these in a tectonic geomorphologic context, but 

preliminary field observations by K. Guns show promise for future work. 

 Quaternary offsets along the Pinto Mountain Fault have been observed by several 

authors, though timing of offsets had been poorly constrained by only bedrock offsets, and 
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offsets of known lithologically distinct gravel units (Bacheller, 1978; Dibblee, 1992; Powell, 

1993; Langenheim and Powell, 2009). Two recent slip rate studies (Gabriel, 2017; Cadena, 

2013) have been completed along the Pinto Mountain Fault to characterize the late Quaternary 

slip history, while more work is ongoing through the efforts of a group at the U.S. Geological 

Survey (Dudash et al., 2019; Menges and Dudash, 2019) (Figure C1). Gabriel (2017) documents 

a late Pleistocene slip rate of 3.0 +0.6/-0.4 mm/yr, constrained by 10Be CRN surface exposure 

ages, on the western end of the Pinto Mountain Fault. In addition, she demonstrates mapping of a 

< 15 ka fault scarp in her study area, which indicates possible Holocene motion along this 

westernmost trace of the fault. Work by Cadena (2013) includes a full paleoseismic trench at the 

Oasis of Mara, near the easternmost end of the Pinto Mountain Fault (Figure C1). She 

determines from Optically Stimulated Luminescence (OSL) dating of fine alluvial sediments that 

five surface rupturing events have occurring during the Holocene period, with two more possible 

events in the late Pleistocene. By assuming a characteristic surface slip of 3 m (based on 

reconstructions of offset stream channels from the most recent event), she calculates an estimated 

Holocene slip rate of 1.59 – 1.80 mm/yr (Cadena, 2013).  

 Roger Hope mapped the Blue Cut fault geologically for the first time in 1966, who 

characterized the metamorphic and igneous lithologic units and noted their displacements along 

the fault zone (Hope, 1966). Powell et al. (2015) published the most updated compilation 

geologic map of Joshua Tree National Park, which illustrates some details about the distinctions 

between different ages of alluvium present along different fault traces, but which still does not 

map at a large enough scale to analyze the possible offsets of these alluvial surfaces. Langenheim 

and Powell (2009) estimate an overall geologic slip rate by using measured offsets of lithologic 

provinces and transtensional basins to calculate an approximate slip rate of 1-2 mm/yr since fault 
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initiation ~6-7 Ma. Satellite imagery interpretation reveals clear Quaternary deformation, 

particularly the uplifted and offset alluvial surfaces at the westernmost end of the fault just south 

of Key’s View, the rotated transpressional ridges in the western extension of Pinto Basin, and the 

offsets of alluvial material in the fault-controlled valley in the Hexie Mountains. While all of 

these examples of Quaternary deformation were investigated as part of this dissertation work, the 

primary focus of this study is to document the timing of Quaternary slip in the central Hexie 

Mountains (Figure C1). 

 In this study, we document the geomorphic evolution of two sites that exhibit displaced 

Quaternary surfaces along the Blue Cut Fault in the Hexie Mountains. We utilize a National 

Center of Airborne Laser Mapping (NCALM) seed grant award of high resolution topographic 

Light Detection and Ranging (LiDAR) data to complete new geomorphic mapping of offset 

landforms as old as late Pleistocene (~133 ka) to landforms as young as earliest Holocene (~10 

ka). We employ relativistic dating and mapping methods to create final mapping interpretations 

and to select areas for age dating. To constrain the timing of deposition of specific geomorphic 

landforms at both sites, we apply surface exposure dating and collect and process 38 10Be CRN 

samples. We present results of our mapping and CRN data analysis and use both datasets as 

constraints to calculate individual surface fault slip rates, as well as an overall time-averaged slip 

rate for both sites. In addition, we examine evidence of a Most Recent Event (MRE) earthquake 

preserved in one of our youngest alluvial surfaces, and explore its possible seismic 

characteristics. Moreover, we discuss the slip rate results in the context of regional tectonic 

motion, as well as the evaluation of a hypothesis of modern block rotation. Lastly, we compare 

our slip rate results to those derived from geodetic based fault modeling to determine the amount 
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of overlap present in how the Blue Cut Fault and other faults of the ETR are modeled in the 

present day. 

 

C.3 GEOMORPHIC MAPPING 

 Estimating fault slip rates begins with detailed geomorphic mapping of the study area in 

order to characterize landforms and preserved geomorphic surfaces that have been offset by the 

fault. This process requires characterization of a geomorphic evolution of the area that enables us 

to visualize how each surface may have been deposited and then potentially offset by earthquake 

rupture and fault motion. We complete this visualization and geomorphic surface 

characterization at two sites along the Hexie Mountains section of the Blue Cut Fault (Figure 

C3). These two neighboring sites are separated by only half a kilometer, but their geomorphic 

expression is quite different, as one site lies farther up a fault-controlled valley than the other, 

leading to steeper slopes and fewer preserved surfaces. We describe our methodology in 

categorizing our different mapped surfaces, as well as our final mapping interpretations for both 

sites.  

C.3.1 Surface Characterization 

  To map preserved geomorphic surfaces in arid desert environments, like that of the 

Eastern Transverse Ranges in Joshua Tree National Park, there are several established 

methodologies for characterizing the features of a surface and grouping them into mapping units. 

These methodologies rely on relative characteristics including desert varnish, desert pavement 

formation, rubification of surface clasts, surface color, soil color, grusification and weathering of 

surface clasts, clast size and lithology, and texture of surface (Wells et al., 1987; McFadden et 

al., 1989; Bull, 1991). Each of these characteristics indicates a relative measure of age for each 
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surface, so in mapping multiple surfaces using these visual characteristics, one can get a sense of 

which surface is the oldest and which is the youngest in the area. Generally, the youngest 

surfaces at a given site can be found in the modern incised channels, as this is where water flows 

and deposits material when peak runoff is occurring in the desert. The oldest surfaces can be 

found usually more elevated from the channel bottom and often, more elevated than all other 

surfaces.  

 The cycle of deposition and stream incision is slightly different in arid environments than 

it is in temperate environments, which is primarily due to the amount rainfall received and the 

amount of vegetation cover present (Bull, 1991; Bull, 2000; Owen et al., 2014). For an alluvial 

fan system in an arid environment, more sediment gets deposited as the climate is changing from 

a glacial cycle to an interglacial cycle, or from a cooler climate to a warmer climate. This is 

because, as the climate warms, vegetation cover becomes sparser and exposes the ground cover 

to more rainfall, which not only erodes more at the surface because of the lack of vegetation 

protection, but also infiltrates the soil less because there are fewer roots to soak it up. With less 

rainfall soaking into the ground, more rainfall runoff is generated, which carries available surface 

sediments away to be deposited as alluvial material. When the source surface runs out of 

sediment for rainfall and runoff to displace and carry, that runoff becomes more erosive and 

begins to cut into, or incise into previously deposited surfaces. In this way, alluvial fans are built 

and incised through a cycle of climate dynamics and sediment erosion.  

 This cycle of alluvial fan building and incision is preserved in the geomorphic record, 

particularly when material that is deposited or incised is offset from its original source location 

by the motion of a fault. In a normal alluvial fan cycle, flood or debris flow deposits would either 

pile up on top of the original fan of alluvial material, or they would aggrade at the bottom of the 



 227 

original fan, and keep adding to the distance of the toe lobe. In an alluvial cycle in which fault 

motion occurs within a fan, this offset moves a section of alluvial fan out of the spatial range of 

deposition, and thereby preserves that section of fan from further burial by the system. The rest 

of the fan may be buried by more deposition, or incised beyond recognition with a new period of 

climatic cooling or warming.  

 Once a section of alluvial fan is preserved through uplift or lateral offset from its stream 

source, it will go through its own surface evolution, as the preserved surface becomes older with 

time. The newest, freshest surface is one that has all surface texture preserved, including the 

original bar and swale texture that accompanies debris flow deposits on alluvial fans. These 

ridges of cobbles and small boulders, followed by swales of finer pebble-dominated sediments, 

are sharply defined if it is a freshly deposited surface, as they have not had time to erode and 

diffuse (Bull, 1991). Once more time passes, however, these ridges of sediments lower and 

diffuse, as the bars and swales become flatter, and the sediment sorting becomes more mixed. 

Once the surface has become flatter and starts lacking the defined bar and swale texture, it starts 

to show signs of desert varnish or rubification on surface clasts. Desert varnish appears at dark 

brown or black material on the upper exposed surfaces of clasts, and generally consists of a 

mangenese-oxide material that uses falling dust and moisture to grow as a rind on the outer rim 

of clasts. Rubification appears on the bottom of clasts, and is a reaction of the clast with the 

surrounding soil material, to produce a ruby red rind. The longer a clast sits on the same surface, 

the strong the rubification and desert varnish that develops, making both features strong 

indicators of age (McFadden et al., 1989; Helms et al., 2003). When a surface has been flattened 

and clasts have mixed, a desert pavement begins to form, as wind-blown dust settles around 

individual clasts, making a road-like “pavement” as each clast fits in with its neighbor.  
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 The next stage in a surface’s evolution is one in which clasts begin to fall apart. Boulders 

begin to show signs of grusification, as individual grains or whole rinds of boulders begin to 

erode away after thousands of years of weathering from sun, wind, and rain, as well as freezing 

cycles in desert winters (freeze-thaw processes), and heating and cooling cycles during hot 

summer months (thermal spallation). As the surface gets older, these boulders start to break 

down completes until only cobbles and pebbles are left present on the surface. These are the 

types of characteristics we use to identify and map different surfaces throughout our two study 

areas.  

C.3.2 LiDAR Data Analysis 

 In order to best inform field-mapping interpretations, we combine analysis of NCALM 

airphoto orthoimagery and our high resolution LiDAR topographic dataset with our observations 

from the field. This high-resolution imagery and topographic dataset provides an invaluable 

perspective to these geomorphic landforms and aids the mapping process by allowing for more 

quantitative analysis of fault scarps and fault offsets (Hilley et al., 2010; Zielke and Arrowsmith, 

2012). We assess surface color, degree of dissection, orientation of incised streams, and location 

along the fault, an approach that has been used often for desert environments (Frankel and 

Dolan, 2007). In addition, we produce slope and aspect maps from our LiDAR dataset to 

evaluate which of our surfaces appear as one preserved unit, and which of our surfaces appear to 

have been modified by more recent stream erosion or deposition. LiDAR topographic data also 

allows for the detailed locating of individual fault traces, in detail that cannot be achieved with 

satellite or airphoto imagery alone. Figure C3 illustrates the high-resolution detail provided by 

our 1 m resolution LiDAR dataset. 
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 We determined the location of the fault throughout the study area through the use of our 

LiDAR dataset, in combination with field observation checks. LiDAR data allows for the quick 

bird’s eye identification of deformed Quaternary sediments, which can then be checked in 

satellite or airphoto imagery, to be followed by in-person field observations. The fault strands are 

identified in the field through the presence of cemented fault breccia, powdered fault gouge, or 

sharp contacts between lithologic units, combined with gouge or breccia. We complete checks in 

this way for all of our fault locations, excluding areas of rugged terrain or high slopes in which 

we could not gain safe access (this fault mapping is expressed with dashed lines in our final 

mapping interpretation) (Figure C4).  

C.3.3 Mapping Results 

 We characterize one set of mapped surfaces between our two study areas and we define 

nine different geomorphic surfaces, each with its own set of mapped characteristics. We present 

our finalized mapping interpretations of site 1 and site 2 in Figure C4. Figure C5 presents field 

photos of each mapped surface (excluding Qf1b). Our oldest surface is represented by Qf1a 

(Quaternary fan 1a), which is characterized by its very grey surface color, its flat or slightly 

rounded appearance wherein the surface appears perched on elevated knobs of material. In 

addition, surface Qf1a is experiencing major grusification and boulder erosion, with most 

boulders falling into pieces or losing quartz and feldspar grains. The boulders that are intact have 

very heavy desert varnish, and cobbles and pebbles have strong rubification. Our second oldest 

surface is Qf1b, which only crops out in one isolated location in Blue Cut site 1 (Figure C4A). 

