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Abstract 
 
The purpose of this project is to measure the Holocene to Late Pleistocene geologic slip rate of 
the Banning strand of the southern San Andreas Fault. Toward accomplishing this goal we have 
completed geomorphic mapping of distinct alluvial fan units that have been offset or truncated 
by the Banning Fault at its northwest end where it enters San Gorgonio Pass. Our initial 13 10Be 
cosmogenic exposure ages from the most prominent of these surfaces reveal a complex 
depositional/erosional history that precludes their use for a slip rate measurement.  However, 
these measurements constitute an important contribution to a regional catalog of quantitatively 
dated alluvial fans and will form part of a comparative study of common geochronologic 
methods used in dating Quaternary alluvial features. Fortuitously, more detailed airborne lidar 
analysis and observations of grain-size distributions have revealed two additional offset fan 
surfaces that we are currently in the processes of dating, also with cosmogenic exposure 
methods. Four of these dates from one fan have returned scattered ages, while 8 more are in the 
process of AMS analysis. 26 additional samples from boulders, cobbles and depth profiles were 
in the process of being prepared for 10Be cosmogenic exposure dating at the time of submission 
of this progress report. These additional ages should yield a spatially dense and statistically 
significant number of ages with which to constrain Holocene and Late Pleistocene slip rates 
along the Banning Fault.  
 



Technical Report 
 
Summary of Principle Research Questions 
1. What do short- and long-term slip rates from the Banning fault reveal about a) the relative seismic hazard this 
fault poses to the greater Los Angeles region, and b) the development and evolution of slip partitioning between the 
Banning and Mission Creek faults? New slip rate estimates from key locations along the Banning (BF) and Mission 
Creek (MCF) Faults (Fig. 1a) appear to be incompatible with the accepted view of Late Pleistocene abandonment of 
the MCF due to increased structural complexity and coincident reactivation of the BF to accept nearly all present-
day plate boundary strain from the southern San Andreas Fault (~20 mm/yr) (Behr et al., 2010; Blisniuk et al., 
2013b; DeMets and Dixon, 1999; Fialko, 2006; Matti and Morton, 1993; Matti et al., 1992). Quantitative short-term 
(Holocene) geologic slip rates from the north end of the Banning fault where it enters San Gorgonio Pass are needed 
in order to determine whether it is most likely to rupture as the result of a sSAF earthquake as inferred by current 
seismic hazard models (Field et al., 2009; Plesch et al., 2007); this is of immediate import to regional seismic hazard 
assessments since the sSAF is considered ‘overdue’ for an earthquake (Allen, 1957; Fialko, 2006; Matti et al., 1992; 
Matti and Morton, 1993). Longer-term slip rates from the BF are needed to better understand the evolution of 
displacement over time within the system as a whole.  
 
Background and Study Objectives 

Roughly 80% (~35mm/yr) of present-day Pacific-North American relative plate motion in southern 
California is shared between the San Jacinto and San Andreas faults (Bennett et al., 1996; DeMets and Dixon, 1999; 
Fialko, 2006). The Indio strand of the Coachella Valley segment of the southern San Andreas Fault (sSAF) splits 
into the Banning (BF) and Mission Creek (MCF) Faults, which bound the Indio Hills and then diverge as they 
approach the San Bernardino Mountains and San Gorgonio Pass (SGP) (Fig. 1a) (Allen, 1957; Matti et al., 1992). 
Both faults can be traced west from their divergence bounding the Indio Hills (Fig. 1f, g) and across Morongo Wash 
(Fig. 1d, e), but the BF obviously truncates and offsets Quaternary deposits near its western end (Fig. 1c), whereas 
the MCF loses surface expression as it climbs into the San Bernardino Mountains (Fig. 1b) and has probably not 
produced significant surface rupture here after ~65 ka (Owen et al., 2014).  

