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ABSTRACT

An alluvial succession on the northeast 
side of the San Bernardino strand of the San 
Andreas fault includes distinctive aggrada-
tional and degradational features that can 
be matched with correlative features on the 
southwest side of the fault. Key among these 
are (1) a terrace riser on the northeast side of 
the fault that correlates with an offset chan-
nel wall on the southwest side of the fault and 
forms a basis for slip estimates for the period 
ca. 35 ka to the present, and (2) a small allu-
vial fan on the southwest side of the fault that 
has been matched with its most likely source 
gullies on the northeast side of the fault and 
forms a basis for slip estimates for the last 
10.5 k.y. Slip-rate estimates for these two sep-
arate intervals are nearly identical. The rate 
for the older feature is most likely between 
8.3 and 14.5 mm/yr, with a 95% confi dence 
interval of 7.0–15.7 mm/yr. The rate for the 
younger feature is most likely between 6.8 
and 16.3 mm/yr, with a 95% confi dence in-
terval of 6.3–18.5 mm/yr.

These rates are only half the previously 
published slip rate for the San Andreas fault 
35 km to the northwest in Cajon Pass, a rate 
that traditionally is extrapolated southeast-
ward along the San Bernardino section of the 
fault. Results from Plunge Creek suggest that 
about half of the 25 mm/yr rate at Cajon Pass 
transfers southeastward to the San Jacinto  
fault, as proposed by other workers on the 
basis of regional geologic relations. These 

results indicate that the discrepancy between 
latest Quaternary slip rates and present-day 
rates of strain accumulation across the San 
Bernardino section of the San Andreas fault 
from geodesy can be largely explained by 
slip transfer between faults, leading to spa-
tial variation in rate along the San Andreas 
fault. Nonetheless, the latest Pleistocene and 
Holocene slip rate at Plunge Creek is still 
somewhat faster than rates inferred for the 
San Bernardino section of the San Andreas 
fault based on elastic block modeling of geo-
detic data and may be more appropriate than 
those rates for hazard estimation.

INTRODUCTION

Despite more than 100 yr of study, signifi cant 
questions remain regarding how late Quaternary 
strain has been distributed among the faults of 
the San Andreas fault system within the over-
all boundary between the North American and 
Pacifi c plates. The total rate of relative motion 
between these plates in Southern California is 
52 ± 2 mm/yr (DeMets and Dixon, 1999), but 
geologic, geodetic, and seismologic communi-
ties have not agreed about the way in which this 
strain is partitioned among the various faults 
of the southern San Andreas system. This is 
especially true during the Holocene and lat-
est Pleisto cene, the interval most germane to 
evaluating seismic risk and modeling future 
earthquake ruptures. Bedrock offsets along the 
San Andreas fault are an order of magnitude 
larger than for the (younger) San Jacinto fault 
(Matti and Morton, 1993; Sharp, 1967), but the 
relative signifi cance of the two faults in terms 
of  present-day activity and seismic hazard re-

mains an unresolved question. Published slip 
rates for the two faults measured over different 
time scales suggest possible temporal variations 
in slip rate for one or both faults, but the sig-
nifi cance and cause of these variations and their 
implications for seismic hazard remain unclear.

Quaternary Strain Rates: 
Geologic Evidence

Between central and Southern California, 
the San Andreas fault zone has signifi cant dif-
ferences in structural complexity, fault-strand 
development, and long-term strain partition-
ing. These differences are associated with an 
~250-km-long segment of the San Andreas fault 
that is oblique to the northwestward direction of 
relative plate motion. This restraining segment 
is bounded by two bends in the fault, a northern 
bend colloquially referred to as the “Big Bend” 
(Fig. 1, inset, BB), and a southern bend in San 
Gorgonio Pass, which is characterized by sig-
nifi  cant structural complexity in the southern 
San Andreas fault zone (Fig. 1, inset, SGP). 
North of the Big Bend, the San Andreas fault 
is the dominant fault within the plate boundary, 
and here the fault’s Carrizo section has a Holo-
cene slip rate of ~35 mm/yr (Sieh and Jahns, 
1984). Within the restraining segment of the 
fault, northwestward motion of the Pacifi c plate 
relative to the North American plate has resulted 
in a complex regional pattern of faults, including 
(1) multiple dextral faults of the San Andreas 
system, (2) the Eastern California shear zone 
(a domain of subparallel northwest-striking 
dextral faults in the Mojave Desert), (3) thrust 
and reverse faults within the Transverse Ranges 
(including the San Gabriel and San Bernardino 
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Mountains), and (4) left-lateral faults of the 
Eastern Transverse Ranges (Fig. 1).