This surface’s main characteristic is the presence of a desert pavement that is in the process of 

breaking down, but where all clasts are highly varnished, highly rubified, and the texture of the 

surface itself is very flat. Our third oldest surface, Qf1c, is one of the most extensive preserved 
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surfaces, particularly at site 1. We characterize this surface as having very brown soil and surface 

color (not grey as in Qf1a), with strong varnish on all cobbles and boulders. The boulders are 

beginning to grusify, crumble, and fall apart, but are more intact than on Qf1a surfaces. 

 Two main Qf2 surfaces lie in both our two sites, including an older Qf2b surface and a 

younger Qf2c surface. Our Qf2b surface exhibits the strongest desert pavement amongst all of 

our mapped surfaces, and is relatively simple to identify in the field due to its strong varnish and 

rubification, and easy surface walkability. This surface is best seen in Blue Cut site 1, near Adit 

Wash, where it tops the preserved terraces along the channel, and extends past the fault in a 

gradual alluvial slope. In addition, this surface can be identified in cross section view by its 

strong reddish-brown soil color < 1 m deep. Our younger Qf2c surface is much less extensive, at 

both sites 1 and 2, and only crops out as a small set of terraces at site 1, and a small set of 

preserved spillover deposits in site 2. We characterize this surface as having a grey-brown 

surface color, with medium varnish and moderate rubification on clasts. This surface is usually 

quite flat, but may have some clast-sorting present, where larger clasts are grouped together as 

former bars between swales of finer sediment. In addition, particularly at Chockablock Wash at 

site 2, this surface can be identified partially by its limited amount of annual ground surface 

vegetation (namely grasses, poppy sprouts).  

 Our youngest preserved surfaces are the Qf3 class of surfaces, including Qf3a, Qf3b, and 

Qf3c. Qf3a is our most extensive surface, cropping out in all washes in both sites, and covering 

the largest area of all our surfaces. We characterize Qf3a as having a grey-brown surface color, 

similar to Qf2c, but with preserved bar and swale texture. This texture is no longer sharp, but is 

flattened out and diffused slightly, allowing more mixing between clast sizes in bars and swales. 

There is only a mild varnish and a mild rubification on clasts, and boulders and cobbles are quite 
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intact. Some imbrication is still preserved in bars of cobbles, indicating depositional direction. In 

Chockablock Wash at site 2, patches of Qf3a sediments are identified by the presence of minor 

grasses and poppy sprouts beginning to grow there preferentially. Qf3b is identified as the most 

recently deposited alluvial surface that is not in the current channel walls. It exhibits low to 

medium varnish and rubification, and has its debris flow ridges sharply preserved, as they have 

not had time to diffuse yet. This is the surface that records the youngest amount if fault offset (2 

meters) which likely records the timing of the most recent earthquake event on the Blue Cut 

Fault. Lastly, surface Qf3c is the freshest surface, found mainly in channels, adjacent to the most 

active channel bottom and thalweg.  

 In our Blue Cut site 1 (BC1), the geomorphic evolution can be described through the use 

of a cartoon diagram that documents the deposition and incision of our major mapped surfaces 

(Figure C6). First, our Qf1a (oldest) surface gets deposited as a major alluvial fan in all washes 

(Figure C6A). As the fault moves the surface towards the left on the north side of the fault, it 

moves the surface away from its depositional source, and allows eventually for the deposition of 

the next cycle of alluvial fan material: Qf1c. The in-between surface, Qf1b, is deposited very 

locally, in a small offset channel system that cuts through bedrock in the eastern section of the 

mapped area (Figure C6B). Note that as more offset is accumulated in the western section of the 

mapped area, only a small portion is accumulated in the eastern area, due to the presence of two 

additional mapped fault strands towards the east. If fault motion is spread amongst three faults, 

less cumulative motion will occur on the main strand. Once Qf1c is deposited, more fault motion 

occurs, and eventually Qf2b is deposited, while still having portions of both Qf1a and Qf1b 

preserved, particularly near the westernmost end of the of mapped area (Figure C6C). Preserved 

terrace sediments in Adit Wash (Figure C7) imply that after the deposition of Qf2b sediments, 
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the same stream cut down into the four youngest surfaces without any major offsets (Figure 

C6D-G). This indicates that this section of the fault may have slowed and experienced fewer and 

fewer surface rupturing earthquakes as surfaces Qf2c, Qf3a, Qf3b, and Qf3c were being 

deposited.  

 Figure C7 illustrates our characterization of the staircase of terrace sediments in Adit 

Wash. These terrace sediments include Qf2b at the top, which is the oldest surface cut by the 

stream in this location, Qf2c sediments, Qf3a sediments as a short boulder bar terrace, Qf3b 

sediments, and Qf3c sediments (undifferentiated from Qf4 active channel sediments) in the 

channel. This site is complicated by the presence of human modification, in the form of a 20th 

century mining dwelling that was perched on both Qf2b and Qf2c surfaces, right along the trace 

of the fault. Modification also includes the construction of a stone-based wall to hold up the 

Qf2b terrace bench wall, and has removed any potential preserved fault offset on this side of the 

channel. We map the fault trace at this location due to (1) the widening of the stream channel 

here, (2) the presence of a distinct contact between Qf2b and Qf2c sediments in the eastern 

terrace of Adit Wash, and (3) the fact that two debris flow toes in Qf3a and Qf3b terrace 

sediments stop abruptly at this line (Figure C7).  

 Blue Cut site 2 (BC2) has a more complicated mapping interpretation, due to its location 

further up a fault-controlled valley in the Hexie Mountains. As one walks west up this valley, a 

major active wash lies along the northernmost edge, and runs along the toe of the alluvial fans of 

site BC2 (Figure C3, Figure C4). The slope of this valley increases to the west, indicating that 

the alluvial material at BC2 has been deposited on a plane dipping towards the east, following 

this major wash channel. However, in addition, facing south, the slope as one approaches the 

edge of the range increases much more rapidly than at site BC1. This fact causes much additional 
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colluvial sediment transport, implying that, while major washes are still critical for incising into 

surfaces, alluvial material can generally blanket any surface just by gravitational failure and 

falling down the steep slope. This is important for our purposes because there are very limited 

preserved alluvial surfaces south of the fault at site BC2, due to the fact that younger sediments 

have buried them. On the north side of the fault, however, fault motion has served to uplift older 

surfaces and protect them from being buried. Only in one place are there identifiable preserved 

surfaces on the south side of the fault: Chockablock Wash. We focus in on this area, as it allows 

for the calculation of fault offsets for surface Qf2c, Qf3a, and Qf3b.  

 Figure C8 and Figure C9 illustrate the complicated nature of depositional activity at 

Chockablock Wash at site BC2. Figure C8 presents our hypothesized cartoon geomorphic 

evolution of this area, showing a “spillover” effect, as the area south of the fault fills to the brim 

with sediments against the uplifted scarp of older fan material, and then spills over to be 

deposited on top of the older sediments. Our evolution diagram begins with the deposition of a 

Qf2b fan unit, deposited around a high, elevated knob covered with Qf1a sediments. This occurs 

when Chockablock Wash is directly in front of the incised channel, which runs west of the knob 

of Qf1a. We hypothesize that uplift occurred after the deposition of Qf2b but before the 

deposition of Qf2c, due to the fact that Qf2c deposits north of the fault only just cover the area 

nearest to the fault, and do not extend very far over the older surface. We further hypothesize 

that Qf2c sediments filled the area where the scarp was, and then spilled over onto the older 

uplifted surface (Figure C8B). When Qf3a is deposited, it leaves a sliver of Qf2c sediments 

preserved both on the north and south sides of the fault, while blanketing the rest of the area with 

its extensive cover, particularly taking advantage of the channel system to the east as its primary 
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depositional area (Figure C8C). Qf3b is deposited in debris flow deposits up to and just crossing 

the fault to be preserved on both sides. Lastly, Qf3c is deposited in the modern stream channel.  

 Figure C9 illustrates what the modern day field observations looks like. While standing 

on the preserved Qf2c surface south of the fault and looking north, one can see the presence of a 

scarp at the western side of the image, a scarp which diminishes in height as you move east and 

the gap is filled with younger sediments. At the top of this scarp at the west, lies a patch of Qf2b 

sediments—note the cross sectional reddish color, which abruptly switches to a grey color as it is 

buried by Qf2c sediments. There are patches of Qf3a sediments off to the left and right, as well 

as across the fault, which are broken up by distinct greyer debris flow deposits of Qf3b 

sediments. The fault is difficult to distinguish from afar, due both to the burial under young 

sediments and the presence of a large amount of creosote bush and dead brittlebush plants, but in 

the LiDAR, it becomes clearer (Figure C3, Figure C4B). These final mapping interpretations 

will lead to the calculation of fault offsets, to be described in following sections. 

 

C.4 10BE COSMOGENIC RADIONUCLIDE SURFACE EXPOSURE DATING 

C.4.1 Methodology 

 Since the discovery of cosmogenic nuclides as a tool for Quaternary dating, many 

researchers have explored its possible applications, from dating glacial histories, to better 

understanding geomorphic processes and erosion rates, to dating fault scarps and offsets (Lal, 

1991; Nishiizumi et al., 1993; Balco et al., 2005). Cosmogenic nuclides are derived from the 

cosmic rays that constantly bombard Earth from outer space. Complex particle interactions in the 

upper atmosphere create secondary particles (usually neutrons) that fall and collide with Earth’s 

surface. 10Be isotopes are created when these secondary particles interact with the Oxygen and 
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Silicon elements found within many minerals in rocks on Earth’s surface (Gosse and Phillips, 

2001). Quartz is the most-preferred mineral to use for 10Be Cosmogenic radionuclide (CRN) 

dating, both because it is mainly composed of SiO2, the two elements often targeted by 

secondary cosmic ray particles. In addition, the mineral quartz is more resistant to erosion over 

long timescales compared to other common minerals like feldspars or micas. This dating method 

has grown in popularity in the last three decades, and has been applied frequently in Southern 

California (Matmon et al., 2005; van der Woerd et al., 2006; Oskin et al., 2007; Blisniuk et al., 

2010; Behr et al., 2010; Blisniuk, et al., 2013a; Owen et al., 2014; Heermance and Yule, 2017; 

Xie et al., 2018), including near the ETR region (Blisniuk et al., 2013b; Gray et al., 2014; 

Gabriel, 2017). 

 In this section, we describe our application of 10Be CRN surface exposure dating to our 

two sites along the Hexie Mountains section of the Blue Cut Fault, in order to constrain 

depositional ages of our mapped and offset surfaces. In addition to describing our sampling 

strategy and processing methodology, we present our results of completed surface exposure age 

dating by presenting final calculated depositional ages of each surface, that take uncertainties 

into account.  

 C.4.1.1 Sample Collection 

 Measuring the amount of 10Be isotopes in a sample taken from a geomorphic surface 

effectively measures the amount of time that has passed since that sample clast was deposited on 

that surface, or the amount of time since it has been exposed to surface conditions. Two 

complications exist that can confuse results from 10Be CRN surface exposure dating, and they 

stem from the question of timing of exposure. The first possible complication is that the sampled 

surface clast was exposed to cosmogenic rays on some other surface (be it a colluvial hillslope 
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surface, or a river bed, or a terrace surface) before it made its way to the alluvial surface it lies on 

today. This means it may have inherited 10Be isotopes from a previous exposure window, and it 

will yield an older age than the age of the surface because of that inheritance. This can be 

resolved by taking samples from a meter deep depth profile to measure the amount of isotopes in 

the clasts below the surface (Ivy-Ochs and Kober, 2008; Ivy-Ochs et al., 2013), measuring the 

abundance of 10Be isotopes in clasts and boulders in an active stream deposit for comparison, 

measuring many clasts on a surface to get a spread of data to run statistics on (Matmon et al., 

2005), or making an assumption that resulting calculated surface sample ages represent the 

maximum possible age of a surface (leading to an assumption that the estimated slip rate is also a 

maximum slip rate). The second main complication that can happen with sampling on alluvial 

surfaces is that as surface erosion and surface lowering occurs, clasts can either become 

exhumed by that surface lowering or boulders can topple over, both of which would yield 

younger than expected exposure ages (Behr et al., 2010). 

