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Abstract 

 

Late Quaternary Slip Histories and Geochronology within the Southern 
San Andreas Fault System 

 

Peter Owen Gold, Ph.D. 

The University of Texas at Austin, 2018 

 

Supervisor:  Whitney M. Behr 

 
Geologic slip histories measure the frequency, rate and magnitude of past displacement 

along active faults. Projected into the near future, they inform potential seismic hazard 

over human time scales. In this dissertation I describe the results of four projects focused 

on developing slip histories for active faults within the complex southern San Andreas 

Fault plate boundary system in southern California and northern Baja California, Mexico. 

Slip is accommodated through this densely populated region by multiple concurrently 

active faults. For the Banning Fault, a primary subsidiary strand of the southern San 

Andreas Fault, I report the first, and only, constraint on recent geologic slip. The ~4-5 

mm/a mid-Holocene slip rate shows that the Banning Fault is less dominant than 

previously thought, significantly clarifying how slip is partitioned between three primary 

structures along the section of the San Andreas Fault that is most likely to host the next 

major earthquake. In northern Baja California, I report the first quantitatively constrained 

slip history for the Agua Blanca Fault, one of two primary structures transferring dextral 
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plate motion from the Gulf of California rift to faults that parallel the Pacific coast. I 

report rates from three sites along the Agua Blanca Fault that indicate time-invariant slip 

of 2.8 +0.8/-0.6 mm/a since ~65.1 ka, 3.0 +1.4/-0.8 mm/a since ~21.8 ka, 3.4 +0.8/-0.6  

mm/a since ~11.7 ka, and 3.0 +3.0/-1.5 mm/a since ~1.6 ka. I also report the timing of 7 

Holocene earthquakes that suggest maximum earthquake recurrence of ~1000 years, and 

I report geologic evidence of ~2.5 m of slip in the past two earthquakes, which suggests 

that the Agua Blanca Fault is capable of accommodating >M7 surface rupturing 

earthquakes. This new, comprehensive slip history significantly clarifies both on- and 

off-shore slip partitioning within this part of the Pacific-North American plate boundary. 

Finally, slip rate and earthquake timing measurements critically depend on 

geochronologic dating of offset geologic landforms that record past displacement. To 

evaluate the variability between dates measured using different methods, I report a 

critical comparison of independent geochronometers that informs best dating practices 

and demonstrates that discordance often quantifies geomorphic process.  
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Chapter 1: Introduction 

 
In southern California and northern Baja California, Pacific-North American plate 

boundary slip is accommodated by a complex ~200 km-wide network of parallel and 

overlapping concurrently active faults. How strain is presently partitioned between active 

faults and how it has migrated through this system over the recent past is of primary 

importance for earthquake hazard estimates as well as for understanding fundamental 

questions related to fault loading and strain release. Although contemporary deformation 

fields measured with geodetic methods provide important information about present-day 

slip, determining how strain has been accommodated through a complex fault system 

over different spatial and temporal scales requires long-term fault slip histories composed 

of time-averaged fault slip rates and paleoseismic evidence of past earthquake size and 

frequency. In the southern San Andreas system, slip rate and earthquake timing 

measurements suggest that the southern San Andreas Fault is due for a major earthquake 

(Fumal et al., 2002; Philibosian et al., 2011), but the history of surface ruptures over the 

past several decades demonstrates the importance of subsidiary faults in accommodating 

strain. Although geodetic measurements reveal contemporary strain fields, without 

geologic measurements it is difficult to know whether present day partitioning is 

representative of the long term or is the result of a more fleeting response to strain release 

on proximal structures. Although the southern San Andreas Fault is one of the most 

important, well studied and recognizable strike slip plate boundary fault systems on the 
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planet, the Quaternary record of slip along several major secondary faults within this 

system has remained poorly resolved or entirely unconstrained. 

 

Figure 1.1 Study locations within the southern San Andreas Fault system 
Fault map of the southern San Andreas Fault system in southern California and northern Baja California. 
Chapters 2-5 describe work along the San Andreas (SAF) and Agua Blanca (ABF) Faults (dashed boxes). 
See Figure 2.1 caption for abbreviations. 
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East of Los Angeles, the southern San Andreas Fault branches into three 

recognized strands that transfer primarily dextral slip from the Indio Hills northwest 

across the Coachella Valley (Figure 1.1). Slip on the Garnet Hill and Banning strands is 

fed into the San Gorgonio Pass fault system and eventually to the San Bernardino section 

of the San Andreas Fault. Slip on the Mission Creek strand takes a more northerly route 

into the San Bernardino Mountains where it may in part rejoin slip from the Banning and 

Garnet Hill strands, but it may also transfer away from population centers and into the 

Eastern California Shear Zone. The only previous geologic slip rate constraint for the 

Banning, Garnet Hill or Mission Creek strands is measured at the very southern end of 

the latter, but this rate is so near the divergence of the three stands that it likely represents 

the total slip for all three faults (Behr et al., 2010). Determining how slip has been 

partitioned between these strands is of first order importance for hazard, in particular 

because it may serve as a predictor of the displacement field that in the next major San 

Andreas earthquake. Slip partitioning between faults in the northern Baja California 

domain of the southern San Andreas Fault is as important to resolve, and nearly as poorly 

understood. 

Roughly 14% of plate boundary slip is accommodated across the Peninsular 

Ranges of northern Baja California by the Agua Blanca and San Miguel-Vallecitos Faults 

systems (Bennett et al., 1996; Dixon et al., 2002). Both faults transfer primarily dextral 

plate motion from the Gulf of California to faults near the western edge of the plate 

boundary. The San Miguel-Vallecitos Fault transfers slip to the Rose Canyon system that 

transects Tijuana and San Diego, while south of Ensenada, the Agua Blanca Fault 
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connects with the offshore Coronado Bank and San Diego Trough Faults, which parallel 

the Pacific coast west of San Diego and Los Angeles (Grant and Rockwell, 2002; Legg, 

1991). Tectonic geomorphology along both faults provides unequivocal evidence of 

Holocene rupture, and the San Miguel Fault produced a M6.8 surface rupture in 1956 

(Shor and Roberts, 1958), yet how much of the total 6-8 mm/a each of these faults 

accommodates has not been well constrained. Early geologic slip rate estimates are based 

on soil development ages, but radiometric control for calibrating these estimates, or for 

dating paleoseismic evidence of surface rupture, was scarce (Hatch, 1987; Schug, 1987). 

Depending on the crustal model, GPS rates either divide slip between both faults, or place 

most slip on the Agua Blanca fault, consistent with the existing geologic estimates 

(Dixon et al., 2002; Bennett et al., 1996). It is likely that each of these faults 

accommodates more slip than the Elsinore Fault, yet neither is included in regional 

hazard or fault models (Plesch et al., 2007), in part because neither has been investigated 

with modern quantitative methods for measuring Quaternary slip. 

The range of features recording fault slip that can now be dated to measure 

deformation rates has grown with the development of quantitative geochronologic 

methods. In addition to radiocarbon dating, cosmogenic exposure, pedogenic carbonate, 

and optical luminescence dating methods all now provide methods for dating the 

formation, deposition or stabilization of a range of landforms from a variety of common 

earth materials (Dunai, 2010; Aitken, 1998; Ludwig and Paces, 2002). However, each of 

these geochronometers measures a signal subject to unique pre-, syn- and post-

depositional processes that may skew the dates in a predictable direction but by an 
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unknowable amount. Studies in which dates from a single surface were measured using 

independent geochronometers have demonstrated the benefits of multi-method dating for 

refining age interpretations, but have also resulted in apparently confounding discordance 

(Behr et al., 2010; Blisniuk et al., 2012). However, discordance may record signal of 

geomorphic processes that can be quantified if one date can be held as a benchmark. 

In this dissertation I report the results of four projects in which I use quantitative 

methods to measure fault slip histories and to investigate alluvial fan processes that affect 

the geochronologic dates upon which slip histories depend. I report the first Holocene slip 

rate for the Banning strand of the southern San Andreas Fault. I report a comprehensive 

new slip history for the Agua Blanca Fault that includes four geologic slip rates averaged 

over four times scales from 3 sites, an estimate for slip-per-event for the past two 

earthquakes, and the timing of 7 Holocene earthquakes. I also report the results of a 

comparison between new and existing data from three alluvial surfaces that shows the 

importance of refining surface age interpretations with independent constraints, and 

demonstrates the potential to measure syn- and  post-deposition geomorphic processes in 

alluvial deposits. Each of these projects contributes new data and insights that benefit our 

understanding of Late Quaternary slip budgets and the application of quantitative 

geochronologic methods. 
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Chapter 2: Holocene geologic slip rate for the Banning strand of the 
southern San Andreas Fault, southern California1 

2.1 ABSTRACT 
Northwest directed slip from the southern San Andreas Fault is transferred to the 

Mission Creek, Banning, and Garnet Hill fault strands in the northwestern Coachella 

Valley. How slip is partitioned between these three faults is critical to southern California 

seismic hazard estimates, but is poorly understood. In this paper, we report the first slip 

rate measured for the Banning fault strand. We constrain the depositional age of an 

alluvial fan offset 25 ± 5 m from its source by the Banning strand to between 5.1 ± 0.4 ka 

(95% C.I.) and 6.4 +3.7/-2.1 ka (95% C.I.) using U-series dating of pedogenic carbonate 

clast-coatings and 10Be cosmogenic nuclide exposure dating of surface clasts. We 

calculate a Holocene geologic slip rate for the Banning strand of 3.9 +2.3/-1.6 mm/yr 

(median, 95% C.I.) to 4.9 +1.0/-0.9 mm/yr (median, 95% C.I.). This rate represents only 

25-35% of the total slip accommodated by this section of the southern San Andreas Fault, 

suggesting a model in which slip is less concentrated on the Banning strand than 

previously thought. In rejecting the possibility that the Banning strand is the dominant 

structure, our results highlight an even greater need for slip rate and paleoseismic 

measurements along faults in the northwestern Coachella Valley in order to test the 

validity of current earthquake hazard models. In addition, our comparison of ages 

                                                
1 Gold, P.O., Behr, W.M., Rood, D., and Sharp, W.D., 2015, Holocene geologic slip rate for the Banning 
strand of the southern San Andreas Fault, southern California: Journal of Geophysical Research, doi: 
10.1002/(ISSN)2169-9356. Specific contributions: Site identification and field mapping, sample collection 
and laboratory analyses, data reduction and interpretation, and manuscript preparation. 
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measured with U-series and 10Be exposure dating demonstrates the importance of using 

multiple geochronometers when estimating the depositional age of alluvial landforms. 

2.2 INTRODUCTION 
The Coachella Valley segment of the southern San Andreas Fault in southern 

California consists of a system of faults that increase in complexity toward the northwest, 

from a single right-lateral strand at Bombay Beach (Indio strand), to an intricate network 

of right-lateral-reverse faults in the San Gorgonio Pass region (Allen, 1957; Matti and 

Morton, 1993) (Figure 2.1). Because the Coachella Valley segment is considered well 

past its average earthquake recurrence interval (Fumal et al., 2002; Fialko, 2006; Weldon 

et al., 2005; Field et al., 2009; Philibosian et al., 2011), an understanding of how these 

faults interact to accommodate Pacific-North American plate motion and transfer slip to 

other faults within the San Andreas Fault System is critical to realistically assessing 

seismic hazard and, more broadly, to understanding the evolution of long-lived strike-slip 

fault systems over different spatial and temporal scales.  
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Figure 2.1 Southern San Andreas Fault Map 
Fault map of the southern San Andreas Fault (SAF) system in the vicinity of the San Gorgonio Pass 
structural knot. Late Quaternary fault slip rates have been determined at Plunge Creek (McGill et al., 2013) 
and Wilson Creek (Harden and Matti, 1989) along the San Bernardino strand and Biskra Palms Oasis (Behr 
et al., 2010) along the Coachella Valley segment. This study contributes the first slip rate for the Banning 
strand at its northwest end. Cross-sections A-D illustrating structural deformation within the Indio Hills are 
presented in Figure 2.5.  
 
 

An issue of particular importance in assessing seismic hazard in southern 

California is the frequency with which large earthquakes generated on the Coachella 

Valley segment propagate into and through the San Gorgonio Pass region, potentially 

triggering slip on the San Bernardino segment of the San Andreas Fault and continuing 

into the Los Angeles Basin. At present, however, there are no constraints on the amount 

of slip that enters San Gorgonio Pass from the southeast. The closest geologic slip rate 

measured for the Coachella Valley segment is at Biskra Palms Oasis in the southeastern 

Indio Hills (Figure 2.1), about 50 km southeast of San Gorgonio Pass (Van der Woerd et 

al., 2006; Behr et al., 2010; Keller et al., 1982). At that latitude, the Indio strand of the 

Coachella Valley segment splits into three additional primary strands: the Mission Creek, 

Banning and Garnet Hill strands. The Mission Creek strand trends northwestward 

bounding the northern side of the Indio Hills, across the northern Coachella Valley and 
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into the San Bernardino Mountains where it intersects northeast-trending faults within the 

Eastern Transverse Ranges before continuing west and northwest (Dibblee, 1964; 1967; 

Matti and Morton, 1993; Kendrick et al., 2015). Although bluffs south of the town of 

Desert Hot Springs are related to slip on the Mission Creek strand, geomorphic indicators 

of recent slip are scarce and it is thought to be inactive over the Holocene farther west 

(Matti and Morton, 1993; Kendrick et al., 2015; Owen et al., 2014). The Banning strand 

continues out of the Indio Hills across Holocene alluvium in the northwestern Coachella 

Valley sub-parallel to the Garnet Hill strand where both strands intersect faults of the San 

Gorgonio Pass Fault zone (Matti et al., 1992; Matti and Morton, 1993; Yule and Sieh, 

2003).  

At Biskra Palms Oasis, the slip rate on the Mission Creek strand of the fault is 12-

22 mm/yr averaged over ~50 ky, but how slip is partitioned between the primary 

structures (Banning, Mission Creek and Garnet Hill strands) to the northwest is entirely 

unconstrained. In this paper, we investigate this issue by 1) presenting new geomorphic 

and structural constraints on fault kinematics and slip transfer between the Banning and 

Mission Creek strands within the Indio Hills and 2) providing the first quantitative 

estimate of the slip rate for the Banning strand in the northwestern Coachella Valley. We 

discuss the implications of these new data for seismic hazard and slip partitioning in 

southern California. 
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2.3 TECTONIC SETTING 
The southern San Andreas Fault System displays considerable complexity, and 

we therefore use the following nomenclature throughout this paper. The terms segment, 

strand (or fault strand) and splay are used in a hierarchical fashion, with segment 

representing a regional domain of San Andreas–related fault strands that themselves may 

be split into two or more fault splays. We refer to the San Andreas Fault Zone southeast 

and northwest of San Gorgonio Pass as the Coachella Valley segment and San 

Bernardino strand of the Mojave segment, respectively. We refer to the various strands 

and splays that compose these segments according to previously used classifications that 

are cited accordingly. 

2.3.1 Miocene-recent fault zone development 
The late Cenozoic development of the southern San Andreas Fault System in the 

area of the Transverse Ranges is described in detail by Matti et al. (1992) and Matti and 

Morton (1993); we provide a brief summary of their work here. The present day Banning 

strand is the reactivated southern section of an ancestral fault system that was abandoned 

around 5 Ma as the San Andreas Fault system migrated inboard and the ancestral Mission 

Creek Fault developed as the dominant structure accommodating relative plate motion 

(Matti et al., 1992; Matti and Morton, 1993). During the late Pliocene, the majority of 

San Andreas Fault slip (~130 km) was concentrated on the Mission Creek Fault, but 

increasing structural complexity forced its partial abandonment in the late Quaternary, 

leading to the development of the Mill Creek Fault (Figure 2.1) (Kendrick et al., 2015; 

Matti et al., 1992; Matti and Morton, 1993). The Mill Creek Fault accommodated only ~8 
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km of slip before the development of the San Bernardino strand of the Mojave segment, 

which has been the primary structure accommodating right-lateral slip between Cajon 

Pass and San Gorgonio Pass since the late Pleistocene (Matti et al., 1992; Matti and 

Morton, 1993). Also in the late Pleistocene, and presumably in response to the continued 

difficulty of transferring slip though the San Bernardino Mountains, the present day 

Banning strand was reactivated across the northern Coachella Valley and has since 

accommodated 2-3 km of right-lateral slip. The San Bernardino strand and the Banning 

strand have co-linear fault traces, but there is no surface evidence of a through-going 

strike slip structure traversing the complex San Gorgonio Pass Fault zone (Matti and 

Morton, 1993; Yule and Sieh, 2003). Little is known about the reverse or right-reverse 

Garnet Hill strand. 

This model of Mio-Pliocene northeastward migration of plate boundary slip, and 

late Pleistocene migration of slip back to the southwest is based on sedimentological and 

structural data from within the San Bernardino Mountains (Matti et al., 1992; Matti and 

Morton, 1993). More recent geologic, geodetic, and seismic data are too sparse to 

uniquely constrain how slip is presently partitioned between the faults in this area. The 

M5.9 1986 North Palm Springs earthquake mainshock and aftershock sequences were 

interpreted to have been on the Banning strand (Jones et al., 1986; Sharp et al., 1986), but 

this depends critically on the Banning and Mission Creek strand dips and their depth of 

intersection, neither of which are well constrained. GPS measurements of contemporary 

slip are also too sparse to model the Banning and Mission Creek strands as separate 

structures (Meade, 2005; Loveless and Meade, 2011; Fialko, 2006; Spinler et al., 2010; 
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Fay and Humphreys, 2005). Thus, more detailed geomorphic and structural observations 

and late Pleistocene-Holocene geologic slip rates are needed to resolve modern-day strain 

partitioning in this complex zone. 

2.3.2 Quaternary slip rates from the southern San Andreas Fault 
Quantitative geologic slip rates for the active fault strands immediately to the north 

(San Bernardino strand) and south (Mission Creek, Banning and Garnet Hill strands) of 

San Gorgonio Pass have been published for only two sites. McGill et al. (2013) measured 

slip rates of 7.0-15.7 mm/yr and 6.3-18.5 mm/yr averaged over 35 ka and 10 ka, 

respectively, along the San Bernardino strand of the Mojave segment at Plunge Creek 

from offset fluvial and alluvial features dated using radiocarbon (Figure 2.1). This rate 

overlaps with a qualitatively constrained 14-25 mm/yr slip rate for the San Bernardino 

strand measured from an offset alluvial fan to the southeast at Wilson Creek that was 

dated to ~14 ka using soil development observations (Figure 2.1) (Harden and Matti, 

1989). A dip-slip rate of 1.0-1.3 mm/yr on a single thrust strand to the southeast within 

the San Gorgonio Pass Fault zone is lower than the published rates from Plunge Creek 

but represents a minimum rate through this distributed fault zone (Yule and Sieh, 2003). 

Two additional, although unpublished, lateral slip rates from within San Gorgonio Pass 

overlap with the lower bounds on the slip rates measured for the San Bernardino strand at 

Plunge Creek (Orozco and Yule, 2003; Yule et al., 2001). 

On the Coachella Valley segment, in a revision of early work by Keller et al. 

(1982) and van der Woerd et al. (2006), Behr et al. (2010) measured an ~50 kyr average 
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slip rate of 12-22 mm/yr (14-17 mm/yr preferred) near Biskra Palms Oasis at the very 

southern end of the Mission Creek strand where it intersects the Banning and Indio 

strands (Figure 2.1). This rate overlaps, within error, with somewhat higher preliminary, 

unpublished rates from northwest of Biskra Palms near Pushwalla Canyon (Blisniuk, 

Scharer, et al., 2013). The Biskra Palms slip rate is the only published slip rate for the 

Mission Creek strand and is considered representative of the total slip rate for the 

Coachella Valley segment because the relatively poor surface expression of the adjacent 

Banning strand suggests it accommodates only a minor component of total slip. Behr et 

al. (2010) estimated a slip rate of 1-3 mm/yr for the Banning strand at this locality, 

consistent with the Mission Creek strand being the immediate recipient of nearly all slip 

from the Indio strand to the southeast. In the Indio Hills block, multiple splay faults 

associated with the Mission Creek strand, along with geomorphic and topographic 

complexities of the Indio Hills landscape, strongly point to significant along-strike 

variations in slip in this area, as we discuss further in subsequent sections. For this 

reason, we emphasize that published rates for the Mission Creek and Banning strands 

should not be projected more than a few kilometers along strike in either direction. 

Taken together, the rates from Plunge Creek and Biskra Palms permit 

interpretations wherein ~50 to 100% of the total slip from the Coachella Valley segment 

is transferred northwest to the San Bernardino strand. There is little evidence for 

significant latest Quaternary slip on the ancestral Mission Creek Fault or the Mill Creek 

strand in the San Bernardino Mountains (Matti et al., 1992; Weldon, 2010; Sieh, 1994; 

Kendrick et al., 2015). Thus, slip transfer from the southern Mission Creek strand to the 
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Banning and Garnet Hill strands and eventually to the San Gorgonio Pass Fault zone 

must be the primary mechanism by which slip, regardless of the amount, propagates 

northwest from the Coachella Valley segment to the San Bernardino strand. In the 

absence of quantitative slip rate data, two end member rupture scenarios for an 

earthquake that nucleates on the Indio strand of the Coachella Valley segment may be 

possible:  

 

1) Rupture may propagate northwest primarily along the Banning strand (Figure 2.2a), 

transferring slip into the San Gorgonio Pass Fault zone and potentially threatening 

southern California populations, as is considered probable by the UCERF 3 hazard model 

(Field et al., 2014; 2015); 

 

2) Rupture may propagate northwest primarily along the Mission Creek strand (Figure 

2.2b) and transfer slip away from southern California populations via faults in the Eastern 

Transverse Ranges. 

More evenly distributed slip partitioning and multi-path rupture scenarios, 

including slip on the Garnet Hill strand, that lie between these two end-members are also 

possible. In subsequent sections we will discuss both qualitative and quantitative 

constraints on the minimum slip transfer that occurs between these two important fault 

strands in the northern Coachella Valley, focusing primarily on the geomorphology, 

structure and slip rate on the Banning strand.  
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Figure 2.2 End Member Slip Propagation Models 
End member options for slip partitioning and the probable distribution of displacement on the Mission 
Creek, Banning and Garnet Hill strands during a future rupture on the Coachella Valley segment of the 
southern San Andreas Fault. A) Option1: Future ruptures are most likely to follow the Banning strand. This 
option is consistent with a fast (≥15 mm/yr) slip rate at the study location. B) Option 2: Future ruptures are 
equally likely to bypass the Banning strand in favor of the Mission Creek strand and eventual transfer of 
slip to the Eastern California Shear Zone. This option is consistent with a slow (<10 mm/yr) slip rate at our 
study site. Intermediate scenarios are also permitted, including rupture of the Garnet Hill strand with the 
Banning strand and a more even distribution of slip between all three faults. Distinguishing between these 
models requires slip rate data for the Banning strand.  
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2.4. EVIDENCE FOR SLIP TRANSFER BETWEEN THE MISSION CREEK AND BANNING 
STRANDS 

2.4.1 Geomorphic evidence 
We used the B4 LiDAR data, Google Earth imagery, and field observations to 

systematically investigate the tectonic geomorphology of the Banning and Mission Creek 

strands in the northern Coachella Valley (Figures 2.3 and 2.4). In the southeast Indio 

Hills, the Banning and Mission Creek strands diverge about 1 km east of Biskra Palms 

Oasis (Figure 2.3a). Along strike to the northwest, the surface trace of the Mission Creek 

strand is well expressed (Figures 2.3a,e), whereas evidence of displacement along the 

Banning strand is poorly expressed until just west of Pushawalla Canyon where a 

prominent fault scarp in late Pleistocene alluvium records several meters of apparently 

vertical offset (Figures 2.3a,i). Farther to the northwest, evidence of recent faulting along 

the Banning strand is again scarce until ~2.5 km east of Edom Hill, where it clearly 

defines a linear surface trace (Figure 2.3h). Field measurements from along this section 

yield minimum right-lateral offsets of 2-4 m of small drainages cut through modern 

sediments (Figure A1). Farther towards the northwest, the Banning strand can be traced 

almost without interruption out of the Indio Hills across modern alluvium in the northern-

most Coachella Valley (Figure 2.3g) to the eastern entrance to San Gorgonio Pass. 

Although the linear trace in Figure 3g is defined primarily by aeolian sand trapped by 

vegetation lineaments, the Banning strand clearly displaces several late Pleistocene and 

Holocene alluvial deposits (Figure 2.3f) before merging with the San Gorgonio Pass 

Fault zone near Cottonwood Canyon. Both walls of Whitewater Canyon (Figure 2.1) are 
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also right-laterally displaced by the Banning strand; the actively refreshed eastern wall is 

deflected ~40 m, providing additional evidence of recent faulting, whereas the protected 

western wall is offset several hundred meters, providing evidence of sustained longer-

term right lateral slip.  
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Figure 2.3 Geomorphic Evidence of Slip Transfer 
Shaded relief images showing geomorphic evidence of active faulting along sections of the Mission Creek 
(B-E) and the Banning strand (F-I) from their junction at the south end of the Indio Hills (A) to the San 
Bernardino Mountains and San Gorgonio Pass to the northwest. Images are derived from B4 airborne 
LiDAR; black and white arrows indicate the fault surface traces. Figure locations along each fault are 
shown on the upper-right map. Upper-right abbreviations: San Gorgonio Pass (SGP), Mission Creek strand 
(MCF), Banning strand (BF), Coachella Valley segment of the southern San Andreas Fault (CV-SAF). The 
northwest-increasing geomorphic expression of the Banning strand is coincident with the northwest-
decrease in geomorphic expression of the Mission Creek strand, suggesting that the Banning strand is the 
most active structure by the time both faults exit the Coachella Valley. 
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The trace of the Mission Creek strand is most obvious at its southeast end, where 

it defines a clear linear trace bounding the northern flank of the Indio Hills (Figure 2.3e), 

and the fault can be followed northwest through modern alluvium in the Coachella Valley 

until the town of Desert Hot Springs (Figure 2.3d). However, farther along-strike, offsets 

of more recent alluvium become scarce and the surface trace of the Mission Creek strand 

is most clearly defined by shutter ridges and offset bedrock that record the longer-term 

slip history (Figure 2.3c). Whereas the northwest section of the Banning strand is clearly 

resolved in airborne LiDAR and imagery data (Figure 2.3f), the opposite is true of the 

northwest section of the Mission Creek strand, which does not appear to displace late 

Pleistocene alluvium as it climbs into the San Bernardino Mountains east of its junction 

with the Mill Creek strand and Pinto Mountain Fault (Figure 2.3b) (Matti et al., 1992; 

Kendrick et al., 2015). In addition, the gradients in geomorphic expression observed 

along strike of the Banning and Mission Creek strands are mirrored by changes in the 

amount of offset recorded by small drainages displaced where they cross each fault 

(Figure A2). Drainage offsets are formed during surface rupturing earthquakes so the 

ease with which a fault trace can be identified by their presence is primarily a function of 

how active the fault is (although climate and lithology are also factors). The observed 

along-strike gradients in drainage offsets and fault expression in the northwestern 

Coachella Valley imply a northwest increase in fault activity along the Banning strand 

coincident with an apparent decrease in fault activity along the Mission Creek strand in 

the same direction.  
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Figure 2.4 Slip Transfer Between the Banning and Mission Creek Strands 
Satellite image (upper) and LiDAR-derived color shaded relief (lower) maps of the Indio Hills. Alluvial 
sediments between the Mission Creek and Banning strands are relatively undisturbed between Biskra Palms 
Oasis and Thousand Palms Canyon, suggesting little interaction between the faults. The abrupt increase in 
topography, relief, stream incision and erosion northwest of Thousand Palms Canyon suggests the 
commencement of right-lateral slip transfer from the Mission Creek to the Banning strand. The uplift of 
Edom Hill suggests further transfer or reverse slip to the Garnet Hill strand. Structural measurements 
presented in Figure 2.5 (cross section A though D) show deformation and uplift consistent with these 
geomorphic observations. 

 

 Larger-scale geomorphic observations in the Indio Hills are also consistent with 

slip transfer between the Banning and Mission Creek strands. The Indio Hills separate the 

Banning and Mission Creek strands for roughly 23 km northwest of their divergence near 

Biskra Palms Oasis (Figure 2.4). This area of uplifted and deformed fluvial and deltaic 

sedimentary units is the only significant topography along either fault until the San 
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Bernardino Mountains and is nowhere wider than ~4 km. Immediately northwest of their 

divergence, the Banning and Mission Creek strands are separated by the alluvial Ocotillo 

Formation. For the first ~11 km along strike northwest from Biskra Palms Oasis, the 

Ocotillo Formation is characterized by several low relief, fluvially planed, well varnished 

surfaces separated by large incised drainages (Figure 2.4). About 1.5 km from Thousand 

Palms Canyon, the geomorphology of the Indio Hills transitions abruptly into a high-

relief landscape defined by densely spaced active modern channels that expose deeper 

stratigraphic levels of the Ocotillo and underlying Palm Spring Fm. This change in the 

geomorphic expression of the Indio Hills landscape is compatible with a model in which 

most of the slip transfer between the Banning and Mission Creek strands occurs within 

the Indio Hills west of Thousand Palms Canyon (Figure 2.4).  

 The gradients in surface expression observed along strike of the Banning and 

Mission Creek strands and the geomorphic and erosional changes in the Indio Hills are 

consistent with a model in which slip transfers from Mission Creek strand to the Banning 

strand in the northwestern Indio Hills. Structural measurements described in the next 

section provide further evidence that right-lateral slip is transferred to the Banning strand 

within the western Indio Hills.  

2.4.2 Structural evidence 
New cross sections illustrating the internal structure of the Indio Hills (Figure 2.5) 

were constructed by combining existing structural data and geologic mapping (Dibblee, 

2008) with new structural measurements collected along major N-S trending channels 
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that cross the Indio Hills. The locations of the new structural measurements are shown on 

Figure 2.4b and reported in Table A1. The cross-sections highlight several relationships 

critical to understanding strain partitioning and kinematics between fault strands in the 

Indio Hills. Measurements of fault dips in the Indio Hills indicate that at the surface, the 

Mission Creek strand dips steeply toward the south and does not vary significantly along 

strike, whereas the dip of the Banning strand increases from sub-horizontal near Biskra 

Palms Oasis (Behr et al., 2010) to near vertical just east of Edom Hill ~18 km to the 

northwest. This increase in dip is reflected in a northwestward transition from variably 

striking isolated fault scarps near Pushawalla and Thousand Palms Canyons to the 

relatively linear fault scarps east and west of Edom Hill (Figure 2.3h). Between the two 

fault strands in the southeast Indio Hills, the Pleistocene Ocotillo Formation is broadly 

warped, exhibiting open folding, but very little internal deformation (Figure 2.5, D-D’). 

Local steepening of the Ocotillo Formation gravel bedding is observed adjacent to both 

faults but is greater along the Mission Creek strand. By contrast, in the northwest Indio 

Hills near Edom Hill, the Ocotillo Formation is locally vertically dipping adjacent to the 

steeply dipping Banning strand on its south side. This deformation coincides spatially 

with the inception of the reverse- or oblique reverse-slip Garnet Hill strand along the 

south side of Edom Hill. Additionally, in the northwest Indio Hills, the Ocotillo 

Formation exhibits more significant, shorter-wavelength folding between the Banning 

and Mission Creek strands, accommodated by significant bedding-parallel shear along 

clay-rich intervals (Figure A3). This increased deformation is associated with greater 

amounts of uplift and erosion as indicated by exhumed exposures of the Pliocene Palm 
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Spring Formation and small slivers of the underlying Imperial Formation. The increased 

deformation and exhumation is also spatially coincident with the change in drainage 

patterns and relief discussed in the previous section (Figure 2.4). The Imperial and Palm 

Spring Formations are substantially more deformed than the overlying Ocotillo gravels, 

suggesting deformation between the two faults strands has been ongoing probably since 

at least the Pliocene.  

 

Figure 2.5 Indio Hills Structural Cross Sections 
Cross sections traversing the Indio Hills based on structural mapping showing along-strike gradients in 
fault dip and deformation of the Ocotillo and Palm Springs formations between the Banning, Mission 
Creek and Garnet Hill strands. The northwest increase in exhumation, folding and topography between the 
two faults and the increasing dip of the Banning strand provides structural evidence for the transfer of right 
lateral slip from the Mission Creek strand to the Banning strand within the Indio Hills. The greater 
deformation adjacent to the Banning strand shown at the SW edge of A-A’ suggests subsequent transfer of 
some displacement to the Garnet Hill strand.  
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 These along-strike variations in fault dip and deformation patterns indicate that 

significant slip transfer occurs between the Mission Creek and Banning strands, and 

between the Banning and Garnet Hill strands over both long (Quaternary) and short 

(Holocene) timescales. It suggests that for a few kilometers toward the northwest of the 

intersection of the Mission Creek and Banning strands in the southeast Indio Hills, the 

Mission Creek strand is accommodating the majority of right-lateral motion, whereas the 

Banning strand is dominantly dip-slip. This is consistent with observations from a 

shallow subsurface trench in which the Palm Spring Formation is thrust over a late 

Pleistocene alluvial fan complex by the shallowly-dipping Banning strand (Behr et al., 

2010). As the Banning strand steepens toward the northwest, deformation steps left and is 

transferred from the Mission Creek strand and right-lateral shear is localized onto the 

Banning strand. The presence of Edom Hill and the structural and geomorphic 

relationships observed there suggest that the Banning strand is accommodating primarily 

right-lateral shear in this area and the Garnet Hill strand accommodates the dip-slip 

component, effectively mimicking the Banning-Mission Creek relationship seen near 

Biskra Palms. This pattern of progressive left-stepping of faults to form local restraining 

bends and associated topography has been described for other closely spaced faults in the 

Big Bend region of the San Andreas Fault (Sylvester, 1999; Sylvester and Smith, 1976; 

Bilham and Williams, 1985; Bürgmann, 1991). Evidence for slip transfer between the 

Mission Creek and Banning strands dies out at the northwest end of the Indio Hills, 

which can be explained by a northwest decrease in the Mission Creek strand slip rate and 

the separation of the two faults to distances exceeding 4 km, the maximum distance 
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across which slip can be transferred between sub-parallel structures (Elliott et al., 2009; 

Wesnousky, 2006).  

2.5. THE PAINTED HILL SLIP RATE SITE 
 The geomorphologic and structural data discussed in previous sections suggests 

significant slip transfer between the Mission Creek and Banning strands, but does not 

provide quantitative information as to how much slip is concentrated on the Banning 

strand as it enters San Gorgonio Pass. To investigate this, we use offset measurements 

and Quaternary geochronology to estimate the slip rate at a newly identified site along the 

Banning strand near the eastern entrance to San Gorgonio Pass, which we informally 

refer to as the “Painted Hill” site.  

In the southeastern section of San Gorgonio Pass, the 285° trending, steeply 

dipping Banning strand separates moderately SE-dipping Pliocene fanglomerates north of 

the fault from beheaded late Pleistocene and Holocene alluvial fans south of the fault. At 

this location (33.942005° N, -116.620846° E), the Banning strand offsets a small alluvial 

fan, which we refer to as Qfr, from its small (~0.03 km2) source catchment north of the 

fault (Figure 2.6). Previous mapping did not differentiate this small (also ~0.03 km2 in 

area) deposit from an older, truncated and tilted alluvial fan surface (Qoa3s on Figure 

2.6), which it overlies. Dirt roads and windmill foundations constructed along the fault 

and along the Qfr fan crest have superficially disrupted the fan surface (Figure 2.6a). 

Consequently, the elevation contours and the morphology apparent in the hillshaded 

elevation models near the top of the Qfr fan do not reflect the original fan morphology, 
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but rather topography that has been modified by construction. However, despite 

anthropogenic modification, the distinctive topographic curvature of the fan allows us to 

precisely locate its apex, axis and margins using the B4 LiDAR data. Shallow bar and 

swale topography distinguishes the western side of Qfr downslope from the fan apex 

from the texturally smoother eastern side, which is currently downstream of the source 

catchment and so may have been subject to slight post-depositional modification. 

Channels incised by less than 10 cm near the top of Qfr deepen to about a meter at its 

margins and radiate away from the fan apex. The largest clast sizes observed at the fan 

surface are small boulders, but cobble-sized clasts are most abundant. The clasts are 

unvarnished and there is no pavement development on the fan surface.  

We excavated a 180-cm-deep pit close to the Qfr fan crest near its apex to expose 

the fan in cross-section. Bedding within it is very poorly developed, but shows a weak 

inverse grading, with the largest clasts concentrated in the upper 60 cm. This upper 

interval is matrix-supported, with the matrix consisting primarily of sand and silt. At ~60 

cm depth a higher concentration and weak imbrication of large clasts suggest that this 

interval may represent the reworked top of an earlier depositional sequence represented 

by the interval from 60-180 cm. This lower interval contains some cobbles but is 

dominated by sand and large pebbles. As in the upper interval, there is no coherent 

bedding, but there are anastomosing, lighter-colored, pebble-rich lenses that are laterally 

continuous for up to 40 cm. These relationships suggest that the upper ~2-meters of Qfr 

fan consist of 1-2 stacked debris-flow deposits. Soil descriptions are provided in Table 

2.1.  
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Figure 2.6 The Qfr Slip Rate Site 
Aspect colored slope shade map of the offset Qfr alluvial fan (A), which was deposited on top of the older 
Qoa3s alluvial deposit during no more than 2 debris flow events. 2 m contours reveal typical alluvial fan 
curvature. Black dots show sampling locations for U-series and 10Be exposure dating. Offset and deflected 
to the east and west signify predominantly right lateral slip along this section of the Banning strand. B. 
Annotated panoramic photograph of the field site looking to the southwest from the vantage shown in A.  
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Table 2.1 Qfr Soil Descriptions 

 

2.6. OFFSET MODEL 
  The curvature of the Qfr fan surface is most easily visualized with 1 m elevation 

contours derived from 1 m resolution B4 LiDAR. Although modification of the fan 

surface by construction along the axis produces irregularities near the centers of the 

topographic contours, they can be modeled to reveal the projected apex location and fan 

axis orientation. We approach this in two ways. First, we model the contours as 

approximately concentric circles whose centers of curvature indicate the apex of the fan 

(Figure 2.7a) (Keller et al., 2000). The upper four contours dominantly reflect topography 

created during road construction and are therefore excluded from the analysis. This 

qualitative method results in a cluster of circle centers that project the apex of Qfr to a 

location about 4 m north of the fault, and about 30 m from the modern catchment thalweg 

in a direction parallel to fault strike.  
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Figure 2.7 Fan Axis Delineation 
Topography-based methods for approximating the apex (A) and axis (B) of the Qfr fan. The upper four 
contours reflect topography modified by construction and are excluded from the analysis. A. Circles fit 
visually to 1 m topographic contours. Forcing the circles to be concentric gives an approximation of the 
location of the fan apex (inset). B. Linear and non-linear least squares circle fits to the contours result in 
linear distributions of the circle centers that approximate the orientation and along strike location of the fan 
axis. The quantitatively constrained fan axis serves as the offset piercing line, which we reconstruct ~25 m 
the Qfr source catchment.  
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Second, we use the Matlab function fitcircle to calculate both linear (minimizing 

algebraic error) and non-linear (minimizing geometric errors) least squares circle fits to 

the contours (Gander et al., 1994). For this analysis we used ArcGIS and the B4 airborne 

LiDAR data to generate 1 m topographic contour lines clipped to limit their coverage to 

the area of the Qfr fan. We then exported 13 consecutive contours from near the top of 

Qfr as .xyz files. We excluded the upper four contour intervals where the topography has 

been most significantly affected by road and windmill construction as well as the lower 

several contours where erosion has most altered the fan morphology (Figure 2.6a). We 

then use our Matlab code to fit circles to each .xyz contour dataset, and plot the contours, 

the circles, and the circle centers of curvature (Figure 2.7b). This quantitative calculation 

results in two nearly identical distributions of circle centers from the linear and non-linear 

fits. Since circles are not forced to be concentric using this method, the circle centers 

define linear distributions that we interpret to reflect the location and azimuth of the fan 

axis because they match the location and orientation of both the topographic drainage 

divide and the fan axis determined visually from the aspect map of the Qfr fan (Figure 

2.6a). As a last step we calculated a linear least squares fit through both groups of circle 

centers to provide a linear approximation of the axis. A detailed description of the 

workflow, the Matlab code and a link to the fitcircle download page are provided in the 

Section A1.  
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Figure 2.8 Displacement Options 
Minimum (A), preferred (B) and maximum (C) offsets measured by reconstructing the axis of the Qfr fan 
to the mouth of its source catchment indicate between 20 and 30 m of right lateral displacement since 
deposition. The scale bar along the fault represents 50 m; increments are 5 m. The offset error of ±5 m 
reflects uncertainty in the location of the catchment thalweg at the time of deposition.  
 

Using this method we find that the fan axis, which should extend away from the 

mouth of the modern catchment, is offset from the modern catchment thalweg by 25 m in 

a direction parallel to fault strike (Figure 2.8). For our final offset model we rely on this 

slightly lower but less qualitatively constrained offset value and we emphasize again that 

the topography west of this axis that appears to mark the apex of the fan is the product of 

road construction. Although the current channel thalweg occupies a deeper, narrower 

incision at the mouth of the catchment where it intersects the fault, this feature likely 

post-dates deposition and westward transport of Qfr along the fault. At the time of 

deposition, however, the thalweg may have intersected the fault anywhere along the ~10 

m wide catchment mouth. To account for this uncertainty, we assign errors of ±5 m to the 

offset axis measurement. Tools for assigning statistically determined errors to lateral 

reconstructions of offset features have been successfully implemented for channel-
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channel offsets (Zielke and Arrowsmith, 2012) and could possibly be adapted to 

catchment-fan offsets such as that analyzed here. However, since the morphology of Qfr 

adjacent to the fault has been altered by construction, calculating statistically determined 

errors using these methods is not straightforward. Therefore, the final 25 ± 5 m offset 

reflects the minimum (20 m), preferred (25 m) and maximum (30 m) measurements 

(Figure 2.8), not a 2σ error or a 95% confident interval. Best practices for assigning 

uncertainty to offset features are still evolving (Scharer et al., 2014); however, we believe 

±20% conservatively estimates the combined uncertainties in estimating the thalweg and 

axis location because it eclipses the uncertainty in the fan axis location due to fault 

parallel scatter in circle centers, and is on par with or exceeds errors assigned to 

measurements of both historical single-event and older multi-event offsets reported in 

several recent studies in which uncertainties were carefully considered (Zielke et al., 

2012; Salisbury et al., 2012; Gold et al., 2013).  

2.7 GEOCHRONOLOGY  
 A variety of quantitative geochronologic techniques are used to estimate 

depositional ages of Quaternary alluvial deposits including luminescence dating, 

radiocarbon dating, U-series dating of pedogenic carbonate clast-coatings, and 

cosmogenic exposure dating of surface cobbles, surface boulders, depth profiles and 

buried clasts. The complex processes governing the geomorphic history of alluvial 

deposits are poorly understood but may exert significant control on the formation and 

retention of the atomic and isotopic concentrations targeted by these commonly 
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employed dating methods. Therefore, interpretations of depositional age from a measured 

date rely upon major assumptions about geomorphic history, increasing the chances that 

using a single dating technique could lead to an erroneous interpretation of the age of an 

alluvial landform. In order to limit the influence that the epistemic uncertainty associated 

with a single technique might have over an age interpretation, several recent studies have 

combined multiple geochronologic methods to evaluate the age of the alluvial deposit 

(Fletcher et al., 2010; Blisniuk et al., 2012; Behr et al., 2010). We follow these studies by 

using both cosmogenic exposure dating and U-series dating of pedogenic carbonate. 