This difference in surface exposure is the basis for the interpretation that the MCF became too structurally 
complex to accommodate slip, and was abandoned in the late Pleistocene in favor of reactivating the BF (Matti et 
al., 1992; Matti and Morton, 1993), although northward propagating earthquakes that reach SGP via the BF may be 
inhibited by this structurally complex zone of reverse faulting (Dair and Cooke, 2009; Yule, 2003). Slip rates on the 
San Bernardino section of the SAF, which parallels the MCF north of SGP, match within error slip rates on the 
sSAF at Biskra Palms, suggesting that no significant amount of displacement is fed back into the SAF from the 
MCF (Behr et al., 2010; Harden and Matti, 1989; McGill et al., 2013). The epicenter of the 1986 M 5.9 North Palm 
Springs earthquake lies between the MCF and BF and has not been definitively attributed to either (Fig. 1a), though 
aftershock distributions and minor surface fracturing point to the BF as the probable source of the earthquake (Jones 
et al., 1986; Sharp et al., 1986). The deep structure of these faults, such as their dip and whether they eventually 
merge at depth, is not well known (Dair and Cooke, 2009; Yule, 2003).  
Although the Banning fault appears more active than the Mission Creek near the western margin of Morongo Wash 
(Fig. 1b, c), data from the eastern end of the MCF fault near its junction with the BF and sSAF suggest that in fact 
most of the displacement from the sSAF is at least initially concentrated on the MCF (Behr et al., 2010; Blisniuk et 
al., 2013b). However, the fact that the BF was reactivated at all, the presence of well-defined Quaternary fault scarps 
at the western end of the BF, and the apparent lack of Quaternary offsets along the western MCF strongly suggests 
that displacement is quickly transferred to the BF and perhaps also to the ECSZ. Transfer of slip to the BF must 
occur within or below the Indio Hills; and since no transfer structures have been identified, it is likely that transfer is 
widely distributed.  
 A slip rate from the offset surfaces at the NW end of the BF is key because it records how much right 
lateral displacement is actually entering SGP, which will help to distinguish between two end member scenarios: 1) 
the BF accepts all of the displacement by the time it reaches SGP (Fig. 2a) in which case we expect a high (~15 
mm/yr) slip rate on the BF, or 2) some slip is transferred to the BF, some is transferred to the ECSZ, and 
infrequently, some proportion may propagate north into the San Bernardino Mountains (Fig. 2b) (Fumal et al., 
2002b), in which case we expect a lower slip rate on the BF. If the latter proves to be accurate, then current hazard 
models will require re-evaluation and slip rate measurements from along the MCF will be needed to determine how 
far along its length displacement is transferred. Determining which of these scenarios is most likely is of immediate 
importance to seismic hazard estimates for southern California since the southern San Andreas fault is the only 



section of the San Andreas that has not ruptured historically and is considered ‘overdue’ for a large earthquake 
(Fialko, 2006; Fumal et al., 2002a).  
 
Methods 
Geologic slip rates are measured by dividing an offset distance by the time over which the offset accumulated. 
Typically, a geometrically predicable component of an offset geomorphic feature that is identifiable on both sides of 
the fault serves as a piercing line that records total offset. Some recent examples include risers separating fluvial 
terraces (Cowgill, 2007; R. D. Gold et al., 2009; Kirby et al., 2007; Van der Woerd et al., 2002), alluvial fan 
topographic axes or incised channel networks (Behr et al., 2010; Blisniuk et al., 2010; Frankel et al., 2007a; 2007b; 
R. Gold et al., 2013), and cinder cones (Kirby et al., 2008). Alternatively, an offset feature may be displaced from a 
catchment that is demonstrably its source, as is the case for the Qfr fan along the Banning Fault (Fig. 3d). Common 
examples include fans apexes, fans defined by a distinct clast composition and beheaded channels (Blisniuk et al., 
2013b; 2010; Oskin et al., 2007). The work we have completed and the proposed work to collect slip rate 
measurements along Banning, Mission Creek, Agua Blanca, and San Miguel-Vallecitos faults follows the general 
methodology of the studies cited above: 1) identification and measurement of offset geomorphic features using high-
resolution imagery or topographic data (airborne lidar), 2) field verification and geomorphic mapping, and 3) 
collection and analysis of boulder, cobble and depth profile samples for in-situ cosmogenic 10Be exposure ages as 
well as uranium-series analysis of carbonate clast coatings, if present.  
 
Geospatial Analysis.  Use of lidar as an exploratory and analytical tool has become ubiquitous in tectonic 
geomorphologic studies and a detailed background of the technique is not needed here. A variety of reasonably well 
established techniques for efficiently and accurately exploring and measuring lidar data in both point cloud (P. O. 
Gold et al., 2012; 2013; Kreylos et al., 2013) and digital elevation form (Bernardin et al., 2011; Zielke and 
Arrowsmith, 2012) using standard desktop and immersive or semi-immersive visualization environments (P. O. 
Gold et al., 2013; Kreylos et al., 2008) are available. Typically, any measurement uncertainty introduced by errors 
inherent to the data or imprecision of the measurement tools within the analysis program are dwarfed by 
uncertainties introduced when interpreting reconstructions of surfaces that are tens of thousands of years old. 
Although protocols for assessing the quality of an offset, and thus the error it should be assigned, are being 
developed (Scharer et al., 2014), uncertainties in reconstructions must usually be assessed on a site-by-site basis. 
Lidar data for the Banning and Mission Creek faults is publically available. I have submitted an NCALM graduate 
student seed grant proposal for airborne lidar collection along the western half of the Agua Blanca fault, and I hope 
to extend this survey with funds from either SCEC or an NSF-Tectonics proposal.  
 