 To mitigate the effects of inheritance and possible exhumation or toppling, we apply two 

main strategies to our sampling. For boulder samples, we only sample boulders that are lying on 

flat stable surfaces, more than 5 meters away from an incised channel, and we only sample the 

very smoothest topmost section of these boulders (Figure C10A). Larger boulders on stable 

surfaces have a higher chance of not having moved since deposition, while only sampling the 

tops of weathering-resistant boulders will ensure that if surface lowering has occurred, we are 

most likely sampling the section of the boulder that has been exposed the longest (Ivy-Ochs and 

Kober, 2008; Behr et al., 2010). For surfaces like Qf1a or Qf1c that have boulders that are 

undergoing grusification or are starting to erode, we find the most intact boulders possible and 

avoid areas that are obviously undergoing rind erosion and spallation. For younger surfaces, we 
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also sample boulders that are imbricated in the depositional direction with those around them, 

indicating that they have not moved since they were laid down in a debris flow. All boulder 

samples remove the top 3-5 cm of rock from the topmost area.  

 Our second main strategy consists of collecting multiple sample types on each surface, in 

order to compare ages across clast size. This means that for each mapped surface, where 

possible, we collect at least one boulder top sample, one cobble sample, and one amalgamated 

pebble sample. In areas where no boulders are present on a mapped surface, we only collect 

cobble and amalgamated pebble samples. All cobble samples are chosen based on the 

characteristics that indicate they have been settled on their specific surface for a long period of 

time, including (1) high levels of desert varnish on the top of the clast, (2) high levels of 

rubification on the bottom of the clast, and (3) no rubification on top of the clast (which would 

indicate that it has been tumbled and flipped at some point in its depositional history) (Figure 

C10B). If the cobble is of large enough size, we only use the topmost portion for further sample 

processing. For amalgamated pebble samples, we collect 20 – 50 clasts (b-axis < 3 cm) per 

sample, that have strong rubification on the bottom to indicate that they have been sitting in 

place for a large amount of time (Figure C10C). These clasts are collected over an area of 1 – 2 

square meters around the location of the sample point.  

 C.4.1.2 Sample Processing 

 Seven our of 38 total sample were processed at the Cosmogenic and Short-Lived Isotopes 

Laboratory at Arizona State University (ASU), while the rest were processed jointly at San José 

State University and Lawrence Livermore National Laboratory following the framework of Lal 

(1991), Kohl and Nishiizumi (1992), and Nishiizumi et al. (1993). We crush and separate out the 

250 – 500 µ grain size fraction (250 – 1000 µ size fraction at ASU), and submit it to multiple 
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chemical leaches, including an aqua regia (Hydrochloric Acid and Nitric Acid) leach, and 

multiple rounds of low concentration (1 – 5 %) Hydrofluoric Acid leaches, in order to isolate the 

quartz grains fraction. Once the quartz grains are isolated, we run it through a Frantz magnetic 

separator to remove any partially or fully magnetic grains. We add low background 9Be carrier to 

the purified quartz grains and then digest them in concentrated Hydrofluoric Acid and fume them 

with perchloric acid. Once the samples are digested, we filter them and pass them through cation 

and anion exchange columns to isolate the Beryllium isotope fractions. We dry down the 

Beryllium fractions and add ammonium hydroxide to precipitate beryllium-hydroxide gel, which 

is then oxidized by ignition in quartz crucibles to produce beryllium oxide (BeO) powder. To 

prepare targets for accelerator mass spectrometry measurements, we add niobium powder to the 

BeO product and load the combined powders into steel targets. These are then sent to the Center 

for Accelerator Mass Spectrometry (CAMS) at Lawrence Livermore National Laboratory for 

final measurement of 10Be/9Be ratios. 

 To calculate 10Be ages, we use the CAMS measurements of 10Be/9Be ratios to calculate 

the amount of 10Be atoms present in each sample, including uncertainties. With this information, 

and the location information collected during sampling, we calculate final 10Be model ages using 

the online calculator formerly known as the CRONUS Earth online calculator (Balco et al., 

2008). We choose to calculate model ages using both the older Version 2.3 and the newer 

version 3 of the online calculator formerly known as the CRONUS Earth online calculator in 

order to compare between the two, and to calculate the production rates of cosmogenic nuclides 

by spallation and by muon capture. We report the time-independent model ages from Lal (1991) 

and Stone (2000) for our model ages, though we note that using different scaling models can 

result in slightly different ages (Blisniuk et al., 2010).  
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C.4.2 Age Results 

 We present all final concentrations, model ages, and uncertainties for all our samples in 

Table C1. This includes both internal uncertainties due to sample processing using laboratory 

methods (measured by CAMS) as well as external uncertainties that are caused by sample 

location factors, cosmogenic nuclide production rates, and methodological assumptions (Gosse 

and Phillips, 2001). To visualize individual samples as grouped by mapped surface, we plot 

Normal Kernel Density Estimate (NKDE) plots (Figure C11). These represent the frequency 

distributions of multiple samples at one time, using a normal, or Gaussian, kernel for each 

sample, as well as a summed Gaussian distribution to visualize a combined age. This allows us to 

include the Gaussian external uncertainties of each sample in our analysis of how similar each 

sample is to its sampled neighbor on a surface. If the curves of different samples overlap well for 

a surface, it is more likely we are sampling the same age surface. In addition, since the definition 

of a Gaussian distribution requires the area under any Gaussian curve to be equal, we can use the 

relationship between height of a sample curve and width of a sample curve to indicate which 

measurements are more precise. The higher and thinner a curve is, the more precise the 

measurement and the lower and more spread out the curve it, the less precise the measurement.  

 Table C2 presents our 10Be samples grouped by mapped surface location, as well as our 

calculated overall surfaces ages. We calculate our overall ages in two ways: using a Boxcar 

approach and using a Gaussian approach. The boxcar approach is the most conservative method 

for calculating the age of a surface using multiple different age samples, as it assigns an equal 

probability for all ages within the range of the minimum and maximum ages. We define our 

minimum ages to be the youngest age of a surface minus that sample’s 2σ uncertainties, while 

the maximum age of a surface is defined to be the oldest age on a given surface plus that 
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sample’s 2σ uncertainties. We then calculate the median and 2σ bounds of that boxcar 

distribution using the Matlab-based Slip Rate Tools program suite (Zechar and Frankel, 2009), to 

produce a final surface age. To calculate the final surface ages using a Gaussian approach, we 

use a different program in the Slip Rate Tools suite to calculate a Gaussian distribution given the 

distribution of samples on that surface with their 1σ uncertainties. We then take the median age 

of the distribution and the 2σ uncertainty bounds for our final surface age. While we calculate 

both Boxcar and Gaussian ages, we report the more conservative Boxcar age result in the text 

and in our figures.  

 For surface Qf1a, we have two samples that do not agree well with each other, even 

within their 1σ uncertainties. One sample gives a model age of 132.5 ± 11.1 ka (sample BC1-31) 

while the other gives an age of 100.8 ± 8.5 ka (BC1-32). Sampling a surface like Qf1a can be 

problematic because of the prevalence of grusification and weathering of boulder clasts. While 

we sampled the most intact boulders possible, we suspect that sample BC1-32 may have 

undergone spallation of its surface and therefore may have lost its original rind. When this 

happens, the rind of rock that contained the largest amounts of 10Be nuclides has been eroded 

away, leaving a rind of rock that, when sampled, will have fewer 10Be nuclides and will result in 

a younger age. We therefore do not include this sample in our calculation of the age of this 

surface. For the other sample, however, while one sample can provide us a sense of the age range 

of a surface and therefore a sense of the slip rate that may result from that age, it is not enough to 

allow for the calculation of a justifiable slip rate to be included in the characterization of an 

overall site-wide slip rate.  

 Our Qf1b surface has two samples that show very strong overlap within their 1σ 

uncertainties and therefore exhibit high probability that they are sampling the same age surface 
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(Figure C11B). These samples provide ages of 117.5 ± 10.2 ka (BC1-06) and 114.6 ± 10.0 ka 

(BC1-09), with an overall boxcar surface age of 116.3 ± 20.7 (± 2σ) (Table C2). We have high 

confidence that these samples represent the age of this surface well, due to their strong overlap 

and that fact that they are two different type samples (one cobble and one boulder) that are 

indicating almost the same age. When we move to our Qf1c surface, we have three samples that 

show a fair amount of overlap, where two samples overlap very well, and one sample overlaps 

slightly less than the others (Figure C11C). Each of these samples is a different type sample, 

where the 91.3 ± 7.9 ka (BC1-18) age is an amalgamated pebble sample, the 106.1 ± 9.2 ka 

(BC1-05) age is a boulder top sample, and the 109.6 ± 9.1 ka (BC2-10) age is a cobble sample. 

We interpret all these samples as sampling the same surface, where it is not surprising that the 

amalgamated pebble sample is the youngest of this given distribution given that pebbles are more 

easily moved around after deposition considering their small size. This distribution produces a 

boxcar surface age of 101.6 ± 25.1 ka (Table C2). 

 Our Qf2b surface is well represented by seven total samples, six of which agree fairly 

well on an overall boxcar surface age of 68.1 +19.1/-19.2 ka. There is more spread in this 

distribution, due to the fact that there are (1) more samples and (2) these samples are collected 

from multiple locations of Qf2b surface, both on the south and north sides of the fault. This 

distribution also contains what we consider one outlier sample (Figure C11D). This sample is a 

cobble sample of 32.7 ± 2.7 ka age (BC1-27) that was sampled on the north side of the fault near 

Greencliff Wash, and we believe it may unfortunately have been flipped at some point, or that it 

may have been overprinting deposit in which it was a younger debris flow or flow deposit that 

overprinted the Qf2b surface there. It falls quite far outside the range of distributions of the other 

samples on our NKDE plot (Figure C11D), and is not included in our calculations of the overall 
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surface age here. Our Qf2c surface has two samples that overlap very well in their NKDE plot 

(Figure C11E). These include a 47.3 ± 4.1 ka age boulder sample (BC1-02) near Adit Wash and 

a 49.6 ± 4.1 ka age amalgamated pebble sample (BC2-08) near Chockablock Wash. Together 

these produce a calculated boxcar surface age of 48.5 ± 8.9 ka. 

 Our most extensive surface, Qf3a, exhibits similar behavior to surface Qf2b, in that there 

is a large amount of spread in the ages of the sampled surfaces (Figure C11F). We have ten 

samples for this surface: six samples that cluster together well to form the Qf3a age distribution, 

one sample that is an outlier (sample BC2-19, not pictured in Figure C11F because it is off the 

scale), and three samples that cluster together as outliers in our analysis of Qf3a, but may 

represent a surface Qf3b. The six samples that illustrate a spreading distribution include two of 

each type of sample, and are sampled from across the Qf3a fan surface at Blue Cut site 2. The 

extensive deposition of Qf3a may mark the occurrence of a large climatic swing, and because of 

its large presence at both mapping sites, it may have taken a long time to deposit all that material. 

These six sample give an overall boxcar age of 21.8 ± 8.1 ka, which may match up well a cooler 

climate and glaciation period that is well marked in the Sierra Nevada mountains to the north 

(Tioga glaciation, see Discussion section). The outlier age of BC2-19 (47.6 ± 3.9 ka) is a boulder 

top sample that was sampled in a debris flow of material on a large alluvial fan at the east end of 

site 2. While we interpreted its location to be imbricated with the clasts surrounding it, it may 

have been at the base of an eroded debris flow deposit and thereby may have been sitting on that 

surface for a much longer time than the Qf3a sediments around it. It is not included in the 

calculations of overall surface age. 

 Three samples that were collected from Qf3a surfaces, exhibit much younger ages (see 

the three “outliers” of Figure C11F). Two of these sample ages are directly in line with each 
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other across the fault in Chockablock Wash (BC2-09 and BC2-11), while the third comes from 

the large fan to the east of the site 2 study area (BC2-18). Our interpretation of these samples is 

that they may be younger overprinting of Qf3b sediments on top of Qf3a sediments, as deposits 

of both surfaces lie right next to each other in all areas. It is not hard to imagine a debris flow of 

Qf3b material depositing on top of Qf3a at one point, but having clasts from its deposit roll or 

spread either during the debris flow event itself, or later over time. If we interpret the distribution 

of these three samples in the NDKE plot, they overlap very strongly, illustrating a high 

probability that they may be sampling the same age depositional event. We choose, therefore, to 

separate these three samples into their own surface designation in Table C2, and to calculate a 

surface age for this depositional surface. Its boxcar surface age is 10.6 ± 2.2 ka.  