Differences in the plate-boundary confi gura-
tion between central and Southern California 
sections of the San Andreas fault zone invite 
questions about the way in which 35 mm/yr 
of Holocene slip (Sieh and Jahns, 1984) on the 
Carrizo Plain section (north of the Big Bend) 

projects into Southern California. Investiga-
tions along the Mojave Desert segment of the 
San Andreas fault have shown that late Qua-
ternary slip there is comparable to slip on the 
Carrizo segment (~35 mm/yr; Humphreys and 
Weldon, 1994; Salyards et al., 1992; Weldon 
et al., 1993, 2008; Schwartz and Weldon, 1986; 
Weldon, 1986; Matmon et al., 2005). However, 

in the Cajon Pass region (CC in Fig. 1), Weldon 
and Sieh (1985) found that—for the period be-
tween 6 ka and 14.4 ka—latest Pleistocene and 
Holo cene rates on the San Andreas fault average 
~24.5 ± 3.5 mm/yr. To reconcile this 10 mm/yr 
discrepancy, Weldon and Sieh (1985) proposed 
that the 35 mm/yr rate north of Cajon Pass is 
partitioned south of the pass into ~25 mm/yr 
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Figure 1. Major faults and fault sections discussed in text. The San Gabriel and San Bernardino Mountains are a 
part of the Transverse Ranges. Bold black lines show faults having Holocene activity; thinner, gray lines show faults 
having most recent activity during the Pleistocene (U.S. Geological Survey and California Geological Survey, 2006). 
White circles show locations of latest Pleistocene and Holocene slip-rate sites for the San Andreas and San Jacinto 
faults, with slip-rate estimates in mm/yr. Smaller, gray circles show slip-rate sites on the Mill Creek strand of the San 
Andreas fault. Inset map of California shows location of Figure 1. AW—Ash Wash (Blisniuk et al., 2011); Az1—Anza 
(Rockwell et al., 1990); Az2—Anza (Blisniuk et al., 2011); BB—“Big Bend” in the San Andreas fault; BC—Badger 
Canyon (McGill et al., 2010); BF—Burro Flats (Orozco, 2004; Orozco and Yule, 2003; Yule and Spotila , 2010; see 
also Yule, 2009); BP—Biskra Palms (Behr et al., 2010; Fletcher et al., 2010; see also van der Woerd  et al., 2006; Keller 
et al., 1982); Cb—Cabezon (Yule et al., 2001); CC—Cajon Creek (Weldon and Sieh, 1985); CHFZ—Crafton Hills 
fault zone; Cl—Calico fault (Oskin et al., 2008); Co—Colton (Wesnousky et al., 1991); CR—Camprock fault (Oskin 
et al., 2008); Cy—City Creek (1.2 mm/yr; Sieh et al., 1994); GT—Grand Terrace (Prentice et al., 1986); HF—Helen-
dale fault (Oskin et al., 2008); LC—Lytle Creek (Mezger and Weldon, 1983); Ln—Lenwood fault (Oskin et al., 2008); 
LR—Littlerock (Weldon et al., 2008; Matmon et al., 2005); Lu—Ludlow fault (Oskin et al., 2008); NSTB—Northern 
San Timoteo Badlands (Morton et al., 1986; recalculated using new date in Morton and Matti, 1993, p. 224; Morton 
and Matti, 1993; Kendrick et al., 2002); Pa—Pallett Creek (Salyards et al., 1992); PF—Pisgah fault (Oskin et al., 
2008); Pl—Plunge Creek (this paper); Pt—Pitman Canyon (McGill et al., 2010); RH—Rockhouse Canyon (Blisniuk 
et al., 2010); SA—Santa Ana River (2 mm/yr; R. Weldon, 2010); San Bdno—San Bernardino; SG Pass (and SGP, in 
inset)—San Gorgonio Pass; SSR—southern Santa Rosa Mountains (Blisniuk et al., 2010); Wa—Wallace Creek (Sieh 
and Jahns, 1984); WC—Wilson Creek (Harden and Matti, 1989).
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on the San Andreas fault and ~10 mm/yr on 
the San Jacinto fault. This interpretation was 
supported by less-well-constrained rate deter-
minations farther south along the San Andreas 
fault, including 14–25 mm/yr at Wilson Creek 
(Harden and Matti, 1989) and 10–35 mm/yr at 
Biskra Palms Oasis (Keller et al., 1982), and by 
well-constrained estimates over multiple latest 
Quaternary time scales of ~12 mm/yr (range 
7–21 mm/yr) on the central San Jacinto fault 
near Anza (Rockwell et al., 1990; Sharp, 1981). 
Thus, within the southern San Andreas fault 
system, a 25 mm/10 mm split between the San 
Andreas and San Jacinto faults has been a tra-
ditional paradigm for evaluating paleoseismic 
results and attendant seismic potential.