10Be cosmogenic exposure dating.  In-situ cosmogenic 10Be is produced primarily by spallation reactions between 
secondary cosmic rays and atomic nuclei within quartz when it is deposited (or exhumed to) within the upper ~2 m 
of the earth’s surface (Dunai, 2010; Gosse and Phillips, 2001). Since the rate at which cosmogenic 10Be accumulates 
in quartz is known (Lal, 1991; Nishiizumi et al., 1989), as is its half-life (Chmeleff et al., 2010; Nishiizumi et al., 
2007), the concentration of this isotope in rocks or layers of sediments is proportional to the time elapsed since their 
initial exposure at the earths surface, which is assumed to be the result of deposition (e.g., of an alluvial fan) or 
erosion (e.g., of a rock fall scarp). 10Be and 26Al in quartz are the most commonly used cosmogenic nuclides since 
their production rates and half-lives are well established, and because quartz is nearly ubiquitous on earth’s surface 
(Dunai, 2010; Gosse and Phillips, 2001), though others are used as well, notably 21Ne, 3He and 36Cl. Since the 
bedrock in southern and Baja California is quartz rich, my analyses will probably be limited to 10Be.  

The potential that some part of the measured 10Be in surface cobbles and boulders is inherited from a period 
of exposure prior to deposition on the target surface is a significant concern, particularly for sites along the Banning 
and Mission Creek Faults, where the source ‘bedrock’ for offset alluvial deposits is uplifted and incised alluvial fan 
sediments. Inheritance yields artificially high ages, but can be assessed by sampling a depth profile to ~2 m depth, or 
by collecting numerous surface clasts and processing them as an amalgamated sample (Anderson et al., 1996). The 
potential for post-depositional exhumation is also a concern, which is why tall boulders are preferable to cobbles 
since the latter may have been shielded for some time after deposition (Dunai, 2010; Gosse and Phillips, 2001). For 
all key alluvial surfaces, we have sampled both depth profiles and surface clasts. Thus far we have completed the 
rock crushing and initial mineral separation at UT Austin, then carried out the chemistry at the Scottish Universities 
Environmental Research Center, where about half the samples have been analyzed with AMS. Several analysis are 
also currently awaiting AMS measurement at Lawrence Livermore National Laboratory.  
 



Results  
We have mapped the extents of several offset and truncated alluvial fans at the western end of the Banning 

Fault. Two of these, Qoa1 and Qoa2, (Fig. 3a) have long been considered potentially useful for constraining a slip 
rate. However, nine 10Be cosmogenic exposure ages from surface cobbles and boulders show that only apparent 
right-lateral displacements resulting from a complex depositional and erosional history are preserved. Although 
these surfaces will not be useful in constraining a slip rate, they contribute to a growing catalogue of quantitatively 
dated alluvial fans in the Morongo Wash-San Gorgonio Pass area that is being developed in order to help understand 
whether there is a climatic influence on fan formation (Owen et al., 2014). In addition, complementing our current 
cosmogenic exposure analyses of both boulder- and cobble-sized clasts from Qoa2 with cosmogenic and 
luminescence dating of depth profiles and uranium-series dating of carbonate to will allow a useful comparison of 
the main quantitative geochronologic methods typically employed in measuring the ages of Quaternary alluvial 
features.  

To the west of the Qoa1 and Qoa2 fans, surface Qoa3s is a deposit of bouldery debris flows. The 
provenance of these deposits cannot be the catchments immediately across the fault because they are incised into 
bedrock that does not contain abundant boulder-sized clasts; instead, Qoa3s must be displaced from a source along-
strike to the east (Behr et al., 2010; Blisniuk et al., 2013a). Using the topographic form of the exposed section of 
Qoa3s to estimate its apex location and approximate area, we estimate a minimum offset of ~800 m by 
reconstructing Qoa3s to the mouth of the nearest source catchment large enough to have produced it (Blair and 
McPherson, 2009) and that contains the requisite grain sizes (Fig. 3b). A maximum reconstruction of ~2 km is 
obtained by simply reconstructing Qoa3s back to a position within Morongo Wash (Fig. 3c). New 10Be exposure 
ages from 7 boulders and a depth profile (to be analyzed in March 2014) will help clarify the age of this surface, 
which is currently poorly constrained by 4 scattered boulder exposure ages (~99, 54, 47 and 25 ka).  