C.4.3 Age Results in Context of Previous Work 

 Many authors have previously applied 10Be CRN dating to study areas in the southern 

California region (Matmon et al., 2005; van der Woerd et al., 2006; Oskin et al., 2007; Blisniuk 

et al., 2010; Behr et al., 2010; Blisniuk et al., 2012; Blisniuk, et al., 2013a,b; Owen et al., 2014; 

Gray et al., 2014; Gabriel, 2017; Heermance and Yule, 2017; Xie et al., 2018). Work by Owen et 

al. (2014) investigates how late Quaternary fan ages from different studies using various types of 

absolute and relative age dating methods across the southwest U.S. compare to each other. These 

dating methods include 10Be CRN dating, in addition to soil chronology, lake stratigraphy, dating 

using 26Al, 36Cl, or 14C isotopes, Optically Stimulated Luminescence dating, and U-Series dating. 

While in general it is difficult to compare across so many different chronometers and across such 

varied environments, Owen et al. (2014) find that when they plot a summed NDKE plot of all 

fan surface ages in the southwest U.S. (as of 2014), there are several peaks of fan surface ages in 

which agreement can be argued. These include peaks at ~66 ka (spread of ~52 – 76 ka), ~33 ka 
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(spread of 22 – 38 ka), ~17 ka (spread of 12 – 20 ka), ~8 ka (spread of 6 – 11 ka), and 4 ka 

(spread of 2 – 5 ka) (see Owen et al., 2014, Figure 12), which also correspond to clusters of 

Quaternary fan ages seen by Spelz et al. (2008) of 0 – 2 ka, 2 – 4 ka, 4 – 8.7 ka, 9 – 17 ka, 16 – 

39 ka, 60 – 86 ka, with the addition of two older clusters at ~124 – 129 ka and 240 – 730 ka 

(Spelz et al. (2008) Figure 10) (Figure C12). The amount of age dating completed for younger 

surfaces far exceeds that for older (>70 ka) surfaces, which is a result of the fact that there is 

preservation bias for younger sediments. However, to first order, these peaks indicate that there 

is a major fan deposition event in the southwest U.S. for each Marine Isotope Stage (MIS) since 

MIS 4, and that there are two depositional events in the most recent MIS 1 (Owen et al., 2014).  

 Our surfaces ages compare fairly well with these clusters of depositional activity around 

the southwest U.S. (Figure C12). Our Qf2b surface falls within the ranges of both the Owen et 

al. (2014) analysis (52 – 76 ka) and the Spelz et al. (2008) analysis (60 – 86 ka) with its age of 

68.1 ka and its 1σ uncertainties. Surface Qf2c is poorly represented in both analyses and falls in 

the gap between peaks of higher frequency. This illustrates that is may be more of a local 

depositional event, rather than one represented across the region. However, 10Be ages from a 

study of offset quaternary surfaces along the San Jacinto Fault zone reveal a mapped Qf2c 

surface of ages 41.4 ± 6.5 – 43.6 ± 8.5 ka, which represents a distribution that overlaps with our 

own Qf2c surface (Blisniuk et al., 2012). Of the younger surfaces, our Qf3a surface splits two 

peaks ranges of Owen et al. (2014) but is fully encompassed in the range of Spelz et al. (2008) 

(Figure C12). Lastly, our possible Qf3b surface fits both within a peak range of Owen et al. 

(2014) and a peak range of Spelz et al. (2008).  

 For studies that were conducted near to the ETR region, resulting ages match well with 

our calculated surface ages. 10Be CRN dating Work completed by Gray et al. (2014) in the 
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Mecca Hills just to the southwest of Joshua Tree National Park shows grouping of surface ages 

around 7 – 8 ka, ~11 – 12 ka, ~28 – 30 ka, 70 ka, and ~103 ka, as well as a much older peak at 

~228 ka. A slip rate study in the Indio Hills at Pushawalla Canyon, just west of the westernmost 

end of the Blue Cut Fault, reports 10Be CRN surface ages of ~12 ka, ~27 ka, and ~73 ka 

(Blisniuk et al., 2013b; Kimberly Blisniuk, personal communication 2018). Lastly, Gabriel 

(2017) reports 10Be ages of 63 – 88 ka on their mapped surfaces along the western end of the 

Pinto Mountain Fault. The amount of agreement seen in comparison with 10Be CRN analysis 

completed by other authors in both the local ETR area and the regional southwestern U.S. 

supports our resulting conclusions about surface age, as well as mapping interpretation.  

  

C.5 FAULT SLIP RATE RESULTS 

C.5.1 Blue Cut Site 1 

 At our study site 1 the Blue Cut Fault exhibits mainly left lateral strike slip motion along 

its main trace, with more complex motion along secondary traces to the north and south. At the 

eastern end of our study area, the fault is divided into three strands, which appear to extend 

through low hills of bedrock for near two kilometers east to the Pinto Basin sediments where 

they may be buried (Figure C3; Figure C4A). At the location of Adit Wash, these strands 

appear to converge onto the main strand towards the west, leading to the observation of more 

recorded slip in geomorphic landforms in the western section of this study area than the eastern 

section. Two sets of preserved, left-laterally beheaded alluvial fan deposits and one set of 

partially left-laterally offset alluvial fan deposits are mapped at this site: Qf1a and Qf1c surfaces 

are fully beheaded from their sources, and Qf2b surfaces are partially offset from their sources at 

Greencliff Wash and Adit Wash. In addition, there is a locally offset Qf1b surface along one of 
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the three strands in the eastern area that records slip since its deposition, but only records a 

portion of the slip that may have been transferred across three separate strands. Figure C6 

presents the overall geomorphic evolution at this site, based on our mapping interpretation of 

preserved sediments here. At this site, all younger sediments appear to be undeformed with 

respect to fault offset. All younger sediments at this site are deposited within large channels as 

terrace deposits, which could have been offset at one time, however the record of offset may 

have eroded away due to active river incision. 

 To calculate slip rates for the preserved offset surfaces at this site, we first measure 

offsets using a minimum/maximum boxcar approach. To do this, we measure the minimum 

amount a surface can be restored to, as well as the maximum distance a surface can be restored 

to, based on its modern day offset along the fault. We then take the midpoint to be the mean 

offset distance and the uncertainty on that distance in the distance to the minimum and 

maximum. While there are alternative methods of measuring uncertainties on a chosen offset, we 

employ this approach to be as conservative as possible. We then combine this offset 

measurement with the measurement of surface age from our 10Be CRN ages to calculate a slip 

rate. Slip rates are calculated using a Python-based Slip Rate Calculator from Styron (2015). The 

Styron (2015) calculator uses a Monte Carlo approach to randomly sample from a user-specified 

probability density function for the age and offset of a given landform, and then fits a single 

linear regression to that data point. It then repeats this process for a specified number of 

iterations (we use 10,000 iterations) to calculate a distribution of slip rates, and final overall best-

fit slip rate. We calculate our slip rates using a boxcar approach for our surface ages, as well as a 

Gaussian approach, in order to assess how resulting slip rates differ. We present our final 

calculated slip rates in Table C3. 
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 Offsets at this site are mostly characterized by preserved alluvial fan surfaces with 

incised channels, that have been left-laterally offset from their sources of sediment (either Adit 

or Greencliff Wash). Our largest offset surface is Qf1a, which is characterized by a 325 ± 55 m 

offset that reunites the preserved surface deposit on the north side of the fault with a second 

preserved deposit on the south of the fault (Figure C13). We determine our offsets by measuring 

minimum and maximum offsets and taking the midpoint to be the mean with the difference 

between minimum and maximum to be the range of uncertainties. For surface Qf1a, the 

minimum reconstruction is defined by an incision event at the edge of the preserved surface that 

is recorded by a beheaded channel at the eastern edge of the north Qf1a deposit, and the sharp 

wall of the eastern edge of the southern Qf1a deposit (Figure C13B). Our maximum 

reconstruction is determined by the reunion of the western edges of the preserved deposits on 

both sides of the fault (Figure C13C). This maximum reconstruction also realigns the major 

source channels of Adit Wash to the south. If we use our one age from this surface (132.5 ± 11.1 

ka) to calculate a slip rate using a 325 ± 55 m offset, this results in a time averaged boxcar slip 

rate of 2.48 ± 0.68 mm/yr (± 2σ). We do not have high confidence in this slip rate because it is 

based on a surface age that relies on only one data point; however, we report it here and in our 

final result table to give a sense of what the result would look like were this the true age of 

surface Qf1a.  

 Our Qf1b surface is the most locally deposited surface in this study site. It only crops out 

at the easternmost edge of our study area, along the central strand of the three strands of the fault 

there. It was deposited as a complete alluvial surface within a bedrock-dominated area, and was 

then left-laterally offset 68 ± 13 m. This is constrained by the presence of two separate channels 

incised into bedrock that can be reunited with a minimum reconstructed offset of 55 m (Figure 
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C14B), and with a maximum offset of 80 m (Figure C14C). Two samples taken from this 

surface were taken approximately 60 m away from each other (one on the north side and one on 

the south side), and their NKDE plot shows strong overlap in relative probability that they were 

sampled from the same age landform. When we calculate a slip rate for this surface using this 

offset and the surface age of 116.3 ± 20.7, it results in a time averaged boxcar slip rate of 0.59 ± 

0.18 mm/yr. This slip rate is averaged over the time since the surface was deposited, ergo it may 

misrepresent the amount of slip that has happened over time. The offset distance compares very 

well with that from our surface Qf2b, implying that this Qf1b surface may have been deposited 

and sat undisturbed at the surface for a long period of time before being offset in earthquake 

events that also ruptured the portion of the fault running through the Qf2b surface. Alternatively, 

fault slip may be partitioned amongst the three different strands in a complex pattern that we 

cannot speak to from the evidence we gathered here.  

 The Qf1c surface at site 1 is an extensive surface across the area, though it is best 

preserved in the western side of the study area. In the eastern side of the area, many minor 

channels in the range front have created a complex mix of Qf3a, Qf3b, and Qf3c deposits on top 

of the former Qf1c surface, with only pieces of the Qf1c surface peaking through. Therefore, our 

reconstruction of surface Qf1c relies more heavily on the geomorphic expression from the 

western end of our site. There are three primary incised channels in the western Qf1c surface on 

the north side of the fault that have been beheaded from their source. Our minimum 

reconstruction reunites a beheaded incised stream channel north of the fault, with the current 

location of the source channel Greencliff Wash (Figure C15B), which also possibly aligns with 

an incised channel in the eastern deposit of Qf1c. The maximum reconstruction is constrained by 

the realignment of the Greencliff source channel with the westernmost incised channel into Qf1c 
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surface sediments on the north side of the fault (Figure C15C). This produces an overall offset 

of 220 ± 50 m. When we combine that with the surface age of 101.7 ± 25.1 ka, we calculate a 

boxcar slip rate of 2.21 ± 0.88 mm/yr (Table C3).  

 The last offset surface at this site is the Qf2b surface, which crops out near both 

Greencliff and Adit Washes. This surface exhibits terrace type sediment packages preserved in 

the channels on the south side of the fault, while on the north side of the fault its preserved 

surface is more of an alluvial fan type deposit. Each north side deposit has an incised channel 

near the eastern edges of the respective deposit, which we use to help construct our minimum 

reconstruction (Figure C16B). In the minimum reconstruction, we realign each of these incised 

channels with their source wash (either Greencliff at the west or Adit Wash in the east). In our 

maximum reconstruction, we reunite the very edges of the preserved sediment packages on each 

side of the fault (Figure C16C). This creates a measured offset of 75 ± 20 m and when we 

combine that with our boxcar surface age of 68.1 +19.1/-19.2 ka, we calculate a slip rate of 1.13 

± 0.52 mm/yr.  