A signifi cantly different paradigm for Qua-
ternary strain distribution within the south-
ern San Andreas fault system allocates less 
slip on the San Andreas fault between Cajon 
Pass and the Coachella Valley and consider-
ably more slip on the San Jacinto fault. In the 
San Gorgonio Pass region, fi eld relations led 
Matti et al. (1985, 1992) and Matti and Mor-
ton (1993) to propose that dextral slip on the 
Coachella Valley segment of the San Andreas 
fault zone (Mission Creek strand) diminished in 
the early Quaternary with initiation of the San 
Gorgonio Pass knot in the San Andreas fault; 
as a consequence, dextral slip may have been 
largely accommodated on the newly evolving 
San Jacinto fault for some time. Stratigraphic 
relations within early Quaternary sedimentary 
rocks suggest that the northern San Jacinto fault 
initiated around 1.5 Ma (Morton et al., 1986; 
Morton and Matti, 1993). Other studies suggest 
more recent initiation (1.1–1.2 Ma) for the San 
Jacinto fault (Matti et al., 1985, 1992; Matti and 
Morton, 1993, their fi g. 7I; Kirby et al., 2007; 
Lutz et al., 2006; Janecke et al., 2010). In com-
bination with total bedrock offsets of ~20 km 
(Janecke et al., 2010) to ~25 km (Sharp, 1967), 
these fault initiation ages suggest that long-
term slip on the San Jacinto fault ranges from 
~17 (Morton and Matti, 1993) to ~20 mm/yr 
(Janecke et al., 2010). A few estimates of high 
slip rates (~20 mm/yr or more) over more recent 
time periods (50–100 ka) have been reported 
for the northern San Jacinto fault by Morton 
and Matti (1993) and Kendrick et al. (2002).

Thus, two major paradigms have arisen for 
the way in which dextral strain has been dis-
tributed within the southern San Andreas fault 
system between Cajon Pass and the Coachella 
Valley during the Quaternary: (1) partitioning 
of 25 mm/yr on the San Andreas fault and ~10 
mm/yr on the San Jacinto fault, versus (2) par-
titioning of latest Quaternary slip rates more 
equally between the two faults or perhaps with 
even higher rates on the San Jacinto fault than on 

the San Andreas. These two paradigms provide 
a context for our latest Quaternary slip-rate esti-
mates for the San Bernardino strand of the San 
Andreas fault in the Plunge Creek area, as well 
as for other recently estimated rates elsewhere 
along the southern San Andreas fault at Pitman 
Canyon and Badger Canyon (McGill et al., 
2010), in San Gorgonio Pass (Orozco, 2004; 
Orozco and Yule, 2003; Yule and Spotila, 2010; 
Yule, 2009), and at Biskra Palms Oasis (van der 
Woerd et al., 2006; Behr et al., 2010; Fletcher 
et al., 2010). This paper will show that, for the 
last 35 k.y. or so, rates at Plunge Creek are in-
consistent with the traditional 25 mm/10 mm 
split between the San Andreas and San Jacinto 
faults and suggest instead that the San Ber-
nardino section of the San Andreas fault slips at 
a rate of 7–16 mm/yr, which is comparable to or 
less than that of the San Jacinto fault.