Qfr is an alluvial fan that is probably Holocene in age, based on soil development in exploratory soil pits. 
The apex of this surface is offset ~45 m from its only possible source catchment (Fig. 3d), yielding an estimated 
minimum slip rate of ~5 mm/yr. 10Be exposure ages from 8 cobbles, 2 boulders and a depth profile (to be analyzed 
in March 2014) will quantitatively constrain the age of this surface.  

These offset sites are being currently being investigated further with recently acquired funding from the 
USGS National Earthquake Hazards Reduction Program awarded to PI Behr. 
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Intellectual Merit 
The complex faulting that defines the northern Coachella Valley and the San Bernardino Mountains also 

characterizes much of the Pacific-North American plate boundary, where in many places relative motion is 
accommodated by multiple kinematically diverse overlapping or parallel faults. Determining the spatial and 
temporal scales over which slip is partitioned between multiple active faults is key to understanding how complex 
fault systems evolve as they accommodate strain, which in turn may aid our understanding of fault structure in the 
upper crust. Constructing fault slip histories with which to investigate fault interaction requires fault slip rates over 
multiple time scales to complement Holocene paleoseismic data. This intellectual merit of this study derives from its 
contribution to a broader investigation of slip partitioning, complex fault zone evolution and deep fault structure in 
the complex San Gorgonio Pass-San Bernardino Mountains area.  
 
Broader Impacts 
 The most immediate impact of the Holocene slip rate we will measure for the NW end of the Banning fault 
is that it will allow us to directly test one of the central assumptions of the UCERF seismic hazard model: that an 
earthquake on southern San Andreas is most likely to propagate north along the Banning Fault into San Gorgonio 
Pass (Field et al., 2009). This first constraint on the proportion of slip that actually follows this rupture path has 
direct implications for seismic hazard in the Los Angeles Basin. In addition, a better understanding of long-term 
fault interaction and fault zone evolution provides context within which to interpret evidence of more recent 
ruptures, and thus is useful in estimating seismic hazard.  This research is also supporting two early-career 
researchers (Behr, Rood), a Ph.D. student (Gold) and has involved an undergraduate research assistant (Salin). 
 
Publications and Presentations 
*Graduate student 
^ Undergraduate student 
 
*Gold, P.O., Behr, W.M., Rood, D., Kendrick, K.J., Rockwell, T.R., and Sharp, W.D. Investigation of Quaternary 
slip rates along the Banning strand of the southern San Andreas Fault near San Gorgonio Pass. American 
Geophysical Union 2014 Fall Meeting: Oral Presentation T42A-02. 
 
^Salin, A., Behr, W.M., Gold, P.O., 2013.  Application of remote sensing data to correlating alluvial fans along the 
southern San Andreas Fault at Devers Hill, CA. American Geophysical Union Annual Meeting in San Francisco, 
CA. (poster) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Figures 
 

 
Figure 1 A) Detailed fault map of the Banning and Mission Creek Faults where they diverge from the southern San 
Andreas fault. B-G) Hillshaded lidar DEMs showing the surface trace (or lack thereof) of the Banning and Mission 
Creek faults in the northwestern Coachella Valley. The Banning fault remains obvious to the west (C), whereas the 
Mission Creek does not (B), suggesting that the latter is no longer active within the San Bernardino Mountains. See 
text for details.  
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Figure 2 Rupture path options for an earthquake nucleated on the southern San Andreas fault (sSAF). A) The 
rupture follows the Banning Fault to San Gorgonio Pass, as current hazard model predict. B) The rupture follows the 
Mission Creek Fault, and most of the time is transferred north to the Eastern California Shear Zone. Geologic slip 
rates from both faults are needed to distinguish between these options.  
 

 
 
Figure 3 A) (See Figure 1 for location). Map of alluvial fan surfaces that are truncated and offset at the NW end of 
the Banning fault, shown with current 10Be cosmogenic exposure ages. B) Minimum reconstruction of the Qoa3s fan 
to its nearest potential source. C) Maximum reconstruction of Qoa3s to Morongo Wash. D) Reconstruction of the 
Qfr fan to its source. 26 new 10Be samples to be analyzed in March 2014 will help constrain the slip rates recorded 
by these offset surfaces.  
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