C.5.2 Blue Cut Site 2 

 Deformed sediments along the fault at site 2 seem to indicate that there is one main strand 

with two to three splay faults near the western edge of the area. Along this main strand, the 

position of offset alluvial packages suggests that there has been both left lateral and down-to-the-

south fault motion. Our investigation does not explore whether this oblique motion is reverse or 

normal motion, but based on observations of the complexity of other fault behavior at locations 

to the east (transpressional ridges, as well as down to the north normal faulting) and west (down 

to the south normal faulting, as well as opposite sense compressional motion within 50 meters) 

we admit that a rupture along this fault system could be very complex. In this context, we only 
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explore left-laterally offset preserved surfaces, and do not assign a slip rate to any possible 

vertical uplift. No preserved sediments older than Qf2c are preserved on the south side of the 

fault, because they have been buried by more recent deposition. This burial has been aided by 

down to the south fault motion, proximity to the range front and sediment sources, and high 

slope conditions making sediment failure more common. Therefore we are unable to make any 

strong reconstructions for any of our Qf1a, Qf1c, and Qf2b surfaces, even though they are 

mapped on the north side of the fault. Site 2 does, however, provide constraints on fault motion 

that has occurred during the deposition and incision of Qf2c, Qf3a, and Qf3b surfaces.  

 The Qf2c surface at site 2 crops out in a handful of areas along the fault, yet only in 

Chockablock Wash are we able to construct a reconstruction of the surface with a preserved 

piece on the south side of the fault. Figure C8 presents our hypothesized geomorphic evolution 

of the Chockablock Wash area, wherein sediments get deposited and spillover onto the south-

facing scarp of uplifted preserved sediments. We hypothesize that Qf2c sediments did just this, 

where they filled in the gap in front of a former scarp, and spilled over to partially cover up Qf2b 

sediments. Our minimum reconstruction is based on the incision of this small piece of preserved 

Qf2c surface. We reunite this incised channel on this north side of the fault with an linear 

depression along the east side of the sliver of preserved Qf2c deposits on the south side of the 

fault (Figure C17B). Our maximum reconstruction simply reunites the western edges of both of 

these preserved deposits (Figure C17C). This reconstruction has a large amount of uncertainty 

given that there are so few Qf2c deposits preserved at this site. If we apply our reconstructed 

offset of 38 ± 8 m with the calculated surface age of 48.5 ± 8.9 m, we calculate a boxcar slip rate 

of 0.79 ± 0.26 mm/yr.  
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 Surface Qf3a is our most extensive unit at this site and the well-preserved bar and swale 

texture, as well as the incision of small channels throughout its surface offer more unique ways 

of reconstructing its former depositional positions. Our minimum reconstruction of 15 m is 

constrained by the reunion of two small channels (highlighted in Figure C18B), where both 

restore a left lateral dogleg that had formed between incision of the channel in Qf3a sediments 

and the modern day. Our maximum reconstruction of 30 m is the same offset as our minimum 

Qf2c reconstruction, because Qf2c is an older surface, incision into that surface needed to be 

complete before abandonment of the surface and then deposition of the new Qf3a surface 

(Figure C18C). We also include a preferred offset in our reconstructions of Qf3a, because there 

is an offset distance that reunites a larger channel wall in the main channel of Chockablock Wash 

(Figure C18D). This reconstruction of 23 m also maintains the flow of a second channel to the 

west, and a third channel to the east. When we combine our offset of 23 ± 8 m with our surface 

age of 21.8 ± 8.1 ka, we calculate a boxcar slip rate of 1.11 ± 0.68 mm/yr.  

 Our youngest offset surface is surface Qf3b, which we believe has recorded the Most 

Recent Event (MRE), or most recent surface-rupturing event, on this fault at this site. Our 

maximum reconstruction for this surface is not shown, as it would be the minimum of surface 

Qf3a (15 m), but our minimum reconstruction is shown in Figure C19B. This reconstruction is 

constrained by the reunion of three small streams or bar and swale deposits (see clean LiDAR 

image in Figure C19C for comparison with the interpreted image in Figure C19B), as well as 

the reunion of a debris-flow deposit at the eastern edge of the area, that is offset approximately 2 

meters. Two of the three 10Be CRN ages we have for this surface, were initially sampled as being 

from the Qf3a unit, therefore we only calculate a slip rate here for the purposes of comparison. 

We do not have high confidence in this slip rate without more ages from this Qf3b surface, but 
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when we calculate a slip rate using the offset of 9 ± 7 m and an age of 10.6 ± 2.2 ka, we obtain a 

rate of 0.85 ± 0.82 mm/yr.  

C.5.3 Overall Slip Rate Results 

 To calculate an overall slip rate we choose to combine the surface histories of both sites 

in order to be able to estimate a slip rate that encompasses the full range of slip history preserved 

along this section of the Blue Cut Fault. At site 1, we document preserved slip history recorded 

for surfaces Qf1a, Qf1b, Qf1c, and Qf2b, which encompasses all of our oldest surfaces from both 

sites. This represents slip during a time period of approximately 155 to 49 ka. At site 2, while 

slip is recorded by the preservation of older surfaces, we have no remnants preserved on the 

south side of the fault, making reconstructions effectively impossible. There is a record of slip 

preserved in the offsets of younger surfaces at site 2, with offsets that can be correlated on both 

sides of the fault. These include surfaces Qf2c, Qf3a, and Qf3b, which represent a period of 

approximately 57 to 8 ka in time. If we dovetail these two sources of slip history from both sites, 

we can produce a late Quaternary record of slip from 155 ka to 8 ka, thereby fully illustrating the 

full time window represented along this particular section of the Blue Cut Fault. 

 We calculate three separate overall rates, to fully demonstrate how slip rates may have 

evolved over time. Our first rate is calculated using all possible surface ages except surface Qf1b 

as it only samples one strand of a three-fault strand system and does not represent the overall 

rate. The overall boxcar rate for this scenario with 2σ uncertainties is 2.04 ± 0.40 mm/yr. Our 

confidence in this rate is low, however, because it includes two surfaces who ages are poorly 

constrained, namely Qf1a and Qf3b. Our second rate is calculated using the same surfaces except 

that we choose to remove our most poorly constrained surface Qf1a. This rate is 1.66 ± 0.44 

mm/yr. Lastly, we calculate a third rate using all surfaces except Qf1a and Qf3b, which results in 
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an identical slip rate of 1.66 ± 0.44, indicating that the addition or removal of surface age Qf3b 

in the slip rate calculations has little to no effect on the final overall slip rate. This final rate is the 

one we present in our Table C3, calculated as both a boxcar distribution and Gaussian 

distribution.  

 

C.6 DISCUSSION 

C.6.1 Implications of Most Recent Event Deformation 

 The Most Recent Event (MRE) is recorded in the offset of Qf3b sediments in site 2. This 

offset is constrained by the realignment of three small channels and the ridge crest of one debris 

flow unit in the eastern side of site 2 (Figure C20). Measuring these offsets using our LiDAR 

dataset and field measurements produces an observed surface slip of 1.8 – 3 m. This agrees well 

with offsets observed at the paleoseismic trenching efforts of Cadena (2013) along the Pinto 

Mountain Fault, just to the north. Their analysis results in an offset estimate of a Pinto Mountain 

MRE of 2 – 4 m, which they assume is a characteristic event along the Pinto Mountain Fault, 

near the Oasis of Mara (Cadena, 2013). In addition, we can bracket the age of our MRE to be 

after 10.6 ± 2.2 ka (12.8 -8.4 ka, or the deposition of Qf3b sediments) but before the deposition 

of younger Qf3c sediments, as those sediments are not deformed by the fault.  

 If we assume that our MRE offset represents the maximum displacement observed at the 

surface, we can use relationships derived by Wells and Coppersmith (1994) to calculate the 

approximate moment magnitude of this MRE. A maximum displacement of 1.8 m results in a 

Mw 6.9 event, with a 40.1 km surface rupture length, while a maximum displacement of 3 m 

results in a Mw 7.0 event, with a 66.2 km surface rupture length (Table C4). The fact that this 

MRE ruptured the ground surface indicates that it most likely was at least an event with a 
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magnitude greater than Mw6.0. This is supported by observations by Bonilla (1982) that surface 

rupture becomes 50% more likely if an earthquake is >Mw6.0 (for earthquakes in the western 

United States). Though smaller magnitude events have been shown to produce surface offsets 

(e.g. Bonilla (1988), Stein and Lisowski (1983)), the larger an earthquake becomes, the more 

likely it is to rupture the ground surface. With a rupture of 1.8 – 3 m at the surface, this event has 

a high probability of being approximately an Mw7.0 (Biasi and Weldon (2006), their Figure 6), 

which is supported by our approximate calculations using Wells and Coppersmith (1994) 

regression relationships.  

 Estimating the magnitude of a paleoseismic event becomes more complicated, however, 

when one considers the modern-day observation that measurements of surface slip can differ 

from those measurements of subsurface slip using geodetic data (Thatcher and Bonilla, 1989). 

Dolan and Haravitch (2013) conduct an analysis of modern earthquakes to investigate how fault 

maturity can affect the disproportionate nature of measurements of surface slip and subsurface 

slip. They find that in cases of mature faults, which they define to have accommodated greater 

than or equal to 85 km of total displacement, earthquake slip at the surface accounts for 85 – 

95% of subsurface slip, indicating that mature faults have the closest relationship between 

surface and subsurface slip. For the case of immature faults, or faults that have experienced less 

than or equal to 25 km of total displacement, only 50 – 60% of subsurface slip is observed as 

surface slip. The Blue Cut Fault falls into this latter category, as evidenced by its discontinuous 

fault strands and only approximately 9 km of total displacements over its lifetime. Therefore, to 

account for this possibility that only 50 – 60% of subsurface slip is seen at the surface, we 

calculate what the moment magnitude of our MRE would be if a “total slip” value were used 

(Table C4). We double our minimum of 1.8 m to calculate the moment magnitude and surface 
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rupture length using an assumption of 50% of subsurface slip being observed at the surface, and 

using the assumption of 60% of subsurface slip being observed. We complete this for the case of 

our maximum 3 m of slip as well. Results indicate applying this assumption results in an Mw7.0-

7.1 event (using our value of 1.8 m) and an Mw7.2 -7.3 event (using our value of 3 m) (Table 

C4).  

 Overall, the MRE offset along this fault indicates a large magnitude event took place 

sometime between 10.6 ± 2.2 ka and the deposition of the undeformed Qf3c sediments 

(undated). If we assume that the recurrence interval is approximate 10.6 ka and that another large 

magnitude earthquake is due along this fault very soon, this would contradict the evidence of 

fault displacements taking place before the deposition of Qf3b sediments. Qf3b experienced 15 – 

(1.8 – 3 m) of offset over the lifetime of the surface (deposition to incision), and if we divide that 

offset by a 2.4 m characteristic earthquake offset (the average between 1.8 – 3 m) we see that 

approximately 5 earthquakes of the size of our MRE were needed to accommodate the offsets 

seen between surface Qf3a and surface Qf3b. Ergo, between the age of the incision of Qf3a 

(deposition of Qf3b) (<21.8 ka) and the age of the incision of Qf3b (<10.5 ka), five events 

occurred. If we speculate even further, and take those ages as the bounds of event timing, we can 

estimate a recurrence interval of 2,200 years for those events. This is conjectural at best, but 

indicates to us that something in the recent geologic history of this fault has caused it to 

potentially slow down and produce fewer surface rupturing events. This is explored further in the 

following section. 

 

C6.2 Slip Rates in a Regional Context 

 C.6.2.1 Slowing Blue Cut Motion? 
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 When we plot our slip rates calculated by surface over time, we see a trend towards 

decreasing slip rate on the Hexie Mountains section of the Blue Cut Fault (Figure C21). Though 

surfaces Qf1a and Qf3b are more poorly constrained than the other surfaces, we include them in 

Figure C21 to help illustrate the general trend. Even if we exclude those surfaces and just focus 

on surfaces Qf1c, Qf2b, Qf2c, and Qf3a, there is still a general decreasing trend over the ~80,000 

years represented by these surface intervals. If slip rate is decreasing over time along this central 

section of the Blue Cut Fault, what does this suggest for its role in the fabric of faulting in the 

ETR province? 