2.7.1 10Be exposure dating: Methods 
 In-situ terrestrial cosmogenic nuclide surface exposure dating (hereafter: exposure 

dating) of rocks found at the upper 2 m of the earth’s surface provides a method for 

quantifying the geomorphic evolution and depositional age of alluvial surfaces over 102-

107 yr time scales. This method has been described in detail in several comprehensive 

reviews but is summarized below in the context of 10Be exposure dating (Gosse and 

Phillips, 2001; Granger et al., 2013; Dunai, 2010; Bierman, 1994; Lal, 1991). 10Be is 

produced at the earth’s surface primarily by spallogenic reactions between high-energy 

secondary cosmic ray-derived particles and oxygen (and to a lesser extent silicon) in 

quartz. Because 10Be is not produced within minerals in significant quantities by any 

other means, its concentration in quartz is related to 1) the length of exposure on Earth’s 

surface, 2) the production rate of 10Be at a specific latitude and elevation, and 3) the half-

life of 10Be, all of which are known or can be inferred. By measuring the concentration of 
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10Be in quartz-bearing surface clasts it is possible to estimate the time since that clast was 

first exposed to cosmic rays, which, with several assumptions, can be related to 

depositional age. Additionally, the production of 10Be nuclides by neutron spallation 

decreases exponentially to near zero at a depth of ~2 m in gravelly sediments. 10Be 

concentrations measured in samples composed of the sand-sized fraction or amalgamated 

clasts collected at different depth intervals from a soil pit excavated into an alluvial 

deposit can be modeled to provide a surface exposure age as well. This method also 

measures the average concentration of inherited 10Be nuclides that may have accumulated 

when the sediments analyzed were exposed at the surface prior to final deposition. 

Correcting for inheritance in depth profile measurements simply requires subtracting the 

inherited component from the total nuclide concentration (Anderson et al., 1996; Repka 

et al., 1997). Correcting for inheritance in individual surface clasts is less straight forward 

and has been approached by measuring the mean age of multiple surface clasts in order to 

average out differences in inherited nuclide concentrations and the effects of clast 

erosion, which lowers nuclide concentrations over time (Repka et al., 1997). Measuring 

ages from clasts currently in the source catchment or channel may provide approximate 

estimates of clast inheritance (Owen et al., 2011; Blisniuk et al., 2010), although this 

latter method assumes no change in rates of erosion and deposition over time. In addition 

to inherited 10Be concentrations, uncertainties in production rates, shielding, erosion, 

blank corrections and analytical error as well as the relationship of an exposure age to a 

particular geomorphic event all contribute to uncertainties in exposure ages.  
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Figure 2.9 Qfr Depth Profile 
Photograph and soil descriptions for the ~2 m deep soil pit excavated near the apex of the Qfr fan. Clasts 
with pedogenic carbonate coating measured using U-series dating were taken from depths between 100 and 
180 cm. Sediment samples for 10Be depth profile exposure dating are collected at the intervals shown on the 
photograph. The location of the pit is shown on Figure 2.5.  
 

2.7.1.1 Sample collection, preparation and analysis 
We collected samples from 2 small boulders (intermediate axes ≈ 40 cm), as well 

as 7 cobbles (intermediate axes ≈ 10 cm), and 7 depth profile samples from the Qfr 

surface for 10Be exposure dating (Figure 2.6a, A4-12). The boulder and cobble samples 

were quartz-rich lithologies (quartzite and granite), exhibited minimal evidence of 
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surface weathering, and were collected from stable positions in topographic bars. Cobbles 

make up the majority of the surface clasts that we collected because boulders are scarce 

on Qfr, and of those present, only two were of the correct lithology and displayed 

sufficiently minimal weathering. The depth profile samples were collected at 30 cm 

intervals from a 180-cm-deep trench excavated near the Qfr fan apex (Figure 2.9a). We 

also collected pebbles (n = ~20) from the western lobe of the Qfr surface, which were 

combined into an amalgamated pebble sample.  

 Rock crushing and magnetic separation were performed at UT Austin and all 

subsequent steps were carried out at the Scottish Universities Environment Research 

Centre (SUERC), Scotland, UK. AMS measurements were completed at the SUERC 

AMS Laboratory and at the Lawrence Livermore National Laboratory Center for 

Accelerator Mass Spectrometry (LLNL-CAMS). Detailed descriptions of the processing 

techniques, the measurement conditions and the 10Be concentration calculations are given 

in the Section A2.  

2.7.1.2 Exposure age calculation 
 We calculated boulder and cobble exposure ages using the CRONUS-Earth online 

calculator, version 2.2.1 (http://hess.ess.washington.edu) (Balco et al., 2008). Input 

parameters for each sample are given in Table A2; input uncertainty in the 10Be 

concentration includes the 1σ analytical, blank, 1% carrier mass, and 2% sample 

preparation errors. Given the lack of consensus regarding which time-dependent nuclide 

production model is most accurate, we present exposure ages calculated using a time-
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invariant reference production rate of 4.49 ± 0.3 atoms g-1 yr-1 (sea level and high 

latitude) based on the scaling models of Lal (1991) and Stone (2000). Exposure ages 

calculated simultaneously using variable production rates (Lal, 1991; Stone, 2000; 

Staiger et al., 2007; Desilets et al., 2006; Desilets and Zreda, 2003; Pigati and Lifton, 

2004; Lifton et al., 2005; Dunai, 2001) are given in the Supporting Information (Table 

A3). The external errors given by CRONUS include an 8.7% uncertainty in production 

rate that is related to scatter in reference production rates determined at the various 

calibration sites used in the time invariant production scaling model (Balco et al., 2008). 

To calculate the total error we add in quadrature to the external error a 1% uncertainty in 

the 10Be decay constant, which in this CRONUS version has been updated to 4.998 ± 

0.043 x 10-7 yr-1 to reflect the most recent 10Be half-life measurements (Chmeleff et al., 

2010; Korschinek et al., 2010).  

We calculated the surface exposure age and inheritance from the depth profile 

samples using the Matlab GUI presented in Hidy et al. (2010), which is available online 

(http://geochronology.earthsciences.dal.ca). Input uncertainty in the 10Be concentration is 

the 1σ internal error described above and in Section A2. A complete list of input 

parameters for the calculations is also given in Section A4 (Figure A18). The resulting 

uncertainties in exposure age and inheritance do not include error in production rate, so 

we add in quadrature an additional 8.7% error to match the production rate error used by 

CRONUS to calculate the external uncertainty in clast ages.   
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2.7.2 10Be exposure dating: Results 
 Exposure ages from clasts and the depth profile are given in Table 2.2. Exposure 

ages from 2 small boulders, 7 cobbles, and a selection of amalgamated pebbles range 

from 2.4 ka to 9.2 ka (not corrected for inheritance) with individual 2σ total uncertainties 

of around ±20% (Table 2.2; Figures 2.10 and 2.11). Modeling the depth profile data (7 

depth intervals) using the Monte Carlo simulator presented in Hidy et al. (2010) gives an 

inheritance corrected age of 2.9 ± 0.70 ka (2σ), and indicates 1.56-2.0 x104 atoms/g 

inherited 10Be, which is equivalent to 3.0 ± 0.25 kyr (1σ internal uncertainty) of prior 

exposure (Table 2.2; Figure 2.9b).  

 

 

 

 

 

 

 

 

 

 



 39 

 

Table 2.2 10Be Results 
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Figure 2.10 Qfr Dating Results Map 
Results of 10Be cosmogenic nuclide exposure dating of clasts (A) and the depth profile (B) from the Qfr 
fan. Results are given in Table 2.1. A. Shaded relief map of Qfr showing the names, locations and exposure 
ages of the 7 cobbles, 2 boulders and amalgamated pebbles as well as the location of the depth profile and 
U-series ages (DP). Clast ages are shown with 2σ external uncertainties. B. Depth profile modeling results 
of the 7 samples taken from the soil pit shown with 1σ internal uncertainties. The median age with 2σ 
uncertainty corrected for ~3 kyr of inheritance is significantly younger than both the U-series age and the 
median cobble age.  
 

2.7.3 Uranium-series dating of pedogenic carbonate: Methods 
In arid environments, pedogenic calcium carbonate (CaCO3) laminations form as 

coatings on the bottom surfaces of clasts in gravelly or pebbly alluvium at subsurface 
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depths of 50-200 cm upon initiation of carbonate accumulation (Gile et al., 1966; 

Machette, 1985). Trace amounts of radiogenic 238U and 234U are incorporated into the 

pedogenic carbonate as it forms, but poorly soluble Th is not, so 238U-234U-230Th dating 

(hereafter: U-series dating) can be used to determine the amount of time since such 

secondary carbonate formed (Ku et al., 1979). Because carbonate clast-coatings form 

after deposition, U-series dating of pedogenic carbonate provides estimates of the 

minimum depositional age of an alluvial deposit (Sharp et al., 2003; Blisniuk and Sharp, 

2003; Ludwig and Paces, 2002; Behr et al., 2010; Fletcher et al., 2010; Blisniuk et al., 

2012). In the northwestern Coachella Valley, rainwater and carbonate-bearing aeolian 

dust (Reheis et al., 1995) are inferred to be the primary sources of calcium (Ca2-) ions for 

pedogenic carbonate formation because the host fans lack significant concentrations of 

carbonate rocks and Ca-bearing minerals weather only slowly in the semi-arid climate 

(Capo and Chadwick, 1999; Machette, 1985). In soils, carbonate ions (CO3
2-) form from 

atmospheric and plant respired CO2 and from carbon released during plant 

decomposition. In the region of this study, pedogenic carbonate precipitation on the 

bottoms of clasts is dominantly a consequence of evapotranspiration, although degassing 

of CO2 from water in the soil and temperature-dependent changes in CaCO3 solubility 

may also induce precipitation (Gile et al., 1966; Birkland, 1999; Machette, 1985). 

Although six stages of carbonate accumulation have been recognized in older (>100 kyr) 

alluvium (Gile et al., 1966; Machette, 1985), the carbonate coatings we analyzed in this 

study are representative of only the very first stage of carbonate accumulation.  
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Table 2.3 U-Series Results 
 

Constraining the minimum depositional age of alluvium using U-series dates on 

pedogenic carbonate requires consideration of several factors. First, it is important to 

confirm that the pedogenic carbonate formed in-situ, as carbonate formed on clasts prior 

to final transport and incorporation into the alluvial deposit would lead to an anomalously 

old estimate of the depositional age. Although turbulent transport processes may largely 

scrub prior carbonate accumulations from clasts before final deposition, this process may 

be less effective where transport distances are short, as between the Qfr fan and its source 

catchment. Second, this dating technique relies upon the measured 230Th/238U ratio, so 

detrital 230Th incorporated as silicate inclusions must be subtracted using 232Th as an index 

(Ludwig and Paces, 2002). Third, it is important to verify that the dated carbonate has 

retained a closed U-series system since formation, which can be assessed by the 

reproducibility of ages because open U-series systems would cause ages to scatter. 
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Fourth, the lag time between alluvial deposition and formation of datable thicknesses of 

carbonate is expected to vary with several geologic and environmental factors including 

climate, parent material, dust input, and surface roughness. However, recent studies 

suggest that it may be no more than a few hundred to a few thousand years in dusty arid 

environments such as our study area (Ludwig and Paces, 2002; Blisniuk and Sharp, 2003; 

Sharp et al., 2003; Blisniuk et al., 2012). Even a relatively brief lag time, however, may 

be significant in the case of Holocene alluvial deposits where it may be a sizable fraction 

of the depositional age. Accordingly, we interpret the U-series ages of clast-coatings as 

minimum estimates of the age of deposition of the host alluvium.  

 

 

Figure 2.11 10Be and U-Th Measurements 
Results of U-Th dating of pedogenic carbonate clast coatings from 5 pebbles (left), and 10Be clast exposure 
dates for comparison (right). Individual measurements are shown with 2σ total errors, and show significant 
overlap between the distributions of measurements from both methods. Samples excluded from the 
weighted mean (U-series) and median (exposure dating) calculations are shown in grey. The mean U-series 
age and median clast exposure age overlap at the 95% confidence level. The mean U-series age provides a 
minimum depositional age for Qfr.  
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2.7.3.1 Sample collection, preparation and analysis 
 We collected gravel-clasts with carbonate coatings for U-series analysis from the 

same soil pit sampled for the 10Be depth profile. Carbonate accumulation in this young 

deposit has not advanced sufficiently form a visible zone of maximum accumulation so 

we selected well-coated clasts from a range of depths between about 100-180 cm below 

the surface. To avoid visibly inherited carbonate we were careful to collect clasts with 

carbonate coatings on their bottom surfaces only.  

 We performed all sample processing and analyses at the Berkeley Geochronology 

Center. The clasts were cleaned using a soft nylon brush and inspected under a 

microscope. Clasts free of visible detrital contamination and secondary porosity 

indicative of partial dissolution were selected. Eleven ~10-20 mg carbonate samples from 

5 clasts were collected by separating the carbonate coatings from the clasts using a finely 

pointed straight steel probe and transferring each sample to a glass vial. Photographs of 

each clast prior to sampling and annotated to show the sampled areas are provided in the 

Supporting Information (Figure A13-17). The samples were cleaned in an ultrasonic bath 

to remove external contaminants, dissolved in 7N HNO3 and spiked with a mixture of 

229Th, 233U, and 236U before separation of uranium and thorium using anion exchange 

techniques. The samples were analyzed using a Thermo NEPTUNE multi-collector ICP-

MS. See Supporting Information for full U-series analytical details. Ages were calculated 

using the half-lives of (Jaffey et al., 1971) for 238U, (Holden, 1989) for 232Th, and (Cheng 

et al., 2013) for 230Th and 234U. Correction for U and Th from detritus was made assuming 

detritus with activity ratios of (232Th/238U) = 1.2 ± 0.6, (230Th/238U) = 1.0 ± 0.1, and 
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(234U/238U) = 1.0 ± 0.1, which correspond to average silicate crust in secular equilibrium. 

Ages and uncertainties were calculated with Isoplot (Ludwig, 2009). Uncertainties of 

corrected ages include measurement errors and uncertainties associated with the detritus 

correction. Solutions to the age equation were constrained to finite, positive values and 

were calculated using Isoplot and 10,000 Monte Carlo trials. 

2.7.4 Uranium-series dating of pedogenic carbonate: Results 
Analytical data and ages are given in Table 2.3 and the dates are plotted in Figure 

11. All of the U-series ages agree within uncertainties. We note that scatter of the U-

series ages beyond that expected from analytical uncertainties is absent, consistent with 

closed U-Th systems and the absence of inherited clast-coatings. Three relatively precise 

analyses (those with the smallest corrections for 230Th from detritus) with ages of 4.70 ± 

0.92 ka (2σ), 4.87 ± 0.84 ka and 5.40 ± 0.72 ka are in good mutual agreement. Because 

the youngest dates are likely to be those biased most by relatively late growth of their 

clast-coatings, we adopt the weighted mean age of the eight remaining samples, 5.09 ± 

0.44 (95% C.I.; MSWD = 0.57), as our best estimate of the minimum age of the Qfr fan 

(Figure 2.11).  We emphasize that this measurement simply constrains Qfr deposition to 

no later than ~5 ka. Interpreting this date as the fan age would require an additional 

estimate of the time between fan deposition and carbonate accumulation, which is not 

possible to make with these data.   
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2.8 QFR FAN AGE 
We use probability distributions to model a composite exposure age for the clasts 

collected from the Qfr alluvial fan (Zechar and Frankel, 2009). Combining the 10 10Be 

exposure ages from surface clasts and using total uncertainties and assuming a Gaussian 

distribution of individual ages yields a median composite exposure age of 6.4 +3.9/-4.2 

ka (95% C.I.) (Figure 2.12a). Sample GDH87, which yielded the youngest individual age, 

defines a separate peak in the probability density curve and does not overlap with any 

other samples within 2σ internal uncertainty. For this reason we consider sample GDH87 

to be a statistical outlier that can be excluded from the final age calculation and we 

interpret its young age to indicate significantly later colluvial deposition, which is 

consistent with its location near the apex of Qfr.  

Sample GDH68, which yielded the oldest exposure age, was measured from an 

amalgamation of ~20 pebble-sized surface clasts with intermediate axis lengths generally 

less than ~3 cm. We collected these pebbles from an area within ~50 m from the apex of 

Qfr. Although GDH68 overlaps in age with the remaining samples, we exclude it from 

the final age calculation because it is not appropriately compared to the other samples 

considering the different transport and depositional processes that affect pebble-sized and 

cobble- to boulder-sized samples. Although samples GDH65 and GDH86 define a 

distinct shoulder in the probability density curve, they overlap in age with the remaining 

samples within 2σ internal uncertainties, and there is no strong geological argument for 

their exclusion. Excluding samples GDH87 and GDH68 and combining the 8 remaining 

clast ages and again assuming a Gaussian distribution of individual ages yields the same, 
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though more tightly constrained, median composite exposure age of 6.4 +3.7/-2.1 ka 

(95% C.I.) (Figure 2.12b).  

 

 

Figure 2.12 10Be Age Models 
Individual and combined median exposure ages calculated from all clasts (A), and all but two clasts (B). 
Upper panels show combined (bold curve) and individual (light curves) clast ages modeled using 
probability density functions assuming a Gaussian distribution of individual clast ages. The median 
combined ages are computed using 2σ external uncertainties associated with the individual clast dates. The 
lower panels compare the clasts dates within 2σ internal uncertainties. Sample GDH87 does not overlap 
any other sample within internal error, so we excluded it from the final median clast age calculation shown 
in B. We also exclude the amalgamated pebble sample GDH68 since pebbles are subject to different 
geomorphic processes than larger clast. The final median combined age (B) is the same as that calculated 
with all clasts included (A), but with a tighter 95% confidence interval. Because the median clast age 
overlaps within error of the U-series age, we assume that it effectively averages out differences in inherited 
10Be among the clasts, and thus provides a reliable constraint on the depositional age of Qfr.  
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Median or mean exposure ages calculated by combining multiple surface clasts do 

not necessarily have any direct relation to the timing of fan deposition because individual 

clasts may have inherited 10Be (making their apparent ages too old) and/or may have 

experienced clast erosion or exhumation of the surrounding matrix (making their 

apparent ages too young). However, we consider using the oldest clast age (GDH65: 9.1 

± 1.8 ka, 2σ total error) as the depositional age for Qfr to be an overly conservative 

interpretation and no more justifiable than using the youngest age (GDH63: 4.8 ± 1.0 ka, 

2σ total error). Taking the ~6.4 ka median exposure age as representative of the 

depositional age in this context requires the simplifying assumption that these processes 

balance and cancel each other out (Repka et al., 1997). However, we find limited 

evidence for clast erosion or surface exhumation on the Qfr fan, consistent with the 

expectation that effects of these processes should be minor over the Holocene. For this 

reason, it is unsurprising that separately, the boulders and cobbles do not define 

measurably different age distributions, suggesting that 10Be concentration does not 

depend on clast size at this site, as has been observed on older surfaces elsewhere (Behr 

et al., 2010). Therefore, deviations in clast dates away from the true depositional age of 

Qfr are likely to be dominated by inherited 10Be, thus the 6.4 ka median clast age is more 

likely to represent an upper bound on the timing of fan deposition.   

This interpretation of the Qfr fan is consistent with the observed relation between 

the median composite exposure age of 6.4 +3.7/-2.1 ka and the age of 5.09 ± 0.44 ka 

from U-series dating of pedogenic carbonate (Figure 2.11). As discussed above, we 

interpret the mean U-series age as a minimum estimate of the age of fan deposition for 
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three reasons. First, scatter of the U-series ages is attributable to analytical uncertainty, 

consistent with closed system behavior and the absence of inherited clast-coatings. 

Second carbonate accumulation ensues only after fan deposition. Third, we by necessity 

sampled the whole thickness of the carbonate coatings, so the U-series ages average over 

the entire interval of carbonate accumulation. We note that the weighted mean U-series 

age overlaps within uncertainties with the lower bound of the median composite 10Be 

exposure age  (see Figure 2.11). We interpret such agreement to indicate that the many 

possible factors discussed above that could confound the 10Be and U-series ages of the 

Qfr fan are, in fact, not severe in this case. 

Both the U-series age and the median clast exposure age are significantly older 

than the 2.9 ± 0.70 ka (2σ) 10Be exposure age calculated from the depth profile modeling 

(Figure 2.9b). Multiple model runs using the Hidy et al. (2010) Matlab script failed to 

satisfactorily reconcile the inheritance corrected depth profile age with either the clast 

exposure or the U-series age without excluding the 10 and 60 cm depth intervals and 

invoking greater than half a meter of surface lowering, for which we do not see obvious 

geomorphic evidence. The distribution of 10Be with depth measured in the depth profile 

can be better reconciled with the other ages by considering non-uniform inherited 10Be or 

by incremental deposition, although sedimentalogical evidence suggests at most two 

debris flow deposits (Figure 2.9). An additional factor that may have influenced the depth 

profile age is that we analyzed only the 250-500 micron sand fraction sieved from each 

sample. This sample size may be more susceptible to contamination by infiltration of 

younger grains blown in from more actively eroding upwind areas like Whitewater 
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Canyon. It is possible that measuring gravel and pebble sized clasts from the same depth 

intervals would yield an older age more compatible with the U-series and cobble 

exposure ages. A more in-depth exploration of these apparently discrepant depth profile 

ages will be presented in a future study, but because the median clast exposure age and 

U-series carbonate age agree satisfactorily, we favor these ages and not the depth profile 

age for the slip rate calculation.  

2.9 SLIP RATE FOR THE BANNING STRAND 
We determine the best-constrained Holocene right-lateral slip rate for the Banning 

strand of 3.9 +2.3/-1.6 mm/yr (median, 95% C.I.) by combining the 6.4 +3.7/-2.1 ka 

(95% C.I.) median combined surface clast age with the 25 ± 5 m, quantitatively 

determined fan axis offset. This slip rate is modeled using probability distributions that 

assume a Gaussian uncertainty distribution for the age and a trapezoidal distribution for 

the offset, which takes into account a preferred offset range of 22-28 m (Zechar and 

Frankel, 2009). The slip rate uncertainty includes uncertainties in the offset and age 

measurements, but does not account for uncertainties related to the seismic cycle 

(Weldon and Sieh, 1985) of the Banning strand, which are expected to be comparatively 

small, and can be ignored, for two reasons. First, error derived from relating the 

depositional timing of Qfr to the seismic cycle of the Banning strand is impossible to 

quantify given the large uncertainty in the age of Qfr relative to the recurrence interval of 

the Banning strand (probably several hundred years; see Section 2.8 and (Yule et al., 

2001; Onderdonk et al., 2013), rendering this source of error irrelevant. Second, given 
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our best-constrained slip rate of ~4 mm/yr and assuming a several hundred year 

recurrence interval, slip-per-event for the Banning fault should not often exceed 3 m. 

Even if the Banning strand is near the end of an earthquake cycle and the displacement 

recorded by Qfr is too low by the amount of slip that will be produced in the next rupture, 

this error would still be well within the ±5 m uncertainty bounds assigned to the 25 m 

offset, and can therefore be ignored as well. We also report a similar maximum slip rate 

of 4.9 +1.0/-0.9 mm/yr (median, 95% C.I.) by combining the 5.1 ± 0.4 ka U-series 

carbonate minimum age with the offset. The slip rate predicted by the 2.9 ± 0.7 ka (2σ) 

depth profile age is 8.6 +3.3/-2.3 mm/yr (median, 95% C.I.), although we are more 

confident in the U-series and clast exposure ages, so we do not favor this rate in our 

discussion of how these new slip rates affect our understanding of seismic hazard and slip 

partitioning in southern California.  

2.10 IMPLICATIONS FOR SEISMIC HAZARD AND SLIP PARTITIONING  
 Our preferred Holocene right-lateral geologic slip rate for the Banning strand of 

4-5 mm/yr represents only 25-35% of the right-lateral geologic slip rate for the southern 

Mission Creek strand (14-17 mm/yr) (Behr et al., 2010), and around 20% of the 

geodetically estimated slip rate for the Indio strand of the Coachella Valley segment of 

the southern San Andreas Fault (~23-25 mm/yr) (Becker et al., 2005; Fay and 

Humphreys, 2005; Fialko, 2006; Spinler et al., 2010; Loveless and Meade, 2011). This 

implies that only about 20-35% of total southern San Andreas Fault slip is transferred 

northwest into San Gorgonio Pass via the Banning strand. We emphasize, however, that 
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this is a minimum constraint on both the slip rate for the Banning strand and on the 

amount of slip entering San Gorgonio Pass from the southeast. 

 

Figure 2.13 Rupture Propagation Models 
Revised models for how slip may be partitioned between the Mission Creek, Banning, and Garnet Hill 
strands given the relatively low Banning strand slip rate. (a) Slip is more evenly distributed between all 
three faults in the northwestern Coachella Valley. In this case, the majority of southern San Andreas Fault 
slip is still transferred northwest to San Gorgonio Pass via the Banning and Garnet Hill strands, with a 
smaller proportion transferred to the Eastern California Shear Zone via the Mission Creek strand. (b) Slip is 
concentrated on the Garnet Hill strand and, to a lesser extent, the Banning strand. In this case, southern San 
Andreas Fault slip is almost entirely transferred northwest to San Gorgonio Pass.  
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 First, the westward increase in topographic relief in the hanging wall of the 

Garnet Hill strand (e.g., Garnet Hill and East and West Whitewater Hills; Figure 2.12.) is 

likely the product of slip transfer away from the Banning strand (Yule and Sieh, 2003) 

that occurs southeast of our slip rate site. Therefore, the 4-5 mm/yr slip rate recorded by 

the offset Qfr fan may be less than the slip rate of the Banning strand to the southeast. 

Similarly, if earthquakes propagating northwest along the Banning strand do not 

frequently rupture through San Gorgonio Pass, it is likely that they terminate near 

Cottonwood Canyon (Figure 2.1) where the Banning strand abruptly looses surface 

expression. Although this location is ~7 km along strike from the Painted Hill slip rate 

site, it is possible that coseismic offsets of the Qfr fan are at times near the tail ends of the 

earthquake slip distributions where slip is lower, also leading to a slip rate underestimate. 

Furthermore, 4-5 mm/yr represents the lateral component of slip only, thus we could be 

missing a reverse component. However, we think this is unlikely because although the 

Banning Fault begins to dip to the north near Whitewater Canyon, offsets and stream 

deflections adjacent to the Qfr fan indicate right lateral displacement, and evidence for a 

reverse component of motion across this part of the Banning strand is ambiguous. 

Finally, the amount of slip entering San Gorgonio Pass is equal to the total slip summed 

across the northwest ends of the Banning and Garnet Hills strands. The 4-5 mm/yr 

minimum Banning strand slip rate represents a minimum constraint on total slip entering 

San Gorgonio Pass because the slip rate of the Garnet Hill strand has not been 

determined. Determining how applicable this slip rate is for reaches of the Banning strand 

to the southeast and knowing what proportion of total slip entering San Gorgonio Pass 
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this slip rate represents will require slip rate measurements from the Garnet Hill strand as 

well as from elsewhere on the Banning strand.  

 The primary implication of this relatively low 4-5 mm/yr slip rate for the Banning 

strand is that slip may be more evenly distributed between the Banning, Garnet Hill, and 

Mission Creek strands in the northwestern Coachella Valley than was previously thought, 

as illustrated in Figure 2.13a. A slip rate of 4-5 mm/yr, or 25-35% of geologically 

measured slip on the southern San Andreas Fault, is consistent with recent mechanical 

slip rate models (Fattaruso et al., 2014), but is significantly less than has been assumed in 

seismic hazard models and is inconsistent with it being a dominant structure transferring 

plate boundary slip to the northwest. This leaves 65-75% (~9-13 mm/yr) of southern San 

Andreas Fault slip to be taken up by the Mission Creek and/or Garnet Hill strands, or by 

faults that have not been identified. It is worth considering the possibility that southeast 

propagating ruptures could contribute to the offset of the Qfr fan without continuing far 

enough south to contribute offset to the Biskra Palms Oasis slip rate site. If this occurred 

relatively frequently, the slip rate we have measured would represent an even smaller 

proportion of southern San Andreas Fault slip. However, it remains unclear to what 

extent ruptures can actually propagate though San Gorgonio Pass, and given the abrupt 

northwest termination of the Banning strand and the lack of obvious connectivity 

between it and the San Gorgonio Pass Fault system, slip from southeast propagating 

ruptures is unlikely to have a significant affect on our slip rate measurement. Regardless, 

the model proposed in Figure 2.2a, whereby slip is concentrated on the Banning strand, 

appears to be invalid. Several slip-partitioning models are therefore possible, including 
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that illustrated in Figure 2.13a, where slip is approximately evenly shared between the 

Mission Creek, Banning and Garnet Hill strands. A potential issue with this model is that 

the surface trace of the Mission Creek strand, although well expressed north of the Indio 

Hills, is not suggestive of a fault accommodating significant slip northwest of Desert Hot 

Springs (see Section 2.3.1, Figure 2.3), and it does not displace Holocene alluvium higher 

in San Bernardino Mountains (Matti and Morton, 1993; Kendrick et al., 2015; Owen et 

al., 2014). This can be resolved to a certain extent by invoking northward slip transfer 

from the Mission Creek strand via faults in the Eastern Transverse Ranges (Figure 2.1) to 

the Eastern California Shear Zone, which geologic slip rate measurements suggest 

accommodates 6.2 ± 1.9 mm/yr of right lateral slip over a 60 km wide shear zone (Oskin 

et al., 2008). Although the northern ends of the Burnt Mountain and Eureka Peak faults 

did rupture during the 1992 Landers earthquake, many of the Eastern Transverse Ranges 

faults are bedrock bounded, making assessments of late Quaternary activity difficult, and 

it is possible that slip transfer through this region may simply be too distributed to 

confidently quantify.  

 An alternative model that places less emphasis on the Mission Creek strand would 

place much of the slip not accommodated by the Banning strand on the Garnet Hill 

strand, making this the dominant fault in the northwestern Coachella Valley (Figure 

2.13b). Little is known about the Garnet Hill strand, partly because it is so poorly 

expressed at the surface. While folding and uplifts along the Garnet Hill strand seem to 

indicate a reverse slip component, the topography of Edom Hill to the south and the 

Whitewater Hills to the north may be related to complex interaction with the Banning 
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strand, and it remains unclear exactly what relationship Garnet Hill (Figure 2.1) has to 

latest Quaternary deformation along the Garnet Hill strand (Yule and Sieh, 2003). If this 

model (Figure 2.13b) best represents present day slip partitioning, then coseismic slip 

associated with southern San Andreas Fault ruptures may tend to be partitioned between 

the Garnet Hill and Banning strands, with dominantly right lateral slip that is initially 

concentrated on the southeastern Banning strand transitioning to the northwest to right-

reverse slip concentrated on the Garnet Hill strand as the strike of both faults rotates to a 

more transpressive geometry near San Gorgonio Pass. While it is certainly possible that 

the Garnet Hill strand accommodates a significant lateral slip component as it enters San 

Gorgonio Pass (Yule and Sieh, 2003), this would be somewhat surprising given that there 

is little evidence along its surface trace, where identifiable, of offset consistent with a 

fault accommodating ~10 mm/yr.  

 However, when comparing the well-expressed Banning strand to the less easily 

identified Garnet Hill strand, it its important to consider the widely varying erosional and 

depositional processes governing preservation of their surface traces. For example, the 

Garnet Hill strand is subject to rates of aeolian deposition and volumes of flooding that 

the Banning strand, although only 2-3 km to the north, is less affected by. Surface 

evidence of a fast Garnet Hill strand could be rapidly covered or washed away, 

particularly if it is accommodating dominantly lateral motion. In contrast, several of the 

late Pleistocene surfaces that so prominently highlight the surface trace of the Banning 

strand (Figure 2.3f) may be exaggerated or enhanced by flood erosion along the fault, and 

the ease with which the linear central reach of the Banning strand (Figure 2.3g) can be 
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followed may be as much due to sand trapped by vegetation lineaments as to topography 

related to fault rupture. Therefore, when comparing the Banning and Garnet Hill strands, 

the better expression of the Banning strand may be misleading. Differences in the 

geomorphic processes affecting the Banning and Mission Creek strands are less stark, 

thus we consider the comparison of their surface expression in Section 2.3.1 (Figure 2.3) 

to still be useful. However, given the lack of slip rates for the Mission Creek and Garnet 

Hill strands, we can say definitively only that slip does not appear to be concentrated on 

the Banning Fault at its northwest end.  

Because 4-5 mm/yr is a relatively small proportion of the total slip accommodated 

by the southern San Andreas Fault System, an alternative explanation for the strong 

geomorphic expression of the Banning strand may simply be that it ruptured more 

recently than the Mission Creek or Garnet Hill strands. Earthquake timing and recurrence 

measurements northwest of the Banning strand at Burro Flats (Figure 2.1) along the 

southeast end of the San Bernardino strand (Yule et al., 2001) and to the southeast at 

Thousand Palms Canyon along the southeast end of the Mission Creek strand (Fumal et 

al., 2002) suggest recurrence timings of 200-300 years with the most the recent events on 

each strand having occurred about 300 years ago (although it is unclear if these are the 

same earthquake). It is reasonable to assume that the Banning strand is significantly 

involved in transferring slip between these two bracketing fault strands, and based on 

these data it is probable that it has a recurrence interval of several hundred years, but 

because no direct measurements of earthquake timing or recurrence have been measured 

for the Banning strand, its rupture history remains unknown. Slip rates alone cannot 
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reveal anything about rupture timing, so lacking paleoseismic constraints for the Banning 

strand, the slip rate we have measured cannot be used to determine whether it is the most 

probable rupture path for the next southern San Andreas Fault earthquake, as current 

earthquake hazard models suggest. Given the potential pitfalls in relating surface 

expression to fault activity, especially for the faults in the northwestern Coachella Valley, 

we believe that since slip rate and earthquake recurrence constraints remain very sparse, 

designating a preferred slip partitioning model would be premature. We suggest instead 

that hazard models should more seriously consider alternative rupture paths, including the 

possibility that rupture might bypass the Banning and Garnet Hill strands altogether and 

follow the Mission Creek strand (Figure 2.2b), that rupture might be directed towards San 

Gorgonio Pass but be diffusely partitioned between the Garnet Hill and Banning strands 

(Figure 2.13b), or that rupture might be distributed on to all three strands (Figure 2.13a). 

This new rate does not have significant bearing on the question of if or how often 

earthquakes rupture through San Gorgonio Pass rather than terminate at its southeastern 

entrance because in either case it is probable that earthquakes would rupture the patch of 

the Banning strand where the rate is measured. Put another way, it is probable that the 

majority of earthquakes that follow the Banning strand but that do not propagate through 

San Gorgonio Pass terminate northwest of the Painted Hill slip rate site, and are therefore 

still recorded by offset of the Qfr fan. This new slip rate for the Banning strand leads us 

to conclude that slip is not concentrated on the Banning strand, and may be more evenly 

partitioned between all three faults in the northwestern Coachella Valley or largely 

concentrated on the Garnet Hill strand. This result underscores the need for paleoseismic 
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measurements of earthquake timing as well as additional slip rate measurements from all 

the major fault strands in order to adequately assess the hazard associated with northwest 

propagating earthquake ruptures.  

2.11 SUMMARY 
 The primary conclusions of this study are as follows. 

1)   Structural measurements and geomorphic observations suggest that slip is 

transferred from the Mission Creek strand to the Banning strand in the 

northwestern Indio Hills, west of Thousand Palms Canyon. 

2)   The quantitatively constrained Holocene geologic slip rate for the Banning strand 

is 4-5 mm/yr since ~5.1-6.4 ka. This is a minimum slip rate for the Banning 

strand, since some slip may be transferred to the Garnet Hill strand before 

reaching the Painted Hill slip rate site.  

3)    4-5 mm/yr of slip therefore enters San Gorgonio Pass. This is a minimum because 

the slip rate for the Garnet Hill strand is unknown. 

4)   4-5 mm/yr represents only ~25-35% of the total amount of slip accommodated by 

the Coachella Valley segment of the San Andreas Fault, implying that slip is less 

concentrated on the Banning strand than previously thought. 

5)   The more prominent geomorphic expression of the trace of the Banning strand 

relative to the Garnet Hill and Mission Creek strands cannot be explained by a 

faster slip rate and may instead indicate more recent surface rupture or result from 

other factors favoring geomorphic preservation of the fault trace.  
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6)   Although current seismic hazard models may not be incorrect in assuming that the 

next southern San Andreas Fault earthquake will rupture the Banning strand, they 

should consider other scenarios in which the Banning and Garnet Hill strands 

rupture together or are completely bypassed in favor of the Mission Creek strand 

or where all three faults rupture together. 

7)   Because our understanding of the geomorphic processes that contribute to the 

formation, stabilization and evolution of alluvial deposits is incomplete, use of 

multiple complimentary geochronometers may help to reduce the likelihood that 

erroneous depositional ages will be interpreted from dates that are incorrect 

because of unknown epistemic uncertainties.  

  Our results emphasize the urgent need to collect a greater number of slip rate 

measurements and paleoseismic constraints on earthquake timing from the Mission 

Creek, Banning and Garnet Hill strands in order to produce better informed hazard 

estimates for southern California, and to improve our understanding of the evolution of 

this fault system. 
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Chapter 3: Late Quaternary Slip History for the Agua Blanca Fault, 
northern Baja California, Mexico, Part 1: Geologic Slip Rates 

ABSTRACT 
The Agua Blanca and San Miguel-Vallecitos Faults transfer ~14% of San Andreas-

related Pacific-North American dextral plate motion across the Peninsular Ranges of Baja 

California. The Late Quaternary slip histories for the these faults are integral to mapping 

how strain is transferred from the Gulf of California to the western edge of the plate 

boundary, but have remained inadequately constrained. We present the first quantitative 

geologic slip rates for the Agua Blanca Fault, which of the two faults is characterized by 

the most prominent tectonic geomorphologic evidence of significant Late Quaternary 

dextral slip. Four slip rates from three sites measured using new airborne lidar and both 

cosmogenic 10Be exposure and optically stimulated luminescence geochronology suggest 

a steady along-strike rate of ~3 mm/a over 4 time frames. Specifically, the most probable 

Late Quaternary slip rates for the Agua Blanca Fault are 2.8 +0.8/-0.6 mm/a since ~65.1 

ka, 3.0 +1.4/-0.8 mm/a since ~21.8 ka, 3.4 +0.8/-0.6  mm/a since ~11.7 ka, and 3.0 +3.0/-

1.5 mm/a since ~1.6 ka, with all uncertainties reported at 95% confidence. These rates are 

likely minima and suggest that the Agua Blanca Fault accommodates at least half of plate 

boundary slip across northern Baja California. These rates are also applicable to the 

offshore Coronado Bank and San Diego Trough Faults.  

3.1 INTRODUCTION 
Geologic fault displacement histories are critical for tracking deformation and 

understanding seismic hazard in complex, multi-fault shear zones such as the southern 
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San Andreas Fault (SAF) in California and Baja California, Mexico. South of the Big 

Bend in the SAF, ~50 mm/yr of slip is accommodated by multiple parallel and 

overlapping active faults that accommodate Pacific-North American plate boundary 

deformation both on-land and offshore (DeMets et al., 1990; 1994; DeMets, 1995; 

Bennett et al., 1996; Plattner et al., 2007). Roughly 14% of total dextral plate boundary 

slip is transferred across the Peninsular Ranges of northern Baja California by the Agua 

Blanca Fault (ABF) and the San Miguel-Vallecitos Fault (SMVF) (Bennett et al., 1996; 

Dixon et al., 2002) (Figure 3.1). Both faults play an important role in accommodating slip 

between the Gulf of California rift zone and active SAF system faults near the western 

edge of the plate boundary. West-northwest directed slip accommodated by the ABF is 

fed into the offshore Coronado Bank and San Diego Trough Faults (Legg, 1991; Legg et 

al., 2007) and slip along the San Miguel-Vallecitos Fault system appears to transfer 

directly to the Rose Canyon Fault Zone (Grant and Rockwell, 2002). Tectonic 

geomorphology, paleoseismology (Hatch, 1987; Schug, 1987; Hilinski, 1988; 

Hirabayashi et al., 1996), contemporary GPS (Bennett et al., 1996; Dixon et al., 2002), 

and in the case of the SMVF, abundant seismicity (Frez et al., 2000) and a 1956 M6.8 

surface rupturing earthquake (Doser, 1992; Shor and Roberts, 1958), indicate that both 

structures are presently active and have been throughout the Late Quaternary. However, 

although together these faults accommodate over half as much slip as the San Jacinto 

Fault (Rockwell et al., 1990; Blisniuk et al., 2013) and more slip than either the Elsinore 

(Rockwell et al., 2018; Fletcher et al., 2011) or the Banning-San Andreas Faults (Gold et 

al., 2015), neither is typically considered in system-wide fault models or regional hazard 
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estimates (Plesch et al., 2007; Field et al., 2015) because their geologic slip histories 

remain insufficiently constrained to confidently estimate the proportion of total slip 

accommodated by each fault. 

 

Figure 3.1 Southern San Andreas Fault Map 
Fault map of the Big Bend domain of the Southern San Andreas Fault system showing major regional 
earthquakes in southern California and northern Baja California. Plate boundary slip is accommodated 
primary along the Cerro Prieto Fault and the Laguna Salada-Sierra Cucapa-Sierra El Mayor systems, but 
~14% of plate motion is transferred across northern Baja California by the San Miguel-Vallecitos Fault 
zone and the Agua Blanca Fault. Fault abbreviations: ABF: Agua Blanca Fault; BSZ: Brawley Seismic 
Zone; CDD: Canada David Detachment; CBFZ: Continental Borderland Fault Zone; CPF: Cerro Prieto 
Fault; EF: Elsinore Fault; LSF: Laguna Salada Fault; IF: Imperial Fault; PV-CB FZ: Palos Verdes-
Coronado Bank Fault Zone; RCFZ: Rose Canyon Fault Zone; SAF: San Andreas Fault; SC-SI FZ: San 
Clemente-San Isidro Fault Zone; SDT-BS FZ: San Diego Trough-Bahia Soledad Fault Zone; SJF: San 
Jacinto Fault; SH: Superstition Hills; SJFZ: Sierra Juarez Fault Zone; SSPMF: Sierra San Pedro Martir 
Fault; SMF: San Miguel Fault; VF: Vallecitos Fault. Location abbreviations: SCI: San Clemente Island; 
CP: Cajon Pass; En: Ensenada; LA: Los Angeles; LS: Laguna Salada; SD: San Diego; TJ: Tijuana; YD: 
Yuha Desert. 
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Geodetic (GPS) measurements estimate up to 8 mm/a of slip accommodation 

across the Peninsular Ranges in northern Baja California (Bennett et al., 1996), but 

because of uncertainties in locking depth, fault geometries at depth and crustal rheology, 

models cannot distinguish whether contemporary slip is shared equally by both the San 

Miguel-Vallecitos and Agua Blanca faults, or primarily accommodated by the Agua 

Blanca Fault (Dixon et al., 2002). The latter interpretation has been deemed consistent 

with Late Quaternary geologic slip rate estimates frequently quoted as being in the range 

of 4-6 mm/a along the ABF (Hatch, 1987; Schug, 1987; Rockwell et al., 1993) and less 

than a mm/a on the SMVF (Hirabayashi et al., 1996). However, the slip rate estimates for 

the ABF are based on ages interpreted from soil development properties calibrated by 

only 4 single-sample radiocarbon dates from surfaces interpreted to be equivalent to, but 

sometimes distant from, those preserving offset. Generally unquantifiable factors 

controlling soil development can result in variable soil properties even within a single, 

well-dated surface (Harrison et al., 1990), so the full 2-10 mm/a range of Late Quaternary 

geologic rate estimates may still underestimate actual uncertainties in these rates. Modern 

quantitative Quaternary geochronologic techniques, such as cosmogenic surface exposure 

(Dunai, 2010) and optically stimulated luminescence dating (Aitken, 1998), are 

associated with their own sources of error, but many of these are readily estimated or 

otherwise evident in the measurement and are propagated though the uncertainties (Gosse 

and Phillips, 2001). Inherited signal is most likely to bias ages interpreted from these 

dates, but in many situations the range of permissible slip rate solutions can be limited by 

assessing the compatibility of different age interpretations with detailed models of 
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tectonic geomorphologic history supported by high-resolution topographic data from 

lidar or drone photogrammetry. Although not always ideally precise, new quantitative 

methods for measuring Late Quaternary slip rates provide results with probabilistic 

uncertainties that can be more readily incorporated into earthquake probability models.  