Aside from debates about the precise rate of 
slip on the San Jacinto fault, the locus and mech-
anism of slip transfer from the northern end of 
the San Jacinto fault onto the Mojave section 
of the San Andreas fault have also been matters 
of ongoing investigation. In the southeastern San 
Gabriel Mountains, a surface connection be-
tween the San Jacinto and San Andreas faults 
cannot be demonstrated (Morton, 1975; Morton 
and Matti, 1987). Given this constraint, Matti 
et al. (1985, 1992) reasoned that the low-lying 
San Bernardino Valley is a foundered extensional 
domain within a zone of right-stepping slip 
from the San Jacinto to the San Andreas fault. 
Others have proposed that rotations of blocks 
bounded by left-lateral faults buried beneath San 
Bernardino Valley may help to accommodate 
slip transfer across the valley (Nicholson et al., 
1986; Seeber and Armbruster, 1995). Although  
the model of Matti et al. (1985, 1992; Matti 
and Morton, 1993) included the entire San Ber-
nardino Valley within the stepover, more recent 
geophysical studies (Anderson et al., 2004) indi-
cate that the right step occurs mainly in the west 
and northwest parts of San Bernardino Valley, 
with only ancillary effects in eastern parts of the 
stepover (for example, the Crafton Hills horst-
and-graben complex and the Yucaipa Valley  fault 
zone of Matti et al., 1985, 1992).

Present-Day Strain Rates: 
Geodetic Evidence

Interestingly, strain rates based on Quater-
nary geologic evidence are not everywhere 
compati ble with real-time strain rates deter-
mined from global positioning system (GPS) 
and other geodetic techniques (Thatcher, 2009). 
South of San Gorgonio Pass, most geodetic 
studies suggest a co-equal or slightly larger role 
for the San Andreas  fault (16–25 mm/yr) than 

for the San Jacinto fault (12–21 mm/yr) (Meade 
and Hager, 2005; Becker et al., 2005; Fay and 
Humphreys, 2005; Fialko, 2006; Spinler et al., 
2010; Loveless and Meade, 2011), although 
one study using  a viscoelastic rheology inferred 
greater slip on the San Jacinto fault (24–26 
mm/yr) than on the San Andreas fault (16–18 
mm/yr) (Lundgren et al., 2009).

In contrast, elastic models of geodetic data 
generally suggest a much reduced role for the 
San Andreas fault in the San Bernardino Valley  
and San Gorgonio Pass (Meade and Hager, 
2005; Becker et al., 2005; Spinler et al., 2010). 
A substantial portion of the elastic strain across 
the Coachella Valley section of the San Andreas 
fault passes northward to the Eastern California 
shear zone (13–18 mm/yr according to Spinler 
et al., 2010), rather than remaining on the San 
Andreas fault. Likewise, a substantial portion 
of the elastic strain across the Mojave section of 
the San Andreas fault appears, in these models, 
to extend southward onto the San Jacinto fault, 
leaving a very low strain accumulation rate on 
the San Bernardino section of the fault (e.g., 
5.1 ± 1.5 mm/yr—Meade and Hager, 2005; 
–2.3 ± 1.5 mm/yr—Becker et al., 2005; 5–8 
mm/yr—Spinler et al., 2010; 8.2–10.5 mm/yr—
Loveless and Meade, 2011). One study that sug-
gested a higher strain accumulation rate across 
this part of the San Andreas fault (14.3 mm/yr; 
McCaffrey, 2005) did so only as a result of in-
cluding geologic slip-rate data (using rates of 
18–30 mm/yr for this section of the fault) in the 
same inversion with the geodetic data.