 The evidence that this fault may be slowing down fits in well with hypotheses for 

cessation of activity of left lateral ETR style faults to the south. Since the inception of the first 

left lateral faults near the Salton Sea in the late Miocene, these faults have appeared to initiate in 

a sequence beginning in the south and moving towards the north, with the Mammoth Wash Fault 

as the southernmost extent, followed by the Salton Creek, Chiriaco, Blue Cut and Pinto 

Mountain faults to the north. One existing interpretation of this is that newer left lateral faults 

would initiate when they were in line with a bend in the San Andreas Fault (e.g. modern-day San 

Gorgonio Pass), as the other ETR faults would be moved southeastward relative to the bend by 

the proto-San Andreas Fault (Powell, 1981 p. 333 in response to Hadley and Kanamori, 1977; 

discussion in Powell, 1993, p. 61). One possible issue with this idea is that the bend that we see 

in San Gorgonio Pass today may not have formed as of 5 Ma, or the time that the San Andreas 

Fault took over as a main conductor of slip in the area. A second notion to consider is that these 

newly initiated faults rotate over time, so their modern orientation is different than it would have 

been when they first started accommodating motion. 
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 The most conservative view of this process is that there were two main stages of fault 

initiation, with an earlier stage in the south (including the Mammoth Wash fault) and a later 

stage in the north (including the Salton Creek, Chiriaco, Blue Cut and Pinto Mountain), that has 

been followed by a progressively northward moving cessation of fault activity. This progressive 

fault abandonment, or cessation of fault activity (Powell, 1981; Powell, 1993), moved from south 

to north over time, and may still be at work today. The southernmost left-lateral faults of this 

domain, including the Mammoth Wash fault, likely ceased activity by late Pliocene (as latest 

Pliocene sedimentary units are undisturbed) (Powell, 1993). The next faults to the north of the 

Mammoth Wash fault, the Salton Creek and Chiriaco faults, appear to leave Pleistocene 

sedimentary units undisturbed (Powell, 1993). Since the Chiriaco fault is the next major fault to 

the south of the Blue Cut Fault and appears to have ceased fault motion sometime before the 

Quaternary period, it follows that the Blue Cut Fault would be next in line for cessation of 

activity. In addition, no seismicity is seen on the Chiriaco Fault, Salton Creek Fault, or 

Mammoth Springs Fault, and while some seismicity is seen along the Blue Cut Fault, it is only in 

limited areas near the western section near Key’s View and in Pleasant Valley along the Hexie 

Mountains section (Langenheim and Powell, 2009). The Pinto Mountain Fault has very active 

seismicity, and moreover, has evidence of at least seven surface rupturing events occurring since 

~13 ka near the Oasis of Mara paleoseismic trench (Cadena, 2013).  This would suggest that the 

Pinto Mountain Fault has been far more active in Holocene time than the Blue Cut, and serves to 

underscore the point that the Blue Cut Fault may be slowly grinding to a halt. 

 On the other hand, another possible interpretation is that the Blue Cut Fault may be 

slowing in the present-day, but may speed up again in the future. Clusters of seismic activity are 

documented in the Eastern California Shear Zone to the north (e.g. Rockwell et al., 2000), and 
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we cannot rule out the idea that the faults of the Eastern Transverse Ranges may experience 

similar clustering of fault activity, rather than steady fault slip rates through time. Indeed, along 

the Pinto Mountain fault, there is evidence that its slip rate varied rapidly through Quaternary 

time, up to as high as 12 – 13 mm/yr if one reconstructs the offset location of a Bishop Tuff ash 

bed (Powell, 1993). In the modern day, the slip rates along the Pinto Mountain and Blue Cut 

Fault seem to agree, with the exception that the Pinto Mountain Fault has very clear Holocene 

offsets along its central section, while in contrast, we have not observed the same type of 

Holocene offsets along the Blue Cut Fault in this study area. If the Blue Cut is slowing to a halt, 

we cannot make a definite prediction of how long it will take to cease motion; however, using 

our data, if this fault has decreased in slip rate from ~2 mm/yr to ~1 mm/yr in 100 ka, it might be 

possible that it decreases from ~1 mm/yr to negligible fault motion (and earthquake occurrence) 

within the next 100 ka. We would need a much larger time observation window to test this 

hypothesis.  

C.6.2.2 Implications for Accommodating SSAF Motion 

 The faults of the ETR province have been hypothesized to have accommodated block 

rotation in the past, but one goal of this study is to determine to what extent block rotation may 

be happening in the modern day, and whether it could present a continuing mechanism of strain 

transfer between the SSAF and the ECSZ as suggested by the geodetic study of Spinler et al. 

(2010). We have determined that the Blue Cut has been active as late as latest Pleistocene 

(potentially earliest Holocene), but is slipping more slowly that than required by the block 

models of Spinler et al. (2010). Moreover, the Blue Cut has been less active than the Pinto 

Mountain Fault during Holocene time, which is difficult to reconcile with large-scale block 

rotation since the Pinto Mountain and Blue Cut are expected to work in conjunction. Our 
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evidence that the Blue Cut may be slowing down appears to dovetail well with evidence that left 

lateral ETR faults to the south have ceased fault motion. If the Blue Cut is slowing down and is 

ultimately ceasing activity like its neighbors to the south, block rotation may be less important 

now in accommodating large-scale shear within the ETR than it was in the geologic past. 

 In this section we employ geometric block model relationships to determine how much 

dextral shear block rotation in the ETR may have accommodated. Dickinson (1996) defines a 

relationship describing total accumulated dextral offset by block rotation as a function the length 

of the rotating block and the difference between the initial angle between left lateral boundaries 

and the dextral boundary and the final rotated angle between these boundaries (Figure C22) as 

follows: 

! = !! ∗ [cos ! − cos ! ]           [1] 

where ! is total offset along the SSAF accumulated through block rotation (kilometers), !! is 

length of the rotating block panel (in kilometers), ! is the initial, unrotated angle between the 

dextral boundary and the rotating block boundary, and ! is the rotated angle between the dextral 

boundary and the rotating boundaries (as shown in Figure C22). This relationship assumes that 

!! remains constant over time, while the entire width of rotating domain changes through time. 

The average panel length, or fault length, in the ETR region is 75 ± 12 km, but we also compute 

dextral shear using the 90 ± 2 km length of the Pinto Mountain fault (and northernmost block) to 

give a maximum value. We can measure angle ! today using a fault map, to be approximately 

136º (between the trend of the SSAF and the 90º trend of the modern ETR faults). To calculate 

angle !, we need to assume an amount of rotation that has occurred over the lifetime of these 

faults. We choose the range of 20º - 44º, which represents a minimum rotation measurement 

made using palinspastic reconstructions (Powell, 1993) and a maximum average rotation 
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measurement recalculated by Dickinson (1996) using the paleomagnetic data of Carter et al. 

(1987). We calculate a minimum dextral shear of 21 km by plugging in the average block length 

of 75 km and by using the lower value of rotation in [1], and we calculate a maximum dextral 

shear offset by plugging in the length of the Pinto Mountain fault (90 km) with the larger rotation 

to get a dextral shear offset of 61 km (Figure C22). 

 Calculating the dextral shear accommodated by these rotating blocks in the ETR province 

allows us to estimate the amount of dextral shear that has been transported from the SSAF 

system to the ECSZ system to the northeast (Dickinson, 1996). To put this in a yearly 

perspective for comparison to measured cumulative slip rates across the ECSZ to the north, we 

divide these offsets by the approximate age of these faults (~7 million years), yielding rates in 

the range of 3 – 9 mm/yr. These rates are comparable to the 4.3 – 9.5 mm/yr of summed geologic 

slip rate across the ECSZ domain (Oskin et al., 2008; Xie et al., 2018). This calculation requires 

us to make the assumption that motion along these faults (and rotation in this domain) has been 

constant over the fault lifetime, which may not hold true given the potential slip rate variability 

seen along the Pinto Mountain fault and our own estimates for the Blue Cut fault slip rate. 

Uncertainties notwithstanding, this agreement could indicate further evidence of coeval 

evolution and interaction between these two systems, and in addition, could suggest that block 

rotation may have been a main conductor of shear between the SSAF and the ECSZ during its 

lifespan over the last several million years. If Blue Cut motion is slowing down however, as 

suggested by our data, this transrotation pathway may not be playing as significant of a role as it 

has been over the last 7 million years. Therefore, alternative mechanisms may be taking over as 

the main conductor of strain in this larger system.  
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 These alternative mechanisms for accommodating strain transfer in this area and filling in 

the slip budget deficit are the (1) possible emerging fault system running north-south along the 

Eureka Peak Fault in the Little San Bernardino Mountains and (2) a Pinto Mountain Fault 

behaving like a Garlock Fault hypothesis. Nur et al. (1993) proposed the existence of an 

emergent fault system running from the Indio Hills, through the Little San Bernardino Mountains 

along the Eureka Peak Fault (Figure C1), and following what they coin the “Landers-Mojave 

Earthquake Line”. This is an alignment of earthquake epicenters and rupture patterns that have 

occurred over the 20th century to create a lineament extending north-northwest into the ECSZ 

(their figure 2, Nur et al., 1993). These earthquakes include the 1947 Manix, 1965 Calico, 1975 

Galway, 1979 Homestead, 1992, Landers, and 1992 Joshua Tree events. Geologic mapping 

completed by Hislop (2019) within the Little San Bernardino Mountains suggests ~2 km of 

overall offset along the system of north-south trending faults there, as measured using offsets of 

the pre-Quaternary northwest trending Dillion Shear Zone; however timing on these offsets is 

poorly constrained, as they occur most often in bedrock. Investigations of the Eureka Peak Fault 

after the occurrence of the Joshua Tree earthquake identified Holocene age scarps (Rymer, 

2000). A paleoseismic trench there also revealed at least three other earthquake events that had 

occurred since approximately the late Pleistocene (Rymer, 2000). This kind of evidence indicates 

the young fault activity may be occurring here, though more investigation is required to fully 

characterize its nature as a potentially significant emerging fault zone.  

 The second hypothetical mechanism in the transfer of strain between SSAF and ECSZ 

system is the idea that the Pinto Mountain Fault could act as a direct connection between the two. 

This would require the Pinto Mountain Fault to behave similarly to the Garlock Fault to the 

north, in that it connects to the SSAF and provides a mechanically efficient means of moving slip 
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from the SSAF and Transverse Ranges towards the northern ECSZ (Dolan et al., 2016; Hatem 

and Dolan, 2018). Hatem and Dolan (2018) hypothesize that the Garlock Fault may have allowed 

slip to move between the SSAF and northern ECSZ systems, without the need of motion in the 

southern ECSZ. In addition, they propose that the efficiency of this transfer mechanism may 

have prevented the formation of a through going fault system in the southern ECSZ. The links 

that can be drawn between Garlock Fault motion and Pinto Mountain Fault motion include left 

lateral motion along its length, the curvature and decreasing slip rates present on the eastern ends 

of both faults, and the fact that a bend exists at the western ends of both faults, and that the 

evolution of those bends may have directly involved formation of the respective left lateral fault 

systems. If the Pinto Mountain Fault is behaving in a similar way, perhaps it has been efficient 

enough to preclude the need for a through going system between the SSAF and the southern 

ECSZ (i.e. removing the need for a Landers-Mojave Earthquake Line).  

 One final thing to consider is that there may be evidence that the Mission Creek Fault 

system is moving along fault traces that have been previously unmapped, and therefore may be 

taking up more slip and moving it west. Multiple interpretations exist as to the current activity of 

the Mission Creek Fault, particularly along its northernmost stretch at the northern end of the 

Coachella Valley. Some researchers observe no Holocene motion along the currently mapped 

strand of the Mission Creek Fault, and consider the fault to have been offset by its left lateral 

neighbor, the Pinto Mountain Fault, and therefore inactive (Kendrick et al., 2015; Yule et al., 

2019). However, the complexity of this area suggests that many strands of the Mission Creek 

Fault may be present, including strands representing a compressional flower structure, which 

would make it difficult to determine just how much slip is accommodated along its northern 

extent. A sedimentological study published by Fosdick and Blisniuk (2018) demonstrate a fast 
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slip rate of 20 – 30  mm/yr in the Pleistocene along the Mission Creek Fault by correlating clast 

counts and lithologies for different beheaded channels offset along its length. A Holocene slip 

rate has not yet been determined for this fault, and current work completed by Waco et al. (2019) 

indicates that there may be a previously unidentified strand of the fault that exhibits potentially 

Holocene offsets. If this portion of the fault is more active than previously assumed, it could 

account for a portion of the missing slip in the slip budget of the SSAF in the Coachella Valley. 