In this paper we present the first quantitatively constrained Late Quaternary slip 

rates for the Agua Blanca Fault. The new rates are based on age interpretations from 

cosmogenic 10Be surface exposure and optically stimulated luminescence geochronology, 

and considered in the context of geomorphic and tectonic offset models based on newly 

acquired airborne lidar data. Four slip rate measurements from 3 sites show that since 

~65 ka, the slip rate has remained relatively constant at ~3 mm/a, and we find no 

evidence of along-strike variability. These new measurements represent the most 

probable slip rates for the Agua Blanca Fault, and provide fresh insights into strain 

partitioning across northern Baja California and along the Continental Borderland. We 

discuss the seismotectonics of the region before describing the dates and geomorphic 

characteristics of each site, and finally the displacement, age, and slip rate interpretations. 

We distinguish the new rates from the previous geologic and geodetic estimates and then 

discuss the implications for offshore slip partitioning and impending earthquake hazard.  

3.2 SEISMOTECTONIC SETTING  
Active faulting related to Pacific-North American plate boundary deformation 

within the southern Big Bend domain of the southern San Andreas Fault is concentrated 

on four fault systems in northern Baja California (Gastil et al., 1975; Suarez-Vidal et al., 
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1991) (Figure 3.1). From east to west these are the Imperial-Cerro Prieto, Laguna Salada-

Cucapah-Canada David, San Miguel-Vallecitos, and Agua Blanca Faults. Lateral slip is 

also transferred north-south at this latitude by the Coronado Bank, San Diego Trough, 

and San Clemente Island Fault zones that parallel the Pacific coast offshore within the 

Continental Borderlands domain (Legg, 1991). The on-shore faults define two tectonic 

domains in northern Baja California: The Laguna Salada-Mexicali domain to the east and 

the Peninsular Ranges domain to the west. 

3.2.1 Laguna Salada-Mexicali Basin Domain 
The majority of plate boundary slip (~40 mm/a) is concentrated east of the 

Peninsular Ranges on the Imperial-Cerro Prieto Fault (CPF) system, which parallels the 

axis of the Mexicali Basin (Bennett et al., 1996; González Ortega et al., 2018). The CPF 

has produced several >M5-6 earthquakes over the past century, although apparently only 

a M7.1 in 1934 produced surficial rupture, or failure, along a majority of the fault, while 

later earthquakes have resulted in localized ground failure without significant right-lateral 

surface displacement (Frez and González, 1991; Suarez-Vidal et al., 1991). A M 5.4 

earthquake at the northern tip of the fault near the Cerro Prieto geothermal field produced 

20-30 cm of primarily normal displacement on the Morelia fault, a transfer structure in 

the en-echelon releasing step-over that connects the Cerro Prieto and Imperial faults 

(Suarez Vidal et al., 2007; 2008). The surface trace and tectonic geomorphologic 

signature of the Cerro Prieto Fault are largely obscured by Colorado River delta 

sedimentation and agricultural activities, so its slip rate and structure are known primarily 
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from seismologic and geodetic measurements. GPS data and earthquake focal 

mechanisms (Frez and González, 1991) indicate that it accommodates primarily right 

lateral slip, while recent estimates suggest a deficit in strain release equivalent to that 

produced in a M 7.5-7.8 earthquake (González Ortega et al., 2018).  

Slip is accommodated immediately west and nearly along strike of the Cerro 

Prieto Fault by the Laguna Salada-Cucapah-Cañada David fault system and active faults 

within the Sierra Cucapa and Sierra El Mayor (Axen and Fletcher, 1998; Axen et al., 

1999; Fletcher and Spelz, 2009; Savage et al., 1994; Fletcher et al., 2016; Brown, 1978; 

Gastil et al., 1975). This system controls topography and accommodates slip via a 

kinematically complex system of lateral, oblique and dip-slip faults bounding and internal 

to the basement-cored Sierra Cucapa and Sierra El Mayor. Uplift of these ranges, and 

subsidence of the Laguna Salada Basin, is largely controlled by the west-dipping Laguna 

Salada Fault and Cañada David detachment, the latter an active low angle normal fault 

(Axen and Fletcher, 1998; Axen et al., 1999; Fletcher and Spelz, 2009). The Laguna 

Salada Fault produced roughly 5 m of right-normal displacement during the 1892 M7.2 

rupture (Mueller and Rockwell, 1995; Hough and Elliot, 2004), and accommodated 10-30 

cm of normal slip during the 2010 M7.2 El Mayor-Cucapah earthquake (Rockwell et al., 

2015). The 2010 earthquake activated slip on seven individual faults and produced a ~55 

km-long cascading network of stepped and overlapping ruptures within in the Sierra 

Cucapah recording >2m of lateral, oblique and dip-slip displacement (Fletcher et al., 

2014; Oskin et al., 2012; Gold et al., 2013; Teran et al., 2015). A cryptic structure parallel 

to the Cerro Prieto Fault produced an additional ~53 km of sinuous surface warping and 
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distributed fracturing in the Colorado River delta sediments (Fletcher et al., 2014; Oskin 

et al., 2012). Surficial deformation fields, geologic slip distributions and seismologic 

measurements following the 2010 rupture together reveal a structurally complex picture 

of earthquake triggering and multi-fault strain accommodation along this section of the 

plate boundary.  

Connectivity between the Cerro Prieto and Laguna Salada Faults and faults to the 

north is somewhat enigmatic because the fault traces either do not connect at the surface 

or are buried. The Laguna Salada and Sierra Cucapah systems are co-linear with the 

Elsinore Fault, suggesting along strike connectivity that is locally complex in the Yuha 

Desert region (Figure 3.1). The San Jacinto and San Andreas Faults appear to converge 

on the Cerro Prieto Fault, transferring slip via left and right steps between the 

Superstition Hills fault zone, the Brawley seismic zone and the Imperial Fault. Although 

the fault structure and contemporary distribution of slip are fairly well understood, the 

long-term geologic slip histories of the Cerro Prieto and Laguna Salada faults are poorly 

constrained. This is in large part a consequence of poor preservation along the CPF and 

because prior to 2010, it seemed likely that the earthquake potential of the Laguna 

Salada-Cucapah system was effectively diminished by the 1892 rupture. Paleoseismic 

investigations of these faults are in progress, but geodetic measurements across both fault 

systems and early geologic estimates from the Laguna Salada Fault place ~80% of plate 

boundary slip on these fault systems, with the remainder accommodated by faults in the 

Peninsular Ranges (Bennett et al., 1996). 



 69 

3.2.2 Peninsular Ranges Domain 
At this latitude the western escarpment of the Peninsular Ranges, the Main Gulf 

Escarpment, is defined by two tectonically dissimilar fault systems (Axen, 1995) (Figure 

3.1). Relative uplift of the Sierra Juarez has been accommodated by <2 km of down-to-

the-east slip on east dipping faults antithetic to the west dipping Laguna Salada Fault and 

Cañada David detachment. The east-dipping Sierra San Pedro Martir Fault to the south is 

by contrast appropriately described as a classic half-graben, and has accumulated ~5 km 

of total slip (Brown, 1978; O'Connor and Chase, 1989). Little evidence for recent faulting 

at the base of the Sierra Juarez has been observed, whereas the Sierra San Pedro Martir 

Fault clearly displaces Quaternary sediments by 20-30 m, and Brown (1978) attributed 

fresh scarps near the center of the fault trace to a M 5.5 earthquake in 1974. The crest of 

the Peninsular Ranges is likewise dissimilar adjacent to these faults, defined to the north 

by an extensive low relief Eocene-Miocene erosional unconformity and to the south by 

higher elevation, high-relief mountainous alpine topography. The transition between the 

tectonically and morphologically distinct Sierra San Pedro Martir and Sierra Juarez is 

coincident with the southeastern termini of the San Miguel-Vallecitos and Agua Blanca 

faults, which accommodate the remaining 14% of plate motion slip not accounted for in 

the Laguna Salada-Mexicali domain.  

The ABF and SMVF are fundamentally different structures (Hatch, 1987; Schug, 

1987; Rockwell et al., 1993; Hirabayashi et al., 1996; Harvey, 1985; Giroux, 1993; Allen 

et al., 1960). The ABF trends WNW for ~120 km, and is defined by five segments 

oriented from ~280° to ~300°, maintaining an overall orientation oblique to present day 
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relative plate motion. The ~150 km-long SMVF is oriented ~315°, roughly parallel to 

plate motion and to the Elsinore and San Jacinto faults. Five segments distinct in fault 

orientation or tectonic geomorphic imprint define the ABF, and its surface trace is readily 

delineated by fault scarps, offset constructional and erosional geomorphology, deflected 

streams, uphill facing scarps, and local releasing and restraining geometries (Figures 2 

and 3; Figures B1-6). The San Miguel and Vallecitos Faults are also recognizable both at 

the km-scale in aerial and topographic datasets and by following vegetation lineaments, 

disrupted geomorphology and topographic discontinuities, but their tectonic 

geomorphologic signatures in Quaternary deposits are subtle and fragmentary compared 

to that of the ABF. The difference in surface expression is consistent with the lower total 

offset estimates for the SMVF. Whereas the displaced igneous intrusions suggest 7-11 

km of total slip on the ABF (Wetmore et al., Accepted), and even alluvial deposits record 

several kilometers of lateral offset (Allen et al., 1960), intrusive dikes cut by the San 

Miguel Fault record less than 600 m of total slip (Giroux, 1993). Based on these 

measurements, the ABF is thought to have initiated between 1.5 and 3.3 Ma, while 

estimates for the SMVF suggest initiation between 1 and 2 Ma.  

In their original report on the Agua Blanca Fault, Allen et al. (1960) hypothesized 

that the ABF may have been activated as a pathway for slip to bypass the Big Bend in the 

San Andreas Fault, shuttling slip across the Peninsular Ranges to the offshore Continental 

Borderlands faults. This hypothesis is perhaps supported by the similar initiation timings 

of the ABF and SMVF, and the San Jacinto and Elsinore Faults in southern California, 

which are thought to have initiated as alternative paths around the Big Bend as well 
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(Magistrale and Rockwell, 1996; Johnson et al., 1993; Hull and Nicolson, 1992; Sharp, 

1981; Janeke, 2011; Morton and Matti, 1993). The orientation of the ABF is on average 

somewhat oblique to the ~320° orientation of Pacific-North American relative plate 

motion (DeMets et al., 1994), which has led to the interpretation that the ABF initiated 

along a preexisting weakness (Sedlock, 2003a; Gastil et al., 1975), but is being 

superseded by the more favorably oriented SMVF, perhaps explaining the existence of 

the latter (Harvey, 1985; Hirabayashi et al., 1996; Grant and Rockwell, 2002). Implicit in 

this interpretation is the assumption that the orientation of the ABF inhibits slip, although 

no evidence of north-south compression has been observed along the ABF, which is 

unequivocally transtensional and obviously active. At its western end the ABF connects 

with the offshore Palos Verdes-Coronado Bank fault system and perhaps the San Diego 

Trough Fault, while the SMVF probably connects to the north at depth with the Rose 

Canyon fault system (Grant and Rockwell, 2002). Resolving how ~14% of total plate 

boundary slip is partitioned between these faults is significant for understanding fault 

connectivity and seismic hazard not just within Baja California, but within the greater Big 

Bend Domain. The overlapping 1.5-3.3 Ma and 1-2 Ma initiations of slip on the ABF and 

SMVF, respectively, suggest that if transfer away from the ABF is under way, it is likely 

occurring at a rate that is too gradual to detect by even with the most precise 

paleoseismology. Therefore, tectonic geomorphology and Late Quaternary slip rates are 

probably faithful predictors of future slip for these faults.  
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3.2.3 Previous Slip Rate Estimates 
The existing slip rate and earthquake timing estimates for the western half of the 

ABF, are reported in two unpublished (but digitally downloadable) San Diego State 

University masters theses from the late 1980’s (Hatch, 1987; Schug, 1987). The results of 

these studies are compiled in a South Coast Geological Society field trip guidebook 

chapter by Rockwell, Schug and Hatch (1993) as well as in a 1987 USGS Final Technical 

Report by these authors. Results of a study focused on fault structure at the eastern end of 

the ABF are reported in a third SDSU MS thesis (Hilinski, 1988).  

Schug (1987) mapped the geomorphology along the Punta Banda section of the 

ABF for ~3 km along strike east of Rancho Mirador, a location ~5 km west of the site we 

investigate (Figure 3.2). Primarily using 1:50,000 scale air photos, he measured 19 

geomorphic features recording offsets ranging from 13 to 1845 m with estimated ages of 

<2.5-840 ka. Soil development chronosequences were used to estimate ages for surfaces 

recording offset, but soil development could be radiometrically calibrated for only the 

younger Q3 and Q4 surfaces (single-sample 14C dates of 2830 ± 250 ka and 9850 ± 140 

ka). Ten of the thirteen rates that inform the preferred post-28 ka 4.1 mm/a slip rate for 

this section of the fault are based on ~2.5 and 5-10 ka age estimates from just these two 

dates. The remaining three rates are based on chronosequence ages calibrated to the well-

dated Cajon Pass soils 280 km to the north (McFadden and Weldon, 1987; Harrison et al., 

1990) (Figure 3.1). Averaged over the long term, these data imply a slip rate of ~2.3 

mm/yr, but the faster rates based on the radiocarbon dates were favored in the 

interpretation.  
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Hatch (1987) mapped the tectonic geomorphology along ~13 km of the Valle 

Agua Blanca section of the ABF between Arroyo San Jacinto and Cañada Paredes 

Coloradas, nearly the entire length of this section of the fault. Both of the sites we 

evaluate along this section of the fault are encompassed by his mapping. Hatch (1987) 

also used stereo air photos to measure six alluvial and fluvial landforms recording 

between 50 m to nearly 3 km of slip and that range in age from ~10 to 255 ka. He also 

estimated ages for two offset surfaces (Q2 and Q4) using soil a chronosequence that was 

calibrated with two single-sample radiocarbon dates (1,930 ± 95 ka and 11,600 ± 600 ka), 

although he did not estimate rates from offsets in the Q2 surface. Two of the four rates 

that inform his preferred post-55 ka 4-6 mm/a slip rate are based on Q4 ages calibrated to 

the 11.6 ka 14C date, although this date was collected from a Q4-equivalent surface 

roughly 4 km to the east of the measured offsets. The remaining rates he reports are again 

in part calibrated to other regional soil development chronosequences.    
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Figure 3.2 Agua Blanca Fault Map 
Generalized fault map of the Agua Blanca Fault showing the referenced fault sections. We measured new 
slip rates from 3 sites along the western half of the fault. White rectangles show Figure 2.3 locations. 
Abbreviations: CD: Canon Dolores section; CPC: Cañada Paredes Coloradas; MF: Maximinos Fault; PBR: 
Punta Banda Ridge section; RM: Rancho Mirador; SJ: Sierra Juarez; SMVF: San Miguel-Vallecitos Fault; 
SSPMF: Sierra San Pedro Martir Fault; VAB: Valle Agua Blanca section; VSF: Valle San Felipe; VST: 
Valle Santo Tomas section; VT-VSM: Valle de la Trinidad-Valle San Matias section.  
 

These are the constraints that have informed the canonical Agua Blanca Fault 

geologic slip rates. The apparent decrease from 4-6 to 4.1 mm/a along strike to the west 

has been interpreted to be the result of partial slip transfer to the Maximinos Fault 

opposite Punta Banda Ridge from the ABF, an interpretation that is supported by a 1 ± 

0.6 mm/a Late Quaternary rate measured near the coast from laterally offset marine 

terraces (Rockwell et al., 1989). The full range of preferred rates permissible by these 

measurements is ~2-10 mm/a (Schug, 1987) and 3-12 mm/a (Hatch, 1987). The lateral 

slip rate along the eastern section of the ABF appears to be on the order of ~1 mm/a, 

consistent with the subtle tectonic geomorphologic expression of the fault to the east 

(Hilinski, 1988). The primary aim of this study is to improve on these estimates by using 



 75 

lidar topographic data and quantitative geochronology, modern techniques now 

commonly used to resolve geologic fault slip rates.  

3.3 NEW SLIP RATE SITES 
 We used newly acquired airborne lidar topographic data to search for geomorphic 

features preserving right-lateral slip along the Punta Banda, Santo Tomas, and Valle 

Agua Blanca sections of the western Aqua Blanca Fault (Figure 3.3, Figure B6). 

Although the fault trace is nearly continuously exposed along strike, the number of slip 

rate sites with theoretically datable offset surfaces is limited by vegetative cover, high 

relief adjacent to the fault (i.e., low preservation potential), and the presence of multiple 

apparently active fault strands. General descriptions of the tectonic geomorphology along 

each section of the fault are provided in Appendix B1 (Figures B1-5). Three promising 

sites located along the western Punta Banda and central Valle Agua Blanca sections of 

the ABF record ~5, ~35, ~65 and ~180 m of right lateral slip (Figure 3.2). We mapped 

the broad-scale geomorphology at these sites remotely using the lidar and verified our 

observations and measurements in the field. Remote exploration, mapping and offset 

measurements were made using GIS or using LidarViewer (Kreylos et al., 2013).  
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Figure 3.3 Airborne Lidar Slopeshades 
Slope-shaded strip maps from 0.5 m pixel resolution airborne lidar showing the portions of the Agua 
Blanca Fault along which the new slip rates were measured.  
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3.3.1 Site 1: Las Animas Site (31.639765°, -116.518718°) 

3.3.1.1 Site Description  
At the Las Animas site at the northern base of Punta Banda Ridge, the 300°-striking 

Agua Blanca Fault coincides with the range front, separating high-relief Allisitos 

Formation bedrock, locally intruded by the Las Animas pluton, to the south from 

Quaternary alluvial sediments deposited across the fault to the north into and over a 

minor braided river system (Figures 3.4, 3.5, B7 and B8). Slip is primarily right lateral, 

with a lesser component of down-to-north dip-slip. The conical form of a large alluvial 

fan complex (F1) north of the fault can be discerned from the topographic contours and 

the topographic profile of the surface exposed in a road cut, which show the fan axis 

situated near the eastern edge of F1. West of the axis, the shoulder of F1 has been incised 

by two wide (80-100 m), low-relief channels, c1 and c2, that are separated by a remnant 

of F1 (F1’). The present path of the active channel at the east edge of c2 separates c2 

from a higher erosional surface (c1’) that near the fault is at an elevation equivalent to c1 

but probably post-dates c1 abandonment. The axial section of F1 is incised by a shallow 

channel (c0) that widens before arcing west where it meets the western F1-c1 riser. The 

bed of c1, nearly equivalent in width to the mouth of the catchment, is incised ~5 m 

below the surface of F1, and c2, oriented roughly 45 degrees closer to west, is incised by 

~5 m below adjacent surfaces as well. Upstream of the fault, a flight of fill-cut terraces 

perched along the east wall of the catchment climbs in elevation with distance from the 

fault. No terraces are preserved on the opposite wall of the catchment, which is steepened 

and almost uniformly scarred by landslides. 
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Figure 3.4 Las Animas Site Geomorphic Map 
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Figure 3.4 
  
Geomorphic map of the Las Animas site. 5 m elevation contours from the lidar data show the curvature of 
the F1 fan west of the axis (heavy dashed line). Red dots indicate boulder sample locations. The axis of the 
c1 boulder bar is indicate by the light dashed line. Lines A-A’, B-B’ and F-F’ show the topographic profile 
locations for the cross sections illustrated in Figure 3.5. The camera shows the view point of the 
photographs shows in Figure B7. Upstream terraces were not positively correlated with downstream 
surfaces and so are queried.  
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Figure 3.5 Las Animas Site Schematic Geomorphic Cross Sections 
Schematic cross sections for the Las Animas site showing relative elevations of the mapped alluvial and 
erosional surfaces. Profile locations are shown on Figure 3.4.  
 

3.3.1.2 Interpreted Geomorphic history 
Channels c1 and c2 record a post-aggradation history of incision and channel 

abandonment as the F1 alluvial fan was translated east along the ABF. Because the offset 

features are erosional, we use terminology typically used to describe fill cut terraces to 



 81 

describe some aspects of the geomorphology at this site. F1 was likely constructed from 

sediments contributed almost entirely by the ~2 km2 catchment upstream of the field area 

– the catchment to the east partially visible in Figure 3.4 is minor by comparison (<0.3 

km2) and the nearest appreciable source to the west is ~700 m away. The shallower 

channel c0 could be the result of abbreviated pre-c1 incision or it could be original fan 

topography. Channel c1 incised first and was then abandoned as lateral fault slip 

translated the lower elevation trailing edge of F1 to a position at the catchment mouth. 

This effectively lowered base level so that flow was redirected to the northwest away 

from c1, and F1 was planed to the level of c1-c1’ and c2 incised, providing a more 

efficient downstream route than a deflected c1. Both risers are distinct, suggesting rapid 

incision relative to seismic cycle length. Because downstream channel width should 

begin to widen when cutting through unconsolidated sediment, the similar widths of c1 

and the catchment upstream of the fault might suggest only brief occupation of c1. 

Deflection in the stream channel would contradict this assertion, but any such evidence 

has been eroded away. The westward rotation of c2 relative to c1 required to maintain an 

orientation roughly perpendicular to elevation contours further illustrates the influence of 

the original radial fan topography on subsequent geomorphic modification. The 

progressive incision observed north of the fault is reflected by the upstream terraces, but 

the stability implied by the presence of the terraces contrasts with evidence of greater 

erosion on the west catchment wall. This suggests prolonged asymmetric incision within 

the catchment concentrated along the west wall, for which there is historical evidence in 
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the form of undermined mature live oak trees rooted in the c2 channel bed demonstrating 

incision exceeding 2 m along the current thalweg.  

3.3.2 Site 2: Arroyo San Jacinto Site (31.489113, -116.229269) 

3.3.2.1 Site Description  
At this site, located at the western end of Valle Agua Blanca, the 285°-striking 

Aqua Blanca Fault traverses the mouth of an alluvium-filled embayment at the 

convergence of 4 small (~0.4 -1 km2) catchments that drain south into Arroyo San Jacinto 

(Figures 3.6, 3.7, B9 and B10). It displaces multiple alluvial surfaces, most notably an 

abandoned fan distinguished by a soil with a reddened argillic horizon that Hatch (1987) 

estimated to be ~20 ka (Q5) using soil development methods. The fault trace across 

modern sediments within the primary active drainage to the east is obscured, but can be 

followed across Q5 to the west where in addition to lateral displacement, it irregularly 

disrupts the surface by generating both uphill- and downhill-facing scarps as well as 

rounded topography akin to a mole track. The slip rate site lies within a channel 

dissecting Q5 that preserves ~25 and 40 m of lateral displacement at its east and west 

walls, respectively. The floor of this channel widens substantially downstream of the fault 

and is filled by a coarse clastic deposit (Q2) into which the modern channel has incised 

by up to ~2 m. Soil development in Q2 is negligible and the low-relief surface is defined 

by subtle bar and swale topography and clasts generally no larger than cobbles, with the 

exception of a single bar constructed of sub-meter-diameter boulders. Where the modern 

thalweg crosses the fault it diverges from a single channel downstream into two roughly 
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parallel branches, a less incised channel that continues upstream straight across the fault, 

and the presently active channel, which bends right and parallels the fault for ~5 m before 

continuing upstream. The two channels dissect the upstream Q2 surface before 

converging ~65 m north of the fault.  
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Figure 3.6 Arroyo San Jacinto Geomorphic Map 
 



 85 

Figure 3.6 
 
Geomorphic map of the Arroyo San Jacinto site. Red dots indicate cobble sample locations. Lines A-A’ 
and B-B’ show the topographic profile locations for the cross sections illustrated in Figure 3.7. Q5 surface 
designation is after Hatch (1987). The camera shows the view point of the photographs shows in Figure B9. 
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Figure 3.7 Arroyo San Jacinto Site Schematic Geomorphic Cross Sections 
Schematic cross sections for the Arroyo San Jacinto site. Profile locations are shown on Figure 3.6.  
 

3.3.2.2 Interpreted Geomorphic History  
The Q2 surface is a young deposit that, based on the lack of appreciable soil 

development, relatively recently filled the bottom of, and is contained by, the wider, older 

western channel in Q5. Deposition was followed by headward erosion and channel 

incision. Since crossing the fault, the channel has been offset laterally by roughly 5 m. 

Headward erosion nucleated at the top of the beheaded downstream channel has incised 

north into Q2 west of the original channel.  
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3.3.3 Site 3: Valle Agua Blanca Site (31.476904, -116. 181411) 

3.3.3.1 Site description 
At this site in the central Valle Agua Blanca, the 290°-striking ABF makes an 

~350 m right step to bound the northern side of the valley, where it truncates the toe of an 

extensive alluvial fan complex that Hatch (1987) estimated have been deposited between 

255 and 495 ka (Q8), based on soil development (Figures 3.8, B11 and B12). A 

prominent ~600 m-long shutter ridge that just overlaps the western corner of the Q8 fan 

is the only apparent remnant of this surface on the south side of the fault, which east of 

this location is defined by mostly irregular, asymmetric alluvial surfaces considered by 

Hatch (1987) to be Holocene-Latest Pleistocene in age. West of these surfaces, nested 

between the eastern end of the shutter ridge and the remnant of an older, dissected 

alluvial fan (Q5-6), the radial form of a nearly symmetrical alluvial fan can be recognized 

with the lidar. The axis of the fan, which we refer to as Qaf, appears to curve slightly to 

the SSW, and the fan axis calculation procedure of Gold et al. (2015) suggests an average 

azimuthal orientation of 15-20°. A 10° right (releasing) bend in the Agua Blanca Fault 

causes local tectonic subsidence, forming a sag pond with a floor roughly a meter lower 

than the apex of the Qaf (see Chapter 4), which is immediately south of the fault. The 

westernmost of five primary channels incised into Q8 also drains to this location, where it 

is deflected downhill to the east away from the fan apex and the sag pond.  
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Figure 3.8 Valle Agua Blanca Geomorphic Map 
Geomorphic map of the Valle Agua Blanca site. Red dots indicate OSL sample locations and the white dot 
show the location of the cosmogenic depth profiles. Q5-6 and Q8 surface designations are after Hatch 
(1987).  

3.3.3.2 Interpreted Geomorphic history 
 The westernmost Q8 channel drains a small (~0.4 m2) upstream catchment and is 

the only probable source for the sediments composing Qaf1 given its age (see Section 

3.6.3.1). The symmetry of Qaf (compared to the other fans opposite Q8 to the east) can 

be attributed to its location perched at the divide between streams flowing west to Arroyo 

San Jacinto and those flowing east to Rio San Jacinto. Although the original surface of 
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Qaf has been completely modified by agriculture, it is reasonable to assume that is was 

abandoned relatively soon after formation. Trench excavations across the sag pond (see 

Chapter 4) reveal evidence for coseismic north-side-down dip-slip of a meter in the past 

several earthquakes, suggesting regular renewal of an upstream facing scarp. This would 

have maintained the position of the fan apex above the sag pond and stream bed as it was 

transported west away from the mouth of the catchment by lateral slip, while mobile 

deposits would be deflected downhill to the east.   

3.4 GEOCHRONOLOGY 
 We use in-situ cosmogenic 10Be surface exposure dating or optically stimulated 

luminescence dating to estimate stabilization and abandonment timing for the offset 

geomorphic surfaces at the Las Animas, Arroyo San Jacinto and Valle Agua Blanca slip 

rate sites. Ideally, surface age interpretations should be bracketed by dates from multiple 

independent geochronometers so that in addition to analytical errors, chronometer-

specific sources of uncertainty introduced during sample transport and deposition can be 

assessed. Several recent studies have demonstrated the advantages of multi-chronometer 

dating strategies, in particular when pairing uranium series pedogenic carbonate dates, 

which provide a reliable minimum, with cosmogenic exposure, luminescence or 

radiocarbon dating (Gold et al., 2015; Blisniuk et al., 2012; Behr et al., 2010). In practice, 

surface type (erosional or depositional) and sample availability are the most common 

factors dictating whether a multi-chronometer dating strategy is suitable or even possible. 

The Agua Blanca Fault is not located near carbonate bedrock or internally drained basins, 
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the usual sources for carbonate in soils, and we never observed pedogenic carbonate, 

ruling out the use of U-series dating. The offset channels at the Las Animas site are 

erosional features, thus luminescence and radiocarbon dating, which measure burial 

timing, would not be suitable. The Q2 surface at the Arroyo San Jacinto site contained 

neither charcoal nor sand lenses suitable for luminescence dating. Charcoal was similarly 

absent from the Qaf fan at the Valle Agua Blanca site, nor could surface clast exposure 

be measured because human activities in the area make it impossible to be sure these 

samples have not been moved. With these limitations, comprehensive two-chronometer 

dating was impossible to undertake at the three sites we evaluated, compelling surface 

ages to be interpreted from dates measured using either cosmogenic clast exposure 

dating, cosmogenic depth profile dating, or luminescence dating.  

3.4.1 10Be cosmogenic radionuclide surface exposure dating  
 Cosmogenic nuclide geochronology is used to determine the duration of surface 

exposure by measuring the concentration of isotopes produced at known rates by 

spallation reactions between extrasolar cosmogenic rays and atoms in minerals 

commonly found on the surface of the earth. A brief description of this method is 

provided here (Dunai, 2010; Gosse and Phillips, 2001). The most commonly targeted 

cosmogenic nuclide, 10Be, is produced in quartz at a reference (sea level, high latitude) 

rate of 4.01 atoms g-1 yr-1 by spallation reactions between cosmogenic rays and oxygen, 

while its ~1.36 Myr half-life renders radioactive decay minimally important over Late 

Pleistocene-Holocene time scales. 10Be will be produced in quartz crystals that are 
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exposed as sediment or in crystalline rocks resting on or within ~2 m of the earth’s 

surface. Sampling for cosmogenic exposure dating involves removing the top 4-5 cm of 

rock from well-embedded quartz-bearing cobbles and boulders on the surface of interest, 

or by collecting smaller sediments (typically sand or pebbles) from regular intervals 

below the surface to a depth of ~2 m (depth profile method), below which nuclide 

production is minimal. The nuclide concentration is proportional to the time since initial 

exposure, which in theory is assumed to coincide with deposition and surface formation. 

In reality, however, the nuclide clock starts during erosion and transport, introducing a 

pre-deposition or inherited nuclide component that can vary widely between clasts within 

the same deposit. Variable inheritance in clasts cannot be corrected and bulk corrections 

based on in-transport clast nuclide concentrations typically fail to produce reasonable 

results. Depth profile models produce a single inheritance value for the sub-surface 

sediments, but whether this has any relevance for larger clast sizes with potentially longer 

average transport histories is unclear. Depth profiles are also capable of constraining a 

surface age, but their accuracy is heavily dependent on the nuclide measurements in the 

upper meter of the soil profile, which are commonly affected by sediment mixing and 

surface lowering (see Chapter 5). The degree to which these complexities affect 

cosmogenic dating of surface age is easier to assess with independent dates, but with 

reasonable assumptions the 10Be geochronometer provides meaningful constraints on the 

timing of surface formation. 
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3.4.1.1 Sample collection and processing procedures 
 Samples from the Las Animas site were collected using a masonry chisel and 

sledge hammer to remove the top <5 cm of well exposed boulders on F1, c1, and c2. 

When possible, we selected boulders that showed the least evidence of erosion and prior 

shielding. At the Arroyo San Jacinto site we collected whole cobbles from well 

embedded positions primarily on slightly raised bars on the Q2 surface downstream of 

the fault or from within the active channel upstream of the fault. At the Valle Agua 

Blanca site we excavated by hand a 2 m deep pit into the surface of Qaf near its apex. We 

sampled a depth profile by collecting several kg of pebbles and small cobbles (n = ~20-

30 clasts) in 25 cm intervals from 25 cm to 200 cm below the surface.  

 Initial mineral separation was completed at the University of Texas at Austin. 

Boulder and cobble samples thicker than 5 cm were reduced manually with a hammer 

and chisel and the portions of the sample representing depth greater than 5 cm were 

discarded. Clast and amalgamated depth profile samples were crushed using a jaw-

crusher, milled with a disc mill, and sieved to isolate several hundred grams of 250-500 

micron separate. The 250-500 micron separates were then washed in tap water to remove 

dust, rinsed in acetone to prevent oxidation, and dried. Magnetic material was removed 

first using a hand magnet and then with a Frantz electromagnet separator to yield non-

magnetic quartz and feldspar separates.  

Quartz separation, cleaning, and chemistry to isolate 10Be was completed 

following established protocols at the Arizona State University School of Earth and 

Space Exploration. Quartz and feldspar were separated using froth flotation, and quartz 



 93 

was etched in HF/HNO3 solutions until clean. 1g aliquots were digested and analyzed 

using ICP-OES to test for purity. 9Be carrier was added to each sample and a blank (1 

blank per batch of 9-11 samples) and samples were digested in concentrated HF, cleaned 

with HClO4 and converted to chloride form. Fe and most Ti were removed using anion 

exchange chromatography; samples were converted to sulfate form and the Be, Mg and 

Al fractions were separated using cation exchange chromatography. Samples were 

precipitated as hydroxides, oxidized to produce BeO, mixed with Nb and pressed into 

cathodes for measurement at the Center for Accelerator Mass Spectrometry at Lawrence 

Livermore National Laboratory. More detailed descriptions of the 10Be separation 

chemistry are provided in Section B2. 

3.4.1.2 Error propagation and date calculation 
Uncertainties for all 10Be concentrations include the analytical (AMS 

measurement) error, the blank analytical error, a 1% carrier mass error, and a 2% sample 

preparation error, combined in quadrature. We used the online CRONUS exposure age 

calculator version 2.3 (https://hess.ess.washington.edu)  to calculate exposure ages (Balco 

et al., 2008). Dates calculated using this version of CRONUS are based on the latest time-

invariant, sea level/high latitude 10Be reference production rate of 4.01 atoms g-1 yr-1, 

which is around 10% lower than the previous version (Lal, 1991; Stone, 2000; Borchers 

et al., 2016). The total uncertainty in the dates combines in quadrature a 1% 10Be decay 

constant error and the external error calculated by CRONUS, which includes an ~8% 

production rate error. CRONUS data inputs are provided in Table B1.  



 94 

3.4.2 Optically Stimulated Luminescence Dating 
Optical dating of quartz or feldspar grains measures the time since last exposure 

to sunlight, which when dating buried sediments is interpreted to correlate with the 

timing of last transport and final deposition. The measured signal accumulates as ionizing 

radiation from isotopes of uranium, thorium, potassium and to a lesser extent cosmogenic 

rays and rubidium frees electrons from parent nuclei in the mineral crystal lattice (Aitken, 

1998). The electrons become trapped in crystal lattice defects, commonly where expected 

negative ions are missing. Activation or freeing of trapped electrons by exposure to light 

produces light, the amount of which is proportional to the number of trapped electrons, 

which is in turn positively correlated to the length of time over which the analyzed grains 

were buried and exposed to ionizing radiation. When exposed to sunlight in natural 

settings, trapped elections are released and, in theory, prior signal is reset, or bleached. 

Under laboratory settings, the light emitted by exposing grains to certain wavelengths of 

light is measured using a photomultiplier and converted to a date assumed to be 

representative of depositional timing (Aitken, 1998). A primary concern when dating 

alluvial or fluvial sediments using optical methods, as opposed to aeolian sediments, is 

incomplete bleaching before deposition. Rapidly deposited sediments transported in 

water are the most susceptible to inherited signal. However, sampling requires lenses of 

sand several cm thick, which are associated with less turbulent, more prolonged transport.  

3.4.2.1 Sample collection and processing procedures 
The head of Qaf1 was exposed in the paleoseismic trench excavations described 

in Chapter 4. We collected OSL samples by driving 12 inch lengths of 2 in diameter ABS 
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pipe into sandy lenses. Trench walls were scraped clean to produce fresh surfaces so to 

avoid sampling collapsed material. Samples were processed and measured in the 

Luminescence Geochronology Laboratory at the University of Cincinnati.  

Sediments within ~5 cm of the ends of the sample tube were extracted in the 

laboratory and set aside for water content and dose-rate measurements. Sediments at the 

center of the sample tube were isolated and reserved for OSL analyses. Dose rate material 

was weighed, dried and weighed again, to estimate water content. An unbiased selection 

of the sample was crushed with an agate mill, digested in HF, dried and dissolved in HCl, 

and analyzed to measure Th, K and Rb concentrations necessary for dose-rate (DR) 

determinations. The sediment selected for OSL dating was pretreated with 10% HCl, 

followed by 10% H2O2 to remove carbonates and organic material. The sample was then 

rinsed with DI water, dried at ≤40°C, and sieved to separate the 90-150 µm fraction. This 

fraction was etched in 48% HF for 60 minutes to remove meteoric contamination from 

quartz grains and to dissolve feldspars and other silicates, then treated with 38% HCl for 

40 minutes to remove residual fluorides. Magnetic minerals were then separated using a 

Frantz isodynamic magnetic separator. Aliquots of each sample were subjected to IRSL 

and OSL to test for feldspar presence and evaluate quartz quality; if necessary, the 

etching step was repeated. Several aliquots loaded into multi-grain steel disks were 

measured using an automated Risø TL-DA-20 OSL reader to determine the equivalent 

dose and the single aliquot regeneration (SAR) method of Murray and Wintle (2000) was 

used to determine the equivalent dose for the age estimates. 
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3.4.2.2 Error propagation and date calculations 
 Between 28 and 54 aliquots were read for each sample, of which 24 to 36 were 

used to calculate the weighted mean equivalent dose (De). The mean De was divided by 

the cosmogenic-corrected total dose rate to yield weighted mean ages with standard 

errors (Table 3.2). 

3.5 DATING RESULTS 

3.5.1 10Be Exposure Dates 
10Be cosmogenic dates were calculated using time-independent production scaling 

(Table 3.1) (Lal, 1991; Stone, 2000); results based on time-dependent scaling are 

provided in Table B2. 2σ internal (analytical) errors are typically ±5-8%, with some 

notable exceptions; typical 2σ external (total) errors are ±18-20%. We dated 16 boulders 

at the Las Animas site (Figures 3.4, 3.9, and B13-28; Table 3.1). Four dates from a 

cluster of boulders on the highest F1 surface yielded exposure dates ranging from ~52.2 

to 66.2 ka, with three dates between 64.2 and 66.2 ka. Six boulder dates from a north 

trending bar just east of the center of channel c1 range from 17.1 to 66.9 ka, with four 

dates between 17.1 and 26.4 ka. Six boulders clustered away from the modern catchment 

at the southeast corner of c2 near the fault yield dates ranging from 1.1 to 9.8 ka, with 

three dates between 1.1 ka and 1.4 ka. We dated 12 cobbles at the Arroyo San Jacinto site 

(Figures 3.6, 3.10, and B29-40; Table 3.1). Eight samples from the more stable 

downstream section of the Q2 surface yielded dates ranging from 325 years before 

present to 4.2 ka, while four cobbles from within the active channel upstream of the fault 
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yield dates ranging from 978 years before present to 2.5 ka. We dated 8 intervals in the 

Qaf1 depth profile at the Valle Blanca from 25 to 200 m below the surface (Figures 3.8 

and 3.11; Table 3.1). The nuclide concentrations range from 8.3 x104 to 1.6 x105 atoms a-

1 g-1 but do not decrease systematically with depth as expected, instead defining two 

essentially vertical curves with concentrations between 8.3 and 10.5 x104 atoms a-1 g-1 in 

one and 1.5 to 1.6 x105 atoms a-1 g-1 in the other.  
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Table 3.1 Cosmogenic 10Be Clast and Depth Profile Results 
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Table 3.1 continued 
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Figure 3.9 Las Animas Site 10Be Age Models 
Cosmogenic 10Be result from boulders sampled on the F1 (a), c1 (b) and c2 (c) surfaces at the Las Animas 
site. The lower portion of each figure shows the individual dates with 2σ internal (~analytical) errors. Dates 
not used in the age and slip rate interpretations are shown in gray. The upper portion shows PDF (black) 
and CDF (gray) solutions for all data (dashed) and selected data (solid) assuming Gaussian uncertainty 
distributions (Zechar and Frankel, 2009; Bird, 2007). The dates in bold from F1 and c1 were used for slip 
rate calculations at this site; dates from c2 were not used in the slip rate measurements. 
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Figure 3.10 Arroyo San Jacinto Site 10Be Age Models 
Cosmogenic 10Be result from cobbles sampled on the Q2 surface at the Arroyo San Jacinto site. The lower 
portion of the figure shows the individual dates with 2σ internal (~analytical) errors. Dates not used in the 
age and slip rate interpretations, including four dates from the modern channel, are shown in gray. PDFs 
(black) and CDFs (gray) solutions for all data (dashed) and selected data (solid) assume Gaussian 
uncertainty distributions. 
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Figure 3.11 Valle Agua Blanca 10Be Depth Profile 
Photographs and results of the 10Be depth profile from Qaf at the Arroyo San Jacinto site. Pebble-cobble 
samples were extracted every 25 cm. No ages solution was possible from the scattered nuclide 
concentration measurements.  
 

3.5.2 OSL Dates 
 Four OSL dates from sandy lenses in the head of the Qaf fan at the Valle Agua 

Blanca site that are exposed in paleoseismic trenches across this section of the fault (see 

Chapter 4) give weighted mean dates of 10.69 ± 0.62, 11.96 ± 0.63, 11.43 ± 0.61, and 

12.57 ± 0.71 ka (Table 3.2; Figures 3.12 and 3.13).  
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Figure 3.12 OSL Sample Locations 
Trench photo logs showing the stratigraphic locations for the OSL dates in the head of Qaf exposed in 
trench excavations at the Arroyo San Jacinto site. Sample map locations are shown on Figure 3.8. Trench 
excavations and the radiocarbon dates in the upper layers are discussed in Chapter 4.  
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Figure 3.13 OSL PDFs and Radial Diagrams 
 
OSL aliquot measurement PDFs (left) and radial diagrams (right).  
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Table 3.2 OSL Results 

 

3.6 SURFACE AGE, DISPLACEMENT AND SLIP RATE INTERPRETATIONS 
The 10Be exposure measurements from each surface are characterized by well 

defined clusters of dates and recognizable outliers, which is typical of cosmogenic clast 

datasets. At the Las Animas and Arroyo San Jacinto sites, this variability is likely as 

much due to inheritance as it is to the scarcity of ideally positioned, low erosion, quartz-

rich cobbles and boulders.  However, dates with unusually high analytical errors, unique 

geomorphic positions, dissimilar appearances, or anomalous nuclide concentrations can 

reasonably be excluded to refine age interpretations. To account for inheritance, erosion 

and geologic randomness we use normally distributed probability density functions e.g. 

(Zechar and Frankel, 2009; Bird, 2007) to calculate median and 95% confidence intervals 

for clustered dates.  