Low rates of elastic strain accumulation (<10 
mm/yr) across the San Bernardino and San Gor-
gonio Pass sections of the San Andreas  fault 
contrast dramatically with previously published 
Holocene and late Pleistocene slip-rate esti-
mates (24.5 ± 3.5 mm/yr—Weldon and Sieh, 
1985; 14–25 mm/yr—Harden and Matti, 1989), 
which are 3–5 times faster than rates inferred 
from modeling of geodetic data. Holocene and 
latest Pleistocene slip rates, aver aged over the 
past few tens of thousands of years, justifi ably 
have been a primary focus of seismic hazard 
studies, given that (1) this time scale is long 
enough to average out the effects of potentially 
irregular earthquake recurrence intervals, but 
(2) it is short enough to minimize the effects 
of changing tectonic regimes over longer time 
scales. For many faults worldwide, the present-
day elastic strain accumulation rates are consis-
tent with Holocene and latest Pleistocene slip 
rates (for example, compare Sieh and Jahns 
[1984] to Prescott et al. [2001]). However, for 
the San Bernardino and San Gorgonio Pass 
sections of the San Andreas fault, present-day 
elastic strain accumulation at relatively low 
rates (see previous references) does not appear 
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to be compatible  with previously published 
geology-based strain rates estimated for the lat-
est Quaternary (Weldon and Sieh, 1985; Harden 
and Matti, 1989). The disparity between model-
based estimates and geology-based estimates 
needs to be resolved in order for either barom-
eter of late Quaternary strain to be used for seis-
mic hazard analysis.

Focus of Our Investigation

In an effort to better understand poten-
tial spatial and temporal variations in the San 
Andreas  fault slip rate between Cajon Pass and 
San Gorgonio Pass, we determined the latest 
Pleistocene slip rates at Plunge Creek, along 
the San Bernardino section of the San Andreas 
fault (Figs. 1 and 2). We estimate slip rates for 
two different latest Quaternary time periods. 
First, an erosional landform on the southwest-
ern side of the fault (Fig. 3) is probably an 
ancient channel wall of Plunge Creek that has 
been right-laterally separated by ~290 m from a 
correlative terrace rise on the northeast side of 

the fault (Figs. 4 and 5). Second, a small, fi ne-
grained alluvial fan is offset 130 ± 70 m from 
its most likely source gullies on the opposite 
side of the fault (Figs. 4 and 6).

METHODS

Geologic Mapping

Geologic mapping (Fig. 4) was conducted at 
scales ranging from 1:6000 to 1:2500, using as 
a base the 1995 digital aerial ortho-photo quar-
ter quadrangle of the Redlands 7.5′ quadrangle 
obtained from the National Aerial Photography 
Program (U.S. Geological Survey–Earth Re-
sources Observation and Science Center) avail-
able from Cal-Atlas Geospatial Clearing House 
(http://atlas.ca.gov/). Other mapping resources 
included stereo aerial photography (1983, U.S. 
Department of Agriculture [USDA], 1:14,000 
scale; 1971, I.K. Curtis, 1:6300 scale; and 1938, 
unknown source, 1:20,000 scale) and 0.5 m 
resolution light detection and ranging (LiDAR) 
imagery from the B4 project (Bevis et al., 2005). 

We used the 1983, 1971, and 1938 aerial photo-
graphs to reconstruct geomorphic surfaces and 
alluvial deposits in areas where urbanization has 
obscured geological and geomorphic features.