However, this fault alone cannot transmit slip and strain up into the ECSZ region. Even if this 

fault is moving more rapidly than previously assumed, it must act in tandem with another process 

to transfer the needed slip and strain northeastward. This area presents an ongoing area of 

research and vigorous debate. 

C.6.3 Slip Rates in Context of Geodetic Modeling  

 Geodetic fault slip rate modeling is an invaluable tool in characterizing fault slip rates 

because it can utilize the expanding coverage of high precision continuous and campaign style 

Global Positioning System (GPS) stations to help constrain crustal velocities, strain rates, and 

modeled fault slip rates. Many studies have investigated geodetic-based modeling of southern 

California fault slip rates, often finding examples of geologic versus geodetic discrepancies 

(Meade and Hager, 2005; Becker et al., 2005; Spinler et al., 2010; Chuang and Johnson, 2011; 

Hearn et al., 2013; Johnson, 2013; McGill et al., 2015; Liu et al., 2015; Evans et al., 2016; Zeng 

and Shen, 2016; Guns et al., 2020). In geodetic based modeling, comparisons are often made 

between geologic fault slip rate estimates and those derived from geodetic modeling, in order to 

run a check on the feasibility of model produced rates, and to better understand which areas of 

the model may exhibit anomalous behavior from that expected from long-term tectonic rates. In 

some cases, geologic slip rates might serve as hard constraints or bounds on the model-produced 
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geodetic slip rates, in order to control how much they might vary in their inversions of geodetic 

data (e.g. Chuang and Johnson, 2011; Johnson, 2013). The Uniform California Earthquake 

Rupture Forecast (UCERF) Version 3 has begun to use the wealth of GPS data to help constrain 

fault hazards, however it still assigns geologic fault slip rate constraints in its final hazard 

modeling approach (Parsons et al., 2013). 

 In areas where there are no geologic slip rate estimates, there are no constraints available 

to compare with geodetically produced fault slip rates. In the case of the Blue Cut Fault, several 

authors have determined a geodetic slip rate for this fault (Spinler et al., 2010; Liu et al., 2015; 

Zeng and Shen, 2016; Guns et al., 2020), yet no tectonic geomorphologic-based geologic slip 

rate estimate has ever been completed here. This study provides the first tectonic-

geomorphologic constraint on fault motion for this particular fault strand. We compare our final 

calculated slip rates with those calculated from geodetic modeling from four different studies in 

Figure C21. Three of these estimates fall above the range of all of our geologic slip rate 

estimates, including those from a study of the southern ECSZ by Liu et al. (2015) (4.6 mm/yr) 

and two estimates from the best fitting model structure of Guns et al. (2020) (4.4 mm.yr and 3.5 

mm/yr). One study predicts a geodetic slip rate that falls directly into the range of our overall 

geologic slip rate (1.44 – 1.88 mm/yr), with a geodetic slip rate of 1.7 mm/yr from a model from 

Spinler et al. (2010). This rate is produced using an elastic fault block model that defines faults 

along the SSAF, the Eureka Peak/Burnt Mountain Fault, Pinto Mountain Fault, Blue Cut Fault, 

Chiriaco Fault, Sheep Hole Fault to the east, and three main ECSZ faults (Spinler et al. (2010) 

figure 10). Other block model geometries in this study produce slip rates along the Blue Cut 

Fault of 6.3 – 7.1 mm/yr, and the main difference between these geometries and the geometry 

that produces a rate of 1.7 mm/yr is the absence of a Eureka Peak/Burnt Mountain Fault 
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connecting the SSAF to the ECSZ in the former two models. Using this information, one might 

be able to argue that since this model produced a geodetic rate that is closer to the geologic rate 

than other models, it might be a more realistic geometry.  

 The last geodetic rate we compare to in Figure 21 is the rate that is assigned to this fault 

through UCERF version 3 (Dawson and Weldon, 2013). This rate is lower than our overall rate, 

but overlaps well within the uncertainties of our most recent Qf3a slip rate (and our possible 

Qf3b slip rate). This suggests that UCERF version 3 slip rate category range of 0.2 – 1.0 mm/yr 

is appropriate for most recent motion of this fault zone. If we applied our overall geologic rate of 

1.66 ± 0.22 mm/yr to the available slip rate ranges, the Blue Cut Fault would get placed in the 

range of 1.0 – 5.0 mm/yr. If the Blue Cut Fault is slowing down to cease activity completely, as 

has occurred on its southern neighbors, then its fault hazard will likely decrease with time. We 

cannot make a prediction about whether another surface rupturing event may happen again 

before this fault ceases all activity, but based on our overall rates it may more appropriately 

estimate the hazard potential by applying the higher slip rate range category to this fault, thereby 

conservatively estimating its hazard potential for the future. 

 

C.7 CONCLUSION 

 Constraining fault slip rates in areas of geometric fault complexity is a vital first step 

towards better understanding how each fault in a system relates to its neighbors, and how 

multiple faults may work together to accommodate plate boundary motion. In addition, without 

the knowledge of how fast a fault may be experiencing surface rupturing earthquakes, we cannot 

evaluate what possible seismic hazard it may present to the region surrounding it. In this study 

we produce the first tectonic geomorphologic fault slip rate estimate on the left lateral Blue Cut 
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Fault in the ETR province. We find through the offset measurement and CRN dating of four, 

Late Pleistocene offset surfaces that the Hexie Mountains section of the Blue Cut Fault is 

moving at a time-averaged rate of 1.66 ± 0.44 mm/yr (± 2σ). A MRE earthquake is recorded in 

sediments of age 10.6 ka, and the timing of this event is bracketed between 10.6 and a younger 

undisturbed surface. Our analysis concludes that this MRE must have been a ~Mw7.0 event, in 

order to produce the observed 1.8 – 3 m of slip at the surface.  

 Evidence provided by individual surface slip rates indicates that this section of the fault 

may be experiencing a general trend of slowing over time, with the largest drop from ~2.21 

mm/yr around 100 ka, to 1.13 mm/yr around 70 ka. This is supported by the fact that ETR faults 

to the south of the Blue Cut have also experienced a gradational cessation of activity. This 

suggests that, if block rotation in the ETR province has been occurring in the Quaternary, it is 

slowing down and potentially becoming a negligible source of SSAF motion accommodation. If 

it is not a pathway of strain or slip transfer between the SSAF and the ECSZ, then some other 

mechanism must be filling the slip budget deficit seen at the northern end of the Coachella 

Valley. Further research into the most recent Quaternary slip activity of the Eureka Peak and the 

Pinto Mountain faults is needed to confirm whether either fault may be carrying the leftover slip 

and whether they are the most likely faults for accommodating strain transfer in the regional fault 

network.  
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C.9. TABLES 
 
TABLE C1A (below). Final 10Be CRN dating results, including final AMS-measured 10Be/9Be 
ratios, final calculation of concentrations of 10Be in each sample, and final model calculated 
ages, using the online calculator formerly known as the CRONUS Earth Calculator Version 3. 
These are the ages we use in our slip rate calculations and analysis. 
 
TABLE C1B (below) Final 10Be CRN dating results, including final AMS-measured 10Be/9Be 
ratios, final calculation of concentrations of 10Be in each sample, and final model calculated 
ages, using the online calculator formerly known as the CRONUS Earth Calculator Version 2.3.  
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Table C2. 10Be Sample Ages Grouped by Surface 		 		 		

Sample Latitude Longitude Sample type Model Age 
Boxcar Surface 

Age* 
Gaussian Surface 

Age* 
  (º)N (º)W   (ka) (ka) ± (2σ) (ka) ± (2σ) 

Deposit Qf3b           
BC2-09 33.9116 -115.9549 Cobble 10.6 ± 0.9 

 
  

BC2-11 33.9124 -115.9549 Boulder Top 9.9 ± 0.8 10.6 ± 2.2 10.5 +2.1/-1.9 
BC2-18* 33.9120 -115.9486 Cobble 11.1 ± 0.9     
Surface Qf3a           
BC2-06* 33.9119 -115.9575 Small Boulder Top 16.1 ± 1.3 

 
  

BC2-07* 33.9135 -115.9584 Cobble 26.0 ± 2.2 
 

  
BC2-12 33.9125 -115.9549 Cobble 18.8 ± 1.6 21.8 ± 8.1 19.7 +8.7/-5.5 
BC2-14 33.9125 -115.9540 Amalgamated Pebble 22.7 ± 1.9 

 
  

BC2-15 33.9125 -115.9542 Boulder Top 16.6 ± 1.4 
 

  
BC2-19† 33.9118 -115.9492 Boulder Top 47.6 ± 3.9 

 
  

BC2-20* 33.9118 -115.9492 Amalgamated Pebble 21.1 ± 1.7     
Surface Qf2c           
BC1-02 33.9103 -115.9360 Boulder Top 47.3 ± 4.1 48.5 ± 8.9 48.4 ± 8.5 
BC2-08 33.9124 -115.9556 Amalgamated Pebble 49.6 ± 4.1     
Surface Qf2b           
BC1-04 33.9095 -115.9371 Boulder Top 71.9 ± 6.0 

 
  

BC1-10 33.9106 -115.9361 Boulder Top 75.4 ± 6.3 
 

  
BC1-13 33.9112 -115.9377 Cobble 58.8 ± 4.9 

 
  

BC1-14 33.9112 -115.9377 Amalgamated Pebble 63.3 ± 5.5 68.1 +19.1/-19.2 66.0 +17.9/-15.3 
BC1-16 33.9106 -115.9417 Boulder Top 71.5 ± 6.2 

 
  

BC1-20 33.9106 -115.9360 Amalgamated Pebble 57.6 ± 4.8 
 

  
BC1-27† 33.9116 -115.9418 Cobble 32.7 ± 2.7     
Surface Qf1c           
BC1-05 33.9116 -115.9432 Boulder Top 106.1 ± 9.2 

 
  

BC1-18 33.9115 -115.9434 Amalgamated Pebble 91.3 ± 7.9 101.7 ± 25.1 102.7 +22.3/-23.2 
BC2-10 33.9127 -115.9570 Cobble 109.6 ± 9.1     
Surface Qf1b           
BC1-06 33.9098 -115.9344 Cobble 117.5 ± 10.2 116.3 ± 20.7 116.1 +20.5/-20.4 
BC1-09 33.9098 -115.9344 Boulder Top 114.6 ± 10.0     
Surface Qf1a 

    
  

BC1-31 33.9117 -115.9450 Boulder Top 132.5 ± 11.1 132.5 ± 22.2 132.5 ± 22.2 
BC1-32† 33.9117 -115.9448 Boulder Top 100.8 ± 8.5 

 
  

†Sample not included in surface age calculations or slip rate calculations     
*Surface ages calculated using the Matlab Slip Rate Tools (Zechar and Frankel, 2009) 		

TABLE C2. Final ages grouped by surface, with final calculated surface ages, calculated using both a 
Boxcar and Gaussian approach. 
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Table C3. Calculated Slip Rate Results 		 Styron (2015) Slip Rate Calculator 		 		

Sample 
Boxcar Surface 

Age 
Gaussian Surface 

Age Offsets 
Boxcar Slip 

Rate 
Gaussian Slip 

Rate 

Boxcar 
Overall Slip 

Rate 

Gaussian 
Overall Slip 

Rate 

  (ka) ± (2σ) (ka) ± (2σ) 
(m) ± 

(min/max) (mm/yr) ± (2σ) (mm/yr) ± (2σ) 
(mm/yr) ± 

(2σ) 
(mm/yr) ± 

(2σ) 
Deposit Qf3b             
BC2-09 

  
    

 
    

BC2-11 10.6 ± 2.2 10.5 +2.1/-1.9 9 ± 7  0.85 ± 0.82 0.86 ± 0.8     
BC2-18               
Surface Qf3a             
BC2-06 

  
    

 
    

BC2-07 
  

    
 

    
BC2-12 21.8 ± 8.1 19.7 +8.7/-5.5 23 ± 8 1.11 ± 0.68 1.24 ± 0.84     
BC2-14 

  
    

 
    