3.6.1 Las Animas Site 

3.6.1.1 F1 surface age 
Three of the four dates from F1 cluster tightly between 64.2 and 66.2 ka (Figure 

3.9a). These samples are perched on a topographically high position relative to most of 

the rest of F1, so we interpret them to be resting on original fan topography. The younger 
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date (52.2 ka) does not overlap the others within 2σ internal (analytical, blank, carrier, 

preparation) errors, and is morphologically different – the clast surface is noticeably 

smoother and lighter in color compared to the more varnished and fractured older 

boulders (Figure B14). It is possible that greater susceptibility to weathering is 

responsible for the dissimilar appearance of the youngest boulder, but although the older 

boulders are well embedded and certainly appear in-situ, F1 and c0 are not free of 

anthropogenic modification, so the youngest boulder may have until recently been 

partially shielded. The combined age of the 3 older dates is 65.1 +12.2/-12.1 ka (median, 

95% confidence). Normally we would interpret this as a maximum constraint on F1 

stabilization assuming an inherited nuclide component, but the boulders displayed 

evidence of surface erosion by fracturing and spallation that may have precluded their 

sampling had more ideal clasts been present (Figures B13, B15, and B16). The sampled 

boulder tops are also low on the surface and thus more susceptible partial shielding. With 

no inheritance, shielding and erosion cause dates to underestimate exposure, but given the 

scatter in the c2 and c1 boulder datasets, it is difficult to justify ignoring inheritance in 

this system. We therefore assume that erosion and shielding have countered inheritance 

and that lateral slip caused deposition at the F1 axis to cease at around 65 ka, rather than 

at an earlier date possibly within the confidence bounds of this date or represented by the 

younger 55 ka boulder date. 
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3.6.1.2 Channel c1 abandonment age 
Four of six boulder samples from the axial bar in c1 cluster between 17.1 and 26.4 

ka (Figure 3.9b). The outlying c1 boulder dates (54.7 and 66.9 ka) are indistinguishable 

from the F1 boulder dates and are probably recycled from this surface, so their exclusion 

from the median c1 date does not account for typical inheritance. The younger dates, 

which do not all quite overlap each other within 2σ internal errors, nevertheless define a 

recognizable cluster with a median date of 21.8 +8.0/-6.8 ka (95% confidence). Unlike 

the F1 samples, the c1 boulders show no obvious sign of erosion, are situated on a 

topographically higher bar, and are embedded but still higher than the surrounding 

surface. The range in the remaining dates is nearly 10 kyr, almost certainly the result of 

inheritance, which is why we consider the youngest date in our age interpretations as 

well. The primary geomorphic argument against interpreting the 17.1 minimum or 21.8 

ka median dates as significant overestimates of c1 bar deposition is that the incision of 

c1’ and c2 represents a substantial amount of erosion and geomorphic modification that 

must all occur after deposition of the c1 samples. We explore the arguments for and 

against earlier deposition in Section 3.6.1.5, where we show that deposition of c1 earlier 

than the median date is allowable with respect to c2 incision, but is not compatible with 

the slip rate models.  

3.6.1.3 Channel c2 age 
Three of 6 boulders from the southeast corner of c2 cluster between 1.1 and 1.4 ka 

(Figure 3.9c). Assuming greater inheritance in the three older dates, the younger dates 

return a median of 1.3 +0.3/-0.4 ka (2σ). The spread in dates is wide relative to the youth 
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of the surface, but is comparable to that observed on c1 and F1, and is not unexpected 

given the number of large boulders resting temporarily in well-embedded, stable 

positions lining the active channel upstream of the fault that are collecting inherited 

nuclides. The two oldest boulder samples (7.2 and 9.8 ka) are notable for their 

abnormally large analytical uncertainties (25% and 15%, respectively), but there is 

nothing to invalidate the remaining older date (4.4 ka). The younger c2 boulder dates are 

so young and so similar compared to the older dates that it seems likely they precisely 

date some recent depositional event, probably the boulder debris flow that caps the lowest 

upstream terrace just across the fault to the south. The older c2 dates may represent 

inheritance in the debris flow boulders or they may approximate timing of c2 stabilization 

at the base of the riser. Because c2 is still an active surface, it is unclear what more 

spatially extensive measurements would be dating, and the measured boulder distribution 

is probably representative of exposure ages throughout the c2 channel, with a mix of 

boulder tops that are freshly and previously exposed.  Given the uncertainty in how these 

dates relate to the geomorphology, we view them only as confirmation that c2 is the 

youngest feature of the geomorphic history at this site, but we do not use them in the slip 

rate calculations.   

3.6.1.4 F1 long term displacement  
Realigning the F1 axis and c0 thalweg predicts ~180 m of offset when restored to 

the center of the catchment, although the full range of offsets (150-210 m) is much wider 

(Figure 3.14a). Restoring F1 such that the position of the boulders is immediately down 
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stream of the catchment mouth suggests a smaller displacement of ~140 m (range: 110-

170m) (Figure 3.14b). Slip along most of the ABF is characterized by a component of 

normal displacement, and this site appears to be no exception. However, apparent vertical 

displacement resulting from lateral transport of the topographically lower west side of F1 

in front of the catchment is impossible to separate from tectonic vertical displacement 

given the degree of modification of F1 and the lack of correlative topography on 

opposing sides of the fault.  

3.6.1.5 Relative timing of c1 bar and F1-c1 
The most probable post-F1 slip rate for the Las Animas site depends on where c1 

bar deposition and F1-c1 incision occurred relative to the upstream catchment walls, and 

whether bar deposition was coeval with carving of the F1-c1 riser or occurred after 

significant riser displacement. Varying these parameters suggests four end member 

models that can lead to the present day positions of the key geomorphic features (Figure 

3.16). The pre-c1 bar slip rates are additionally dependent on whether F1 has been offset 

140 or 180 m (Figure 3.15). 
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Figure 3.14 Las Animas Reconstructions 
Fault reconstructions for the F1 and c1 surfaces at the Las Animas site. The maximum F1 reconstruction (a) 
and intermediate c1 reconstruction (c) are most compatible with the geomorphic models and were used for 
the slip rate measurements at this site.  
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Figure 3.15 Las Animas F1 Geomorphic Models 
Schematic map-view illustrations showing the predicted locations of the F1-c1 bar position (gray bar) at 
different time and offset increments since 65 ka based on the 180 m and 140 m long-term offset and rate 
recorded by F1.  
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Model 1 (Figure 3.16a). Following 75 or 115 m of F1 displacement (140 m or 180 m total 

slip), c1 is incised by lateral erosion forming the F1-c1 riser with deposition of the c1 bar 

at approximately 21.8 (or the minimum 17.1) ka. The fault slips another 65 m, throughout 

which time the upstream terraces are formed as erosion transitions back to an incised 

channel at the west catchment wall, and c2 is incised (see models in Figure 3.17). 

Assuming 180 m total offset, this model predicts a 65.1-21.8 ka slip rate of 2.7 mm/a and 

a 65.1-17.1 ka slip rate of 2.4 mm/a. Assuming 140 m total offset, these rates decrease to 

1.7 mm/a and 1.6 mm/a. The slip rates following c1 bar deposition increase to 3 mm/a 

after 21.8 ka and 3.8 mm/a after 17.1 ka, which translate to long term slip rates of 2.1 

mm/a and 2.8 mm/a. 

 

Model 2 (Figure 3.16b). Following 75 or 115 m of F1 displacement, c1 is incised by 

lateral erosion forming the F1-c1 riser. The fault slips 30 m before the c1 bar is deposited. 

Erosion transitions back to a west wall incised channel and c2 forms while the fault slips 

another 35 m. Assuming 180 m total offset, this model predicts a 65.1-21.8 ka slip rate of 

3.4 mm/a and a 65.1-17.1 ka slip rate of 3.0 mm/a. Assuming 140 m total offset, these 

rates decrease to 2.4 mm/a and 2.2 mm/a. The slip rates following c1 bar deposition 

decrease to 1.6 mm/a after 21.8 ka and 2.0 mm/a after 17.1 ka.  

 

Model 3 (Figure 3.16c). Following 75 or 115 m of F1 displacement, the F1-c1 riser is 

incised by a channel pinned to the east side of the catchment. The fault slips 30 m before 
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the c1 bar is deposited. As the fault slips the remaining 35 m, the incised channel 

continues to cause c1 to widen to its full width, while migrating west, briefly laterally 

eroding the upstream terraces and incising and eroding c2. This model results in the same 

slip rates as Model 2.  

 

Model 4 (Figure 3.16d). Following 20 or 60 m of F1 displacement (140 m or 180 m total 

slip), the F1-c1 riser is incised by a channel pinned to the west side of the catchment. The 

fault slips 25 m before c1 bar deposition. As the fault slips the remaining 95 m, c1 is 

widened to its full width, the channel briefly laterally erodes the upstream terraces, and 

incises and erodes c2. Assuming 180 m total offset, this model predicts a 65.1-21.8 ka 

slip rate of 2.0 mm/a and a 65.1-17.1 ka slip rate of 1.8 mm/a. Assuming 140 m total 

offset, these rates decrease to 1.8 mm/a and 1 mm/a. The slip rates following c1 bar 

deposition increase to 4.3 mm/a after 21.8 ka and 5.5 mm/a after 17.1 ka.  
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Figure 3.16 Las Animas c1-F1 Geomorphic Models 
Schematic map view end member models for the post-F1 geomorphic history of the Las Animas site. The 
predicted slip rate varies depending on whether total offset is 140 or 180 m and on the interpreted age of 
the c1 bar and its position at 65.1 ka and at deposition. Values in parenthesis are rates or projected dates 
based on the 17.1 ka minimum c1 date instead of the median 21.8 ka. Compatible combinations of 
variables that maintain relatively constant slip rates over time are shown in red. Model 1 is the only model 
that does not require geomorphic stages incompatible with field evidence. See text for in depth description.  
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Two factors, the predicted slip rate variation and the upstream geomorphology, 

are useful in evaluating whether the slip rates suggested by these models are based on 

reasonable geologic and geomorphic histories. First, for each model we know the along-

strike position of the c1 bar location at three times, so we can compare the average long 

term slip rate to rates over two shorter time frames. Specifically, although the c1 bar did 

not yet exist, the position it occupies was either 140 or 180 m west of is present day 

location at 65 ka, depending on which long-term reconstruction is favored (Figure 3.15). 

The bar was deposited, and so existed, somewhere at 21.8 ka (or 17.1 ka), but the models 

differ in where it was deposited relative to the upstream catchment, and thus when 

deposition occurred relative to the proportion of the total slip (140 or 180 m) that had 

accrued by 21 or 17 ka. If bar deposition occurs too early with respect to total offset, then 

post 21.8 ka slip rate has to increase sharply to bring the bar to its present day position, 

whereas if bar deposition occurs too late relative to total offset, then the post-21.8 ka slip 

rate must slow for the bar not to overshoot its current position. There is no reason to 

suppose that the ABF slip rate has recently accelerated, and although it has been 

suggested that the ABF is slowing as the SMVF has developed, given how long both 

faults have been active together it seems unlikely that the slip rate would decelerate at a 

pace measureable over ~22 kyr. For this reason we interpret the most reliable geomorphic 

models to be those in which the 65-22 ka, 22-0 ka and 65-0 ka slip rates remain relatively 

constant. The models that seem to work best within these constraints are Model 1, 

assuming 180 m total offset and 21.8 ka bar deposition and Models 2 and 3, assuming 

140 m of total offset and 17.1 ka bar deposition.  
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We argue that models 2 and 3 can be ruled out as less probable because certain 

geomorphic stages or events required by the models are inconsistent with the 

characteristic state of the upstream channel. The upstream geomorphology seems indicate 

that the active channel is preferentially positioned along the western catchment wall, but 

that it periodically moves laterally across the catchment. Specifically, the steep, 

landslide-scarred west catchment wall suggests prolonged undermining by a relatively 

permanent channel presence (Figure 3.4). Also, because the topography of the F1 fan 

decreases in elevation to the west, topography opposite the fault from catchment will 

always be lower at the west wall and higher at the east wall, so the modern catchment 

should preferentially drain across the fault nearer to the west catchment wall. If the 

channel was incised at the east wall at least as often as at the west wall, we might expect 

the catchment walls to be more symmetrical than they are. The perched risers along the 

east wall imply relative stability, but neither these nor the wide, flat bottom of c1 could 

be shaped without lateral planing. If a laterally mobile channel characterized this system, 

we might expect greater channel symmetry, so the observed asymmetry probably 

indicates that lateral planing is periodic compared to prolonged incision to the west. On 

the basis of these arguments, we exclude Model 3 because it requires ~9-13 kyr 

(depending on c1 bar age and long term offset) of incision along the east wall both before 

and after c1 bar deposition. This leaves very little time for the system to fill the 

catchment, form the upstream risers, re-incise to the east, and erode c2. We exclude 

Model 2 because it requires that the erosion in the system be characterized by ~9-13 kyr 

of lateral erosion prior to the deposition of the c1 bar, whereas the channel 
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geomorphology suggests that stages of lateral erosion should be periodic and relatively 

brief. Although the geomorphic stages of Model 4 are for the most part consistent with 

these arguments, it requires a post-21.8(17.1) ka slip rate increase of 2-4 mm/yr, which is 

not realistic. 

3.6.1.6 Origin of the c1-c2 Riser 
End member models suggest that the intuitively simple reconstruction of the c1-

c2 riser to the east edge of the catchment would actually require a much more 

complicated, and at times unrealistic, geomorphic history (Figure 3.17). The c1 bar and 

the c1-c2 riser are separated by 25-30 m, which means that either 25-30 m of offset 

occurred before c1-c2 was incised at the east mouth of the catchment, or that c1-c2 was 

incised after bar deposition at a position 25-30 m to the west, near the mouth of the 

present day channel. Each of these scenarios predict different depositional models, which 

are illustrated in Figure 3.17, assuming  bar deposition approximately coincident with F1-

c1 riser formation, consistent with Model 1 above. The essential difference in the models 

is whether the majority of slip preserved by the c1 bar occurs before (Figure 3.17a) or 

after (Figure 3.17b) incision of the c1-c2 riser. The primary implication of this difference 

for the geomorphic history is that when bar displacement is nearly complete before 

incision, all post-c1 modification must occur in <3.7 kyr, which is not enough time. In 

this model (Figure 3.17b), incision must occur at the east catchment wall to maintain the 

25-30 m distance between the bar and c1-c2, which requires that the channel laterally 

incise west and then back east, refilling the intervening area with deposits that terminate, 
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for no apparent reason, at the fault. When c1-c2 incision occurs before the c1-c2 bar is 

transported past the eastern edge of the channel (Figure 3.17a), then post-c1 modification 

has at least 10-20 kyr to proceed. In these models, the break in slope at the fault between 

c1-c2 and the present active channel can be explained by lateral removal of topography 

(c1) to the west, and the deep channels incising this break to sudden base level lowering, 

although a dip-slip component could also contribute to the cross-fault topography. As 

when interpreting the relative timing of the c1 bar and F1-c1 riser, the models seem to 

make the most sense when the channel is pinned to the west wall of the catchment, but 

can still move laterally from time to time, an assumption that again appears to be 

supported by the morphology of the upstream catchment.  

These models suggest that the c1-c2 riser cannot have been formed at the eastern 

edge of the catchment mouth, but rather records essentially the same amount of slip as the 

c1 bar over an amount of time no greater than the c1 boulder dates. The c2 boulders 

therefore are too young to be part of a deposit that is coeval with the stabilization of the 

c2 surface at the base of the riser. Rather, the younger three boulders are more likely part 

of the recent debris flow that caps c1 north of the fault. The older boulder dates might fall 

within the expected age range for the stabilization of the base of the c1-c2 riser, but there 

is nothing to indicate that they are not simply boulders from the upstream debris flow 

with greater inheritance.  
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Figure 3.17 Las Animas c2 Geomorphic Models 
Schematic end member block models for the formation of the c1-c2 riser. Other options that violate the 
assumption of Model 1 in Figure 16 are not considered. To maintain the observed distance between the c1 
bar and the c1-c2 riser,  c2 incision must occur before the c1 bar is transported past the mouth of the 
channel (Model 1) or insufficient time is left for post-c1 geomorphic incision and modification (Model 2). 
See text for a detailed description.  
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3.6.1.7 Most Probable Slip Rate 
Model 1, assuming total slip of 180 m and c1 bar deposition around 21.8 ka, is the 

only model that does not require stages of geomorphic modification that are at odds with 

the characteristic channel morphology and that adequately satisfies the requirement that 

slip rates not vary drastically. Therefore, the Punta Banda section of the Agua Blanca 

Fault accommodated 65 ± 5 m of slip after 21.8 +8.0/-6.8 ka at a rate of 3.0 +1.4/-0.8 

mm/a and 180 ± 30 m of slip since 65.1 +12.2/-12.1 ka at a rate of 2.8 +0.8/-0.6 mm/a. 

All offset, ages and rates are given with uncertainties that represent 95% confidence 

bounds and the ages and offsets are both represented by Gaussian PDFs.  

3.6.2 Arroyo San Jacinto  

3.6.2.1 Channel incision and offset timing 
When projected to the fault, separations between the thalweg and east wall of the 

channel incising Q2 record 5 ± 1 m of eastward deflection (Figure 3.18). We interpret 

this deflection to be the result of post-incision tectonic offset, rather than eastward 

redirection of headward erosion upon reaching the fault (Figure 3.19). Redirection of 

upstream channel propagation is only likely to occur if for some reason the direct cross-

fault path is blocked or otherwise less efficient. However, a more recent incision into Q2 

~5 m west of the upstream channel provides a direct cross-fault continuation of the 

downstream channel that bypasses the deflection, showing that there is nothing inhibiting 

headward erosion across the fault. This provides strong evidence that the deflection 

records post-incision fault slip. Using this feature to measure an accurate fault slip rate 
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based on a measurement of Q2 deposition requires approximately coeval deposition, 

incision and initial displacement. If incision lags so that post deposition fault slip goes 

unrecorded, or if deposition and incision occur at the beginning of a seismic cycle, then 

the Q2 age will overestimate displacement duration and underestimate slip rate. 

Considering that the length of the seismic cycle here is probably a significant proportion 

of Q2 age and that the measured offset could represent as few as 2 earthquakes, even a 

single unrecognized slip event can make a significant difference in the slip rate. 

Distinguishing with precision the relative timing of deposition, incision and slip is not 

possible with surface exposure dating, however, given an offset of 4-6 m and reasonable 

limits on rupture length, earthquake magnitude and coseismic surface offset, the Q2 

surface dates are generally too young to overestimate displacement duration.  
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Figure 3.18 Arroyo San Jacinto Site Reconstruction 
Reconstruction of the displaced incised channel at the Arroyo San Jacinto Fault. Re-aligning the thalweg 
and eastern margin of the channel suggests ~5 m of post-incision lateral slip. 
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Figure 3.19 Arroyo San Jacinto Geomorphic Models 
Schematic map view illustrations of the Arroyo San Jacinto geomorphic history. The headward erosion of 
the incipient active channel immediately across the fault from the downstream channel show that nothing 
prevent cross-fault headward erosion, thus the deflection in the active channel records post Q2 slip.  

3.6.2.2 Q2 surface age 
 The scatter in the Q2 cobble dates spans ~4 kyr, relatively precise for a 

cosmogenic clast dataset, but wide relative to the dates themselves, none of which exceed 

4 ka (Figure 3.10). Combined with proportionally narrow errors, the scatter is sufficient 

to prevent any clear clustering in the dates, although some can be reasonably excluded. 

For example, it is justifiable to exclude the youngest date (325 ybp) from our calculations 

because it is bracketed by abnormally high analytical errors (~87%, 1σ) that predict 

negative dates. Likewise, sample ABF27 (4.2 ka) is significantly older than the others 
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and probably contains an uncharacteristically high inherited nuclide component. Keeping 

in mind that any interpretation of Q2 depositional timing is a maximum constraint on 

subsequent channel incision and offset, we can further refine the age by ruling out dates 

or interpretations that would require an unreasonable slip history. For example, although 

the 697 yr sample overlaps the next older sample within errors, it is highly unlikely that 

the ABF has accommodated 4-6 m of lateral slip between then, assuming immediate 

channel incision and immediate offset, and the beginning of recorded history ~450 years 

later, assuming no historical earthquakes went unnoticed. We therefore ignore the date 

from this sample, which is located near the mouth of a small gully that drains onto Q2, 

suggesting potential post-Q2 deposition or disturbance. 4-6 m of slip over the 1062 yr 

(next oldest sample) time frame less the historical period suggests slip rates of ~6 mm/a, 

the high end of the preferred slip rate range suggested by Hatch (1987). In Chapter 4 we 

interpret geologic evidence at this site that appears to indicate lateral slip of ~2.5 m in the 

past two events. This amount of slip suggests earthquakes with moment magnitudes 

between 7.1 and 7.3 and rupture lengths of 60-100 km, depending on whether 2.5 m 

represents the average or maximum coseismic surface displacement (Wells and 

Coppersmith, 1994). Because this is not out of the realm of possibility for the ABF, we 

consider this sample to be a reasonable lower limit to Q2 age. We consider the 2.6 ka 

date of the oldest non-outlying sample to represent a reasonable upper limit because 

although 4-6 m since this time would imply much lower slip rates, it is old enough to 

allow for some lag time in incision or even pre-incision offset of Q2. Given the apparent 

youth of the surface we would typically favor the younger dates, assuming the older to be 



 125 

offset by inheritance, but because at least 2 of the 8 dates demonstrably underestimate Q2 

exposure, the scatter in the 5 dates between 1 and 2.6 ka may not be attributable to 

inheritance alone, and favoring the younger dates may be too liberal of an interpretation. 

We therefore interpret the 1.6 +1.4/-0.8 ka (95% confidence) median of the 5 dates 

between 1 and 2.6 ka to represent the most probable timing of Q2 deposition.  

3.6.2.3 Most probable slip rate 
The median date formally serves as a maximum constraint on the 5 m offset 

preserved by the channel because incision must post-date deposition and because we 

cannot rule out the passage of an earthquake cycle preceding incision. However, the 

minimum allowable age within 95% confidence is 800 yr, which, like the 697 yr date, 

almost certainly represents too short a time for the measured slip to have accrued without 

a historic rupture. It seems unlikely then that 1.6 ka grossly overestimates incision, so we 

do not interpret this date a maximum, nor the resulting slip rate as a minimum, on this 

basis. Therefore, the western Valle Agua Blanca section of the Agua Blanca Fault has 

accommodated 5 ± 1 m offset since 1.6 +1.4/-0.8 ka at a rate of 3.0 +3.0/-1.5 mm/a. All 

uncertainties are again reported at 95% confidence, and age and offset distributions 

treated as Gaussian.  

3.6.3 Valle Agua Blanca 

3.6.3.1 Qaf depositional age 
The 10Be depth profile yielded a concentration distribution with depth inconsistent 

with the assumption that sediments represent a single, uniformly mixed deposit, making 
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interpreting an age by traditional modeling impossible. The scattered results are probably 

due to variable inheritance and incremental deposition (see Chapter 5). The OSL dates 

constrain the timing of alluvial deposition near the apex of Qaf where the coarse deposits 

similar to those observed in the depth profile pit are exposed in the south ends of two 

paleoseismic trenches (see Chapter 4). The single sample from trench 1 (10.7 ka) is 

located ~220 cm below the surface and 75 cm below the buried top of the fan at a 

position essentially on the fan axis less than meter south of the fault. The three other OSL 

dates (12.0, 11.4, and 12.6 ka) from the second trench <10 m along strike to the east vary 

between 50 and 160 cm below the surface and are 20-80 cm below the top of the buried 

fan surface (Figure 3.12). The trench 2 position is closer to the Q5/Q6 (Hatch, 1987) 

surface that contains Qaf to the east, but this older deposit is unmistakable as a distinctly 

redder, unconformable alluvial deposit at the base of both walls of trench 2. The T2 

samples are also closer to the source catchment mouth, but given the agreement between 

the dates it seems apparent that all of the sampled sediments were deposited at roughly 

the same time. Six radiocarbon dates from deposits stratigraphically above the OSL 

samples range from 2800 to 5600 ybp, consistent with their stratigraphically higher 

position (Figure 3.12) (see Chapter 4). We therefore interpret the 11.7 +1.9/-1.8 ka (95% 

confidence) median of the OSL dates to adequately constrain the timing of Qaf fan 

deposition. 
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3.6.3.2 Qaf displacement 
 The apex of an alluvial fan forms at the mouth of the source catchment, while the 

fan axis defines the lowest relief slope away from the axis and typically trends in a 

direction roughly parallel to the catchment channel orientation. When alluvial fans are 

offset laterally, the downstream piercing point is the fan apex or the intersection of the 

axis with the fault and upstream piercing point is the source catchment mouth. The axis 

and apex of the Qaf fan are readily apparent from the curvature of the 1 m lidar-derived 

elevation contours (Figure 3.8), but we refine our estimate of the axis location using the 

method of Gold et al. (2015), which takes advantage of the tendency for elevation 

contours on alluvial fans to be spaced wider in a direction parallel to the axis such that 

centers of circles fit to the contours align with the axis. Delineated in this way, the axis is 

consistent with the apparent fan apex and coincident with a slope divide highlighted 

using topographic aspect mapping (Figure 3.20). While we are confident in the accuracy 

of the axis and apex locations, the orientation of the stream as it exited the catchment is 

less certain and we make the simplifying assumption that the most direct route between 

the catchment mouth and the fan apex provides a reasonable estimate of the flow 

direction at the time of deposition. Realigning the fan axis with the east and west margins 

of the channel, which at its mouth is ~5 m wide, results in 35-45 m of slip since the 

deposition of Qaf (Figure 3.21). 
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Figure 3.20 Valle Agua Blanca Fan Axis Delineation 
Qaf alluvial fan axis determination at the Valle Agua Blanca site shown over an aspect colored lidar-
derived hillshade with 1 m elevation contours. The method of Gold et al. (2015) fits circles to fan contours. 
The axis of the fan is indicated by the distribution of circle centers. The predicted fan axis is compatible 
with both the contour curvature and the red-blue aspect transition. 
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Figure 3.21 Valle Agua Blanca Site Reconstruction 
Qaf axis reconstruction at the Valle Agua Blanca Fault. Aligning the fan axis with the east and west 
margins of the source channel mouth suggests ~40 m of lateral displacement.  

3.6.3.3 Most Probable Slip Rate 
This site is coincident with a right step in the ABF, and a second strand of the 

fault is subtly exposed in the topography to the south and west Qaf (Figure B12), so the 

slip rate here is probably a minimum. However, the dominant geomorphic signature of 

the fault along the north side of the valley suggest that right lateral slip has probably been 

primarily concentrated here over at least the time frame indicated by the OSL dates. 

Therefore, the central Valle Agua Blanca section of the Agua Blanca Fault has 

accommodated 40 ± 5 m of slip since 11.7 +1.9/-1.8 ka at a rate of 3.4 +0.8/-0.6 mm/a. 

All uncertainties are again reported at 95% confidence, and age and offset distributions 

treated as Gaussian.  
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3.7 IMPROVED LATE QUATERNARY SLIP RATES 
 The most probable slip rates for the western half of the Agua Blanca Fault over 

65.1 ka, 21.8 ka, 11.7 and 1.6 ka time frames vary little from each within error, 

suggesting that the Late Quaternary slip rate has remained essentially constant over time 

and along strike (Figure 3.22). However, the ~3 mm/yr rates constrain lateral slip only 

and are likely minimum bounds on slip through this system. Although the ABF 

accommodates primarily lateral slip, it is transtensional along most of its length and a 

normal component of slip is preserved by displaced geomorphology at most of the slip 

rate sites. East and west of the Las Animas site, triangular facets at the termini of north-

plunging ridges record normal dip-slip, as does the predominance of downhill-facing 

fault scarps. East of the Arroyo San Jacinto site, local compression has formed a mole 

track, but the older (>20 ka) Q5 surface records net down-to-the-south normal 

displacement. In the Valle Agua Blanca, nearly all of the laterally displaced deposits also 

record dip-slip. East of the Qaf fan at the Valle Agua Blanca site, the older Q8 (Hatch, 

1987) fan complex is truncated by a steep south facing scarp. Although this is likely in 

part the result of westward lateral transport of topography, Q8 is buried on the south side 

of the fault and scarp steepness is maintained to the east end of Q8, which suggests a dip-

slip component and is consistent with the kinematics of a releasing bend. We did not 

quantify dip slip either because we did not have dates for normally displaced features 

(e.g. Q5 at the Arroyo San Jacinto site), dated surfaces could only be correlated to their 

source across the fault rather than to a correlative deposit (as at the Las Animas and Valle 
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Agua Blanca sites), or normal slip could not be distinguished from apparent dip-slip 

resulting from lateral transport of topography (as at the Las Animas site).   

 The new rates also do not account for lateral slip accommodated by subsidiary 

fault strands that parallel most segments of the Agua Blanca Fault. South of the Las 

Animas site two secondary faults transfer slip off shore south of Punta Banda Ridge: the 

Maximinos fault, which likely accommodates and additional ~1 mm/a (Rockwell et al., 

1989), and the Santo Tomas Fault, for which no slip rate has been measured. Similarly, at 

the Valle Agua Blanca site, slip on the more subtle westward continuation of the fault 

strand bounding the south edge of the valley is not recorded by offset of the Qaf alluvial 

fan. No apparent secondary faults parallel the Arroyo San Jacinto site, but the rate from 

this location averages only about two earthquake cycles and therefore is not nearly as 

reliable as a stand-alone measurement as the longer-term rates. Although the new rates 

should formally be interpreted as minima, we consider it probable that the uncertainty 

bounds encompass the true rates at each site.  

3.7.1 Comparison to prior geologic estimates 
 The new rates overlap previous geologic estimates within errors (Hatch, 1987; 

Schug, 1987), but are somewhat lower than the 4-6 mm/a rates often quoted from these 

studies. A feature of the previous measurements that our rates do not support is a 

westward decrease in the slip rate, which has previously been interpreted as an indication 

of slip transfer to the Maximinos Fault, which parallels the ABF on the southern side of 

Punta Banda Ridge. The use of different surface dating techniques is probably the 
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primary factor contributing to the difference in the rates, but it could be related to offset 

measurement methods and the manner in which rates were calculated as well.  

 

Figure 3.22 Agua Blanca Fault displacement-Time Plot 
Displacement-time plot for the four new slip rates. Slip rates for the past 65 kyr show little evidence of 
variability or punctuated accelerated strain release.  
 

Hatch (1987) and Schug (1987) estimated surface ages by constructing soil profile 

development chronosequences to compare soil development on offset surfaces. Soil 

development is a function of age, but it also depends on climate, parent material, 

topographic position, surface slope, vegetation, and aeolian input and how these factors 

have changed over time (Jenny, 1994; Johnson et al., 1990). These factors are variable 

over geologic time and may be of more or less importance at different locations, causing 

properties of soils of the same age to vary. For this reason, calibrating soil 
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chronosequences with radiometric dating is critical for estimating accurate ages from soil 

development. When chronosequences cannot be calibrated due to a lack of datable 

material, they can to a certain extent be compared to proximal chronosequences with 

better age control; for example, soils in southern California were often compared to the 

well-dated Merced River (Harden, 1982) and Cajon Pass (McFadden and Weldon, 1987) 

chronosequences. However, a detailed study at Cajon Pass showed that soil properties 

even from the same surface can vary remarkably (Harrison et al., 1990).  

 Only four radiometric dates were used to calibrate the ABF chronosequences. 

From the Punta Banda section, Schug (1987) measured a radiocarbon (14C) date of 9850 

±140 ybp from organic-rich clay underlying a Q4a surface. Stratigraphically this must be 

a maximum constraint on soil age, so Schug (1987) estimated a Q4a age of 5-10 ka, with 

a preferred age of 7.5 ka. All five slip rates from offsets in surfaces inferred to be Q4a 

equivalent at three locations along this section of the fault rely on this single date. Schug 

(1987) also dated a detrital charcoal sample from about a meter below the Q3 surface, 

which suggests a maximum age of 2830 ± 250 ybp. Schug based a preferred age of 2.5 ka 

for post-Q3 offsets on this date, but for a vaguely explained reason interpreted a full 

range of 2.5-5 ka. All three post-Q3 slip rates are based on this one date, while a fourth 

rate based on a Q3/Q4a surface was estimated to be 2.5-7.5 ka. The preferred rates also 

take into account 3 rates measured from offsets that accumulated after the age of surface 

Q4b, which they interpret to be 25-30 ka based on a soil development calibrated to the 

younger Q4a and Q3 surface ages. Two of the 4 rates that inform the preferred 4-6 mm/yr 

slip rate for the Valle Agua Blanca section of the ABF reported by Hatch (1987) are 
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based on offsets that post-date the Q4 surface in this area. Although the soils ages are 

calibrated to a single 11.7 ± 0.2 ka radiocarbon date, this date come from and apparently 

equivalent Q4 surface ~4 km along strike to the east. The other two preferred rates, from 

post Q5 offsets, are based on soil ages that take into account Q4 soil development but 

also depend in part on comparisons to soil chronosequences in southern California. 

Therefore, it seems likely that differences between our new slip rates and the canonical 

rates for the Agua Blanca Fault are related to poor age control in the latter.  

 The uncertainty ranges associated with the earlier slip rate measurements are 

comparable to or less than the uncertainties in the new rates we report. Given the 

unquantifiable affect of various processes on soil development, as well as non-analytic 

uncertainties in the three radiocarbon dates, it seems reasonable to suggest that the 

previously reported slip rate errors are overly optimistic. Certainly cosmogenic dates are 

associated with wide errors as well, and the most difficult to quantify or rule out is the 

inherited signal. However, in our age interpretations for each site, seismologic or 

geomorphic considerations argue against the probability that the ages are affected by an 

unrecognized inherited component unaccounted for by combining scattered dates. Unlike 

with soil ages, other significant sources of error in cosmogenic dates, such as production 

rate variability, are quantifiable and incorporated into the age interpretation. Again, it 

seems most probable that the difference in the rates is related to the voracity of the dates 

and age interpretations, although it could so be related to offset measurements.  

Although some offsets were measured in the field, Hatch (1987) and Schug 

(1987)  primarily based their offset ranges on reconstructions made using 1:50,000 scale 
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aerial photos. Positively confirming the location of their offset measurements using their 

descriptions and geomorphic mapping is not in every case possible because these studies 

pre-date widespread use of civilian GPS nor do they indicate offset features on air photos. 

Where it was possible to identify the offset features they measured, we used the lidar to 

confirm their measurements. Without expending enormous effort on re-analyzing each 

offset, the measurements they produced are consistent with those we can produce using 

the lidar.  

A third option for the difference in rates is the manner in which offsets and ages 

are combined. It is not always clear how Hatch (1987) and Schug (1987) identified most 

likely age and offsets from the sometimes smaller, sometimes larger or sometimes equal 

maximum age and offset ranges (Tables 5 in those papers), nor is it always stated how the 

measurements were used to calculate the slip rates, but it seems they typically calculated 

a maximum and minimum range, with the mid point representing the most likely date. 

Although they do not present the errors in terms of a normal Gaussian, their identification 

of a ‘best estimate’ usually central to the maximum and minimum implies judgment of a 

most probable quantity. Simply finding the midpoint between max and min slip rates 

calculated from measurements with symmetrical errors can overestimate slip rates. For 

example, consider an offset of 20 ± 5 m and an age of 5 ± 1 ka. The minimum and 

maximum slip rates are 2.5 and 6.25 mm/a, with a mean, or midpoint, of 4.375 ± 1.875 

mm/a. However, the slip rate predicted by the implied most probable measurements is 4 

+2.25/-1.5 mm/a. Four slip rates each in Hatch (1987) and Schug (1987) are based on 

measurements with implied symmetric error bounds. Representing the errors as Gaussian 



 136 

about a median and recalculating the rates following the same procedure used to calculate 

the new rates results in a decrease in slip rate of 3-16%, depending on the width of the 

error bounds (Zechar and Frankel, 2009; Bird, 2007). This alone is not enough to erase 

the disagreement but it may be one of several contributing sources. 

3.7.2 Comparison to GPS rates 
The earliest estimates of strain accommodation across northern Baja California 

suggested that roughly 14% or ~7 mm/a of slip is split between the Agua Blanca and San 

Miguel-Vallecitos Faults (Bennett et al., 1996). The preferred solution in this study 

placed 4 ± 2 mm/a of slip on the ABF, all of which was modeled as transferring to the 

San Clemente fault offshore, and 3 ± 3 mm/a on the SMVF. Dixon et al. (2002) measured 

4-8 mm/a of slip across both systems, but how the slip was partitioned between the faults 

depends on the crustal model. Using an elastic half-space rheology placed 2.2-3.1 mm/a 

on the ABF and 2.4-3.7 mm/a on the SMVF. Incorporating the effects of a viscoelastic 

lower crust/upper mantle using a coupling model suggests instead 6.2 ± 1.0 mm/a on the 

ABF and 1.2 ± 0.6 mm/a accommodated by the SMVF, more compatible with the earlier 

geologic estimates. The new geologic rates are more consistent with GPS solutions that 

place approximately equal slip on the ABF and SMV, although this is not consistent with 

the <1 mm/a slip rate measured for the SMVF (Hirabayashi et al., 1996), but in that slip 

rate, like the early ABF rates, there is room for improvement.  
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3.7.3 Off-shore slip 
 The primary fault systems west of the Pacific coast transfer slightly compressive 

right lateral slip north along the Continental Borderlands (Figure 3.1). From west to east 

these are the San Clemente-San Isidro, San Diego Trough-Bahia Soledad, and Palos 

Verdes-Coronado Bank Fault. The horizontal GPS rate across all three systems is 5.9 ± 

1.8 mm/a (Larson, 1993), 4 ± 2 or 3 ± 2 mm/a of which may be concentrated on the San 

Clemente Fault (Bennett et al., 1996; Dixon et al., 2002). This rate for the San Clemente 

Fault also matches GPS residuals of 4.3 ± 0.8 mm/a between the Pacific Plate and Baja 

California (Plattner et al., 2007). Ryan et al. (2012) measured a submarine geologic slip 

rate of 1.5 ± 0.3 mm/a over the past 12,270 yr along the San Diego Trough Fault. The 

San Clemente Fault is mapped as extending past the intersection of the ABF, while the 

San Diego Trough fault is usually mapped as coming on shore south of Punta Banda 

Ridge (Legg, 1991; Legg et al., 1987; 2007). Rockwell et al. (1989) measured right 

lateral slip rate of 1 ± 0.6 mm/a along the Maximinos Fault, which goes offshore south of 

Punta Banda Ridge, but north of the mapped trace of the Bahia Soledad Fault. Whether 

this slip is taken up by the San Diego Trough-Bahia Soledad system or the ABF-

Coronado Bank system is unclear. Regardless, the new 3.0 +1.4/-0.8 mm/a (22 ka) and 

2.8 +0.8/-0.6 mm/a (65 ka) slip rates from the Las Animas site (closest to the offshore 

system) are compatible within errors with the total 5.9 ± 1.8 mm/a rate (Larson, 1993) 

when summed with the Maximinos (Rockwell et al., 1989) and San Diego Trough (Ryan 

et al., 2012) geologic rates and the San Clemente fault GPS rate. Much more slip on the 

Agua Blanca Fault, and thus the Coronado Bank Fault, would require either a higher total 
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rate or a ~zero rate on the San Clemente fault, which is inconsistent with seismic and 

bathymetric observations of its surface trace (Legg et al., 2007).  

3.7.4 Seismic Hazard 
The new slip rates are relevant for at least the western half of the ABF, which 

comprises three of the five roughly 20-30 km segments that define the fault. Although the 

junctions between the faults are releasing, they do represent greater complexity where the 

fault changes either strike or dip, or both, and thus probably do nothing to facilitate 

coseismic rupture propagation. If between one and three segments link up during 

earthquakes to produce 20-60 km-long surface ruptures, moment magnitudes of between 

~6.6 and 7.3 should be expected (Wells and Coppersmith, 1994). This suggests average 

displacements of ~75-150 cm, which if the new ~3 mm/a slip rates are correct, translates 

to roughly 2-4 earthquakes every thousand years, or recurrence between 250 and 500 

years. Schug (1987) found plausible paleoseismic evidence for a rupture in the past 280 ± 

90 years, which if correct suggests that the fault may be at or near the end of a seismic 

cycle. A more in depth discussion of earthquake recurrence and potential hazard 

accompanies new earthquake timing estimates from recent paleoseismic trenching across 

the Valle Agua Blanca section of the ABF presented in Chapter 4. 
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3.8 CONCLUSIONS 

The primary conclusions of this study are as follows: 
 

• The first quantitatively constrained geologic slip rates for the Agua Blanca Fault 

suggest most probable Late Quaternary rates of ~3 mm/yr, less than previous 

estimates based on soil development dating. 

• These rates are accompanied by formally propagated uncertainties, providing the 

first geologic slip rate estimates that are appropriately compared to deformation 

rates along other SAF-Big Bend Domain faults and incorporated into regional 

hazard evaluations. 

• The new rates are based on ages interpreted from cosmogenic 10Be exposure 

dating and optically stimulated luminescence dating. Offsets were measured using 

newly acquired airborne lidar collected along the western 70 km of the fault.  

• Measurements at the Las Animas site along the western, Punta Banda section of 

the ABF suggest slip rates of 3.0 +1.4/-0.8 mm/a since ~21.8 ka and 2.8 +0.8/-0.6 

mm/a since ~65.1 ka. 

• Measurements at two sites along the central, Valle Agua Blanca section of the 

ABF suggest  slip rates of 3.4 +0.8/-0.6  mm/a since ~11.7 ka and 3.0 +3.0/-1.5 

mm/a since ~1.6 ka. 

• These new rates suggest that at least half of the total plate boundary strain 

accommodated across northern Baja California is partitioned on to the Agua 
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Blanca Fault; the remaining slip is likely distributed on to faults between the ABF 

and the San Miguel-Vallecitos Fault. 

• The offshore extension of the Agua Blanca Fault, the Coronado Bank Fault and its 

northern extension, the Palos Verdes Fault, must also accommodate at least 3 

mm/a.  
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Chapter 4: Late Quaternary Slip History for the Agua Blanca Fault, 
northern Baja California, Mexico, Part 2: Holocene Rupture Timing 

ABSTRACT 
 As much as 14% of Pacific-North American relative slip is accommodated by 

subsidiary faults of the San Andreas plate boundary system that traverse the Peninsular 

Ranges of northern Baja California, Mexico. At least half of this slip, a minimum of 

~2.8-3.4 mm/a (see Chapter 3), is accommodated by the Agua Blanca Fault, a primarily 

dextral strike-slip fault that transfers slip to the offshore Palos Verdes-Coronado Bank 

Fault paralleling the coast of southern California and northern Mexico. We present the 

first multi-event Holocene earthquake history from two trenches across the central 

section of the Agua Blanca Fault. Seven earthquakes since ~6.7 ka suggest average 

earthquake recurrence of ~1000 years, with a coefficient of variation of ~0.55. This 

variability may be real or the result of an incomplete record, however geologic evidence 

from a second site records coseismic lateral slip-per-event for the past two surface 

ruptures of ~2.5 m, suggesting regular slip at least recently and requiring a long 

recurrence interval to keep pace with the 3 mm/a Late Quaternary slip rate. Estimates 

from surface exposure dating require the penultimate and most recent earthquakes to 

post-date ~1.6 ka, consistent with paleoseismic evidence for a rupture after 1486 years 

before present (ybp) and after 1089 ybp. The paleoseismic, slip-per-event and slip rate 

measurements over the past ~1.6-1.4 ka are mutually consistent and suggest that whether 

or not displacement is regular or variable, the ABF is likely near the middle of an 
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earthquake cycle and thus is unlikely to produce a strong earthquake in the immediate 

future. 

4.1 INTRODUCTION 
Seismic cycle duration and the timing of recent earthquakes are key parameters 

for evaluating seismic hazard potential along active faults. In northern Baja California, 

roughly 14% of total Pacific-North American plate boundary slip is accommodated 

across the Peninsular Ranges by two active faults capable of producing damaging 

earthquakes near US and Mexican population centers (Bennett et al., 1996; Dixon et al., 

2002; Grant and Rockwell, 2002) (Figure 4.1). The Agua Blanca Fault (ABF) extends 

offshore ~15 km south of Ensenada where it connects with the Palos Verdes-Coronado 

Bank Fault zone, which parallels the Pacific coast west of San Diego and Los Angeles. 

The San Miguel-Vallecitos Fault (SMVF) appears to be the southern continuation of the 

Rose Canyon Fault Zone, which underlies Tijuana and San Diego. The Late Quaternary 

slip histories for these faults have until recently been poorly constrained, even though the 

ABF accommodates more slip than the Elsinore Fault (Rockwell et al., 2018) and both 

faults together accommodate over half as much slip as the San Jacinto Fault (Blisniuk, 

Oskin, et al., 2013). The remote south end of the SMVF ruptured historically (Doser, 

1992; Shor and Roberts, 1958), and paleoseismic evidence based on a single radiocarbon 

date from the west end of the ABF may record an earthquake early in, or perhaps just 

preceding, the historic record for this region (Schug, 1987), but the timing and frequency 

of earlier events is unknown. Earthquake recurrence near San Diego and Tijuana has been 
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estimated from paleoseismology along the Rose Canyon system (Lindvall and Rockwell, 

1995). However, early trenching studies along the ABF found surface rupture but little 

recoverable material for dating the events, and were able to conclude only that there has 

been rupture in the Holocene and in the past ~2 kyr, in addition to the potential historic 

event. Holocene rupture along the western ABF is obvious from the unambiguous record 

of dextral slip preserved by displaced Late Quaternary geomorphology, and slip in the 

past 2 kyr is required by the new time-invariant post-65 ka ~3 mm/a rate reported in 

Chapter 3 at three locations along the western ABF. 

In this paper we present measurements of earthquake timing from a new 

paleoseismic trenching site located along the central section of the Agua Blanca Fault. 

We also present evidence of lateral slip-per-event for the past 2 earthquakes preserved at 

a second site. We discuss these new measurements in the context of complimentary 

evidence of the Late Quaternary slip history for the ABF and speculate on the near-term 

potential for damaging earthquakes at the southern boundary of the San Andreas plate 

boundary system.  
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Figure 4.1 Southern San Andreas and Agua Blanca Fault Maps 
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Figure 4.1  

 
Fault maps of the Big Bend domain of the Southern San Andreas Fault system (a) and the Agua Blanca 
Fault (b) showing major regional earthquakes in southern California and northern Baja California. Plate 
boundary slip is accommodated primary along the Cerro Prieto Fault and the Laguna Salada-Sierra Cucapa-
Sierra El Mayor systems, but ~14% of plate motion is transferred across northern Baja California by the 
San Miguel-Vallecitos Fault zone and the Agua Blanca Fault. A) Fault abbreviations: ABF: Agua Blanca 
Fault; BSZ: Brawley Seismic Zone; CDD: Canada David Detachment; CBFZ: Continental Borderland 
Fault Zone; CPF: Cerro Prieto Fault; LSF: Laguna Salada Fault; IF: Imperial Fault; PV-CB FZ: Palos 
Verdes-Coronado Bank Fault Zone; RCFZ: Rose Canyon Fault Zone; SAF: San Andreas Fault; SC-SI FZ: 
San Clemente-San Isidro Fault Zone; SDT-BS FZ: San Diego Trough-Bahia Soledad Fault Zone; SH: 
Superstition Hills; SJFZ: Sierra Juarez Fault Zone; SSPMF: Sierra San Pedro Martir Fault; SMF: San 
Miguel Fault; VF: Vallecitos Fault. Location abbreviations: SCI: San Clemente Island; LS: Laguna Salada; 
SD: San Diego; TJ: Tijuana; YD: Yuha Desert. B) Abbreviations: CD: Canon Dolores section; CPC: 
Cañada Paredes Coloradas; MF: Maximinos Fault; PBR: Punta Banda Ridge section; RM: Rancho 
Mirador; SJ: Sierra Juarez; SMVF: San Miguel-Vallecitos Fault; SSPMF: Sierra San Pedro Martir Fault; 
VAB: Valle Agua Blanca section; VSF: Valle San Felipe; VST: Valle Santo Tomas section; VT-VSM: 
Valle de la Trinidad-Valle San Matias section.  
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4.2 SEISMOTECTONIC BACKGROUND 
 Pacific-North American plate boundary slip traverses northern Baja California 

along faults in two primary sub-domains of the Southern San Andreas fault system 

(Suarez-Vidal et al., 1991; Frez and González, 1991). Most of the slip, ~40 mm/yr 

(Bennett et al., 1996; González Ortega et al., 2018), is accommodated within the 

Mexicali-Laguna Salada domain by the Cerro Prieto Fault (Figure 4.1a). Slip is also 

accommodated in this domain by the Laguna Salada Fault (Mueller and Rockwell, 1995; 

Savage et al., 1994) and lateral faults that dissect the Sierra Cucapah and Sierra El Mayor 

(Axen et al., 1999; Fletcher and Spelz, 2009). Although the Cerro Prieto Fault is 

considered the primary structure, two of the most notable major historic earthquakes 

ruptured the Laguna Salada Fault in 1892 (Mueller and Rockwell, 1995; Hough and 

Elliot, 2004) and the El Mayor-Cucapah system of faults in 2010 (Fletcher et al., 2014; 

Oskin et al., 2012; Wei et al., 2011; Hauksson et al., 2010). Connectivity between the 

Mexicali-Laguna Salada domain faults and faults in southern California is obscured at the 

surface, but the Laguna Salada Fault is considered the southern extension of the Elsinore 

Fault, while slip on the Cerro Prieto Fault appears to be distributed to the San Jacinto and 

Imperial-San Andreas faults via transpressive step-overs.  

 The remaining ~6-7 mm/yr of plate boundary slip (Bennett et al., 1996; Dixon et 

al., 2002; Grant and Rockwell, 2002) not transferred through the Mexicali-Laguna Salada 

domain is accommodated by faults that traverse the Peninsular Ranges to west (Figure 

4.1a). The eastern edge of the Peninsular Ranges is the Main Gulf Escarpment, here 

locally defined by the Sierra Juarez and Sierra San Pedro Martir Faults (Axen, 1995). The 
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San Pedro Martir Fault is an east dipping Basin and Range-style normal fault that has 

accommodated ~5 km of dip-slip and has been active in the Late Quaternary, perhaps 

historically (Brown, 1978; O'Connor and Chase, 1989), whereas the Sierra Juarez Fault 

has accommodated <2 km of dip-slip along east-dipping faults antithetic to the Laguna 

Salada Fault and Canada David Detachment and is not associated with evidence of Late 

Quaternary displacement. Dextral slip across the Peninsular Ranges is accommodated by 

the Agua Blanca Fault (Schug, 1987; Allen et al., 1960; Gastil et al., 1975; Hatch, 1987; 

Hilinski, 1988; Rockwell et al., 1993) and San Miguel-Vallecitos Fault (Giroux, 1993; 

Hirabayashi et al., 1996; Harvey, 1985), both of which are active and transfer slip to 

active fault systems along the western edge of the plate boundary. The SMVF has 

accommodated ~600 m of total offset (Giroux, 1993), is associated with significant 

microseismicity (Frez et al., 2000), and produced a surface rupturing M 6.8 earthquake in 

1956 (Shor and Roberts, 1958; Doser, 1992). The ABF has accommodated 7-11 km of 

dextral slip (Wetmore et al., Accepted), is seismically quiescent, and is not conclusively 

known to have ruptured historically. Although the Agua Blanca Fault is transtensional 

along its entire length, its orientation, particularly of its east end, is oblique to the 

direction of relative plate motion (DeMets et al., 1990; 1994). The dissimilarities between 

the ABF and SMVF have been interpreted to signify slip initiation along a pre-existing 

crustal weakness coincident with the present day ABF (Sedlock, 2003b; Gastil et al., 

1975) and more recent transfer of slip to the more favorably oriented SMVF (Allen et al., 

1960; Hirabayashi et al., 1996; Grant and Rockwell, 2002; Harvey, 1985).  
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How slip is presently partitioned between the ABF and SMVF has until recently 

been poorly constrained. Early geologic estimates placing 4-6 mm/a on the ABF and <1 

mm/a on the SMVF lacked reliable age control (Hatch, 1987; Schug, 1987; Hirabayashi 

et al., 1996), and depending on the rheological model used, GPS rates are consistent with 

the geologic estimates or suggest approximately equal partitioning between both faults 

(Bennett et al., 1996; Dixon et al., 2002). Compared to fragmentary and subtle tectonic 

geomorphic evidence of slip along the SMVF, the surface signature of the western ABF 

suggests substantial Late Quaternary lateral displacement. Focusing on three sites along 

this reach of the fault, we (see Chapter 3) used lidar and quantitative geochronology to 

measure minimum ~3 mm/a slip rates for the ABF that remain constant within error at 

~65, 22, 12, and 1.6 ka time scales. These rates suggest that the ABF accommodates at 

least half of the plate boundary slip transferred across the Peninsular Ranges, and that slip 

transfer to the SMVF is not occurring over these time scales at a rate detectable with 

current methods. The consistency of the slip rates suggests that the recent tectonic history 

of the ABF has been stable and that Holocene earthquake recurrence is a reliable 

predictor of slip in the near future.  

4.3 PREVIOUS ESTIMATES OF RUPTURE TIMING 
The surface trace of the Agua Blanca Fault is defined by five 20-30 km-long 

segments that from east to west rotate north in orientation. Early descriptions of the 

structure and geomorphic signature of the ABF by Allen et al. (1960) and Gastil et al. 

(1975) are expanded on by Wetmore et al. (Accepted) and in Section B1. Previous 
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earthquake timing estimates for the western half of the ABF are reported in two 

unpublished (but digitally available) San Diego State University masters theses 

documenting the first investigations of the ABF by Quaternary geoscientists (Hatch, 

1987; Schug, 1987). These studies are summarized in a South Coast Geological Society 

field trip guidebook chapter by Rockwell, Schug and Hatch (1993) as well as in a 1987 

USGS Final Technical Report by these authors.  

Paleoseismic tranches excavated across the Punta Banda Ridge (Schug, 1987) and 

Valle Agua Blanca (Hatch, 1987) sections of the ABF (Figure 4.1b) yielded mostly 

inconclusive evidence of earthquake timing. Although probable Holocene rupture was 

observed in trenches across both sections, the interpretations were frustrated by a range of 

issues including, thick or coarse-grained (i.e., low resolution) deposits, high ground water 

that prevented reaching adequate depths, an absence of discernable offset, or when 

ruptures were observed, a lack of material for radiometric dating.  

Schug (1987) excavated three trenches at two sites along the western Punta Banda 

Ridge section of the ABF. In one location, wedge-shaped deposits interpreted to be post-

seismic colluvial scarp breccias were observed above an organic-rich clay (swamp) 

deposit with a mean 14C residency time from organic material of 9850 ± 140 ybp, 

indicating surface rupture since this time. A detrital charcoal sample taken from below a 

fault cutting a near-surface deposit yielded a data of 280 ± 90 ybp, providing evidence for 

a recent, perhaps historical surface rupture. Two additional trenches revealed 

displacement at the fault, but no datable material was recovered.  
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Hatch (1987) excavated eight trenches at three sites along the Valle Agua Blanca 

section of the ABF. He observed shears cutting a buried soil dated to 1930 ± 95 ybp with 

detrital charcoal, suggesting slip at least once since this time. In a second trench that did 

not cross the fault, an 11,600 ± 170 ybp detrital charcoal date from a layer correlated to a 

similar deposit truncated by the fault in another trench 15 m to the northeast indicates 

only that slip has occurred over the past ~12 ka. Detrital charcoal from fissure fill within 

the fault zone exposed in yet another trench yielded a date of 2500 ± 250 yr. Hatch 

(1987) suspected subsequent coseismic liquefaction of the fill and thus interpreted this as 

evidence of post-2.5 ka rupture.  

Slip over the Holocene is practically required by the tectonic surface 

geomorphology, and a lack of slip since 2-2.5 ka would be surprising, even given the 

somewhat lower ~3 mm/yr slip rates reported in Chapter 3. The possibility of a recent, 

near-historic rupture is potentially supported by the post-1.6 ka slip rate reported in 

Section 3.6.2.3 for the Valle Agua Blanca section of the ABF, and is supported by the 

paleoseismic evidence observed by Schug (1987).  
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Figure 4.2 Valle Agua Blanca Lidar Perspective Map 
Oblique view of the central portion of the Valle Agua Blanca section of the ABF showing the along-strike 
position of the trench site. The topography is visualized using a hillshade effect over the lidar point cloud. 
The ABF makes a ~350 m right releasing step from the southern to northern side of the valley. Q8 
designation is from Hatch (1987); Qaf is described in Section 3.3.3. 

4.4 VALLE AGUA BLANCA PALEOSEISMIC SITE  
We used airborne lidar to identify a new paleoseismic trenching site along the 

central Valle Agua Blanca section of the ABF (Figures 4.2 and 4.3). This location 

(31.476904, -116. 181411) is the same as the Valle Agua Blanca slip rate site described 

in Section 3.6.3. Roughly 6 km from the eastern end of Valle Agua Blanca the ABF steps 

~350 m to the north (a right, or releasing structural step) from its position bounding the 

south side of the valley (Figure 4.2). On the north side of the valley the ABF truncates the 

toe of an extensive, dissected alluvial fan deposit mapped as Q8 by Hatch (1987), who 

estimated its age to be >255 ka based on soil development. Across the fault to the south 
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of Q8, lateral slip on the order of 100-102 meters is recorded by deflected channels and 

offset alluvial deposits. Dating of the westernmost of these deposits is described in 

Section 3.5.2. Across the fault from the apex of Qaf, a ~25 m wide and ~75 m long 

tectonic depression or sag pond has formed in the wake of a second smaller (~40 m wide) 

releasing step in the ABF (Figure 4.3). A sub-meter step down from Qaf into the sag 

pond suggests a sustained vertical component of fault slip, consistent with a releasing 

geometry. The north side of the sag pond is bounded by a ~10 m high scarp formed by a 

strand of the fault that based on gouge exposed in one trench appears to have 

accommodated the majority of Late Quaternary slip at this position along strike. An 

active channel incising Q8 that drains the source catchment for Qaf bounds the western 

end of the sag pond, but flows away to the southeast. The sag pond is currently internally 

drained and is not directly downstream from any notable sediment source other than the 

fault scarp and a portion of the Q8 surface to the north. The absence of an entrenched 

outlet from, or significant sediment source into, this restricted drainage area suggests 

slow deposition, and the orientation of the active channel should direct sediment-laden 

debris flows away from the sag pond. Slow sedimentation within a depocenter 

tectonically renewed by a normal component of fault slip combine at this site to create an 

environment well-suited to preserve evidence of past surface ruptures.  
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Figure 4.3 Trench Map and Panoramic Photo 
Map (top) and photo of the trench site showing locations of the excavations with respect to the fault, the 
sag pond and the flanking alluvial deposits.  
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4.5. METHODS 

4.5.1 Paleoseismic Trenching Procedures 
 We used an excavator with a four-foot bucket to open two trenches into the sag 

pond at the Valle Agua Blanca site (Figures 4.3, 4.4 and 4.5). Sediments in both trenches 

were sufficiently sound to support steeply sloped walls without shoring. We scraped the 

trench walls, removing smeared sediments and smoothing topographic variability to 

clearly expose stratigraphic contacts and fault lineaments and used survey string to create 

a 1 m2 reference grid for on-site logs of contact, fault, and sample locations. We 

photographed the trench walls dry and dampened with water in sun and in shade and used 

Adobe Photoshop to assemble merged photomosaics (Figures 4.4 and 4.5). The trench 

interpretations shown in Figures 4.4 and 4.5 are compiled from both digital 

interpretations made using Adobe Photoshop and the field logs (Figures C1 and C2). 
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Figure 4.4 Trench 1 Photomosaics and Logs 
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Figure 4.5 Trench 2 Photomosaics and Logs 
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4.5.2 Charcoal collection and processing protocols 
 Detrital charcoal was abundant throughout the stratigraphy in both trenches and 

we collected ~250 samples, although only 74 contained sufficient datable material after 

initial cleaning (Tables 4.1 and 4.2). Samples were numbered, their positions relative to 

the string grid recorded on the field logs, and collected in ~4 ml glass vials. Initial sample 

cleaning and selection was carried out at the San Diego State University Quaternary 

Geology Laboratory. Samples were rinsed though sieves with DI water to remove dirt 

and dust, and then oven dried. Charcoal was separated from clastic sand grains by hand 

under magnified light and the sample masses measured. Samples greater than a few mg 

were selected for further processing at the W.M. Keck Carbon Cycle Accelerator Mass 

Spectrometer Facility at the University of California, Irvine. Standard procedures for 

extracting carbon from organic samples were followed for all samples, and are 

documented in greater detail on the KCCAMS webpage 

(www.ess.uci.edu/group/ams/protocols). Samples were rinsed in 1N HCl to dissolve 

carbonate, washed repeatedly in 1N NaOH until free of soil humics, washed again in HCl 

to remove atmospheric CO2, rinsed in Milli-Q H2O and dried in a vacuum oven. CO2 was 

obtained from the samples by combustion. Wood blanks and 1-2 mg of sample were 

transferred to quartz tubes, to which 60-70 mg of CuO and a piece of Ag wire were 

added. The tubes were evacuated on a combustion vacuum line, sealed using a gas torch 

and placed in an oven at 900 °C for 3 hours. Samples were then cryogenically purified, 

graphitized and pressed into AMS cathodes for analysis with a 500 kV compact AMS.  
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4.6 RESULTS 

4.6.1 14C dating results 
We dated 45 samples from 11 stratigraphic layers in trench 1 and 29 samples from 

5 stratigraphic layers in trench 2 (Figures 4.4 and 4.5; Tables 4.1, 4.2, C1 and C2). Dates 

were calibrated to the IntCal13 curve (Reimer et al., 2013) using OxCal v4.3 (Bronk 

Ramsey, 2009). Radiocarbon dates from T1 range from ~7 ka to historic, while the oldest 

dates in T2 are ~5 ka. Dates increase with depth in T1 fairly linearly (Figure 4.10), but 

charcoal dating to 2-2.5 kyr was dated in nearly every deposit in T2 (Figure 4.11), 

suggestive of sediment mixing in this trench.  
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Table 4.1 Trench 1 14C Raw and Calibrated Measurements  
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Table 4.2 Trench 2 14C Raw and Calibrated Measurements  
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4.6.2 Trench Descriptions 
 We excavated two parallel trenches to expose the faults and basin fill sediments 

(Figure 4.3). Trench 1 (T1) extends from near the apex of Qaf north 30 m across the 

center of the sag pond to the toe of Q8. Trench 2 (T2), roughly 15 m to the east, extends 

from the eastern shoulder of Qaf north 20 m to a position just past the long axis of the sag 

pond. In both trenches the walls were sloped slightly for safety and trench width 

increases from <1.5 m wide at the bottom to ~3 m wide at the surface. Two primary fault 

zones are exposed in the trenches that control local topography and sedimentation.  

At the north end of T1, recent alluvial and colluvial deposits abut or cover a ~2 m 

wide vertical gouge zone in the older Q8 cobble conglomerate (hereafter: the north fault) 

(Figure C3). At the south ends of both T1 and T2, a steeply north-dipping zone of parallel 

and upward radiating faults and fractures offsets or truncates younger, primarily finer 

grained (sand, silt, clay) sedimentary deposits and the head of the Qaf alluvial fan 

(hereafter: the south fault) (Figures 4.4 and 4.5). In T1, deposits are displaced by a minor 

south dipping fault antithetic to, and ~10 m north of, the south fault. Between the north 

and south faults, beds dip away from the topographically higher Q8 surface to the north 

before leveling and sloping in the opposite direction within ~10 m of the south fault, 

mirroring the surface topography of the basin. The location of the north fault along the 

trace of the ABF and the amount of displacement implied by the gouge zone suggest that 

surface slip has been or is concentrated here and that the southern fault is a more recent 

near-surface structural complexity related to the right step in the ABF from the south to 

the north side of Valle Agua Blanca. The south fault may not be a long-lived feature, but 
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over the Holocene it has accommodated coseismic dip-slip, creating a south tilting basin 

into which sediments from the north are shed and trapped against the periodically 

refreshed fault scarp. In cross section, the basin is a structural half graben; dip-slip is 

concentrated on the south fault while filled opening mode fractures near the north fault 

suggest hinging in addition to slip (Figure C4) near the north fault. These sediments thin 

and become more varied and numerous as they near the south fault, so although dextral 

slip is likely concentrated on the north fault, the history of recent earthquakes is 

preserved with the highest resolution against the south fault. The detailed stratigraphic 

record exposed in T1 is consistent with its location central to the sag pond, and differs 

substantially from the record exposed in T2 nearer the active channel to the east. An 

apparently continuous sequence of 21 unique deposits is exposed near the south fault in 

T1 (Figure 4.6), while just 9 thicker, coarser individual units are exposed in T2 (Figure 

4.7). Because evidence of past rupture is most likely to be preserved where the record of 

sedimentation is most detailed, we focus our attention mainly on the south end of T1.   
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Figure 4.6 Trench 1 Stratigraphy 
Trench 1 stratigraphy from the south and base of the north ends of the trench from both east and west walls. 
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We differentiated between deposits on the basis of grain size, exposed texture, 

color, and lateral continuity. Although in both trenches the stratigraphy is characterized 

by some variability, the primary layers correlate between the east and west walls without 

notable omission. The T1 stratigraphy near the south fault in general alternates between 

red-tan-olive sandy silts and dark brown silty or sandy clays (Figure 4.6). Most layers 

hardened remarkably after less than a day of exposure, signaling a nearly ubiquitous clay 

component. Thinner, discontinuous darker red and black organic-rich layers cap some 

deposits lower in the trench. Wedges of organic-rich pebbly colluvial material interrupt 

the stratigraphy near the fault at several depths. The individual silt and clay deposits vary 

in thickness from 1-2 cm to 30-40 cm, but bedding is noticeably thinner lower in T1. Just 

three primary layers (100-300) are exposed in the upper ~1.5 m below the surface, below 

which 6 distinct deposits (350-390) are exposed over the next meter of depth before 

thicker wedges of colluvium (400, 410) at the base of the trench are encountered. Not 

every deposit is laterally continuous along the entire length of the trench and several of 

the layers, in particular the thinner beds lower in the trench, either taper out or become 

indistinguishable from each other to the north. This simplifies the stratigraphy near the 

north end of the T1 to four primary units above the basal colluvial deposits, which appear 

to transition into or interfinger with a distinct dark brown clay.  
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Figure 4.7 Trench 2 Stratigraphy 
Trench 2 stratigraphy from the south end of the west wall.  
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 With some variation, the deposits in T2 are mainly loosely consolidated tan-

brown sandy silts, with prominent pebble-cobble conglomerates at the base of the trench 

and about a meter below the surface (Figure 4.7). Most of the units are on average at least 

~25 cm thick or greater, and no sequence of thinner layers equivalent to that observed in 

the lower section of T1 are present in T2. Thin sandy-silty sediments capping the 400, 

300 and 200 units are slightly harder and finer with a chalky consistency perhaps 

evaporative in origin. The 300 layer in T2 is notable for containing darker more organic-

rich lobate patches that suggest post-depositional vertical mixing. No considerable 

barriers to mixing or bioturbation exist in even the deepest and most resistant layers in 

T2, which remained friable even after drying. An apparently fire-blackened cluster of 

cobbles exposed in the west wall of T2 containing evidently in-situ charcoal and burnt 

wood that dated to ~2.3 ka resembles a pre-historic fire pit, suggesting an anthropogenic 

source over time for the abundance of detrital charcoal observed in most layers of both 

trenches. Proximity to this particular concentrated source may explain the ubiquity of ~2-

2.5 ka charcoal dates in T2 and the relative abundance of these dates in the 200 layer of 

T1.  

 The coarse, poorly sorted Qaf alluvial fan deposit is exposed in both T1 and T2 

where it is truncated by the south fault. In both trenches Qaf is immediately overlain by 

deposits correlative in age to those near the bottom of the sedimentary sequences across 

the fault to the north. Insufficient age control and poor differentiation of the shallower 

sediments above Qaf prevents accurate correlation with other layers north of the fault. 

The older Q5/Q6 (Hatch, 1987) alluvial fan that bounds Qaf to the east is exposed at the 



 167 

base of the south end of T2 as an unconformable well-consolidated darker red deposit 

underlying Qaf.  

4.6.3 Site Tectonic-Geomorphologic History 
The stratigraphy exposed in T1 and T2 is consistent with internal drainage 

maintained by periodic lowering along the south fault and enclosure by levee deposits to 

the east (Figure 4.8). The sedimentology of the layers in each trench suggests 

neighboring and partially co-dependent but different depositional environments and 

unique primary sediment sources. The position of T2 near the eastern end of the sag pond 

is closer to the mouth of the channel draining the catchment identified in Chapter 3 as the 

source of Qaf. Probably in part as a consequence of Qaf deposition over and into existing 

alluvial topography, sediment-laden flows exiting the channel are directed south-east 

away from the sag pond rather than into it, where they would obscure the earthquake 

record. However, the change in direction forced by the uphill facing south fault scarp, 

supported in the footwall by coarse, older Q5/Q6 alluvium, necessarily causes flow 

velocity to decelerate, resulting in local ponding and deposition to the west of the channel 

in the mouth of the sag pond. These primarily sandy deposits build levees across the 

mouth of the sag pond, enclosing it and forming an internally drained basin. Slip on the 

south fault may alter topography enough to allow temporary drainage from the basin – 

unit 290 in T1 may fill a short-lived fault-parallel incision – but this also creates room for 

new, thick T1 deposits, which re-enclose the sag pond and renew the basin.  
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Figure 4.8 Trench Site Geomorphic History 
Block diagrams illustrating the interpreted geomorphic history of the Valle Agua Blanca trench site. 
Internal basin drainage is maintained by dip-slip on the south fault and levee formation at the east end of 
the sag pond. 
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The more numerous and on average thinner layers exposed in T1 (Figure 4.6) 

record slower basin sedimentation rates, and the numerous deposits rich in organic 

material signal probable wet conditions and pond formation, shorelines of which may be 

indicated by the chalky evaporites in the west wall of T2 (Unit 190). The sandy-silty 

layers in T1 may consist of dust and sediments washed in after being loosened by 

coseismic shaking. The apparent thickening of, or at least loss of discernable 

differentiation between, layers in the upper ~1.5 m of T1 is not correlated to any 

proportional thickening in T2, unless the dates in T2 layer 300 are actually in situ rather 

than mixed or infiltrated from layer 200. Coeval deposition of the greater part of the 

sediments exposed in T2 would indicate periodic erosion and replacement of levee 

sediments or the dates from the T1 deposits would increase more irregularly with depth.  

 Slow sedimentation following basin enclosure is a consequence of the small 

drainage area uphill from the sag pond, which captures flows off of the north fault scarp 

and the lesser portion of the Q8 surface that does not drain away along-strike to the west. 

Q8 as the primary source for T1 deposits is also apparent from their clay content and 

color. On stable or abandoned surfaces clay is an indication of soil development, which is 

in turn a function of time. Most of the T1 deposits contain a clay component, and many 

are dominantly clay with some sand or silt, but the basin surface is not abandoned and 

soil formation has been repeatedly interrupted by sedimentation. Furthermore, Q2/Q3 

surfaces elsewhere in the Valle Agua Blanca that are likely equivalent in age to the T1 

deposits contain essentially zero clay, so the clay content in T1 must be allochthonous 

and Q8, with clay densities of >100 g/cm3 (Hatch, 1987), is the only likely source. 
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Because the channel east of the basin incises Q8 it likely contains recycled Q8 sediment 

as well, but the noticeable lack of a clay component in the T2 deposits points to the 

upstream catchment as the primary source for these sediments.  

4.6.4 Earthquake Record 
 Evidence of Holocene earthquakes is apparent in both walls of both trenches, but 

the highest resolution record is exposed at the south end of T1, and on the east wall of 

this trench in particular. We dated paleoearthquake timing using charcoal from organic-

rich pebbly colluvial wedges abutting the fault scarp, layers truncating fault strands, and 

deposits filling coseismic fissures (Tables 4.1 and 4.2). Although colluvial wedge 

deposition post-dates scarp formation, wedge deposits are primarily composed of 

recycled material, thus charcoal dates measured in wedge deposits likely pre-date, rather 

than post-date, earthquake timing. Similarly, laterally continuous deposits that fill fault 

fissures most probably pre-date the fissure forming event as well, except some more 

recent sediments that clearly were deposited across the entire width of the fault zone after 

rupture. We identified evidence for seven earthquakes in the exposures at the south end 

of T1 (Table 4.3). 

Event 7 is recorded by unit 410, a sand-silty pebbly dark brown organic-rich and 

faintly green colluvial wedge visible at the base of both walls of T1 (Figure 4.9). The 

event likely post-dates three 14C measurements from within the wedge that range from 

~6.7 to 7.2 ka (Table 4.1). The lower boundary for Event 7 is provided by the overlying 

unit 405, which is a faintly stratified deposit dated with four charcoal samples to between 



 171 

~5.6 and 6.2 ka. Unit 405 also brackets the timing of Event 6, which is recorded by a 

second colluvial wedge (unit 400) that is similar in character but somewhat darker than 

unit 410. The only dates from unit 400 were measured from possibly correlative deposits 

on the opposite side of the fault, but their relationship to unit 410 is uncertain, so the 

lower boundary for Event 6 is provided by the somewhat uncertain ~5-6 ka date from 

unit 385, another colluvial wedge that partially fills a fault fissure and provides the upper 

bound on the timing of Event 5. A single 5.1-5.3 ka date from Unit 380, a dark-brown 

organic-rich sandy silt that caps this deposit, provides the lower bound on Event 5. Event 

4 is recorded by the laterally extensive, thicker dark brown organic rich unit 300 where it 

truncates a fault and fills a fault fissure. This event likely post-dates the five ~4.3-5.0 ka 

charcoal dates from this deposit, and pre-dates the two ~2.9 ka dates from the overlying 

unit 260. Event 3 is recorded by a colluvial wedge and the infill of fissures by unit 200. 

This event likely post-dates the unit 260 dates but predates deposition of unit 200 at ~1.4-

2.9 ka. Event 2 is recorded by infill of fissures by unit 100, and therefore must pre-date 

the 1-1.2 ka date from this deposit, and Event 1 is recorded by fracturing of unit 100, and 

thus post-dates the deposition of this layer, but likely predates the ~280 ka uppermost 

deposit (unit 10) which does not appear to be disrupted by surface displacement.  

We use OxCal v4.3.2 (Bronk Ramsey, 2017; Reimer et al., 2013) to calibrate the 

dates from both trenches and to model earthquake timing in T1 relative to the timing of 

deposition of the bracketing units (Figure 4.10, 4.11 and 4.12; Table 4.3; Section C1). 

OxCal uses Bayesian statistics to construct internally consistent models of deposition and 
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earthquake timing based on calibrated radiocarbon dates and user defined event horizons, 

those deposits that bracket the timing of earthquakes.  

 

 

 

Table 4.3 Earthquake Timing 
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Figure 4.9 Event Evidence 
Stratigraphic deposits correlating with surface ruptures. See text for detailed descriptions.  
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Figure 4.10 Calibrated Radiocarbon Dates 
OxCal model results for radiocarbon dates and earthquake timing in Trench 1. 
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Figure 4.11 Calibrated Radiocarbon Dates 
OxCal model results for radiocarbon dates in Trench 2. 
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Figure 4.12 Event Evidence 
OxCal PDFs for the timing of 7 events identified in trench 1. Events 5 and 6 may represent a single 
earthquake cluster rather than signify the passage of a full earthquake cycle.  
 

4.6.5 Earthquake Recurrence 
 Seven earthquakes in ~6500 years suggests an average recurrence of just under 

1000 years. However, earthquake cycle durations suggested by the OxCal modeling 

(Figure 4.12) range from ~300 to ~1700 years. This may in part reflect real variability, 

but it is also likely in part the result of missing events; those that were not preserved in 

the trench or were overprinted by later ruptures, missed in the trench interpretations or 

that bypassed this site on the subsidiary fault south of this location. Wide uncertainties in 

the timing of events 1 and 4 also contribute to the uncertainty in earthquake timing. The 

overlap between events 5 and 6 may record the overlapping tails of two approximately 

coeval ruptures that represent a single strain release event rather than the passage of a 

full, if relatively short, earthquake cycle. Interpreting event 5 and 6 as a single rupture 

increases average recurrence to ~1100 years. Compared to faster, structurally simpler 

faults like the central section of the Alpine Fault in New Zealand or the San Andreas 
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Fault between southern the Mojave and the San Francisco Bay Area, a degree of 

variability in the timing and magnitude of strain release may not be unexpected (e.g. 

Berryman et al., 2012), and the ~0.55 coefficient of variation suggested by the ABF 

earthquake record is comparable to those measured from other long-term paleoseismic 

records on secondary faults within the southern San Andreas system (e.g. Rockwell et al., 

2014). If the observed variability in earthquake timing along the ABF is real and not the 

result of an incomplete record, then because the Late Quaternary geologic slip rate 

appears to remain constant over time (see Chapter 3), the magnitude of strain release 

must increase or decrease with longer or shorter interseismic periods. Testing whether 

this is the case requires knowledge coseismic slip magnitudes accommodated in past 

events.  

4.6.6 Slip-Per-Event at Arroyo San Jacinto 
 Under ideal circumstances, slip-per-event datasets can be compiled where 

multiple features record a wide range of different cumulative offsets (Zielke et al., 2010; 

2015; Salisbury et al., 2012). Such a record is not preserved along the ABF, but slip-per-

event for the past two ruptures along the Valle Agua Blanca section of the fault is 

recorded in the offset channel at the Arroyo San Jacinto site to the west of the trench site 

(Section 3.3.2; Figures 4.13 and 4.14). At this site, the 1.6 ka Q2 channel fill deposit is 

incised by a narrower active channel that has been offset 4-6 m. The southern slip surface 

of the fault acts as the southern wall of the channel where it is deflected along the fault. 

Erosion has left the bedrock, which here is composed of well consolidated alluvium, 
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partially exposed and partially coated with a smear of entrained clastic material 

analogous to a gouge. Along the fault, the exposed and coated faces are each ~2-3 m 

wide and are separated along a boundary line oriented roughly parallel with that defined 

by the intersection of the fault and primary channel walls to the east and west. We 

interpret this as evidence of two earthquake ruptures each having accommodated ~2.5 m 

of slip. In this interpretation the penultimate event is recorded by the exposed section, 

which having been subject to erosion longer has been wiped clean of the coating, while 

the most recent event is recorded by the coated face, which is recent enough that the 

smeared material has not yet been washed away. The evidence suggests similar slip in the 

past two events, at odds with an interpretation of variable displacement, but the offset 

record is not long enough to support or invalidate the variable slip suggested by the 

earthquake record.  
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Figure 4.13 Slip-per-Event Photo 
Field photographs of the fault exposed in the offset channel at Arroyo San Jacinto. The portion of the fault 
plane still coated in smeared alluvial material records slip during the most recent earthquake, while the 
portion cleaned of the coating records the penultimate earthquake. 
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Figure 4.14 Slip-per-Event Block Model 
Block diagrams illustrating the sequence of events preserving offset at the Arroyo San Jacinto site. 
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4.7 EARTHQUAKE HAZARD 
To maintain a minimum slip rate of ~3 mm/a (see Chapter 3) requires 3 m of slip 

every thousand years. The average recurrence suggested by the T1 measurements would 

require average coseismic slip of at least 3 m. In theory, this suggests a moment 

magnitude of ~7.5 and a rupture length of over 100 km (Wells and Coppersmith, 1994), 

or near the entire length of the ABF. Regular rupture of the full length of the ABF seems 

unlikely both because the fault is highly segmented and because the geomorphic 

signature of the fault is gradational. The well expressed tectonic geomorphologic 

evidence of lateral rupture that defines the western end of the fault is in sharp contrast to 

the subtle or non-existent evidence of rupture at the eastern end of the fault where given 

the arid climate, rupture preservation should be favored. This implies a decrease in slip 

magnitude and frequency, arguing against regular rupture of the whole fault whether 

during single events or approximately coeval event pairs, although diffusion of 

displacement on to multiple transfer structures between the Agua Blanca and San Pedro 

Martir Faults may also explain the more subtle surface signature to the east. However, 

several recent earthquakes have produced somewhat more slip than the empirical 

relationships of Wells and Coppersmith (1994) would have predicted based on rupture 

length and earthquake magnitude. For example, the 1992 M7.3 Landers earthquake 

ruptured 85 km and produced a maximum of 6 m of right lateral displacement (Sieh et al., 

1993; Zachariasen and Sieh, 1995) and the 1999 M 7.1 Hector Mine earthquake ruptured 

only 48 km, but produced a maximum of 5 m of displacement (Treiman et al., 2002). 

Therefore, it is not inconceivable that the ABF could host >M 7 earthquake producing on 
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average 3 m of lateral displacement. If slip on the ABF is variable with time, then larger 

earthquakes with greater surface displacement would be required from time to time to 

maintain the slip rate.  

Estimating the likely timing or size of the next earthquake is difficult without a 

precise constraint on the timing of the last event. However, the longer term slip rates, the 

slip-per-event and the paleoseismic measurements are all mutually consistent and provide 

strong evidence of 5 m of slip in two events in the last 1.6-1.4 kyr. These measurements 

do not suggest any recent deficit in slip. If the past two events were separated by ~1000 

years, then assuming regular recurrence, the ABF is likely at most near the middle of an 

earthquake cycle and thus unlikely to rupture again in the near future. If the last two 

events were separated by ~1000 year and slip is irregular, the lack of a slip deficit 

suggests that if the ABF ruptures soon, it is unlikely to produce a large earthquake. And if 

the last two events were more closely spaced in time and displacement is variable, then 

the ABF is currently within a longer than average interseismic period, again suggesting 

that a strong earthquake in the near future is unlikely. Unlikely, however, does not mean 

impossible, and although the ABF slip rates can be reasonably projected to the Coronado 

Bank Fault, the slip history of this fault is entirely unknown, and it is certainly 

conceivable that a damaging earthquake offshore could propagate onto the ABF, or 

trigger a second event on land.  
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4.8 SUMMARY 

The primary conclusions of this study are as follows: 

 
• We report the first multi-earthquake paleoseismic slip history for the Agua Blanca 

Fault, the primary structure transferring dextral San Andreas plate boundary slip 

across the Peninsular Ranges of northern Baja California. 

• Two trenches across the Valle Agua Blanca section of the ABF reveal evidence 

for a minimum of seven surface rupturing earthquakes since ~6.7 ka, suggesting 

an average recurrence interval of ~1000 years. 

• The coefficient of variation between events is 0.55, suggesting variable slip or an 

incomplete earthquake record. 

• Slip-per-event measured at a location near the trench site suggests ~2.5 m of 

lateral slip in the penultimate and most recent earthquakes. 

• Paleoseismic, slip-per-event, and slip rate measurements are consistent over the 

past 1.6-1.4 ka and suggest that whether or not slip is variable, the ABF is 

unlikely to produce a large, damaging earthquake in the near future.  
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Chapter 5: Interpreting Discordance in 10Be Cosmogenic Dates from 
Constructional Alluvial Surfaces in the Coachella Valley, California 

ABSTRACT 
We use new and revised Quaternary geochronologic dates from three alluvial 

surfaces to show that independent constraints may individually appear robust while 

together predicting a range of ages that greatly exceeds the uncertainty of any single date. 

Discordance between independent dates is not the result of analytical uncertainty alone, 

which suggests that uncertainties in ages and rates estimated from single-chronometer 

may be underappreciated. We show that within the context of multiple independent dates, 

problematic measurements can be identified and eliminated, maximizing confidence in 

what is, and is not, a reasonable range of surface age interpretations. Cosmogenic depth 

profiles provide inconsistent dates at all sites, but with surface ages constrained by other 

means, these dates can be reconciled and alternative geomorphic histories modeled. We 

show that in addition to surface lowering, problematic depth profile nuclide 

concentrations can be explained by incremental deposition and infiltration of 

allochthonous sediments. Although more resource intensive and dependent on the 

availability of the necessary samples, dating with multiple geochronometers is best 

practice and leads to more confident age and rate interpretations while discrepant dates 

may present opportunities for quantifying pre-, syn- and post-deposition geomorphic 

processes.   
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5.1 INTRODUCTION  
 Offset alluvial and fluvial surfaces record fault displacement in tectonically active 

regions, but dating these surfaces to obtain deformation rates is complicated by external 

factors that cannot easily be accounted for except by bracketing surface ages using 

multiple independent geochronologic measurements. The most prevalent Quaternary 

geochronometers – cosmogenic exposure, radiocarbon, luminescence, and pedogenic 

carbonate dating – can be used to date a range of natural materials commonly found in 

sedimentary deposits (quartz in crystalline rocks, charcoal and organics, quartz and 

feldspar sand, and carbonate clast coatings), making it possible to date a variety of 

surfaces in diverse environments. The signals targeted by these dating methods – 10Be, 

14C/12C, light emission, and 238U/234U/230Th – are fundamentally straightforward to 

measure, but are known to be affected by pre-, syn- and post-deposition processes that are 

difficult or impossible to quantify. However, depending on the geochronometer, dates are 

generally assumed to be regularly and predictably biased by these processes (e.g., 

inheritance in cosmogenic nuclides, or lag time preceding carbonate formation), so that 

dates differ by amounts exceeding analytical uncertainty and should be interpreted as 

maximum or minimum constraints, rather than as exact surface ages. For this reason true 

uncertainties in surface ages are most effectively accounted for by dating with multiple 

independent geochronometers, but despite this well-known caveat, it remains common 

practice to date surfaces with a single method. 

In this paper we demonstrate the potential pitfalls of single-chronometer dating 

using new and existing Quaternary geochronologic dates from three alluvial fans in the 



 186 

Coachella Valley of southern California (Figure 5.1). At each site, dates from at least 

three independent geochronometers, interpreted following generally accepted methods 

and assumptions, individually appear to provide reasonable age interpretations. Together, 

however, they are either incompatible, or suggest a range of possible depositional ages 

that is much wider than would be predicted by the uncertainty associated with any one 

date. In the following sections, we describe the data and age interpretations from each 

surface, present quantifiable geomorphic processes that can explain disagreement 

between independent constraints, and discuss the importance of basing age and rate 

interpretations on dates from multiple geochronometers.  

 

Figure 5.1 Regional fault map of the northern Coachella Valley 
Regional map of the northern Coachella Valley showing locations of the dated surfaces relative to the 
southern San Andreas Fault between the Indo Hills and to the south and San Gorgonio Pass to the north. 
The Qfr and Qoa3a alluvial surfaces are in the Painted Hills area; the T2 alluvial fan is at the Biskra Palms 
site. Abbreviations: B: Banning Fault; GH: Garnet Hill Fault; MC: Mission Creek Fault; SAF: San Andreas 
Fault; SGP: San Gorgonio Pass.  
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5.2 BACKGROUND 

5.2.1 Quaternary Geochronology 
 Cosmogenic exposure, radiocarbon, luminescence and pedogenic carbonate U-

series dating are the geochronologic techniques most commonly employed in 

constraining ages of sedimentary deposits of the past 102-105 kyr. Surface exposure 

dating measures concentrations of nuclides uniquely produced in certain minerals by 

near-surface interaction with cosmogenic rays. Exposure duration is interpreted to signify 

time since deposition, which depending on erosion rates and nuclide production and 

decay rates, may be several hundred to several million years. Pedogenic carbonate dating 

measures 230Th produced by the decay of 238U and 234U in calcium carbonate layers 

precipitated on clasts in gravely deposits that may in theory be as old as 500 kyr (Ludwig 

and Paces, 2002; Sharp et al., 2003). The ratio of these isotopes from the innermost layers 

indicates the initiation of carbonate precipitation, which is interpreted to be slightly 

younger than the surface age. Radiocarbon dating of surfaces younger than ~40 kyr 

measures 14C and 12C concentrations in organic material, which diverge predictably over 

time after sample growth from the known atmospheric concentration. Radiocarbon ages, 

commonly from charcoal entrained during sediment transport, are interpreted to represent 

the maximum age of the deposit. Luminescence dating measures light produced when 

electrons trapped at a known rate in atomic defects in quartz and feldspar minerals are 

intentionally released by exposure to light or heat. Luminescence dates from buried sand 

lenses are interpreted to represent the minimum time since sediment deposition and in 

theory can be used to date deposits that are hundreds to a few hundred thousand years 
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old. Although these quantitative methods have largely replaced dating based on soil 

development analysis, for many surfaces that have been revisited with one or more 

quantitative method, soil development age estimates are comparable, if less precise.  