BC2-15 
  

    
 

    
BC2-19† 

  
    

 
    

BC2-20               
Surface Qf2c             
BC1-02 48.5 ± 8.9 48.4 ± 8.5 38 ± 8 0.79 ± 0.26 0.79 ± 0.24     
BC2-08           1.66 ± 0.44* 1.66 ± 0.48* 
Surface Qf2b             
BC1-04 

  
    

 
    

BC1-10 
  

    
 

    
BC1-13 

  
    

 
    

BC1-14 68.1 +19.1/-19.2 66.0 +17.9/-15.3 75 ± 20  1.13 ± 0.52 1.16 ± 0.50     
BC1-16 

  
    

 
    

BC1-20 
  

    
 

    
BC1-27†               
Surface Qf1c             
BC1-05 

  
    

 
    

BC1-18 101.7 ± 25.1 102.7 +22.3/-23.2 220 ± 50  2.21 ± 0.88 2.17 ± 0.76     
BC2-10               
Surface Qf1b             
BC1-06 116.3 ± 20.7 116.1 +20.5/-20.4 68 ± 13  0.59 ± 0.18 0.59 ± 0.16     
BC1-09               
Surface Qf1a 

 
    

	
		 		

BC1-31 132.5 ± 22.2 132.5 ± 22.2 325 ± 55  2.48 ± 0.68 2.47 ± 0.64     
BC1-32† 

  
    

	
		 		

†Sample not included in surface age calculations      		 		 		

*Overall slip rate calculated using only offsets and ages from surfaces Qf1c, Qf2b, Qf2c, and Qf3a 		
Table C3. Calculated slip rate results from using calculated surface ages and reconstruction offsets; slip 
rates calculated using the Styron (2015) Python-based Slip Rate Calculator, using both Boxcar and 
Gaussian uncertainty estimates.  
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Table C4. Most Recent Event Characteristics 		 		

Displacements Measurement Type 
Maximum 
Displacement  

Moment 
Magnitude* 

Surface Rupture 
Length† 

  (m) (Mw) (km) 
Observed Surface Minimum 1.8 6.9 40.1 
Observed Surface Maximum 3 7.0 66.2 
Total Subsurface (50% observed as 
minimum value at surface)§ 3.6 7.1 79.1 
Total Subsurface (60% observed as 
minimum value at surface)§ 2.7 7.0 59.7 
Total Subsurface (50% observed as 
maximum value at surface)§ 6 7.3 130.6 
Total Subsurface (60% observed as 
maximum value at surface)§ 4.5 7.2 98.5 
*Calculated Using Wells & 
Coppersmith (1994) [Mw = 6.69 + 
0.74*log(Max Displacement)]       
†Calculated Using Wells & Coppersmith (1994) [log(Max Disp.) = -1.38 + 1.02*log(SRL)] 
§ Ratios of observed surface slip to subsurface slip from Dolan & Harovitch (2013) 

 
TABLE C4. Most Recent Event analysis based on observations of most recent surface offset in Qf3b 
sediments. 
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C.10 FIGURES 
 

 
FIGURE C1. Regional fault map of Eastern Transverse Ranges and surrounding areas. Blue stars 
indicate locations of estimated slip rates of certain faults in the area, orange stars with letter ‘a’ inside 
illustrate locations of known active study sites; yellow stars labeled with 1. and 2. are the locations of 
study sites within this analysis; BF = Banning Fault, bp = Biskra Palms (van der Woerd et al., 2006; Behr 
et al., 2010), cm = Copper Mountain (Dudash et al., 2019), ECSZ = Eastern California Shear Zone, GHF 
= Garnet Hill Fault, mc = Mission Creek (Waco et al., 2019), MCF = Mission Creek Fault, mv = 
Morongo Valley (Gabriel, 2017), om = Oasis of Mara (Cadena, 2013), pc = Pushawalla Canyon (Blisniuk 
et al., 2013b), PW = Porcupine Wash fault, SSAF = Southern San Andreas Fault, tp = Twentynine Palms 
(Menges and Dudash, 2019), ww = Whitewater (Gold et al., 2015). 
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FIGURE C2. Schematic Diagram of block rotation in southern California over the last ~7-6 Ma, 
modified from Carter et al. (1987); this cartoon block model illustrates a possible rotation evolution using 
41º of clockwise block rotation in the ETR province; B&R = Basin & Range, ECSZ = Eastern California 
Shear Zone, ETR = Eastern Transverse Ranges, SSAF = Southern San Andreas Fault, SV = Sierra 
Nevada. 
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FIGURE C3. Bedrock geologic map overlying high resolution LiDAR topography centered on study 
sites 1 and 2 along the Hexie Mountains section of the Blue Cut Fault; note preserved fault scarps and 
beheaded incised channels in the Quaternary sediments of both sites. In addition, east of the edge of Site 
1, the fault breaks into three strands and appears to split motion between them as it moves towards Pinto 
Basin. Bedrock here is made mostly of gneissic units, rich in quartz.  
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FIGURE C4. Final mapping interpretation of study sites along the Hexie Mountains section of the Blue 
Cut Fault, including sample locations; (a) presents mapping interpretation of Blue Cut site 1; (b) presents 
mapping interpretation of Blue Cut site 2 to the west (see locations in Figure C3).  
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FIGURE C5. Field photos of mapped surfaces at sites 1 and 2; (a) and (b) shows surfaces Qf1a and Qf1c, 
which are the oldest surfaces at either site; (c) and (d) show surfaces Qf2b and Qf2c, where Qf2 surfaces 
are characterized by their flatness and extent of desert pavement formation; (e) and (f) shows surfaces 
Qf3a and Qf3b, which are two of the youngest surfaces at either site and still exhibit their bar and swale 
structures.  
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FIGURE C6. Cartoon of geomorphic evolution at Blue Cut Site 1; (a) shows first step of depositional 
process as recorded by preserved sediments at this side. Qf1a is the oldest preserved surface at sites 1 and 
2; (b) illustrates that after the deposition and offset of surface Qf1a, both surfaces Qf1b and Qf1c were 
deposited in their respective areas, Qf1b being a very local alluvial deposit, and Qf1c being more 
extensive; (c) shows the deposition of Qf2b after the offset of surface Qf1c. Note that fault motion 
decreases to east due to the fact that three fault strands take up the motion of one strand; (d) through (g) 
illustrate the lack of apparent fault motion as surfaces Qf2c, Qf3a, Qf3b, and Qf3c were deposited, 
because the streams of Greencliff and Adit washes simply cut down multiple times into the same surfaces. 
 
 
 
 
 
 
 

 
FIGURE C7. Annotated field photo of Adit Wash Terraces, looking west along strike of the main trace 
of the Blue Cut Fault; (a) presents unmarked field photo, while (b) presented annotations of mapped 
terrace units and fault location, as well as area of 20th century mining activity modification. Location 
presented in Figure C4A. 
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FIGURE C8. Cartoon geomorphic evolution of Chockablock Wash area of site 2; (a) shows the starting 
point with Qf2b sediments being deposited around an elevated knob covered with Qf1a sediments; (b) 
shows the deposition of Qf2c sediments, filling the gap in front of the uplifted scarp of Qf2b sediments, 
and spilling over to cover older sediments; (c) as Qf2c is offset slightly, Qf3a gets deposited on top of 
Qf2c sediments, but preserves a slight sliver of Qf2c surface on the south side of the fault. Qf3a 
sediments extensively blanket the new channel to the east; (d) and (e) show the deposition of Qf3b and 
Qf3c sediments respectively.  
 
 
 

 
FIGURE C9. Annotated field photo of preserved Chockablock Wash sediments at site 2; (a) shows clean 
field photo (creosote bush in left foreground is ~0.7 m high), while (b) shows annotated version, 
highlighting mapped units in two-dimensional view. Location presented in Figure C4B. 
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FIGURE C10. Example field photos of 10Be CRN surface exposure dating sample types; (a) shows a 
boulder top type sample, with 2.5 lb sledge and gallon Ziploc bag for scale; (b) shows a cobble type 
sample with strong rubification on its bottom side, with Rite-in-the-Rain field notebook for scale; (c) 
shows an amalgamated pebble type sample, where > 20 pebbles are collected from one area on a surface.  
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FIGURE C11. Normal Kernel Density Estimate plots for each mapped surface plotted with estimated 
surface age as a white line with a 1sigma boxcar uncertainty grey bar in the background (age printed 
above); each Gaussian curve represents a sample with its 1sigma uncertainties, where a solid line is a 
sample that is used to calculate the mean age and a dotted line is a sample that is not included in the 
overall mean age, due to being an outlier, or a different surface.  
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FIGURE C12. Comparison diagram between our surface ages (excluding Qf1a and Qf1b) and the 
clusters of surface ages across the southwestern U.S., as calculated through frequency diagrams in Owen 
et al. (2014) (Ow) and Spelz et al. (2008) (Sp). Our surface ages are plotted with their 1σ boxcar age 
uncertainties, on top of clusters of sample ages plotted with their 1σ age uncertainties.  
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FIGURE C13. Reconstruction of offsets recorded by preservation of surface Qf1a; (a) illustrates the 
modern day position of Qf1a deposits; (b) explains our minimum offset reconstruction interpretation; (c) 
explains our maximum offset reconstruction interpretation.  
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FIGURE C14. Reconstruction of offsets recorded by preservation of local surface Qf1b; (a) illustrates 
the modern day position of Qf1b deposits; (b) explains our minimum offset reconstruction interpretation; 
(c) explains our maximum offset reconstruction interpretation. 
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FIGURE C15. Reconstruction of offsets recorded by preservation of surface Qf1c; (a) illustrates the 
modern day position of Qf1c deposits; (b) explains our minimum offset reconstruction interpretation; (c) 
explains our maximum offset reconstruction interpretation. 
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FIGURE C16. Reconstruction of offsets recorded by preservation of surface Qf2b; (a) illustrates the 
modern day position of Qf2b deposits; (b) explains our minimum offset reconstruction interpretation; (c) 
explains our maximum offset reconstruction interpretation. 
 
 
 
 



 292 

 
FIGURE C17. Reconstruction of offsets recorded by preservation of surface Qf2c in Chockablock Wash; 
(a) illustrates the modern day position of Qf2c deposits; (b) explains our minimum offset reconstruction 
interpretation; (c) explains our maximum offset reconstruction interpretation. 
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FIGURE C18. Reconstruction of offsets recorded by preservation of surface Qf3a in Chockablock Wash; 
(a) illustrates the modern day position of Qf3a deposits; (b) explains our minimum offset reconstruction 
interpretation; (c) explains our maximum offset reconstruction interpretation; (d) explains our preferred 
reconstruction. 
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FIGURE C19. Reconstruction of offset from the Most Recent Earthquake event recorded by preservation 
of surface Qf3b in Chockablock Wash; (a) illustrates the modern day mapping interpretation of the area; 
(b) explains our minimum offset reconstruction interpretation of the most recent event, while (c) shows 
the same offset, but without any mapped surfaces in order to show the clean LiDAR for comparison.  
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FIGURE C20. Field photo of offset debris flow ridge crest showing the minimum offset of the Most 
Recent Earthquake; (a) and (b) show same view towards the north, but (b) shows field geologist for scale.  
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FIGURE C21. Plot of geologic slip rates per surface over time (plotted with their 1σ uncertainties), 
compared with geodetic slip rates from four different modeling studies; The geodetic slip rate range 
extends from 4.6 mm/yr (Liu et al., 2015), to 4.4 to 3.5 mm/yr (Guns et al., 2020), to 1.7 mm/yr (Spinler 
et al., 2010), to 0.6 mm/yr (UCERF3, Dawson and Weldon, 2013). Refer to Table 3 for geologic slip rate 
ranges.  
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FIGURE C22. Illustration of block rotation thought experiment, using equations from Dickinson (1996) 
(Appendix I, Case I (preferred)); (a) shows pre-rotated geometry of ETR blocks, (b) shows the final 
rotated geometry overlain on the grey pre-rotated geometry; we use this geometric relationship to 
calculate (c) how many kilometers of SSAF dextral shear offset have been accommodated through block 
rotation over 7 million years and potentially how many mm/yr of dextral slip is accommodated by block 
rotation on left lateral faults over the lifespan of these faults.  
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