Interpreting dates from any of these methods as direct measures of surface age 

ignores external factors that skew dates predictably higher or lower than the true age. For 

example, exposure to cosmogenic rays is likely to begin during transport, introducing 

inherited nuclide concentrations to surface clasts that are impossible to separate from the 

post-deposition concentrations. Inheritance in buried sediments smaller than cobble-sized 

can be reliably estimated from cosmogenic depth profile dating, but post-depositional 

processes occur in the upper half-meter of sediments that can alter nuclide 

concentrations. Pedogenic carbonate precipitation may lag behind surface stabilization by 

hundreds or thousands of years,  and if the onset of precipitation is too recent it may be 

impossible to isolate the oldest inner layer, resulting in a date reflecting the average U-Th 

ratio. Samples collected for radiocarbon dating may have existed in the environment as 

charcoal and before that as woody material long before incorporation into sedimentary 

deposits, while sand lenses sampled for luminescence dating may also contain inherited 

signal if not completely reset during transport. Continued deposition following sample 

emplacement or erosion following surface stabilization may also cause disparities 

between dates and true surface ages.  

In most cases it is straightforward to predict whether these factors are likely to 

cause dates to over- or underestimate surface age, although determining by how much is 

often impossible. If cosmogenic exposure dates predict an older surface age than U-series 
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dates, is the difference due to inherited nuclides or a lag in carbonate precipitation? Or, if 

a cosmogenic depth profile suggests younger dates than luminescence dates, have 

younger sands infiltrated the upper depth profile samples or was the luminescence signal 

incompletely reset? Even if the cause of a disparity can be attributed to one source, as 

when inheritance causes cosmogenic dates to exceed luminescence dates from older, 

deeper deposits, variability in the affected data prevents a straightforward fix using a 

single correction factor. Given these inherent and difficult to quantify sources of 

uncertainty, a growing number of studies are using multiple geochronometers to bracket 

surface ages. 

Although more time and resource intensive, dating surfaces with multiple 

methods has been useful in making sense of apparently discordant dates, corroborating 

interpretations of certain data as statistically or contextually problematic, and revealing 

clues about post-depositional geomorphic processes. Blisniuk et al. (2013) were able to 

account for a ~25 kyr discrepancy between a surface exposure date and a depth profile 

date when U-series dates overlapping the former showed the depth profile date to be 

erroneously young. They also showed that correcting for inheritance by subtracting 

modern wash nuclide concentrations from clast concentrations would have significantly 

overcorrected the latter had not U-series dates provided a minimum constraint. Behr et al. 

(2010) used U-series dates and soil development observations to argue that apparently 

discrepant boulder and cobble exposure ages could be explained by up to a meter of post-

depositional surface lowering. And Gold et al. (2015) used U-series dates to invalidate an 

erroneously young depth profile date, increasing the precision of the surface age 
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interpretation. New data from some of the locations first discussed in these studies as 

well as data from another new site further demonstrate the value of multiple independent 

dates when interpreting surface ages.  

5.2.2 Revised and existing published data 

5.2.2.1 Previous Work: Qfr fan, Painted Hill area 
Qfr is one of several alluvial surfaces that preserves right lateral displacement 

along the Banning strand of the southern San Andreas Fault near San Gorgonio Pass 

(Figure 5.1, D1 and D2). Dates for Qfr reported by Gold et al. (2015) include exposure 

dates from 7 cobbles and 2 small boulders ranging from 2.5 to 9.1 ka, a 9.2 ka 

amalgamated surface pebble date (n = ~20), a 2.9 ka depth profile date based on the 250-

500 μm sand separates, and a U-series date of 5.1 ± 0.4 ka. They bracketed the 

depositional age of Qfr between the U-series date and the 6.4 +3.7/-2.1 ka median surface 

clast date.  

5.2.2.2 Previous Work: T2 fan at the Biskra Palms Oasis area 
T2 is the most extensive section of an alluvial fan cut by the Mission Creek strand 

of the southern San Andreas Fault system near Biskra Palms Oasis at the south end of the 

Indio Hills (Figure 5.1 and D3) (Behr et al., 2010). Several dates have been reported for 

T2 including a 20-30 ka (max range 17-70 ka) soil development date (Keller et al., 1982), 

20 cobble exposure dates ranging from 31 to 45 ka (Van der Woerd et al., 2006), 11 

boulder exposure dates ranging from 32 to 54 ka (Behr et al., 2010), and a U-series date 

of 45.1 ± 0.6 ka (Fletcher et al., 2010). Van der Woerd et al. (2006) interpreted an age of 
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35.5 ± 2.5 ka (mean), while Behr et al. (2010) bracketed the age between the U-series 

date and the oldest boulder date.  

5.3 METHODS 

5.3.1 Sample Collection and Processing 
Our sample collection and processing procedures did not diverge appreciably 

from accepted methods. Collection and processing procedures for new data at all sites are 

provided in Section D1 of the supplement. For previously published U-series and revised 

10Be cosmogenic exposure collection and processing procedures, the reader is referred to 

Behr et al. (2010), Fletcher et al. (2010) and Van der Woerd et al. (2006) for Biskra 

Palms T2 data, and Gold et al. (2015) for Painted Hill Qfr data.  

5.3.2 Error Propagation and Data Interpretation 
 We follow commonly implemented procedures for interpreting cosmogenic data 

so that the manner in which the dates and age interpretations are presented visually and in 

the text will be generally familiar to the majority of readers.  Error propagation follows 

different paths for depth profile and clast age interpretations, but uncertainties for all 10Be 

concentrations include the analytical (AMS measurement) error, the blank analytical 

error, a 1% carrier mass error, and a 2% sample preparation error, combined in 

quadrature.  
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5.3.2.1 Surface Clasts 
We calculated 10Be exposure dates for new and previously published clast samples 

using the online CRONUS exposure age calculator version 2.3 

(https://hess.ess.washington.edu) (Balco et al., 2008). Dates calculated using this version 

of CRONUS are based on the latest time-invariant, sea level/high latitude 10Be reference 

production rate of 4.01 atoms g-1 yr-1, which is around 10% lower than the previous 

version (Lal, 1991; Stone, 2000; Borchers et al., 2016). The total uncertainty in the dates 

combines in quadrature a 1% 10Be decay constant error and the external error calculated 

by CRONUS, which includes an ~8% production rate error (Table D1).  

The 10Be clast datasets all exhibit a familiar degree of scatter that can be reduced 

by excluding outlying dates, which we identify as those that do not overlap the rest within 

2σ concentration errors. In all cases the remaining dates still span a range that is a 

significant proportion of the median, so we assume that the median and 95% confidence 

interval, calculated using a normally distributed probability density function e.g. (Zechar 

and Frankel, 2009) adequately account for both inherited nuclides and nuclide deficits 

from shielding or erosion. In arid environments where erosion rates on stable surfaces are 

expected to be low (although few measurements exist), scatter may overwhelmingly be 

due to inheritance, invalidating the normal distributions. In recognition of this possibility 

we consider the minimum, non-outlying clast date to be a viable age interpretation as 

well.  
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5.3.2.2 Depth Profiles  
To model depth profile ages and inheritance, we use the Matlab-based Monte 

Carlo simulator from Hidy et al. (2010), which has become an increasingly popular tool 

(Figures D2-D4). Its widespread use is in part due to the GUI that implements the code, 

which makes it easy to adjust input variables and goodness-of-fit tolerances so that just 

about any set of nuclide concentrations that generally decreases with depth can be 

modeled. This is convenient because most datasets either at least approximately decrease 

with depth exponentially or include measurements that are incompatible with the rest by 

a margin exceeding the 1σ input error, or both. The code works by searching for solutions 

to the measured data that match what is expected within a reduced χ2 goodness-of-fit 

threshold that is determined by the confidence level (1σ or 2σ) and the degrees of 

freedom (n samples – n variables). With ideal data, the maximum and minimum ages 

determined by the simulation can be interpreted as the 2σ error bounds. If the data are 

non-ideal and no solutions can be found even after excluding outliers, a greater range of 

solutions can be calculated by increasing the χ2 cutoff, but at the price of statistically 

meaningful uncertainties. In such cases, Hidy et al. (2010) recommend reporting the 

modal value, but because the code reports the maximum and minimum regardless of 

whether the χ2 cutoff has been adjusted, erroneous depth profile age errors are commonly 

reported anyway.  

None of the four depth profiles we consider in this paper could be modeled using 

the Monte Carlo method without initially increasing the χ2 cutoff, and only the dates from 

the Qfr profiles could be fit according to standard theory when some measurements were 
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excluded. Therefore, depth profile dates reported without uncertainties are modal values, 

and uncertainties when reported are 2σ bounds about the median. We still consider the 

dates to be legitimately compared to other data because they are representative of the 

majority of published depth profile solutions. Model input parameters are provided in 

Table D2. We use Matlab-based codes based on theoretical depth profile equations for 

the proof of concept modeling of incremental deposition, erosion and sediment 

infiltration discussed in Section 5.5.  

5.4 SURFACE DATES 
 New and previously published dates from independent geochronometers suggest a 

range of individually viable ages for three alluvial fan surfaces (Figure 5.2). Dating 

results and 10Be/9Be ratios, error propagation, blank correction and standard information 

for the new data are provided in Table D1. Revised, previously published surface dates 

are provided in Table D3, while previously published depth profile data can be found in 

the original publication. Depth profile modeling parameters are provided in Table D2, 

while expanded discussions of clast and depth profile modeling decisions are provided in 

Section D2.  
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Figure 5.2 All Data 
All available constraints on surface age from Qfr (a), T2 (b) and Qoa3a (c). Colors indicate different 
measurement methods. Median dates are indicated by vertical lines for dates from the most commonly 
employed geochronometers.  

5.4.1 Qfr fan: Painted Hill area 
The Qfr alluvial fan is inset into the western end of Qoa3a and records ~25 m of 

offset along the Banning strand of the southern San Andreas Fault (Figures 5.1 and D1). 

This site was first identified as a slip rate site by Gold et al. (2015), who bracketed its 

early Holocene depositional age using U-series dating of pedogenic carbonate, 

cosmogenic 10Be exposure dating of surface cobbles and amalgamated pebbles, and 250-
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500 μm sand in a depth profile. Recalculated using the latest production rates, their 

interpreted clast exposure age increases slightly to 7.1 +4.1/-2.4 ka (n = 8; 95% C.I. 

Range 5.3-10.2 ka), excluding a young outlying date (2.7 ka) and the amalgamated 

pebble date (10.3 ± 1.9 ka (2σ)) (Figures 5.2a, D2). The most probable minimum clast 

date is 5.3 ± 1.1 ka (2σ). The depth profile date increases to 3.2 ka (mode; range: 2.4-4.0 

ka) using their same input parameters. The U-series date of 5.1 ± 0.4 ka (2σ) does not 

change, nor does the soil estimate of 5-10 ka (Gold et al., 2015). 

To explore grain size dependence in depth profile dating, we expand modeling of 

the sand profile for comparison to a new depth profile of nuclide concentrations in 

pebbles and small cobbles (Figure D2; Table D2). The 10 and 60 cm sand intervals 

diverge from an apparent curve defined by the rest of the sand samples. Removing the 10 

cm interval yields a modal age of 3.4 ka (range: 2.3 to 4.7 ka; χ2 < 4). Removing the 10 

and 60 cm intervals or the 10, 60 and 180 cm intervals allows for model solutions with 

reduced χ2 values below the cutoff, yielding median dates of 4.3 ± 1.7 (2σ) ka and 3.7 ± 

1.7 (2σ) ka, respectively. Nuclide concentrations are inconsistently greater in the pebbles, 

although are the same within errors at 90, 120 and 150 cm depths Table D1. 

Concentrations differ by 22% and 34% at 60 cm and 180 cm depths, respectively, but the 

30 cm intervals are the most different (43%); no 10 cm pebble sample was collected. 

Modeling all intervals in the pebble profile yields a modal date of 4.8 ka (range: 3.0-7.6 

ka; χ2 < 50). Removing the 30 cm and 180 cm intervals allows for model solutions with 

reduced χ2 values below the cutoff that yield a median date of 2.9 +1.6/-1.1 ka. No other 

subsets of the data could improve on this fit.  
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5.4.2 T2 fan: Biskra Palms Oasis area 
The T2 surface of the alluvial fan complex near Biskra Palms Oasis is by the 

Mission Creek Strand of the southern San Andreas Fault and was first investigated as a 

slip rate by Keller et al. (1982), who constrained its age using soil development (Figure 

5.1). Since then, the depositional age of the T2 surface has been estimated using cobble 

exposure dates (Van der Woerd et al., 2006), boulder exposure dates (Behr et al., 2010), 

and U-series pedogenic carbonate dates (Fletcher et al., 2010). Recalculated using up to 

date 10Be production rates, the median cobble date increases to 39.1 +15.1/-11.4 ka (n = 

20; 95% C.I.; range: 33.3-50.7 ka) and the median boulder date increases to 50.1 +16.5/-

16.7 ka (n = 11; 95% C.I.; range: 36.2-60.4 ka) (Figures 5.2b, D3). The minimum cobble 

date of 33.4 ± 9.7 (2σ) ka is the same within error of the minimum boulder date 36.2 ± 

6.5 (2σ) ka. The 17-70 ka soil development age (Keller et al., 1982) remains the same, as 

does the 45.1 ± 0.6 ka (2σ) U-series pedogenic carbonate date (Fletcher et al., 2010). Age 

estimates from a new depth profile measured by Behr et al. (2010) but not included in 

that publication are considerably younger than other constraints. 10Be concentrations in 

six 250 - 500 μm sand samples decrease slightly with depth, with the exception of the 

160 and 240 cm intervals. Models fit to all intervals yield a modal date of 13 ka (range: 

8.7-20.4 ka; χ2 < 18) (Figure D3; Table D2). Excluding the 160 and 240 cm intervals 

yields a modal date of 17.2 ka (range: 13.5-26.5 ka; χ2 <8).  

5.4.3 Qoa3a fan: Painted Hill area 
Qoa3a is one of seven distinct Late Pleistocene-Holocene alluvial surfaces 

truncated and offset by the Banning strand of the southern San Andreas Fault in 
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northwestern Coachella Valley (Figures 5.1, D1 and D5-7). Fourteen boulder dates from 

Qoa3a (n = 12) and Qoa3b (n = 2) yield a combined date of 61.2 +28.2/-16.7 ka (95% 

C.I. Range: 47.6-83.2 ka), excluding three outliers (27.6 ka, 29.8 ka, and 122.5 ka) 

(Figures 5.2c and D4). The most probable minimum exposure date is 47.6 ± 8.7 ka (2σ). 

We considered depth profile dates from models fit either to all nine intervals or all but the 

0 and 25 cm intervals, below which the 10Be concentrations decrease exponentially with 

depth (Figure D4; Table D2). No model curves fit the data with reduced χ2 statistics 

below the cutoff value (2.099 for 9 intervals; 2.372 for 7 intervals). However, best fit 

modal ages of 34.3 ka (variable density range with depth. Range: 1.8 and 2.4 g/cm3 below 

and above 50 cm depth, respectively) and 31.8 ka (constant density range with depth. 

Range: 1.8-2.4 g/cm3) from models with reduced χ2 < 10 are acceptable solutions 

compared to published examples. Soil development observations (Table D4) 

accompanying the depth profile logging suggest deposition between 100 kyr and 150 kyr.  

5.4.4 Age Interpretations  

5.4.4.1 Qfr 
The ages predicted by the youngest cobble date and both depth profile dates from 

Qfr are nearly all younger than the ~5.1 ka U-series date, which provides the minimum 

constraint (Figure 5.2a). The U-series date overlaps the lower uncertainty bound of the 

median clast date, and is consistent with the youngest non-outlying clast as well as the 

degree of soil development. The amalgamated pebble sample overlaps the upper bound of 

the median clast date, and it contains the same nuclide concentration as the pebbles in the 
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depth profile interval nearest the surface. Better consensus among the U-series and clast 

exposure dates suggests that the depth profiles do as not faithfully record time since 

deposition, and although the refined ~5-11 ka total age window is still wide, a preferred 

age bracketed by the 5.1 ± 0.4 ka (2σ) U-series date and the revised 7.1 +4.1/-2.4 ka 

(95% C.I.) median clast date would be difficult to improve upon and is probably accurate.  

5.4.4.2 T2 
The decrease in reference nuclide production rates since these dates were 

originally published brings the cobble samples into better agreement so that the median 

and most of the individual cobble dates overlap the U-series date (Figure 5.2b), although 

mostly within high positive 2-sigma errors. The boulders are consistently older and are in 

much better overall agreement with the U-series date. Although the preferred soil age of 

20-30 ka is too low, the 70 ka maximum soil age is consistent with the U-series and clast 

exposure dates as well. With most other constraints in broad agreement (except in this 

case the minimum cobble and boulder samples) it is again the depth profile date that 

predicts an incompatibly young age. Despite less drastic but still apparent inconsistencies 

in the U-series and clast exposure dates, as on Qfr, the T2 U-series measurements are 

critical in providing a minimum constraint and reducing the age range by about 30 kyr to 

45-60 ka.  

5.4.4.3 Qoa3a 
Lacking a minimum U-series constraint, the dating from Qoa3a is less 

comprehensive, and a satisfying age interpretation is hindered by measurements that 
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barely overlap at the extreme limits of their respective uncertainties (Figure 5.2c). The 

best-fit depth profile solution (~34 ka) is significantly lower than the ~61 ka boulder 

median, although the upper and lower ranges of these dates overlap. The difference 

between the depth profile and boulder dates could be attributed to inheritance in the latter 

(there is essentially zero inheritance in the depth profile), but soil development in the 

depth profile clearly indicates deposition (100-150 ka) much earlier than predicted by the 

exposure dates. The depth profile could be invalidated on the basis that it contains 

problematic concentrations in the upper intervals, but the boulder dataset is well behaved 

and unremarkable except in the unusual quantity and spatial extent of the boulder 

samples. The only boulder date to overlap the soil estimate is ~45 kyr older than the next 

oldest, a clear outlier, and interpreting the oldest clast exposure date as representative of 

surface age is indefensible given the likelihood of inheritance. Although in this case a 

satisfying age interpretation is illusive, the dates at least provide a foundation for more 

informed speculation regarding geomorphic history, and they again demonstrate the 

potential pitfalls of single chronometer dating.  

5.5 RECONCILING DEPTH PROFILE DATES 
Post depositional geomorphic processes are expected to have a greater affect on 

near-surface nuclide concentrations, so it is unsurprising that depth profile models, which 

are particularly sensitive to concentrations in the upper intervals, often yield puzzling 

results when compared to independent dates. We explore three scenarios using forward 

models of processes that might affect 10Be concentrations in depth profiles: post-
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depositional surface lowering, incremental deposition, and mixing and sediment 

infiltration (Figure 5.3). The concentration of in-situ produced cosmogenic 10Be is 

described in general by: 

 

Ctotal(t,z) = Cinh(z)e-tλ + Σi (Pi(z) . (λ - ρε/Λi)-1 . (1 - e-(λ + ρε/Λi)t)     (Equation1) 

 

(Lal, 1991; Niedermann, 2002) where t denotes exposure time in years, z is depth below 

the surface in cm, λ is the 10Be decay constant, ρ is density in g cm-3, ε is the erosion rate 

in cm yr-1, and Λ is attenuation length in g cm-2. Cinh represents the pre-deposition or 

inherited nuclide concentration and the subscript i signifies the production pathway. In 

our models we consider 10Be produced by neutron spallation and negative muon capture. 

P(z) is the nuclide production rate for the given pathway i, which is determined by: 

 

Pi(z) = Pi(0) . e-zρ/Λ   (Equation 2) 

 

If erosion is negligible or not relevant to the model, the production is calculated by the 

simplified formula: 

 

Ctotal(t,z) = Cinh(z)e-tλ + Σi (Pi(z) . λ-1 . (1 - e-tλ)        (Equation3) 
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Figure 5.3 Conceptual Models 
Conceptual models illustrating surface lowering (A), incremental deposition (B) and sediment infiltration 
(C). The nuclide concentration with depth (lower figures) will deviate from the expected curve in different 
ways with syn- or post-depositional geomorphic alteration of the alluvial sediments.  

5.5.1 Surface Erosion: Model Setup and Assumptions 
Although few examples exist in which independent dating is sufficiently robust to 

more than speculatively model the erosion required to explain observed discordance in 

dates, the effect of erosion or surface lowering on10Be concentrations is not a new 

concept and can modeled for both surface samples (Behr et al., 2010) and depth profiles 

(Granger and Riebe, 2014) using Equation 1. Erosion causes surface lowering and in 
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effect exhumes sediments from below the surface that were previously at positions more 

shielded from cosmic rays. In theory this results in artificially lower nuclide 

concentrations with depth, reducing the curvature of the expected model depth profile 

curve. In addition to the requirements of fast deposition and uniform inheritance, the 

primary assumptions in forward modeling erosion are that it has remained steady and 

uninterrupted since deposition, and that surface age is independently known. Because 

surface lowering on abandoned alluvial fans is expected to be low, < ~cm/kyr (refs), 

especially in arid environments, significant time must pass to allow the removal of 

enough material to measurably affect the depth profile curve, thus this model is most 

applicable to older Late Pleistocene surfaces, although with greater age the assumption of 

steady state erosion becomes more tenuous.  

5.5.2 Incremental Deposition: Model Setup and Assumptions 
 Steep or roughly vertical distributions of nuclide concentrations characterized 

noticeable scatter with depth may result in part from erosion, but are more effectively 

explained by incremental deposition. Depth profile models rely on the assumption of 

nearly coeval deposition of all sediments, but an incrementally deposited sediment 

package may resemble a single deposit if deposition recurrence is sufficiently rapid to 

prevent significant soil development. Semi-regular deposition of <meter-thick layers 

interrupts soil development and nuclide production, resulting in nuclide depth curves that 

in theory resemble saw teeth. Assuming no erosion, incremental deposition can be 

modeled using a variation of Equation 3: 
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Ctotal(tk,zj) = Cinh(zj)e-t
k
λ + Σi (Pi(zj) . λ-1 . (1 - e-t

k
λ)       (Equation 4) 

 

in which the subscripts k and j refer to deposition recurrence (tk = t1,t2,t3,…,tn years) and 

deposit thickness (zj = z1,z2,z3,…,zn cm), respectively, n is the same for both t and z, and 

the time tn since the final deposit zn is the independently constrained surface age. We 

ignore erosion because the incremental deposition model is only applicable when surface 

age and total accumulation time are relatively young, e.g. Latest Pleistocene and 

Holocene. Two requirements must be fulfilled for the model to explain discrepant depth 

profile measurements: 1: deposit recurrence (tk) must be rapid (<1-2 kyr); and 2: sediment 

accumulation time (tn - t1) and post-abandonment surface exposure time (tn) must be 

similar. First, excavations that encounter evidence of intermittent prolonged surface 

exposure (long deposit recurrence) are typically abandoned, so to mistake incrementally 

constructed alluvium as a single deposit, deposition recurrence intervals must be short 

enough to prevent recognizable evidence of surface stability (e.g., paleosols). Second, 

total accumulation time (tn - t1) depends on deposit thickness (zj), but it cannot be 

negligible compared to the surface exposure time (tn, the time since deposition ceased) or 

it becomes proportionally small (i.e., comparatively instantaneous) and nuclide 

concentrations will decrease exponentially as expected. Assuming individual coarse 

clastic alluvial deposits are ~20-30 cm thick or more, these considerations effectively 

limit the application of incremental deposition models to surfaces with exposure ages of 

less than about 20 kyr.  
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5.5.3 Mixing and Infiltration: Model Setup and Assumptions 
Nuclide concentrations that decrease regularly below a certain depth but that are 

scattered or vertically distributed at shallow depths (~<50 cm) below the surface are 

common in the literature and logically explained as the result of bioturbative mixing or 

human activities. On a non-eroding, vertical mixing averages the production rate and thus 

the nuclide concentration within the mixed zone, which is represented by a variation of 

Equation 3: 

 

Ctotal(t,z) = Cinh(z)e-tλ + Σi (Pi(z) . λ-1 . (1 - e-tλ)  . zmix
-1       (Equation 5) 

 

where zmix is the depth in cm below the surface that mixing occurs and t is the 

independently constrained surface age. The nuclide concentration for depths lower than 

zmix are simply calculated using Equation 3 evaluated from zmix + 1 to the base of the 

deposit. This produces a step in the nuclide distribution at zmix below which Ctotal 

decreases regularly and above which Ctotal is vertical. This concept was first formalized by 

(Granger and Riebe, 2014), and we have built a modified version of this model that 

evaluates Ctotal at multiple time steps. The nuclide concentration expected when a surface 

is both mixed and eroded is given by a modified Equation 1: 

 

Ctotal(t,z) = Cinh(z)e-tλ + Σi (Pi(z) . (λ - ρε/Λi)-1 . (1 - e-(λ + ρε/Λi)t) . zmix
-1     (Equation 6) 
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for sediments between z0 and zmix. Concentrations below zmix are calculated using Equation 

1. This yields a similar stepped nuclide distribution, although the nuclides in the mixed 

zone become relatively enriched so that on average they should be similar to the 

concentration predicted where the expected (non-mixed) depth profile curve intersects the 

surface. Enrichment occurs because erosion of a mixed surface removes sediments 

containing only the average concentration, whereas erosion of an unmixed surface 

removes the highest-concentration sediments (Granger and Riebe, 2014).  

 Allochthonous sediments may also affect near-surface nuclide concentrations in 

mixed deposits, particularly in windy areas where a ready supply of mobile aeolian sand 

may thinly mantle the surface or in tectonically active areas where sediments up to pebble 

size may infiltrate along coseismic fractures. Whether this has a diluting or enriching 

effect depends on the nuclide concentration in the allochthonous sediments relative to the 

average in-situ concentration and the relative volume or proportion of new sediments 

added. In these models Ctotal
 is calculated using Equations 5 or 6, depending on if erosion 

is assumed, and then adjusted using a dilution equation: 

 

Ctotal-A = [(Aprop . CA) + (Ctotal)]/( Aprop + 1)     (Equation 7) 

 

where Aprop is the proportion of material with the nuclide concentration of the 

allochthonous sediments CA, relative to the total in-situ concentration Ctotal and is <1 for 

dilution and >1 for enrichment. CA is either independently measured from surface sand or 
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assumed to be equivalent to the inheritance implied by nuclide concentration of the 

lowest (or least) depth profile sample.  

 

5.5.4 Erosion and surface lowering: Qoa3a and T2  
Calculating total erosion and erosion rate for T2 and Qoa3a is in theory 

straightforward but is sensitive to relatively small adjustments in sediment density, a 

quantity that is not precisely known for Qoa3a or T2. Bracketing density to between 1.8 

and 2.2 g cm-3 to maintain consistency with the age models results in a range of possible 

erosion rates (Figures 5.4 and D8). Below 50 cm depth the nuclide concentrations in the 

Qoa3a profile decrease exponentially, and assuming deposition at 61 ka, are consistent 

with 50-150 cm of erosion, or erosion rates of 0.8 to 2.5 cm/kyr, depending on density 

(Figure 5.4a). Assuming T2 deposition at 45 ka (U-series date), the range in densities and 

the scatter in the data with depth cause several model curves to fit reasonably well 

assuming 150-400 cm of erosion, or rates between roughly 3 and 9 cm/kyr (Figure 5.4b). 

For the T2 profile, which is defined by large granitic boulders, the average density is 

almost certainly closer to 2.2, if not higher, so we consider the lower end of the erosion 

calculations to be more probable. The Qoa3a depth profile is not similarly coarse, but was 

well cemented and difficult to sample, and if the 61 ka median clast date is a maximum 

then the lower erosion constraints are more likely for this surface as well.  

These rates are generally faster than other erosion rate estimates from this region, 

which tend not to exceed ~1 cm/kyr (Owen et al., 2014; Matmon et al., 2006; Blisniuk et 
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al., 2012; Machette et al., 2008). Although not strictly comparable, long-term (4-1 Ma) 

paleoerosion rates and Late Pleistocene catchment averaged erosion rates from nearby 

drainages cored by variably consolidated sedimentary rocks also indicate erosion rates of 

<1 cm/kyr (Gray et al., 2014; Oskin et al., 2017). Qoa3a is situated within a ~5° 

restraining bend in the Banning Fault, so transpressional uplift may be responsible for its 

steep slope – it dips roughly 9° whereas other notable fan complexes dip ~3-5°. 

Regardless of origin, the steepness may have accelerated erosion. The surface of T2 

shows signs of erosional modification, with deep incision near the apex of the fan at the 

mouth of the catchment and >m deep channeling on the downstream section. A 

systematic correlation between clast height with age on T2 may also reflect up to a meter 

of surface lowering, or a rate of ~2 cm/kyr (Behr et al., 2010). Surface lowering at least 

partially explains the T2 depth profile, although expecting more than a meter of lowering 

on this surface becomes problematic because it suggests a period of shielding for all the 

boulders unless they lowered with the surface. Surface lowering of less than a meter 

seems reasonable for Qoa3a, especially if its age is closer to that suggested by the soils, 

but erosion and lowering cannot explain the upper measurements in the Qoa3a profile, 

nor can surface lowering explain the nuclide distribution in the Qfr depth profiles.  
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Figure 5.4 Erosion Models 
Concentration with depth curves for increasing magnitudes of surface lowering fit to the Qoa3a (left) and 
T2 (right) measured 10Be concentrations. Higher than expected erosion can explain the T2 data and the 
lower Qoa3a data.  

5.5.5 Incremental deposition: Qfr  
With a likely exposure age of 5-7 ka, the Qfr sand depth profile should exhibit a 

greater degree of curvature (Figures 5.5a, D9), but the roughly vertical measured nuclide 

distribution can only be explained by unlikely degrees of erosion (~1-3 m) or variation in 

inheritance (a few hundred to >3000 years) (Figure 5.5a). Instead, incremental deposition 

models for surface exposure since 5.1 ka  (U-series date) and 7.1 ka (median clast date) in 

which five 40 cm deposits occur every 1400 years fit the Qfr data data fairly well (Figure 

5.5b). The 5.1 ka and 7.1 ka models also fit well with 1 kyr deposit recurrence after 

inheritance equivalent to the number of nuclides produced over one recurrence interval is 

subtracted (Figure 5.5c). In both examples the measurements do no all fall precisely on 

the model curve, which can be explained by minor variability in inheritance, or it could 
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signal variability in deposit thickness and recurrence. Adjusting the models to account for 

variability produces a more precise, if not remarkably different, fit to the Qfr sand data 

(Figure 5.5d), but without independent dates at various depths it is difficult to verify 

whether the variability is realistic rather than an over-interpretation of the data. 
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Figure 5.5 Incremental Deposition Models  
Incremental deposition models fit to the Qfr sand depth profile data. The measured nuclide distribution 
does not exhibit the curvature expected for a surface that has been stable for 5.1 ka (U-series date) to 7.1 ka 
(10Be clast median), and cannot be explained with reasonable levels of surface lowering (A). Sub-meter 
scale incremental deposition can explain the observed nuclide measurements. When deposit thickness and 
timing are held constant, the data can be fit by relatively simple models without (B) or with (C) a uniform 
inherited concentration. More complex models with variable deposit thickness and timing may yield a more 
precise fit (D) but may also represent an over-interpretation of the available data.  
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Testing whether incremental deposition occurs at sub-meter scales in these 

environments requires independent dates of sediment burial from OSL or radiocarbon. 

Frankel et al. (2015) dated a large alluvial fan complex using parallel depth profile and 

OSL dating, rejecting the depth profile and interpreting a 3.2 ka surface age from the 

OSL. This is recent enough that the near vertical measured nuclide distribution, which is 

decently approximated by a 3.2 ka depth profile curve, is expected without incremental 

deposition (Figure 5.6). However, six OSL dates vary from 2.9 ka at 56 cm depth to 5.8 

ka at 200 m depth, clear evidence that the upper 2 m of the fan were not the product of a 

single event (Figure 5.6). A variety of uniform and variable incremental deposition 

models can account for most of the nuclide measurement, but some more complex 

models that fit the nuclide measurements better also predict cumulative exposure times 

that are incompatible with the OSL dates, demonstrating yet another instance in which 

interpretations benefit from independent dates.  More complex models that assume much 

longer time increments (or much greater inheritance) can also be generated to fit datasets 

like the Qfr pebble profile (Figure D9), but again, tuning the models to a high degree of 

precision requires a greater number of unverifiable assumptions that, as the example from 

Frankel et al. (2015) demonstrates, may be erroneous. Although verifying how widely 

applicable incremental deposition models may be will require more measurements, they 

may in many cases satisfactorily explain unexpected nuclide distributions and 

incompatible dates from younger surfaces, while problematic data from older surfaces 

must be the result of other processes like surface lowering, sediment mixing and 

infiltration of allochthonous sediments. 
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Figure 5.6 Validation of Incremental Deposition Model with OSL 
Comparison of incremental deposition solution to OSL dates using data from Death Valley measured by 
Frankel et al. (2015). Cumulative exposure ages for layers deposited every 500 years (shaded gray fields) 
roughly match OSL dates that increase with depth. Although the surface is appears to be young enough that 
a vertical nuclide distribution is expected, the OSL dates validate a simple incremental deposition model.  

5.5.6 Sand Infiltration: Painted Hill Qoa3a 
 Noticeably low nuclide concentrations in near-surface intervals are common in 

depth profiles and are usually attributed to bioturbative mixing. Complete mixing of the 

upper ~50 cm of soils and alluvial material has been shown using OSL dating to occur 

over millennial time scales (Gliganic et al., 2016; 2015). In such cases, the measured 

nuclide concentrations should average over the mixed depth, and thus be greater than the 

first non-mixed interval below (Granger and Riebe, 2014). Assuming exposure equivalent 

to the median boulder date (61 ka), a model with mixing only explains no part of the 
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Qoa3a profile (Figure 5.7a). This is in part because as demonstrated in section 5.5.4, the 

Qoa3a nuclide concentrations have likely been altered by erosion (Figure 5.4a). In theory, 

when a mixed surface is also eroding, new nuclides continue to be produced and mixed, 

but only the average value is removed (Granger and Riebe, 2014), effectively enriching 

the nuclide concentration in the mixed zone to a level closer to that expected at zero 

depth. While this model fits the measurements below 50 cm as expected, it still does not 

explain shallower intervals (Figure 5.7b).  

A potential process for diluting nuclide concentrations at the top of depth profiles 

is infiltration of allochthonous sands. These may be incorporated bioturbatively, but on 

surfaces adjacent to active faults, infiltration may also occur along coseismic fractures. At 

the northwestern end of the Coachella Valley, most surfaces are today at least partially 

mantled by aeolian sand transported by persistent west winds, providing a steady source 

of mobile sediments to fill fractures generated by earthquakes that probably recur every 

thousand years or less along the Banning Fault. The amount of sand needed to produce 

the a nuclide distribution similar to the Qoa3a depth profile depends on the nuclide 

concentration of the infiltrating material, which we did not measure but we necessarily 

assume to be relatively low in order for it to have a diluting effect. Although sediment 

infiltration is likely complex and non-linear over geologic time, modeling the effects of 

sediment infiltration on the nuclide curve is fairly straightforward to a first order. 
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Figure 5.7 Mixing and Erosion Models 
Models showing the effects of mixing, erosion and dilution by sediment infiltration on the expected nuclide 
curves. Sediment in the upper 50 cm of the surface is fully mixed every thousand years. Without erosion, 
the nuclide concentration in the mixed zone is an average (A). With erosion, the nuclide concentration in 
the mixed zone is enriched and should be equivalent to the maximum expected along the concentration 
curve (B). Explaining the Qoa3a data requires mixing, erosion and infiltration of lower concentration 
allochthonous sediments (C).  
 

Figure 5.7c shows the expected nuclide concentration curves if allochthonous 

sand with a concentration equivalent to that of the lowest measured sample in the Qoa3a 

profile is incorporated at a ratio of 0.05:1 new to existing material every 1000 yr, 

uniformly mixed to 50 cm depth and subject to a 2 cm/kyr surface lowering rate over the 
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past 61 kyr (median boulder date). The fit to the measured concentrations is not perfect, 

but the combination of mixing, surface lowering and dilution by infiltration satisfactorily 

explains the mismatch between the data and an expected 61 ka concentration curve, 

whereas both mixing and mixing with surface lowering models cannot. The potential for 

sediment infiltration to affect nuclide concentrations in more mobile grain sizes suggests 

a potential advantage in sampling larger clasts when dating depth profiles.  

5.5.4 Clast Size Dependence in Depth Profiles 
Theoretically, systematic clast size dependence should not affect the depth profile 

age because in a single homogenous deposit, clast sizes that differ only by a uniform 

inherited concentration should define different but still parallel curves. To the best of our 

knowledge, different grain sizes have been measured from the same depth profile in only 

four cases, all of which produced unique results. In sand and pebble profiles measured by 

Oskin et al. (2008), nuclide concentrations were 10-20% greater in pebbles, but the 

datasets defined parallel curves and yielded the same date. Sand and pebble samples 

measured by Ruszkiczay-Rüdiger et al. (2016) from a fluvial terrace also yielded 

compatible ages, but in this case the different grain sizes contained similar concentrations 

at equivalent depths and defined essentially overlapping curves, although concentrations 

decreased with depth more erratically in sand, while the pebble decreased ideally. Hidy et 

al. (2010) found essentially the opposite: sand and pebbles contained similar 

concentrations in only 2 of 6 intervals, and the sand, not the pebbles, exhibited an ideal 

decrease in concentration with depth, yielding a model age that matched independent 
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OSL dates. The Qfr sand and pebble profiles provide yet another unique comparison 

(Figure D2). Nuclide concentrations are nearly identical between 90 and 150 cm depth, 

but do not overlap within error at 30, 60 and 180 cm depth. If the uppermost pebble 

sample is disregarded, the two profiles are roughly similar and yield model ages that 

agree within error, but neither agrees with independent dates.  

Of the 20 depth profile intervals in which nuclides were measured in both sand 

and pebbles, concentrations were about the same in 7 intervals, greater in the pebbles in 

11 intervals, and greater in the sand in 2 intervals. The comparisons prompted these 

authors to rely on profiles from both clast sizes, the pebble profile only, the sand profile 

only, or neither (Oskin et al., 2008; Ruszkiczay-Rüdiger et al., 2016; Hidy et al., 2010). 

Pebbles contain higher nuclide concentration about half the time, providing tenuous 

support for systematic grain size dependent inheritance. Good agreement between sand 

and pebbles only occurs below ~50 cm depth, perhaps a consequence of the near surface 

mixing that is more likely to affect sand than pebbles. However, whether sand or pebbles 

samples are more appropriate is likely a function of several geomorphic and 

environmental factors and testing which is most reliable may best be accomplished 

empirically by measuring nuclide concentrations in both at many more sites.  

5.6 DISCUSSION 
 The variability between dates measured using different methods is too 

pronounced at these sites to be attributed to analytical uncertainties, nor are these 

measurements anomalous in the range of surface ages they predict when compared to the 
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literature. Rather, external processes that uniquely affect each method can cause dates to 

over- or underestimate surface ages. Although this may not always occur, it is unrealistic 

to expect that these geochronometers will constrain surface ages with complete accuracy 

or to be inaccurate by a consistent percentage, which suggests that the actual uncertainties 

in surface ages interpreted from single-chronometer dates are often underappreciated. 

While the possibility of ballooning uncertainties might discourage the use of multiple 

methods, the measurements from Qoa3a, Qfr, and T2 show that in the context of 

complimentary dates, problematic results can be invalidated, wide uncertainties 

truncated, and age interpretations refined. All three datasets demonstrate that 

comprehensive, multi-chronometer approaches to surface dating result in better-informed 

age interpretations and that inevitable discordance dates is the product geomorphic 

processes that affect all measurements, but that are quantifiable only with multiple 

independent constraints.   

  Individually, any one of the independent datasets from Qoa3a, Qfr or T2 could be 

(or is already) a publishable, stand alone surface age. None were arrived at using 

unfamiliar or unique models or assumptions, and all are comparable to published 

examples. Whether or not any of these datasets should alone inform a published age 

interpretation is less certain, because together they suggest ranges of possible ages that 

are much greater than any single method predicts. Soils, U-series pedogenic carbonate, 

two cosmogenic depth profiles, amalgamated surface pebbles, and 8 surface clasts all 

yield individually supportable dates for Qfr. Together these dates suggest deposition at 

virtually any point throughout the Holocene. Similarly, soils, U-series, 20 cobbles, and 11 
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boulders suggest individually viable dates for T2, but together suggest deposition 

anywhere between 13 and 60 ka. The dates from Qoa3a, based on soils, 14 boulders and a 

depth profile predict ages that span more than 100 kyr. Assuming each date is valid, these 

ranges represent real uncertainties in the surface ages that would not have been captured 

by a single geochronometer.   

Several advantages of multi-chronometer dating become evident when 

interpreting ages. The first, as noted previously by several authors (Behr et al., 2010; 

Fletcher et al., 2010; 2011; Blisniuk et al., 2012; Rockwell et al., 2018), is that U-series 

dating of pedogenic carbonates provides a reliable lower limit that significantly narrows 

the potential age range. The overlap between U-series dates and the lower limit of the 

median clast dates at both sites is the expected relationship, lending additional support to 

the reliability of the U-series dates and the interpretation of the median clast exposure 

dates as maximum constraints. In all three cases the range of dates supplied by 

independent methods is wide enough to illustrate the potential risks of single chronometer 

dating, but in all three cases, especially Qfr and T2, multi-chronometer dating allows for 

a greater degree of confidence in what the surface age likely is and is not. Finally, the 

four depth profiles yield nuclide concentrations that vary unexpectedly with depth and 

produce dates that are consistently younger than other constraints. This could be the 

result of unrecognized sampling and analysis errors, but it is more likely that post-

depositional processes cause nuclide concentrations to diverge from the theoretical value.  

The measurements from these sites demonstrate that although the processes that 

cause independent dates to diverge are difficult to constrain, discordance between 
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independent measurements may elucidate geomorphic histories. Two meters of 

deposition in a single event may be a dubious assumption when sampling depth profiles 

from small, arid region alluvial surfaces like the Qfr sand profile. However, a simple 

incremental deposition model can reconcile this depth profile measurements with the 

independent dates, while restrictions in the model parameters necessarily place limits on 

reasonable sedimentation rates. Higher confidence in other dates from T2 and Qoa3a 

allows for better informed depth profile modeling, and in both cases the depth profile 

dates can be largely explained by Late Quaternary surface lowering rates of 1-3 cm/kyr. 

These rates are higher than the few other estimates in this area, but are based on more 

data. Neither erosion nor bioturbation can adequately explain nuclide concentrations in 

the upper half-meter of the Qoa3a depth profile. Instead, the problematic measurements 

may signify non-trivial nuclide dilution by allochthonous sediments; however, the 

parallel depth profiles from Qfr and in the literature provide little clear indication of what 

sample size may most often result in the most reliable depth profile dates. Although it is 

more resource intensive, the examples from Qfr, Qoa3a and T2 all highlight the potential 

perils of single chronometer dating, they demonstrate that multiple independent dates 

lead to better-informed interpretations of what is, and is not, a reliable surface age, and 

they show that discordant dates may provide opportunities for quantifying geomorphic 

processes.  
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5.7 CONCLUSIONS 
Datasets of multiple independent geochronologic measurements from three alluvial 

fans show the importance of multi-chronometer dating for interpreting surface ages and 

quantifying geomorphic processes. The primary conclusions of this study are as follows: 

 

• Discordance between independent Quaternary geochronometers is too great to be 

attributed to analytical uncertainties only but must be related to pre-, syn-, or post-

depositional geomorphic processes.  

• Disagreement between independent dates is likely inevitable, but multi-

chronometer dating provides the best context for bracketing what the surface age 

most likely is or is not.  

• Discrepancies between independent dates are the result of quantifiable 

geomorphic processes that cannot be constrained, or often even recognized, with 

single chronometer dating. 

• Forward models of nuclide concentration with depth show that <m incremental 

deposition, surface lowering, and sediment mixing and infiltration can explain 

cosmogenic depth profiles that disagree with higher-confidence independent 

dates.  

• Uncertainties in surface ages and deformation rates based on single chronometer 

dating may often be underappreciated.  

• Late Quaternary surface lowering rates on abandoned alluvial fans in southern 

California may be faster than generally supposed.   
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Chapter 6: Project Summary 

This work contributes geologic slip histories for two faults in the southern San Andreas 

Fault system and provides insight into the effects of geomorphic processes on the 

geochronologic dates upon which fault slip histories critically depend. The primary 

contributions of each of these studies are as follows: 

CHAPTER 2 KEY POINTS 

•  Structural measurements and geomorphic observations suggest that slip is 

transferred from the Mission Creek strand to the Banning strand in the 

northwestern Indio Hills, west of Thousand Palms Canyon. 

•   The quantitatively constrained Holocene geologic slip rate for the Banning strand 

is 4-5 mm/yr since ~5.1-6.4 ka. This is a minimum slip rate for the Banning 

strand, since some slip may be transferred to the Garnet Hill strand before 

reaching the Painted Hill slip rate site.  

•    4-5 mm/yr of slip therefore enters San Gorgonio Pass. This is a minimum because 

the slip rate for the Garnet Hill strand is unknown. 

•   4-5 mm/yr represents only ~25-35% of the total amount of slip accommodated by 

the Coachella Valley segment of the San Andreas Fault, implying that slip is less 

concentrated on the Banning strand than previously thought. 

•   The more prominent geomorphic expression of the trace of the Banning strand 

relative to the Garnet Hill and Mission Creek strands cannot be explained by a 

faster slip rate and may instead indicate more recent surface rupture or result from 

other factors favoring geomorphic preservation of the fault trace.  
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•   Although current seismic hazard models may not be incorrect in assuming that the 

next southern San Andreas Fault earthquake will rupture the Banning strand, they 

should consider other scenarios in which the Banning and Garnet Hill strands 

rupture together or are completely bypassed in favor of the Mission Creek strand 

or where all three faults rupture together. 

•   Because our understanding of the geomorphic processes that contribute to the 

formation, stabilization and evolution of alluvial deposits is incomplete, use of 

multiple complimentary geochronometers may help to reduce the likelihood that 

erroneous depositional ages will be interpreted from dates that are incorrect 

because of unknown epistemic uncertainties.  

CHAPTER 3 KEY POINTS 

• The first quantitatively constrained geologic slip rates for the Agua Blanca Fault 

suggest most probable Late Quaternary rates of ~3 mm/yr, less than previous 

estimates based on soil development dating. 

• These rates are accompanied by formally propagated uncertainties, providing the 

first geologic slip rate estimates that are appropriately compared to deformation 

rates along other SAF-Big Bend Domain faults and incorporated into regional 

hazard evaluations. 

• The new rates are based on ages interpreted from cosmogenic 10Be exposure 

dating and optically stimulated luminescence dating. Offsets were measured using 

newly acquired airborne lidar collected along the western 70 km of the fault.  
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• Measurements at the Las Animas site along the western, Punta Banda section of 

the ABF suggest slip rates of 3.0 +1.4/-0.8 mm/a since ~21.8 ka and 2.8 +0.8/-0.6 

mm/a since ~65.1 ka. 

• Measurements at two sites along the central, Valle Agua Blanca section of the 

ABF suggest  slip rates of 3.4 +0.8/-0.6  mm/a since ~11.7 ka and 3.0 +3.0/-1.5 

mm/a since ~1.6 ka. 

• These new rates suggest that at least half of the total plate boundary strain 

accommodated across northern Baja California is partitioned on to the Agua 

Blanca Fault; the remaining slip is likely distributed on to faults between the ABF 

and the San Miguel-Vallecitos Fault. 

• The offshore extension of the Agua Blanca Fault, the Coronado Bank Fault and its 

northern extension, the Palos Verdes Fault, must also accommodate at least 3 

mm/a.  

CHAPTER 4 KEY POINTS 

• We report the first multi-earthquake paleoseismic slip history for the Agua Blanca 

Fault, the primary structure transferring dextral San Andreas plate boundary slip 

across the Peninsular Ranges of northern Baja California. 

• Two trenches across the Valle Agua Blanca section of the ABF reveal evidence 

for a minimum of seven surface rupturing earthquakes since ~6.7 ka, suggesting 

an average recurrence interval of ~1000 years. 
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• The coefficient of variation between events is 0.55, suggesting variable slip or an 

incomplete earthquake record. 

• Slip-per-event measured at a location near the trench site suggests ~2.5 m of 

lateral slip in the penultimate and most recent earthquakes. 

• Paleoseismic, slip-per-event, and slip rate measurements are consistent over the 

past 1.6-1.4 ka and suggest that whether or not slip is variable, the ABF is 

unlikely to produce a large, damaging earthquake in the near future.  

CHAPTER 5 KEY POINTS 

• Discordance between independent Quaternary geochronometers is too great to be 

attributed to analytical uncertainties only but must be related to pre-, syn-, or post-

depositional geomorphic processes.  

• Disagreement between independent dates is likely inevitable, but multi-

chronometer dating provides the best context for bracketing what the surface age 

most likely is or is not.  

• Discrepancies between independent dates are the result of quantifiable 

geomorphic processes that cannot be constrained, or often even recognized, with 

single chronometer dating. 

• Forward models of nuclide concentration with depth show that <m incremental 

deposition, surface lowering, and sediment mixing and infiltration can explain 

cosmogenic depth profiles that disagree with higher-confidence independent 

dates.  
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• Uncertainties in surface ages and deformation rates based on single chronometer 

dating may often be underappreciated.  

• Late Quaternary surface lowering rates on abandoned alluvial fans in southern 

California may be faster than generally supposed.  
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Appendix 

APPENDIX A: SUPPLEMENT TO CHAPTER 2 

A1. Offset model workflow 
Identifying the axis of the Qfr alluvial fan required multiple steps using ArcGIS 

and Matlab. The workflow we used, and which is presented below, is practically used for 

topographic analysis of a few fans, but because of the need to export each contour as a 

separate .xyz file, it is too slow to be appropriate for analyses of tens of fans. This is a 

‘hack job’ for both the ArcGIS and Matlab steps; those better at coding in Arc and 

Matlab would without a doubt make this a much faster process. We will present a 

significantly more streamlined version of this workflow fully implemented in Matlab in a 

subsequent publication. However, for this study, the following steps in ArcGIS and the 

Matlab code copied below describe how we identified the offset axis of Qfr.  

 

B4 airborne LiDAR data for the Banning Fault was downloaded from Open Topography 

(opentopography.org).  

 
In ArcGIS (v10.1 and 10.2 were used):  
 

1. Generate slopeshade and aspect map from LiDAR DEM (not strictly necessary 
but useful for visualizing).  

a. Spatial Analyst Tools > Surface > Hillshade or Aspect; 
2. Generate contours (the contour interval depends on how large the fan is, the 

resolution of the data, and the number of contours the user deems a minimum for 
adequately capturing the fan curvature.  

a. Spatial Analyst Tools > Surface > Contour; 
3. In ArcCatalog, create a new polygon Shapefile. This polygon will be used to 

isolate (Clip) just the contours that describe the curvature of the fan. 
a. In Catalog: Right click > New > Shapefile; 
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b. Feature Type :Polygon; 
c. Select UTM coordinate system (the Matlab script will only deal with 

coordinate in meters); 
d. Critical: Select the ‘Contours will contain Z values’ box at the bottom of 

the New Shapefile dialog window; 
e. Create the polygon and Add it to the ArcMap project; 

4. Use the Editor draw a polygon that encompasses the contours needed. In our 
analyses we usually created a polygon that covered the upper 10-15 contour lines.  

a. Editor > Start Editing > select the polygon Shapefile just added; 
i. Draw the polygon, Save Edits, Stop Editing; 

5. Clip out and save the contours encompassed by the polygon: 
a. Data Management Tools > Raster > Raster Processing > Clip (or Analysis 

Tools > Extract > Clip); 
i. Input Raster is the contour layer; 

ii. Output extent is the polygon; 
iii. Output raster will be the contours for just the fan of interest; 

6. (This could also be done by clipping the DEM with the polygon and generating 
the contour data for the clipped DEM).  

7. Export individual contours as separate Shapefiles: 
a. Open the clipped contour file in editor (although it won’t actually be 

edited), Editor > Start Editing > select the clipped contour shapefile; 
b. Use the Edit Tool pointer to select one of the contours, it should be 

highlighted a cyan color when selected; 
c. On the Table of Contents panel to the left, right click on the contour layer, 

go to Data > Export Data; 
d. In the dialog window that appears, the ‘Export’ field should say ‘Selected 

Features’, the file type should be Shapefile; 
8. Export individual contours as text files: 

a. 3D Analyst Tools > Conversion > From Feature Class > Feature Class Z 
to ASCII; 
 

 
Matlab 
 
Download the fitcircle.m from: 
http://www.mathworks.com/matlabcentral/fileexchange/15060-fitcircle-m 
 
%script for fitting circles to files in text format. 
 
 
%cd('/Users/pogo/Documents/MATLAB/ctour_analysis/PV/indv_fan_xyz/fan60_text_files'); 
 
hold all 
 
data = transpose(dir( '*.txt' )); 
    for file = data; 
        disp( file.name ) 
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        FileName = (file.name); 
        points = dlmread(FileName); 
 
        xs = transpose(points(:,1)); 
        ys = transpose(points(:,2)); 
        x = [xs; ys]; 
 
        % Find the linear least squares fit 
        [zl, rl] = fitcircle(x, 'linear'); 
        zl_results = [zl(1,:), zl(2,:), rl(1,:)]; 
        dlmwrite('zl_results.txt', zl_results,'delimiter', ' ', '-
append','precision',10); 
 
        dlmwrite('zall_results.txt', zl_results,'delimiter', ' ', '-
append','precision',10); 
 
        % Find the best geometric fit 
 
        [zn, r] = fitcircle(x); 
        zn_results = [zn(1,:), zn(2,:), r(1,:)]; 
        dlmwrite('zn_results.txt', zn_results,'delimiter', ' ', '-
append','precision',10); 
 
        dlmwrite('zall_results.txt', zn_results,'delimiter', ' ', '-
append','precision',10); 
 
        % And plot the results 
        t = linspace(0, 2*pi, 100); 
        plot(x(1,:), x(2,:), 'g.', ... 
            zl(1) + rl * cos(t), zl(2) + rl * sin(t), 'k--', ... 
            zn(1)  + r  * cos(t), zn(2)  + r * sin(t), 'r',... 
            zl(1,:), zl(2,:), 'k.',... 
            zn(1,:), zn(2,:), 'r.'); 
 
        axis equal 
        title('Minimising the geometric error') 
        legend('Contours', 'zl-best fit minimising algebraic error', ... 
            'zn-Best fit minimising geometric error') 
 
    end 
 
    hold on 
 
    %fit liner least squares regression to circle centers for each group, 
    %using polyfit 
 
        v = axis; 
        xLim = v(1:2); 
 
        zl_ctrs = dlmread('zl_results.txt'); 
        zl_xctr = zl_ctrs(:,1); 
        zl_yctr = zl_ctrs(:,2); 
        zl_p = polyfit(zl_xctr, zl_yctr, 1); 
        zl_f = polyval(zl_p, xLim); 
        plot(xLim, zl_f, 'k--'); 
        xlim([v(:,1) v(:,2)]); 
        ylim([v(:,3) v(:,4)]); 
 
 
        zn_ctrs = dlmread('zn_results.txt'); 
        zn_xctr = zn_ctrs(:,1); 
        zn_yctr = zn_ctrs(:,2); 
        zn_p = polyfit(zn_xctr, zn_yctr, 1); 
        zn_f = polyval(zn_p, xLim); 
        plot(xLim, zn_f, 'r'); 
        xlim([v(:,1) v(:,2)]); 
        ylim([v(:,3) v(:,4)]); 
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    %find linear best fit to all centers 
 
        zall_ctrs = dlmread('zall_results.txt'); 
        zall_xctr = zall_ctrs(:,1); 
        zall_yctr = zall_ctrs(:,2); 
        zall_p = polyfit(zall_xctr, zall_yctr, 1); 
        zall_f = polyval(zall_p, xLim); 
        plot(xLim, zall_f, 'b'); 
        xlim([v(:,1) v(:,2)]); 
        ylim([v(:,3) v(:,4)]); 
 
     %find r-squared values 
 
        zl_yfit = polyval(zl_p,zl_xctr); 
        zl_yresid = zl_yctr - zl_yfit; 
        zl_SSresid = sum(zl_yresid.^2); 
        zl_SStotal = (length(zl_yctr)-1) * var(zl_yctr); 
        zl_rsq = 1 - zl_SSresid/zl_SStotal; 
 
        zn_yfit = polyval(zn_p,zn_xctr); 
        zn_yresid = zn_yctr - zn_yfit; 
        zn_SSresid = sum(zn_yresid.^2); 
        zn_SStotal = (length(zn_yctr)-1) * var(zn_yctr); 
        zn_rsq = 1 - zn_SSresid/zn_SStotal; 
 
        zall_yfit = polyval(zall_p,zall_xctr); 
        zall_yresid = zall_yctr - zall_yfit; 
        zall_SSresid = sum(zall_yresid.^2); 
        zall_SStotal = (length(zall_yctr)-1) * var(zall_yctr); 
        zall_rsq = 1 - zall_SSresid/zall_SStotal; 
 
 
 
        annotation('textbox',... 
            [0.15,0.8,0.2,0.1],... 
            'String',{['zl-rsq =' num2str(zl_rsq)],... 
            ['zn-rsq =' num2str(zn_rsq)],... 
            ['zall-rsq =' num2str(zn_rsq)]}); 
 

 
 
 

A2 10Be sample processing and error propagation 
Cobbles were collected from topographic bars to reduce the likelihood that they 

had been more recently exposed at the surface (e.g., by incision of a channel or swale). 

We did not collect cobbles that appeared disproportionally varnished compared to the 

average surface clast in order to avoid colleting samples with high inherited 10Be 

concentrations. We also favored clasts with texturally smooth surfaces in order to avoid 

weathered clasts, which would result in artificially low 10Be concentration. When 
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possible, we chose clasts that were firmly nested among other clasts to minimize the 

likelihood that they had rolled or moved after deposition. To sample the two boulders on 

Qfr we removed the top <5 cm of each boulder with a masonry chisel and sledge 

hammer. All samples were quartzites or of quartz-bearing granitic composition. We 

sampled the depth profile at 30 cm intervals by using a 1 inch putty knife to scrape 

sediments into a zip-lock bag. The vertical height of each interval was ~4 cm due to 

collapse of less well-compacted alluvium.   

At the University of Texas, we removed the top <5 cm from the thicker cobbles 

for crushing and mineral separation. Boulders, cobbles, and amalgamated pebble samples 

were pulverized using a jaw crusher and then reduced to <1 mm diameter grains using a 

disc mill. Each sample was then screen sieved to isolate the 250-500 μm size fraction. 

The depth profile samples were not crushed or milled prior to sieving to 250-500 μm and 

are not amalgamated depth profile samples; we analyzed only the sand fraction from the 

depth profiles and saved the remainder. Depth profiles were washed in tap water to 

remove dust, rinsed in acetone and oven-dried at 40° C. Magnetic material was removed 

first by hand magnet and then using a Frantz electromagnetic separator (set to 1.5 A with 

a 25° forward and 15° left tilt) until ~100 g of non-magnetic sample was separated.  

All remaining steps were performed at the Scottish Universities Environment 

Research Centre (SUERC) AMS Laboratory. After etching in HNO3 and HF, we used a 

froth-floatation technique to remove most of the feldspar from the sample. Quartz 

separates were then washed in Hexafluorosilicic acid for up to 3 days to dissolve any 

remaining feldspar and then etched for three 24-hour periods in 16% and 8% HF to 
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remove impurities and atmospheric 10Be from the outer rims of the quartz grains. Before 

complete dissolution, about a gram of each sample was dissolved in concentrated HF, and 

assayed using inductively coupled plasma optical emission spectrometry (ICP-OES). 

Samples that did not pass assay were etched in HF until their Al contents were 

sufficiently reduced. After addition of the Be carrier, the samples, a quartz standard, and 

a blank were dissolved in concentrated HF, and Be was isolated via ion exchange 

chromatography, precipitation as a hydroxide, oxidized to BeO, mixed with Nb and 

packed into the appropriate cathodes. Most AMS measurements were made at the 

SUERC AMS Laboratory, though some were measured at the Lawrence Livermore 

National Laboratory Center for Accelerator Mass Spectrometry (LLNL-CAMS) (see 

Table 1 in the main text for details).  

Samples analyzed at SUERC were measured against the NIST SRM4325 standard 

that has an assumed 10Be/9Be ratio of 2.79 x 10-11. Samples analyzed at LLNL-CAMS 

were measured against 07KNSTD3110 standard that has an assumed 10Be/9Be ratio of 

2.85 x 10-12. We convert the samples and blank 10Be/Be ratios to atoms of 10Be using basic 

stoichiometry (sample and carrier masses are shown in Table 2.1). Samples were 

corrected for background 10Be concentrations by subtracting the number of 10Be atoms 

measured in the blank prepared with the sample or batch of samples. (Samples were 

prepared as part of three separate batches each with their own blank, see Table 1 in the 

main text for details). Uncertainty in the number atoms in the blanks is calculated by 

combining in quadrature 1) the measurement uncertainty of the blank 10Be/9Be ratio and 

2) a 1% uncertainty in the mass of the Be carrier added to the blank. We calculated the 
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internal uncertainty in the number of 10Be atoms in each sample by combining in 

quadrature 1) the measurement uncertainty of the sample 10Be/9Be ratio, 2) a 1% 

uncertainty in the mass of the Be carrier added the sample, 3) the uncertainty in the blank 

measurement, and 4) a 2% uncertainty in sample preparation and analysis (evaluated as 

2% of the background corrected number of 10Be atoms). Last, we converted the 

background corrected number of 10Be atoms and uncertainty to 10Be concentrations and 

internal measurement uncertainties.  

Samples were then converted to clast surface exposure ages using CRONUS 

(http://hess.ess.washington.edu) (Balco et al., 2008), wrapper version 2.2, calculator 

version 2.1, constants version 2.2.1, and muons version 1.1. We calculated the surface 

exposure age and inheritance from the depth profile samples using the Matlab GUI 

presented in Hidy et al. (2010), which is available online 

(http://geochronology.earthsciences.dal.ca). Input parameters for CRONUS are given in 

Table DR2 and the Hidy depth profile modeling are shown Figure DR6. Input 10Be 

concentration uncertainties for both CROUNS and the Hidy script are the 1σ internal 

errors described above and shown on Table 1 of the main text. To generate the input 

dataset for the shielding factor calculation, we used ArcGIS to calculate skyline angles  

(3D Analyst > Visibility > Skyline) at 5° intervals from the location of depth profile on a 

regional 10 m National Elevation Dataset (NED) digital elevation model. CRONUS 

accounts for production rate errors in the clast exposure ages by adding an uncertainty 

that is related to the scatter in different reference production rates measured at various 

calibration sites for each of the production rate models. For the time invariant model, this 
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error is 8.7% (Balco et al., 2008). The uncertainty for the clast ages that accounts for 

production rate errors is referred to as the ‘external uncertainty’, in contrast to the lower 

‘internal uncertainty’ described in the previous paragraph. The standard deviation of the 

ages of the five production rate models for our samples is around 7%. For the clasts ages 

measured using CRONUS we also add in quadrature a 1% decay rate error, yielding a 

total external uncertainty (Chmeleff et al., 2010; Korschinek et al., 2010). For the depth 

profile age we added in quadrature both the 8.7% uncertainty in production rate. Quartz 

standards were the same within ~6% (1σ), similar to the analytical error.  

A3 Uranium series sample processing and error propagation 
Analyses were performed at the Berkeley Geochronology Center using a Thermo 

Neptune Plus Multi-Collector-Inductively-Coupled-Mass-Spectrometer (MC-ICP-MS). 

Samples were totally dissolved in 7N HNO3 and equilibrated with a mixed spike 

containing 229Th, 233U, and 236U. The spike was calibrated using solutions of NBL CRM 

145 and solutions prepared from a 69 Ma U ore that has been demonstrated to yield 

concordant U-Pb ages (Ludwig et al., 1985) and sample-to-sample agreement of 234U/238U 

and 230Th/238U ratios. U and Th were separated using two stages of HNO3–HCl cation 

exchange chemistry followed by reaction with HNO3 and HClO4 to remove any residual 

organic material. Measured peak heights were corrected for peak tailing, multiplier dark 

noise/Faraday baselines, instrumental backgrounds, ion counter yields, mass 

fractionation, interfering spike isotopes, and procedural blanks. Mass fractionation was 

determined using the gravimetrically determined 233U/236U ratio of the spike. The external 
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reproducibility of 234U/238U and 230Th/238U ratios of SM solutions measured during each 

run was better than 0.2%. Ages were calculated using the half-lives of (Jaffey et al., 

1971) for 238U, (Holden, 1989) for 232Th, and (Cheng et al., 2013) for 230Th and 234U. 

Correction for U and Th from detritus was made assuming detritus with activity ratios of 

(232Th/238U) = 1.2 ± 0.6, (230Th/238U) = 1.0 ± 0.1, and (234U/238U) = 1.0 ± 0.1, which 

correspond to average silicate crust in secular equilibrium. Ages and uncertainties were 

calculated with Isoplot (Ludwig, 2009).  Analytical data and ages are given in Table 2. 

Uncertainties of corrected ages include measurement errors and uncertainties associated 

with the detritus correction. Solutions were constrained to finite, positive values (i.e., we 

employ the constraint that samples cannot have ages younger than zero), and were 

calculated using Isoplot and 10,000 Monte Carlo trials. 
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A4 Supplementary Figures 

 

 

Figure A1 Banning Fault Offset 
Photograph showing examples of the abundant m-scale right-lateral stream deflections along the Banning 
Fault north of Edom Hill that are evidence of right lateral slip being transferred to the Banning Fault from 
the Mission Creek Fault in the NW Indio Hills. 
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Figure A2 Stream offsets 
Measurements of stream offsets along strike of the Banning (upper) and Mission Creek (lower) Faults. 
Stream offsets appear to decrease in magnitude to the northwest along the Mission Creek Fault and increase 
to the northwest along the Banning Fault, suggesting that by the time both faults exit the Coachella Valley, 
the Banning is the most active. 
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Figure A3 Clay Shears 
Examples of clay shears from within the Indio Hills. Such shears, which are abundant, likely provide 
pathways for slip transfer from the Mission Creek Fault to the Banning Fault. 
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Figure A4 10Be Sample GDH63 
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Figure A5 10Be Sample GDH64 
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Figure A6 10Be Sample GDH65 
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Figure A7 10Be Sample GDH66 
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Figure A8 10Be Sample GDH67 
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Figure A9 10Be Sample GDH84 
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Figure A10 10Be Sample GDH85 
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Figure A11 10Be Sample GDH86 
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Figure A12 10Be Sample GDH87 
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Figure A13 U-series Sample Qfr-C2 
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Figure A14 U-series Sample Qfr-C3 
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Figure A15 U-series Sample Qfr-C10 
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Figure A16 U-series Sample Qfr-C11 
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Figure A17 U-series Sample Qfr-C12 
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Figure A18 be_gui inputs for Qfr depth profile model 
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A5 Supplementary Tables 

 

Table A1 Indio Hills Bedding Measurements 

 

 

 

 

 



 255 

 

 

Table A2 CRONUS Input Parameters 

 

 

 

 

 
Table A3 Time-independent exposure age solutions   
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APPENDIX B: SUPPLEMENT TO CHAPTER 3 

B1 Tectonic Geomorphologic Descriptions 

B1.1 The Punta Banda Ridge Section 
The 300° striking Punta Banda Ridge section of the ABF stretches from the 

Pacific coast ~25 km southeast to the western end of Valle Santo Tomas (Figures 3.2 and 

B1). Although its surface expression is subtle at the very western end of this section near 

Estero Punta Banda, the ABF can be traced nearly continuously along the northern base 

of Punta Banda Ridge. Multiple, closely spaced parallel strands can be observed locally, 

but the fault is broadly characterized by a steeply dipping single strand along which 

deflected channels, shutter ridges, enclosed basins and displaced constructional and 

erosional geomorphic surfaces clearly record Holocene slip (Figures B1c-B1e). Two 

secondary fault strands on the south side of Punta Banda Ridge are typically associated 

with the Punta Banda section of the ABF (Figure 3.2). Allen et al. (1960) mapped the 

westward continuation of the Santo Tomas Fault to the coast at Bahia Soledad, surmising 

that perhaps this fault, most readily traced by connecting outcrops of exposed fault 

gouge, may have been an ancestral strand of the ABF. Evidence for Quaternary slip along 

the Santo Tomas fault has not been recognized, but this is unsurprising given that its trace 

is mapped as coincident with the active channel draining Valle Santo Tomas. Between 

the ABF and the Santo Tomas Fault, Gastil et al. (1975) mapped the Maximinos Fault 

where granitic and metavolcanic rocks are apparently in fault contact. Quaternary activity 

on the Maximinos Fault was observed by Rockwell et al. (1989), who mapped a splay in 

this fault where it approaches the coast and displaces marine terraces. The position of 
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remnant Qtm3 marine terraces dated to ~120 ka using uranium-series dating may reflect a 

~200 m offset in the projection of the southern shoreline into the north branch of this 

fault (Rockwell et al., 1989). Although there is some uncertainty in the terrace 

correlations at this site, these authors estimated a slip rate of 1 ± 0.6 mm/yr for this fault. 

A 2-3 m high scarp delineating the south branch of the Maximinos Fault displaces a 

different section of this same marine terrace by 2-3 m in an apparently down to the north 

direction before continuing offshore (Legg et al., 1987). 

B1.2 Valle Santo Tomas Section 
As the ABF continues east into Valle Santo Tomas, its surface trace becomes 

more difficult to follow (Figure B2). Initially it appears to split into two main strands 

striking ~300° that are separated by ~0.5 km, the southernmost strand defining the break 

in slope at the northern margin of the valley. The southern side of the valley is bounded 

by the Santo Tomas fault, here thought to accommodate primarily normal displacement, 

although evidence of recent slip is insufficient to determine its slip sense conclusively. 

The ABF can be identified from fragmentary fault scarps, and topographic and vegetation 

lineaments extending nearly to the eastern end of the Valle Santo Tomas, though no 

single through-going structure is easily traced. Bedding that strikes parallel fault strike 

(Allen et al., 1960) complicates digital mapping using topographic data or aerial imagery. 

Although Quaternary alluvial and fluvial deposits offset by this section of the fault have 

been identified (Figures B2c-B2e), neither slip rates nor earthquake timing have been 

determined for this section of the ABF.  
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B1.3 Valle Agua Blanca Section 
Between the eastern end of Valle Santo Tomas and the western terminus of 

Canyon de Dolores, the ABF is again defined by a single, easily delineated, ~20 km-long 

fault trace (Figure B3). For most of this section of the fault, alluvial deposits sourced 

primarily from south draining catchments are displaced by the ~290° oriented ABF. 

Allen et al. (1960) designated this the section of the fault the ‘type local’ for the ABF for 

the variety of tectonic geomorphologic features recording recent dextral displacement, 

including displaced channels, truncated and offset alluvial fans, side-hill steps, shutter 

ridges, and extensional basins (Figures B3c-B3e).  

B1.4 Cañon de Dolores Section 
The Cañon de Dolores section is the least accessible and most enigmatic stretch of 

the ABF (Figure B4). It is characterized by a nearly perfectly linear valley striking ~275°, 

~30 km in length, with depths exceeding 500 m. Allen et al. (1960) interpreted the 

canyon as having formed by the erosion of crushed fault rocks and mapped the trace of 

the fault primarily by connecting outcrops of fault gouge. Deflected stream channels can 

be observed where the fault trace flanks the north side of the canyon at it descends into 

Cañon de Dolores from the west (Figure B4c), but from there is it thought to occupy the 

canyon bottom, where evidence of Quaternary activity would be rapidly erased by fluvial 

action. Vegetation lineaments and lithological juxtapositions along strike to the east can 

be identified in satellite images (Figure B4d), but it is unclear if these features are related 

to recent faulting. Well defined scarps in fluvial deposits and at the toes of alluvial fans 

are abundant, but are most likely the result of fluvial modification. Neither slip rates nor 
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estimates of earthquake timing have been measured along this section of the fault. At the 

eastern terminus of Cañon de Dolores the fault trace can again be identified with some 

confidence where it deflects stream channels and forms a linear sag pond before entering 

Valle de la Trinidad (Figure B4e). 

B1.5 Valle de la Trinidad-San Matias Section 
Allen et al. (1960) mapped the eastern 30 km of the ABF along the base of a 

~290°-striking escarpment that forms the northern boundary of Valle de la Trinidad and 

Valle San Matias (Figure B5). Here the fault begins to lose surface expression, with 

obvious indicators of Quaternary slip such as are observed along the western sections of 

the fault, becoming more subtle and for the most part very difficult to identify and 

measure using satellite imagery. Hilinski (1988) mapped the fault in greater detail in the 

context of a study that focused on the structural history of the two valleys and the role the 

ABF and several other active faults nearby are playing in transferring slip between the 

Sierra San Pedro Martir detachment and faults in the Sierra Juarez to the north. His 

mapping shows that upon entering Valle de la Trinidad from the west, the ABF splits into 

a zone of parallel discontinuous strands, often several hundred meters in width (Figure 

B5c-B5d). Geomorphic mapping differentiates older abandoned alluvial surfaces across 

which fault traces could be identified, from younger active surfaces across which the fault 

has no discernable expression. Fault scarps recording a vertical component of slip are 

common, whereas evidence of dextral slip is comparatively rare, in part because more 

rapid erosion of scarps with a normal component obscures evidence of lateral slip, or 



 260 

because such evidence has been covered by frequent landslides failing on south-facing 

slopes. Although inferable at the base of the escarpment, the ABF looses all expression in 

Quaternary alluvium before reaching the eastern end of Valle San Matias (Figure B5e). 

Evidence that it continues east across Valle San Felipe to intersect the plate boundary 

proper has not been found (Allen et al., 1960; Hilinski, 1988).  

B2 Mineral separation and 10Be chemistry  
 

Using the mineral separation facilities at the University of Texas, Austin, the 

samples were crushed using a jaw-crusher, milled using a disc mill, and sieved to produce 

several hundred grams of 250-500 micron separate. The 250-500 micron separates were 

then washed in tap water to remove dust, rinsed in acetone to prevent oxidation, and 

dried. Magnetic material was removed first using a hand magnet and then with a Frantz 

electromagnet separator, resulting in non-magnetic quartz and feldspar separates. All 

remaining processing stages were performed at the Arizona State University School of 

Earth and Space Exploration. 

 Weighed samples were placed in 1 L containers (essentially Nalgene bottles) and 

etched for 2 hours in 1 L of a 1% HNO3 + 2%HF solution for 2 hours, rinsed and etched 

in 1 L of a 1% HNO3 + HF solution for 1 hour on heated hot dog rollers. No separate 

aqua regia treatment was performed because we never observed carbonate on clasts or 

soils in the sampling location. Physical mineral separation was completed by froth 

flotation, in which the pre-etched, non-magnetic separate is subjected to a carbonated 

solution of lauryl amine (1 g), acetic acid (1 ml) and distilled H2O (21 L) combined with 
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several drops of eucalyptus oil, causing CO2 to adhere to feldspar minerals, thus floating 

them free from the unaffected quartz.  

Remnant feldspar, atmospheric 10Be, and other impurities were removed by 

successive etches in HNO3 + HF solutions. The number of etches and the amount of time 

the samples are placed on heated rollers depends on sample size, quartz purity, the 

amount of remaining feldspar and the rapidity with which sample mass is decreased and 

lost. Depth profile samples were etched in a 5% HNO3 + HF solution for 8 hours, a 1% 

HNO3 + 2% HF solution for 8 hours, a 5% HNO3 + HF for 4 hours, a 1% HNO3 + 2% HF 

for 4 hours. Some samples required an additional 5-hour etch in the 5% solution.  

To test for purity, ~1g aliquots of each sample were weighed into 50 ml Teflon 

beakers and dissolved in ~12 ml 49% HF, dried down, cleaned by adding 6 ml 70% 

HClO4 and drying down at 200 °C (repeated 4 times), 1 ml of UltraPure H2O and drying 

down, and 5 ml of 37% trace metal grade HCl and drying down at 80 °C (repeated 3 

times). Samples were then taken up in 11 ml UltraPure H2O and 1 ml 37% HCl, 

transferred to centrifuge tubes, and assayed using inductively coupled plasma optical 

emission spectrometry (ICP-OES) to assess Al concentration. All the Qfr samples 

contained less than ~200 ppm Al (70 – 117 ppm), so additional etches were no necessary.  

~50 g of each sample were weighed into 500 ml Teflon beakers, 9Be carrier was 

added to each (plus a blank) and weighed again, and 250 ml 49% HF + 15 ml 70% HNO3 

was added to each beaker (30 ml HF and 2 ml HNO3 for the blank). With Teflon watch 

glasses covering, the beakers were placed on hot plates at 50 °C for 2 hours, 100 °C for 2 

hours, and 150 °C for 10 hours. (Note: It is likely that I increased heat to 200 °C after 2 
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hours at 150 °C, since this is what I did for the 5 previous batches, but it is reported here 

has I recorded it in my lab notes). Once all the sample was digested, watch glasses were 

removed and samples dried down at 200 °C. Once dry the samples were dissolved in ~30 

ml of 6N HCl and transferred to 100 ml beakers and again dried down.  

To clean the samples, 5-6 ml 70% HClO4 was added to each beaker, heated at 200 

°C for ~4 hours, watch glasses removed (condensate on watch glass and inner beaker 

walls rinsed into beaker with a few drops UltraPure H2O), and dried down (repeated 4 

times). Each sample was cleaned further by adding 10 ml trace metal grade 37% HCl to 

each beaker, heated at 200 °C for 1 hour, and dried down (repeated 4 times). Samples 

were then soaked in 6 ml 9N HCl, transferred to centrifuge tubes, beakers rinsed with a 

another 2 ml HCl and transferred, and 3 drops 30% H2O2 added to the centrifuge tubes 

and vortexed.  

From this point, relatively standard procedures were followed to (1) remove Fe 

and most Ti using anion exchange columns, (2) convert the sample to sulfate form, (3) 

separate the Be, Mg, and Al fractions using cation exchange columns, and precipitate the 

Be as a hydroxide. BeOH precipitate was then transferred to quartz crucibles, covered 

with a quartz plate, and dried down at ~70 °C. The crucibles were then place in a baffle 

furnace and heated at 800 °C for 10 minutes and cooled slowly to convert BeOH oxide 

form (BeO). BeO was then mixed with Nb powder (by adding ~3x the amount of Nb as 

there was sample in the crucible), transferred to AMS cathodes, and tamped with a 

hammer and drill bit plug. Samples were then sent to LLNL CAMS for measurement.  
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B3 Supplementary Figures 

 

Figure B1 Punta Banda Ridge tectonic-geomorphology 
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Figure B1 
 
Elevation and color satellite imagery showing the Punta Banda Ridge section of the Agua Blanca Fault. (A) 
A 0.5 m pixel resolution hillshaded lidar elevation map draped over 30-m SRTM data shows the trace of 
the fault at the northern base of Punta Banda Ridge. The fault trace is easily identified as a single through-
going strand and a range of tectonic geomorphologic features can be identified that indicate recent right 
slip, some of which are shown in (C-E). (B) Color satellite image showing the same area as in (A), with key 
locations discussed in the text indicated. (C) Uphill facing fault scarp in young alluvium; location is near 
Rancho Mirador where Schug (1987) mapped and measured the 4 mm/yr slip rate for this section of the 
fault. (D) Offset fluvial terrace risers. (E) Sag pond and recent fault scarps. Data source (applies to Figures 
B1-B5): (A) Lidar (Figures 2-4 only) is proprietary, collected by NCALM and funded by CICESE and UT 
Austin. 30 m SRTM digital elevation data is from http://srtm.csi.cgiar.org. (B) Esri, DigitalGlobe, GeoEye, 
Earthstar, Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 
swisstopo, and the GIS User Community. (C-E) Hillshaded elevation maps are made from proprietary lidar. 
Color imagery is from Google Earth. 
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Figure B2 Valle Santo Tomas tectonic-geomorphology 
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Figure B2 
 
Elevation and color satellite imagery showing the Valle Santo Tomas section of the Agua Blanca Fault. (A) 
A 0.5 m pixel resolution hillshaded lidar elevation map draped over 30-m SRTM data shows the trace of 
the fault at the northern edge of Valle Santo Tomas with a second trace about 0.5 km to the north. The fault 
trace is discontinuous and difficult to follow compared to the sections of the ABF to the east and west. (B) 
Color satellite image showing the same area as in (A), with key locations discussed in the text indicated. 
(C-E) Examples of tectonic geomorphologic features showing evidence for recent right lateral slip along 
this section of the ABF. 
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Figure B3 Valle Agua Blanca tectonic-geomorphology 
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Figure B3 
 
Elevation and color satellite imagery showing the Valle Agua Blanca section of the Agua Blanca Fault. (A) 
A 0.5 m pixel resolution hillshaded lidar elevation map draped over 30-m SRTM data shows the trace of 
the fault as it displaces alluvial and fluvial geomorphic features sourced from south flowing canyons and 
arroyos north of the fault. Allen et al. (1960) designated this the ‘type local’ for the Agua Blanca Fault for 
the variety of well preserved recent offsets, some of which are shown in (C-E). Hatch (1987) mapped the 
geomorphology along the fault between Arroyo San Jacinto and Cañon de las Cuevas and measured a slip 
rate of 4-6 mm/yr. (B) Color satellite image showing the same area as in (A), with key locations discussed 
in the text indicated. (C-E) Examples of tectonic geomorphologic features showing evidence for recent 
right lateral slip along this section of the ABF. 
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Figure B4 Canon de Dolores tectonic-geomorphology 
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Figure B4 
 
Elevation and color satellite imagery showing the Cañon de Dolores section of the Agua Blanca Fault. (A) 
30-m SRTM elevation map shows the linear canyon, thought to be coincident with the fault trace. (B) Color 
satellite image showing the same area as in (A), with key locations discussed in the text indicated. (C) The 
fault trace can be followed at the west end of the canyon where it deflects streams and is defined by a fault 
scarp before reaching the canyon floor. (D) Conclusive evidence of faulting is difficult to find within the 
canyon, though vegetation and topographic lineaments can be seen in satellite imagery. (E) The fault trace 
can be identified with confidence again near the eastern end of the canyon where the fault offsets streams 
and has produced a linear sag pond.  
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Figure B5 Valle de la Trinidad-Valle San Matias 
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Figure B5 
 
Elevation and color satellite imagery showing the Valle de la Trinidad and Valle San Matias section of the 
Agua Blanca Fault. (A) 30-m SRTM elevation map shows the linear escarpment that is defined at its base 
by the ABF. The surface expression of the ABF is very subtle and evidence of recent faulting sparse and 
difficult to identify. (B) Color satellite image showing the same area as in (A), with key locations discussed 
in the text indicated. (C) The fault trace can be followed at the west end Valle de la Trinidad before the 
fault splits into several strands and becomes difficult to follow. (D) Multiple strands of the fault can be 
followed across some of the older (Late Pleistocene) abandoned alluvial surfaces. (E) The fault trace can no 
longer be seen offsetting Quaternary deposits at the eastern end of Valle San Matias where it is thought to 
die out. It does not continue east into Valle San Felipe.  
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Figure B6 ASLM Strip Maps 
Plan view airborne lidar slope shade maps of the Punda Banda (A), Valle Santo Tomas (B) and Valle Agua 
Blanca (C) sections of the Agua Blanca Fault showing the locations of the slip rates sites.  
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Figure B7 Las Animas Field Photo 
Field photograph of the Las Animas slip rate site looking to the northeast. Geomorphic units are illustrated 
schematically in B.  
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Figure B8 Las Animas Oblique Lidar Hillshade 
Hillshaded lidar point cloud as visualized in LidarViewer showing the Punta Banda Ridge section of the 
Agua Blanca Fault in the vicinity of the Las Animas slip rate site. Red triangles indicate the surface trace of 
the fault. View to the south.  
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Figure B9 Arroyo San Jacinto Field Photo 
Field photograph of the Arroyo San Jacinto slip rate site looking to the south. Geomorphic units are 
illustrated schematically in B.  
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Figure B10 Arroyo San Jacinto Oblique Lidar Hillshade 
Hillshaded lidar point cloud as visualized in LidarViewer showing the Valle Agua Blanca section of the 
Agua Blanca Fault in the vicinity of the Arroyo San Jacinto slip rate site. Red triangles indicate the surface 
trace of the fault. View to the north.  
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Figure B11 Valle Agua Blanca Google Earth Photo 
Google earth image of the Las Animas slip rate site looking to the north. Geomorphic units are illustrated 
schematically in B.  
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Figure B12 Valle Agua Blanca Oblique Lidar Hillshade 
Hillshaded lidar point cloud as visualized in LidarViewer showing the Valle Agua Blanca section of the 
Agua Blanca Fault in the vicinity of the Valle Agua Blanca slip rate site. Red triangles indicate the surface 
trace of the fault. View to the northwest.   
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Figure B13 Sample ABF1 
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Figure B14 Sample ABF3 
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Figure B15 Sample ABF4 



 283 

 

Figure B16 Sample ABF5 
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Figure B17 Sample ABF6 
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Figure B18 Sample ABF7 
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Figure B19 Sample ABF8 
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Figure B20 Sample ABF10 
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Figure B21 Sample ABF52 
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Figure B22 Sample ABF53 
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Figure B23 Sample ABF47 
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Figure B24 Sample ABF48 
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Figure B25 Sample ABF49 
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Figure B26 Sample ABF50 
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Figure B27 Sample ABF51 
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Figure B28 Sample ABF54 
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Figure B29 Sample ABF16 
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Figure B30 Sample ABF17 
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Figure B31 Sample ABF18 
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Figure B32 Sample ABF19 
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Figure B33 Sample ABF20 
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Figure B34 Sample ABF21 
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Figure B35 Sample ABF22 
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Figure B36 Sample ABF23 
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Figure B37 Sample ABF24 
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Figure B38 Sample ABF25 
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Figure B39 Sample ABF27 
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Figure B40 Sample ABF28 
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B4 Supplementary Tables 

 

Table B1 CRONUS Inputs 
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Table B2 Time-Dependent Production Rate Date Results 
Alternative date solutions for the 10Be clast dates based on time-variant nuclide production rates.  
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APPENDIX C: SUPPLEMENT TO CHAPTER 4 

C1 Oxcal Model 
 
We used OxCal v4.3.2 (Bronk Ramsey, 2017; Reimer et al., 2013) to calibrate the 

radiocarbon dates and build a model of deposition and rupture timing. The code for the 
OxCal model is below. In the code, ‘Phase’ refers to a depositional unit and ‘Date’ in this 
case is the relative position in time of the earthquake. ‘R_Date’ refers to a radiocarbon 
date, which are input as the raw date and which the model calibrates while running.  

 
Plot() 
 { 
  Sequence("ABF_T1") 
  { 
   Boundary("ABF_T1", Base of T1); 
   Phase("Unit 410+") 
   { 
    R_Date("1E42", 6255, 15); 
    R_Date("1E40", 6170, 15); 
    R_Date("1E6", 5830, 15); 
   }; 
   Date("Event 7"); 
   Phase("Unit 405") 
   { 
    R_Date("1E8", 5275, 15); 
    R_Date("1W18", 5175, 20); 
    R_Date("1W104", 5160, 20); 
    R_Date("1W149", 5030, 45); 
   }; 
   Date("Event 6"); 
   Phase("Unit 380+") 
   { 
    R_Date("1W5", 4930, 200); 
   }; 
   Date("Event 5"); 
   Phase("Unit 380") 
   { 
    R_Date("1E22", 4555, 15); 
   }; 
   Phase("Unit 350") 
   { 
    R_Date("1W117", 4410, 15); 
    R_Date("1E129", 4390, 15); 
    R_Date("1W116", 4390, 15); 
    R_Date("1E152", 4360, 20); 
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   }; 
   Phase("Unit 300") 
   { 
    R_Date("1E138", 4400, 15); 
    R_Date("1E50", 4295, 15); 
    R_Date("1E130", 4145, 15); 
    R_Date("1E153", 4065, 15); 
    R_Date("1E20", 3915, 15); 
   }; 
   Date("Event 4"); 
   Phase("Unit 260") 
   { 
    R_Date("1E121", 2815, 15); 
    R_Date("1E43", 2815, 15); 
   }; 
   Date("Event 3"); 
   Phase("Unit 200") 
   { 
    R_Date("1W17", 2840, 15); 
    R_Date("1E19", 2825, 15); 
    R_Date("1E31", 2475, 15); 
    R_Date("1E169", 2445, 15); 
    R_Date("1E32", 2395, 15); 
    R_Date("1E122", 2330, 15); 
    R_Date("1E123", 2325, 15); 
    R_Date("1E23", 1915, 15); 
    R_Date("1W64", 1570, 15); 
   }; 
   Date("Event 2"); 
   Phase("Unit 100") 
   { 
    R_Date("1E126", 1170, 15); 
   }; 
   Date("Event 1"); 
   Phase("Unit 10") 
   { 
    R_Date("1W69", 170, 15); 
    R_Date("1W126", 165, 15); 
   }; 
  }; 
 }; 
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C2 Supplementary Figures  

 

Figure C1. Trench 1 field log scans 
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Figure C2. Trench 2 field log scans 
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Figure C3. North fault gouge zone. 
Gouge zone exposed at the north end of trench 1. The gouge suggests prolonged slip on the north fault, 
although the record of recent earthquakes is better exposed at the south fault.  
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Figure C4. Hinge zone opening mode fractures. 
Filled opening mode fractures show evidence of hinging that results from dip-slip on the south fault.  
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C3 Supplementary Tables 

 

Table C1. Trench 1 raw and calibrated 14C data 
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Table C2. Trench 2 raw and calibrated 14C data 
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APPENDIX D: SUPPLEMENT TO CHAPTER 5 
 

D1 10Be cosmogenic nuclide and sampling geochemistry procedures 
 

The following section describes collection procedures for previously unpublished 

T2 data and collection and 10Be processing procedures for previously unpublished Qfr 

data. All other previously unpublished 10Be dates from the Qoa1 and Qoa2 surfaces in the 

vicinity of Devers Hill-Painted Hill were collected and processed with the dates reported 

in Gold et al. (2015) following the procedures detailed in that publication. Processing 

procedures for previously unpublished 10Be dates from T2 are described in Behr et al. 

(2010).  

D1.1 T2 sediment depth profile sample collection 
 The western margin of the T2u surface was refreshed by manually removing 

material until the fan stratigraphy was exposed to a depth of ~2.5 m below the surface. 

Bulk sediment samples were then collected at 40 cm intervals from 40 cm to 240 cm 

below the surface (n = 6) (Figure D3). Samples were sieved to separate the 250-500 

micron size fraction. All subsequent steps are the same as those described by Behr et al. 

(2010) for previously published samples.  

D1.2 Qfr pebble depth profile collection 
The Qfr pebble profile samples were collected from the same pit excavated for the 

Qfr sand profile reported originally in Gold et al. (2015). Six samples consisting of 10-30 

pebbles and cobbles (the latter being less frequent) were collected at 30 cm intervals from 
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30 cm to 180 cm below the surface (Figures D2). We selected quartz-bearing clasts, but 

did not discriminate between clasts on the basis of any additional characteristics.  

D1.3 Mineral separation and 10Be chemistry  
Using the mineral separation facilities at the University of Texas, Austin, the 

samples were crushed using a jaw-crusher, milled using a disc mill, and sieved to produce 

several hundred grams of 250-500 micron separate. The 250-500 micron separates were 

then washed in tap water to remove dust, rinsed in acetone to prevent oxidation, and 

dried. Magnetic material was removed first using a hand magnet and then with a Frantz 

electromagnet separator, resulting in non-magnetic quartz and feldspar separates. All 

remaining processing stages were performed at the Arizona State University School of 

Earth and Space Exploration. 

 Weighed samples were placed in 1 L containers (essentially Nalgene bottles) and 

etched for 2 hours in 1 L of a 1% HNO3 + 2%HF solution for 2 hours, rinsed and etched 

in 1 L of a 1% HNO3 + HF solution for 1 hour on heated hot dog rollers. No separate 

aqua regia treatment was performed because we never observed carbonate on clasts or 

soils in the sampling location. Physical mineral separation was completed by froth 

flotation, in which the pre-etched, non-magnetic separate is subjected to a carbonated 

solution of lauryl amine (1 g), acetic acid (1 ml) and distilled H2O (21 L) combined with 

several drops of eucalyptus oil, causing CO2 to adhere to feldspar minerals, thus floating 

them free from the unaffected quartz.  



 320 

Remnant feldspar, atmospheric 10Be, and other impurities were removed by 

successive etches in HNO3 + HF solutions. The number of etches and the amount of time 

the samples are placed on heated rollers depends on sample size, quartz purity, the 

amount of remaining feldspar and the rapidity with which sample mass is decreased and 

lost. In this case, the Qfr cobble depth profile samples were etched in a 5% HNO3 + HF 

solution for 8 hours, a 1% HNO3 + 2% HF solution for 8 hours, a 5% HNO3 + HF for 4 

hours, a 1% HNO3 + 2% HF for 4 hours. Two samples (QfrDPp_150 and QfrDPp_180) 

required an additional 5-hour etch in the 5% solution.  

To test for purity, ~1g aliquots of each sample were weighed into 50 ml Teflon 

beakers and dissolved in ~12 ml 49% HF, dried down, cleaned by adding 6 ml 70% 

HClO4 and drying down at 200 °C (repeated 4 times), 1 ml of UltraPure H2O and drying 

down, and 5 ml of 37% trace metal grade HCl and drying down at 80 °C (repeated 3 

times). Samples were then taken up in 11 ml UltraPure H2O and 1 ml 37% HCl, 

transferred to centrifuge tubes, and assayed using inductively coupled plasma optical 

emission spectrometry (ICP-OES) to assess Al concentration. All the Qfr samples 

contained less than ~200 ppm Al (70 – 117 ppm), so additional etches were no necessary.  

~50 g of each sample were weighed into 500 ml Teflon beakers, 9Be carrier was 

added to each (plus a blank) and weighed again, and 250 ml 49% HF + 15 ml 70% HNO3 

was added to each beaker (30 ml HF and 2 ml HNO3 for the blank). With Teflon watch 

glasses covering, the beakers were placed on hot plates at 50 °C for 2 hours, 100 °C for 2 

hours, and 150 °C for 10 hours. (Note: It is likely that I increased heat to 200 °C after 2 

hours at 150 °C, since this is what I did for the 5 previous batches, but it is reported here 
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has I recorded it in my lab notes). Once all the sample was digested, watch glasses were 

removed and samples dried down at 200 °C. Once dry the samples were dissolved in ~30 

ml of 6N HCl and transferred to 100 ml beakers and again dried down.  

To clean the samples, 5-6 ml 70% HClO4 was added to each beaker, heated at 200 

°C for ~4 hours, watch glasses removed (condensate on watch glass and inner beaker 

walls rinsed into beaker with a few drops UltraPure H2O), and dried down (repeated 4 

times). Each sample was cleaned further by adding 10 ml trace metal grade 37% HCl to 

each beaker, heated at 200 °C for 1 hour, and dried down (repeated 4 times). Samples 

were then soaked in 6 ml 9N HCl, transferred to centrifuge tubes, beakers rinsed with a 

another 2 ml HCl and transferred, and 3 drops 30% H2O2 added to the centrifuge tubes 

and vortexed.  

From this point, relatively standard procedures were followed to (1) remove Fe 

and most Ti using anion exchange columns, (2) convert the sample to sulfate form, (3) 

separate the Be, Mg, and Al fractions using cation exchange columns, and precipitate the 

Be as a hydroxide. BeOH precipitate was then transferred to quartz crucibles, covered 

with a quartz plate, and dried down at ~70 °C. The crucibles were then place in a baffle 

furnace and heated at 800 °C for 10 minutes and cooled slowly to convert BeOH oxide 

form (BeO). BeO was then mixed with Nb powder (by adding ~3x the amount of Nb as 

there was sample in the crucible), transferred to AMS cathodes, and tamped with a 

hammer and drill bit plug. Samples were then sent to LLNL CAMS for measurement. See 

Table D1 in the main text for standard  and blank information.  
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D1.5 Dating Results: Devers Hill-Painted Hill area 
We dated 3 of 4 depth profiles and 46 of the 87 surface clasts collected from the 7 

alluvial surfaces that we mapped in the Devers Hill-Painted Hill area. Dates from Qfr 

originally published by Gold et al. (2015) and revised by us using the up to date reference 

production rate are given in Table D3 of the main text, along with the revised T2 clast 

dates. The remaining twenty previously unpublished 10Be boulder and cobble dates from 

surfaces Qoa1a, Qoa1b, Qoa2a, Qoa2b and an active wash sample from between Qoa1a 

and Qoa2a are presented in Table D1. Map locations as well as field photographs and 

GPS coordinates for all dated samples are provided in Appendix D3.  

Three cobbles from Qoa1a yielded well-clustered exposure dates ranging from 

25.5 to 28.1 ka (Figure D5). Two cobbles from Qoa1b yielded similar dates of 28.7 and 

29.8 ka, while a third was significantly older at 47.9 ka. Four cobbles from Qoa2a yielded 

dates ranging from 80.6 ka to 94.8 ka and 4 boulders from the same area of the fan 

yielded similar but slightly younger dates ranging from 75.9 ka to 86.8 ka (Figure D6). 

The amalgamated sand and pebble sample from the wash between Qoa1a and Qoa2a 

yielded a date of 14.9 ka. Dates from 5 boulders on Qoa2b yielded more scattered dates 

that range from 47.9 ka to 105.4 ka (Figure D7). Boulder and depth profile dating from 

Qoa3a/b and revised dates from Qfr are discussed in the main text.  
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D2 Descriptions of dates and age interpretations for Qfr, Qoa3a, and T2 

D2.1 Fan Qoa3a at the Painted Hill site 
 Qoa3a is one of 7 distinct alluvial surfaces truncated and offset by the Banning 

strand of the southern San Andreas Fault in northwestern Coachella Valley. Boulder and 

cobble exposure dates measured using cosmogenic 10Be radionuclide dating suggest these 

surfaces were deposited during the Late Pleistocene, with the exception of the Holocene 

Qfr fan, which is discussed later in this section and originally reported by Gold et al. 

(2015). The dates from surfaces Qoa1a/b and Qoa2a/b provide good examples of 

relatively well-clustered clast exposure dates, but because we did not perform additional 

dating with complimentary methods, these results are reported and discussed in the 

Supplementary Materials. Two boulder dates from Qoa3b are lumped in with the 15 

boulder dates from Qoa3a, which we also dated using a 10Be depth profile and detailed 

soil descriptions.   

D2.1.1 Dating Results 
All but three boulders from Qoa3a yielded dates ranging from 47.6 ka to 79.5 ka, 

with two boulders giving much younger dates (27.6 ka and 29.8 ka) and one boulder 

giving a much older date (122.5 ka). Two boulders from Qoa3b yielded similar dates of 

59.5 ka and 83.2 ka. In the depth profile, sand separates (250-500 μm) from 9 depth 

intervals spaced every 25 cm from 0 cm and 200 cm yielded 10Be concentrations ranging 

from ~2 x 104 to ~10 x 104 atoms/g quartz. Contrary to theory, the 0 cm depth interval 

contains a lower concentration than the 25 cm interval, which in turn contains about the 
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same concentration as the 50 cm interval, below which 10Be concentrations decrease 

systematically to the bottom of the profile.  

D2.1.2 Data Refinement, Modeling and Interpretation 
Boulder dates. Twelve boulder dates from Qoa3a yield a combined date of 60.5 +24.1/-

16.3 ka (95% C.I.), modeled using a probability density function assuming a Gaussian 

uncertainty model (Zechar and Frankel, 2009). This date does not change appreciably 

(61.2 +28.2/-16.7 ka) if the two boulder dates from Qoa3b are included as well. The most 

probable minimum date is 47.6 ± 8.7 ka (2σ). Three boulder dates differ significantly 

from the rest (27.6 ka, 29.8 ka, and 122.5 ka) and are not included from the combined 

date, nor are the younger two considered viable minimum dates. The younger dates are 

from two boulders located on one of the only parts of the fan where more recently 

exposed clasts eroding out of the Palm Springs Formation across the fault could be 

deposited colluvially on Qoa3a. While later deposition may explain the younger samples, 

the older date may simply be due to inheritance because nothing about the position or 

appearance of the sampled boulder, which was unexceptional in size, height above the 

surface, and degree of varnish, provides any clear explanation for is longer exposure.  

Depth Profile. To estimate a date, we modeled the depth profile either using all 9 

intervals or using all intervals except those at 0 and 25 cm, below which the 10Be 

concentrations decrease with depth (Table D2). The upper two depth intervals (0 and 25 

cm) do not follow the expected decay curve but instead contain about the same 

concentration of 10Be as the 50 cm interval. Depth profile sampling starts (0 cm interval) 
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at the contact between noticeably redder sediments that are capped by loose, 

unconsolidated material emplaced as a product of road construction (rusted scrape marks 

on cobbles and boulders in the capping material from excavator teeth and rusted fencing 

staples at the contact embedded in the top of the red sediment layer at an equivalent 

position on the opposite wall of the road cut support this interpretation). Depth profile 

samples with lower than expected nuclide concentrations are not uncommon in the 

literature, and are often assumed to be the result of bioturbative mixing, which may be 

the case in this situation despite the advanced cementation of the red sediments in the 

upper 75 cm of the profile. Another possible mechanism for introducing lower 

concentration sediments could also be infiltration along fractures opened during 

earthquakes. Regardless, this environment is currently extremely windy, so supplies of 

more recently exposed sand are not restricted, and we explore later what volumes of sand 

would be required to dilute upper interval concentrations or even shift the entire 

concentration curve.  

Modeling the concentrations using the Monte Carlo tool of Hidy et al. (2010), no 

model curves could be found that fit the data with a reduced χ2 statistic less than the 

maximum allowable (2.099 for 9 intervals from 0-200 cm, and 2.372 for 7 intervals from 

50-200 cm) given 6 (9 intervals) or 4 (7 intervals) degrees of freedom and a 95% 

confidence interval (stats book ref). Curves can be fit to the data by increasing the 

maximum allowable reduced χ2 value, but doing so prevents reliable error estimates, 

although the modal value still provides a useful estimate of exposure age (Hidy et al., 

2010). Models to all the intervals (n = 9) are controlled by the upper two samples and 
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yield dates ranging from ~21-25 ka (modal values) regardless of how density, erosion 

thresholds, age and inheritance are allowed to vary. Models excluding the upper two 

samples yield dates ranging between ~30 and 40 ka. Our preferred model parameters use 

a production rate of 5 atoms g-1 yr-1, a shielding value of 0.987, and allow the age to vary 

from 0 to 200 kyr, erosion rate to vary between 0 and 1 cm/kyr, total erosion to vary from 

0 to 200 cm. In all models inheritance varies uniformly from 0 to 500,000 atoms/g. 

Density either varies uniformly from 1.8-2.2 g/cm3 for each interval, or is set to 2.2 g/cm3 

in the upper 75 cm of the profile and 1.8 g/cm3 for each interval below. We experiment 

with depth-variable density, which tends to cause the model date to increase several 

thousand years, to account for the well-cemented sediments in the upper 75 cm of the 

profile, although we did not measure the density of the samples. Models constrained 

using parameters outlined above and depth-variable density yielded a date of 34.3 ka, 

similar to the 31.8 ka date from models assuming uniform density. In both cased the χ2 

cutoff was increased to 10. 

 

Soil Development. Sediments exposed in the depth profile pit are typically described 

during sampling, and the extent to which soils are developed noted. Red, well cemented 

soils similar to those observed in the upper 75 cm of the Qoa3a depth profile indicate 

long exposure, in this case probably between 100-150 kyr. Soil descriptions are given in 

Table D4.  
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D2.1.3 Age Interpretation  
Taken individually, the soil and the exposure dates might all have been 

reasonably interpreted as the surface age. Although surface dates based on soil 

development may be imprecise, they have in many cases been proven relatively accurate 

where later quantitative geochronology has been performed to refine the surface age. 

Exposure dates from surface clasts are commonly scattered, but the cluster of 14 (of 17) 

boulder dates from Qoa3 would be considered a remarkably well populated and well 

behaved 10Be clast dataset. The literature is full of similar datasets for which the mean or 

median value, often of many fewer dates, is readily interpreted as the surface age, usually 

with a nod to the potential for inherited nuclides. When modeling depth profile data, a 

quick review shows that removing the upper one or two samples from a depth profile is 

common enough practice, being required in about 25% of the 61 cases we reviewed. Also 

apparent from reviewing published depth profiles is that the 7 intervals we modeled in the 

Qoa3a pit exceeds the typical number of intervals dated. The resulting models fit the data 

from Qoa3a reasonably well, and comparable depth profile results are well represented in 

the literature and relied upon for constraining deformation or erosion rates. 

Three lines of evidence, from boulder exposure dates, a depth profile exposure 

date and soil development, individually appear to be robust constraints on depositional 

timing, but together are incompatible. In reality, it is unlikely that the well-developed soil 

horizon would be disregarded when sampling the depth profile, so the discrepancy 

between these datasets from would be difficult to miss, but in the absence of conflicting 

information, the composite or minimum boulder dates would very likely be deemed 
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acceptable and reasonable age interpretations. That no age interpretation readily satisfies 

the three different and apparently robust lines of evidence illustrates the potential for 

additional uncertainty when basing a surface age interpretation on dates from a single 

geochronometer.  

D2.2 Fan Qfr at the Painted Hill site 
The Qfr alluvial fan is inset into the western end of Qoa3a, where it records ~25 

m of offset along the Banning strand of the southern San Andreas Fault. To measure a 

slip rate, Gold et al. (2015) dated Qfr with 10Be exposure dating of surface clasts and a 

depth profile, as well as uranium-series dating of pedogenic carbonate, all of which 

indicated Holocene deposition. They reported dates from 7 cobbles and 2 small boulders 

ranging from 2.5 to 9.1 ka, a date from ~20 amalgamated surface pebbles of 9.2 ka, a 

depth profile date of 2.9 ka, and a U-series date of 5.1 ± 0.4 ka. Because U-series dates 

should be effective minima, they disregarded the depth profile date, and bracketed the 

depositional age of Qfr between the U-series date and the 6.4 +3.7/-2.1 median surface 

clast date, which excludes the amalgamated pebbles and the outlying youngest cobble. To 

date the depth profile, Gold et al. (2015) separated the 250-500 μm sand fraction from the 

samples, excluding nuclides from large, or smaller, sediments. To explore influence of 

grain size on nuclide concentrations, we re-sampled the same pit, this time collecting and 

amalgamating pebbles and small cobbles to construct a depth profile based on less mobile 

clast sizes. We have also recalculated the original depth profile and surface clast dates of 

Gold et al. to take into account adjustments in the reference 10Be production rate.  



 329 

D2.2.1 Dating Results 
Recalculating the 9 surface clast dates of Gold et al. (2015) using the CRONUS 

online calculator and a reference production rate of 4.01 atoms g-1 yr-1 results in a slightly 

older dates ranging from 2.7 to 10.2 ka, while the amalgamated pebble date increases to 

10.3 ka (Table X). The new depth profile measurements from pebbles and cobbles yield 

concentrations ranging from 2.3-5.0 x104 atoms/g, similar to but somewhat greater than 

the 1.9-3.2 x104 atoms/g concentrations measured in the sand separates.  

D2.2.2 Data Refinement, Modeling and Interpretation 
Qfr Dates Revisited. The revised combined date based on the updated cobble and boulder 

measurements is 7.1 +4.1/-2.4 ka (n = 8; 95% C.I.), modeled using a probability density 

function assuming a Gaussian uncertainty model (Zechar and Frankel, 2009). In 

calculating this date we follow Gold et al. (2015) in excluding both the youngest date, 

which does not overlap with the others within errors, and the amalgamated pebble date, 

which differs from the rest in terms of sampling and potentially in geomorphic history. 

The 5.3 ± 1.1 ka (2σ) date from the youngest, non-outlying cobble sample provides a 

reliable minimum constraint for the start of cosmogenic exposure, while the amalgamated 

surface pebbles predict an age of 10.3 ± 1.9 ka (2σ).  

Modeling the depth profile using the Hidy et al. (2010) Monte Carlo method with 

the same input parameters used by Gold et al. (2015), the updated reference production 

rate, and all sampled intervals yields an inheritance-corrected date of 3.2 ka (mode) and 

~1.81 x104 atoms/g of inheritance after 100,000 iterations. Because no models fit with a 

reduced χ2 below the cutoff (2.372 for 7 intervals, 4 degrees of freedom and 95% 
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confidence), we increased the χ2 cutoff to 3. This prevents rigorous uncertainty 

calculations, although the maximum and minimum model results of 4.0 and 2.4 ka, 

respectively, provide a measure of the range of different solutions. However, we do not 

report a formal error for this measurement and note that Gold et al. (2015) should not 

have done so either.  

Like the Qoa3a depth profile, the Qfr sand profile (hereafter referred to as such in 

order to distinguish it from the Qfr pebble profile) does not decrease uniformly with 

depth. The top sample (10 cm) contains roughly the same concentration of 10Be nuclides 

as the 30 cm sample, while the next 4 intervals (60 cm – 150 cm) all contain 

concentrations the overlap within errors, although the 60 cm interval concentration is 

noticeably less. The lowest sample (180 cm) does have the lowest nuclide concentration, 

but the decrease from the next sample above (150 cm) is more pronounced than would 

normally be expected. To facilitate a more complete comparison between the sand profile 

and the pebble profile, we expand on the modeling of the sand profile to find alternative 

date solutions based subsets of the data.  

We modeled the depth profile excluding the top (10 cm) interval and using the 

similar model parameters as above, with a production rate of 5.3 atoms g-1 yr-1, a 

shielding value of 0.987, and allowing uniform variability in age from 0 to 10 kyr, in 

erosion rate from 0 and 1 cm/kyr, in total erosion from 0 to 10 cm, in density from 1.8 to 

2.2 g/cm3, and in inheritance from 0 to 50,000 atoms/g. With the χ2 cutoff manually 

increased to 4 (minimum = 2.605, for 6 intervals and 3 degrees of freedom), 100,000 

iterations of the Monte Carlo simulation gives essentially identical results, with a date of 
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3.4 ka (mode), a range of 2.3 to 4.7 ka, and inheritance of 1.75 x104 atoms/g. Removing 

the 60 cm interval as well allows for model solutions with reduced χ2 values below the 

cutoff for 95% confidence (2.996 for 5 intervals and 2 degrees of freedom), yielding a 

median date of 4.3 ± 1.7 ka and inheritance of 1.73 x104 atoms/g. Finally, removing the 

lowest interval again allows for model solutions with reduced χ2 values below the cutoff 

(3.841 for 4 intervals and 1 degree of freedom), yielding a median date of 3.7 ± 1.7 ka 

and inheritance of 1.84 x104 atoms/g. Relatively large 5-7% 1σ AMS errors contribute to 

the wide ranges and uncertainty bounds, and the effect on the results of varying 

especially the erosion parameters are discussed below.  

 

Pebble Depth Profile. The pebble and cobble depth profile shows a significantly different 

distribution with depth than that exhibited by the sand profile. We collected 6 samples of 

20-30 pebbles and small cobbles spaced every 30 cm from 30 cm to 180 cm below the 

surface. Unlike in the sand profile, the samples do decrease with depth, however, the 150 

cm sample contains roughly the same concentration of 10Be as the 120 cm sample, while 

the lowest sample contains a higher concentration than any but the samples from 30 and 

60 cm. The top interval at 30 cm yielded a noticeably higher concentration, nearly twice 

what was measured in any other interval. Models to all depth intervals yield a date of 4.8 

ka (mode) and a range of 3.0 to 7.6 ka, with inheritance of 1.81 x104 atoms/g, similar to 

that found in the sand profile. However this solution requires increasing the χ2 cutoff to 

50. Removing the upper sample (30 cm) yields much younger modal dates (~1 ka) with 

lower reduced χ2 values (<15), but the solutions are so wide spread that they are not 
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useful interpretations. Removing the top and bottom intervals allows for model solutions 

with reduced χ2 values below the cutoff for 95% confidence (3.841 for 4 intervals and 1 

degree of freedom), yielding a median date of 2.9 +1.6/-1.1 ka and inheritance of 1.95 

x104 atoms/g after 100,000 iterations. Models to all but the lowest sample yield a date of 

7.4 ka (mode) with a range of solutions from 5.8-10 ka and inheritance of 1.3 x104 

atoms/g when the χ2 cutoff is increased to 40. Finally, removing the 60 and 180 cm 

intervals yield a date of 10.0 ka (mode) with a range of solutions from 8.1-12.9 ka and 

inheritance of 1.0 x104 atoms/g when the χ2 cutoff is kept at 40. 

D2.2.3 Age Interpretation  
Measurements from 2 different geochronometric systems and 4 different 

approaches to 10Be surface exposure dating provide 7 different estimates for the age of 

the Qfr surface that span the last 10 kyr. U-series dating of pedogenic carbonate predicts 

a minimum age of 5.1 ± 0.4 ka. Dates from 8 surface boulders and cobbles that overlap 

within error define a range of ~5 kyr, but predict a minimum age of 5.3 ± 1.1 ka (2σ) or a 

combined median of 7.1 +4.1/-2.4 ka (95% C.I.), while an amalgamated surface pebble 

sample predicts an age of 10.3 ± 1.9 ka (2σ). The most reliable results from modeling 

10Be concentrations in two different grain sizes from multiple intervals in a depth profile 

predict disposition at 4.3 ± 1.7 ka (2σ), 3.7 ± 1.7 ka (2σ), or 2.9 +1.6/-1.1 ka (2σ). 

Although several of these constraints overlap within error, individually they predict 

deposition at virtually any time throughout the Holocene. The greatest difference between 

individual constraints comes from dates based on the same sample size (pebbles), which 
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we might actually expect to be similar, having been subject to similar transport rates and 

depositional processes, and thus similar inheritance histories. Slip rates for the Banning 

Fault based on these measurements and the 25 ± 5 m offset proposed by Gold et al. 

(2015) would range from and absolute minimum of ~2 mm/yr to an absolute maximum of 

~17 mm/yr.  

 The U-series date of 5.1 ka provides a solid foundation for refining the age 

interpretation because it is difficult to interpret it as anything but an absolute minimum 

constraint on deposition. This then rules out the pebble depth profile date, and casts doubt 

on the sand depth profile dates, which only overlap the U-series date within the upper 

ends of their uncertainty ranges. Other interpretations of the depth profile based on 

different subsets of the data can produce compatible dates, but based on decay curves that 

fit expectations poorly. The depth profiles are on the whole remarkably similar, with 

nearly all intervals containing 10Be concentrations of ~2-3 x104 atoms/g, equivalent to 

~3.8 to 5.7 kyr (not corrected for inheritance). Regardless of clast size, depth profile 

models indicate ~1.8 x104 atoms/g of inheritance, equivalent to ~3500 years of pre-

deposition exposure. The similar inheritance in the different grain sizes suggests that the 

inherited nuclide component may not be dependent on clast size, at least for clasts 

smaller than cobbles. Subtracting the 3500 years of inheritance from the amalgamated 

pebble sample brings this date into better agreement with the median cobble date and the 

U-series date, but performing the same calculation for the cobbles and boulders reduces 

the ages of all but 2 so that they are less than the U-series minimum. Conventional 

wisdom suggest that the less mobile (larger) clast sizes like boulders and cobbles should 
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accumulate more inheritance, but at first glance, the opposite appears to be the case in the 

Qfr sediments, where the sand and pebble sized clasts seem to have greater inherited 

concentrations.  

The U-series date is an absolute minimum both because the time between 

deposition and onset of carbonate precipitation is hard to know and because for young 

samples, the carbonate material sampled averages over the oldest and youngest carbonate 

layers. For this reason the 5.3 ka youngest cobble may still underestimate the age, but the 

maximum cobble date almost certainly reflects an inherited nuclide component, 

overestimating the fan age. Therefore, the actual depositional age for Qfr is probably 

bracketed by the U-series minimum and the median clast date, as Gold et al. (2015) 

originally interpreted. The literature is full of examples where dates similar to any one of 

those measured for Qfr are interpreted as the age of the surface, however, this case study 

demonstrates that only in the context of multiple different constraints can depositional 

timing of a surface be bracketed with confidence. 

D2.3 Fan T2 at the Biskra Palms Oasis Site 
The T2 surface of the alluvial fan complex cut by the very southern end of the 

Mission Creek Strand of the southern San Andreas Fault system near Biskra Palms Oasis 

is offset by 660-980 m and provides the best constrained Late Pleistocene slip rate 

estimate for this section of the fault. Based on soil development, Keller et al. (1982) 

estimated a depositional age of 20-30 ka for the T2 surface. Later, Van der Woerd et al. 

(2006) collected 20 cobbles from the three T2 sections of the alluvial fan that yielded 
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10Be exposure dates ranging from 31 to 45 ka (average of 35.5 ± 2.5 ka). Also using 

exposure dating, Behr et al. (2010) collected 11 boulder samples that yielded dates 

ranging from 32 to 54 ka, while a minimum date of 45.1 ± 0.6 ka (2σ) was measured by 

Fletcher et al. (2010) using U-series dating of pedogenic carbonate. Behr et al. (2010) 

also measured two depth profiles, one in alluvial fan sediments and a second along the 

vertically oriented long axis of a large boulder, which were not included in that 

publication. We report the T2 depth profile results and modeling here, and we include the 

cobble and boulder dates first reported by Van der Woerd et al. (2006) and Behr et al. 

(2010) to reflect the ~20% decrease in the reference 10Be production rate since those 

studies were published.  

D2.3.1 Dating Results 
Recalculating the surface clast dates using the CRONUS online calculator and a 

reference production rate of 4.01 atoms g-1 yr-1 results in revised cobble dates ranging 

from 33.3 to 50.7 ka (n = 20) and revised boulder dates ranging from 36.2 to 60.4 ka (n = 

11). The sediment depth profile, sampled by refreshing a riser wall in the upper section of 

T2, yielded 10Be concentrations ranging between 5.9 and 9.2 x104 atoms/g from 6 

intervals spaced every 40 cm from 40 to 240 cm below the surface. Behr et al. (2010) 

also used a core drill to collect samples parallel to the vertically oriented long axis of a 

large oblate boulder embedded in the surface of the upper section of T2. Nine semi-

regularly spaced samples from a meter above the fan surface to a meter below yielded 

nuclide concentrations ranging from 9.7 to 19.7 x104 atoms/g. One sample contained an 
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order of magnitude greater nuclide concentration, which is assumed to be the result of a 

preparation or analysis error.  

D2.3.2 Data Refinement, Modeling and Interpretation 
T2 Dates Revisited. Van der Woerd et al. (2006) reported an average T2 age of 35.5 ka 

with a 1σ error of 2.5 kyr based on a 19 of 20 samples. This ±7% uncertainty probably 

underestimates the full range of possible composite dates given that the 1σ external 

uncertainties for individual samples are on average close to ±13%. The median of the 

revised cobble dates is 39.2 ± 3.9 ka (1σ). All 20 of the T2 cobbles overlap within 2σ 

internal errors with no apparent statistical outliers, and modeling the dates to take into 

account uncertainty in the individual measurements using a PDF and assuming Gaussian 

uncertainty gives a composite date of 39.1 +15.1/-11.4 ka (95% C.I.). The youngest 

cobble date of 33.4 ± 9.7 (2σ) would, in the absence of additional information, provide a 

reasonable minimum. The boulder dates skew older than the cobbles and for the most 

part also overlap within error, although a group of 4 samples younger than ~44 kyr and a 

group of 7 sample older than ~48 kyr can be discerned. However, no samples fall far 

enough from the rest to be excluded as outliers and a median of 51.2 ± 15.5 ka (2σ) 

differs little from the median 50.1 +16.5/-16.7 ka (95% C.I.) obtained by modeling the 11 

boulder dates using a PDF. The minimum boulder date of 36.2 ± 6.5 (2σ) is the same 

within errors as the minimum cobble date, and would also pass for a reasonable minimum 

date in the absence of additional information.   



 337 

Sediment Depth Profile. 10Be concentrations in 6 sieved sand separates (xx – xx μm) 

define an essentially vertical distribution, but do decrease with depth with the exception 

of the 160 and 240 cm intervals. Using the Hidy et al. (2010) Matlab tool and allowing 

uniform variability in density from 1.8 to 2.2 g/cm3, in age from 0 to 100 kyr, in erosion 

rate from 0 to 1 cm yr-1, in total erosion from 0 to 100 cm, and in inheritance from 0 

500,000 atoms/g, models to all intervals can be derived with reduced χ2 values between 

18 and 25, indicating poor model fits to the expected curves and age of 13 ka (mode), 

with a maximum and minimum of 8.7 and 20.4 ka and inheritance of 5.78 x104 atoms/g. 

Excluding the 160 and 240 cm intervals, no models to the remaining 4 intervals can be fit 

with a reduced χ2 values below the cutoff value of 3.841 for 95% confidence given 1 

degree of freedom, yielding a date of ~17.2 ka (mode) with a maximum and minimum of 

26.5 and 13.5, based on models with reduced χ2 values between 8 and 20 an inheritance 

of 5.08 x104 atoms/g, again indicating poor goodness of fit.  

D2.3.3 Age Interpretation 
At the Biskra Palms Oasis site, measurements of the T2 alluvial fan using two 

geochronometers and 4 different approaches to exposure dating lead to 5 different 

potential age interpretations, although the scatter in the data is sufficient that the different 

dates at least mostly overlap within error. The revised composite cobble date of 39.1 

+15.1/-11.4 ka (95% C.I.) does overlap within errors of the revised composite boulder 

date of 50.1 +16.5/-16.7 ka (95% C.I.), the medians of these two dates differ by ~11 kyr. 

This difference is illustrated in figure xx, which shows that the cobble dates are still for 
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the most part lower than the U-series date, while 9 out of 10 boulder dates are older. 

Although conservative treatment of uncertainty shows that 16 of 20 cobbles overlap the 

45.1 ka U-series date within 2σ errors, the range of cobble ages is systematically 

younger, with most overlapping the minimum date only within the extreme positive end 

of their uncertainty bounds. The minimum cobble and boulder dates of 33.4 ± 9.7 (2σ) 

and 36.2 ± 6.5 (2σ) are closer to the 20-30 ka soils estimate of Keller et al. (1982) and in 

the absence of the minimum U-series date might be considered reliable minima, 

assuming greater inheritance in the older clasts. The depth profile date again likely 

provides an unreasonable minimum, but in the absence of GPS data, or information 

regarding the geologic and preset day slip rates of adjacent faults, the date it predicts 

could be believed.  

Once again, it is difficult to argue that the U-series dates should be anything but a 

minimum, so the interpretation of Behr et al. (2010) that the age of T2 should be at least 

45 ka still seems valid. However, we emphasize again that multiple different methods 

predicted different, if overlapping, estimates of depositional age, and that confidently 

interpreting or bracketing the depositional age require the context of multiple date. 

D3 Dates and age interpretation for surfaces not discussed in main text 

D3.1 Surface Qoa1a/b 
The following composite dates are reported as medians with 95% confidence 

intervals. Three cobbles from Qoa1a yield a combined date of 26.4 +5.8/-5.5 ka, very 

similar to the 2-cobble Qoa1b combined date of 29.2 +5.9/-5.7 ka, which excludes the 



 339 

much older 47.9 ka date from sample GDH12 as an outlier because it does not overlap 

the others within 2σ internal (analytical, blank, carrier, lab prep) error. Concordance 

between 5 out of 6 samples as well as similar clast size distributions, bar and swale 

topography, and minimal soil, varnish and pavement development all seem to support our 

interpretation that Qoa1a and Qoa1b are part of the same fan complex. However, with a 

combined date of 27.5 +6.5/-6.1 ka (n = 5), retrodeforming the Banning Fault by the XX 

m needed to directly correlate Qoa1a and Qoa1b across the fault would predict an 

unreasonably fast slip rate over the past ~27 ka, thus our data, though sparse, suggest 

either that Qoa1a and Qoa1b are from different parts of the same fan complex or they are 

unrelated, but were deposited around the same time.  

D3.2 Surface Qoa2a 
Eight fairly well clustered samples from Qoa2a give a combined date of 86.4 

+20/-19.2 ka, which is consistent with other indications of deposition significantly earlier 

that the adjacent Qoa1a surface.  These include dark red soil color signifying advanced 

soil development, ped formation evident where scrapers cutting roads removed topsoil, 

boulder and cobble clasts with advanced varnish, stable desert pavement, and deeper 

channel incision. The two surfaces are also distinguished by their respective clast size 

distributions, with the near absence of clasts larger than cobbles on the Qoa1 contrasting 

noticeably with a density of boulders that defines Qoa2a. A nearly linear scarp formed by 

lateral displacement on the Banning Fault defines the northern edge of Qoa2a. If the 4-5 

mm/yr Holocene lateral slip rate for the Banning Fault (Gold et al., 2015) has not 
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changed appreciably since Qoa2a was deposited, then the correlative section of the fan 

north of the fault should be across the fault somewhere in the vicinity of the channel 

separating Qoa1a and Qoa2a, about ~400 m east of the where the fault truncates Qoa2a 

fan axis as identified from topographic contours, slope mapping and the orientation of 

incised channels (Figure SX). That this section of the fan is missing suggests that either it 

was eroded away or that it has been buried, the latter likely being plausible only with a 

component of south-side-up vertical motion on the Banning Fault.  

D3.3 Surface Qoa2b 
Qoa2b cannot be offset from the current extent of Qoa2a, but similarities in 

appearance suggest that it may be from the same deposit, perhaps correlating to a buried 

or eroded western edge of Qoa2b. Topographic lineaments bounding the southern edge of 

Qoa2b suggest greater local fault complexity and topographically, Qoa2b is more similar 

to a transpressional ridge than an alluvial fan, with rounded profiles in fault parallel and 

fault normal directions. Desert pavements preserved on the lower relief west and 

especially east sections of Qoa2b begin to disappear approaching the topographically 

higher center of the surface, indicating a decrease in surface stability and increase in 

erosion that correspond to increased elevation, and presumably, local tectonic uplift. 

Unsurprisingly therefore, the 5 boulder dates from Qoa2b are widely scattered. 

Consistent with theory, the oldest sample (GDH50, ~105 ka) is from a boulder sampled 

on the most stable section of the surface to the east, while the 4 younger dates are from 

more eroded sections of the surface. The youngest date (GDH30, ~48 ka) was sampled 
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from a boulder where surface erosion appears to be at a maximum. This date is noticeably 

younger than the remaining 4 dates, which together yield a combined date of 87.0 +31.6/-

21.5 ka. (Sample GDH50 does not actually overlap the next oldest within error but is 

very close). Given the obvious erosional signal on this surface, the composite date 

probably does not record the timing of anything specific, so this may the rare case where 

the oldest date most closely approximates timing of deposition. 
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D3 Supplemental Figures 

 

Figure D1 Devers-Painted Hill Area Alluvial Surfaces 
Mapped offset and truncated alluvial surfaces in the Painted Hill-Devers Hill area along the Banning Fault. 
Contacts over B4 lidar (top swaths) and Google Earth (bottom). 
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Figure D2 Qfr Dating Results 
All dates but the pebble depth profile revised from Gold et al. (2015). Dates given in Tables D1 and D2. 



 344 

 

Figure D3 Biskra Palms T2 Dating Results 
All dates except the depth profile from Behr et al. (2010) and Van der Woerd et al. (2006). Map modified 
from Behr et al. (2010). Dates given in Tables D1 and D2. 
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Figure D4 Qoa3a Dating Results. 
Dates given in Tables D1 and D2. 
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Figure D5 Qoa1a/b 10Be Dating Results 
Dates given in Tables D1 and D2. 
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Figure D6 Qoa2a 10Be Dating Results 
Dates given in Tables D1 and D2. 
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Figure D7 Qoa2b 10Be Dating Results 
Dates given in Tables D1 and D2. 
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Figure D8 Theoretical Depth Profile Exposure Curves 
Theoretical depth profiles for Holocene deposits in the Painted Hill-Devers Hill vicinity.  
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Figure D9 Qfr Pebble Profile Incremental Deposition Model 
Constant and variable incremental deposition models for the Qfr pebble depth profile.  
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Figure D10 Erosion Models 

Surface lowering models for T2 (left) and Qoa3a (right) for 1.8 g/cm3 sediment density.  
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Figure D11 MIS Stage Date Correlations 
Dates compared to marine isotope stages. Probability density functions for dates from Owen et al. (2014) 
(top figure, solid line) and from this study (bottom figure). All dates combined shown as dashed line in top 
figure.  
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Figure D12 Sample GDH1 
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Figure D13 Sample GDH6 
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Figure D14 Sample GDH8 
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Figure D15 Sample GDH12 
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Figure D16 Sample GDH14 
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Figure D17 Sample GDH17 
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Figure D18 Sample GDH23 
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Figure D19 Sample GDH24 
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Figure D20 Sample GDH26 
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Figure D21 Sample GDH27 
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Figure D22 Sample GDH28 
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Figure D23 Sample GDH29 
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Figure D24 Sample GDH30 
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Figure D25 Sample GDH36 
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Figure D26 Sample GDH37 
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Figure D27 Sample GDH39 
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Figure D28 Sample GDH40 
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Figure D29 Sample GDH45 
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Figure D30 Sample GDH46 
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Figure D31 Sample GDH47 
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Figure D32 Sample GDH48 
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Figure D33 Sample GDH49 
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Figure D34 Sample GDH50 
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Figure D35 Sample GDH51 
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Figure D36 Sample GDH52 
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Figure D37 Sample GDH53 
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Figure D38 Sample GDH69 
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Figure D39 Sample GDH72 
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Figure D40 Sample GDH74 
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Figure D41 Sample GDH75 
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Figure D42 Sample GDH76 
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Figure D43 Sample GDH78 
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Figure D44 Sample GDH79 
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Figure D45 Sample GDH80 
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Figure D46 Sample GDH81 
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Figure D47 Sample GDH82 
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D4 Supplemental Tables 

 

Table D1. 10Be dates 
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Table D1 continued 
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Table D1 continued 
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Table D1 continued 
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Table D1 continued 
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Table D2. 10Be depth profile modeling parameters 
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Table D3. Revised previously published 10Be clast dates 
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Table D4. Qoa3a soil descriptions 
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