Geologic mapping by the U.S. Geological 
Survey (USGS) in the San Bernardino Valley 
region has led to a regional classifi cation of 
surfi cial units (e.g., the Redlands and Yucaipa 
7.5′ quadrangles; Matti et al., 2003a, 2003b). 
We use this classifi cation approach in our in-
vestigation, although we have revised map-unit 
assignments in the Plunge Creek area based on 
our detailed mapping and geochronologic data 
(compare with Matti et al., 2003b). Consistent 
with Matti et al. (2003a, 2003b), we use Qo3 
designations for late Pleistocene units, Qy1 
for latest Pleistocene to early Holocene units, 
and Qy2, Qy3, Qy4, and Qy5 for progressively 
younger deposits. Wash deposits within con-
fi ned channels are designated with “w” (e.g., 
Qyw1), fan deposits with “f” (e.g., Qyf2), allu-
vium that does not readily fi t either of these 
categories with “a” (e.g., Qya2), and colluvium 
with “c” (e.g., Qyc1).
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Figure 2. Digital elevation model (with 10 m resolution, from the U.S. Geological Survey, national elevation data set) show-
ing location of the Plunge Creek slip-rate site (box labeled “area of Fig. 4”) relative to San Andreas fault strands (thick white 
lines), major drainages (thin white lines with dash-dot pattern), and high-standing Pleistocene alluvial-fan deposits (East 
Highland Terrace). BG—Bledsoe Gulch; EG—Elder Gulch; Qvof—knob of very old alluvium discussed in text. Inferred 
location of the buried Mission Creek strand is from Matti et al. (2003b). Other fault locations are from the U.S. Geological 
Survey and California Geological Survey (2006).
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Profi les, Excavations, and Dating

Profi les and cross sections (see Fig. 4 for 
locations) were constructed to portray relation-
ships among units, to evaluate possible cross-
fault correlations, and to measure vertical 
off sets. To clarify stratigraphic, lithologic, and 
temporal relations among key Quaternary units 
and to collect samples for dating these units, 
we (1) excavated trenches and cuts (one-sided 
excavations to enhance natural exposures), 
(2) took advantage of cuts excavated during 
grading of the site for development, and (3) ex-
amined logs of trenches excavated by previ-
ous investigators. Eighteen detrital charcoal 
samples were collected and dated for this study 
(Table 1).

Samples for optically stimulated lumines-
cence (OSL) dating were collected by ham-
mering opaque plastic or steel tubes, ~20 cm 
long, into freshly cleaned natural exposures. 
The tubes were sealed and placed in light-proof 
photographic bags pending the initial process-
ing at the University of Cincinnati. Laboratory 
preparation followed methods described in 
Seong et al. (2007). Luminescence signals were 
measured using a Risø TL/OSL reader (model 
DA-20). Luminescence from quartz grains was 
stimulated using an array of blue light-emitting 
diodes (470 nm, 50 mW/cm2) fi ltered using a 
green long-pass GG-420 fi lter. Detection was 
through a Hoya U-340 fi lter. All quartz aliquots 
were screened for feldspar contamination using 
infrared stimulation with infrared light-emitting 
diodes (870 nm, 150 mW/cm2). All OSL signals 
were detected using a 52-mm-diameter photo-
multiplier tube (9235B). The equivalent dose 
(De) measurements were determined on multi-
ple aliquots using the single aliquot regenerative 
(SAR) method protocol developed by Murray 
and Wintle (2000). Growth-curve data were fi t-
ted using linear and exponential trend curves. 

The De value for every aliquot was examined 
using Risø Analysis 3.22b software. Aliquots 
with poor recuperation (>10%) were not used in 
the age calculations. For each sample, equiva-
lent doses of all aliquots were aver aged and 
then divided by the dose rate, giving a mean age 
( Table 2). Calculation uncertainties and methods  
used to calculate dose rates are explained in the 
footnotes in Table 2.

Soil development was described for a pedon 
associated with Qyc1. Field properties, includ-
ing color, texture, structure, dry and wet con-
sistence, and clay fi lms, were measured (Soil 
Survey Staff, 2010; Birkeland, 1999). A profi le 
development index was determined, using rubi-
fi cation, texture, clay fi lms, and dry consistence 
(Harden, 1982; Harden and Taylor, 1983).

GEOLOGY OF THE PLUNGE CREEK 
STUDY AREA

Faults

The Plunge Creek slip-rate site is located about 
midway along the length of the San Bernardino 
section of the San Andreas fault zone (Fig. 1). 
Within this region, there are four major strands 
of the San Andreas zone. Of these, the San Ber-
nardino strand represents the modern trace of 
the fault and has the greatest Holocene activity 
(Matti and Morton, 1993; Sieh et al., 1994); this 
fault is shown by a thick black line in Figure 1. 
Our study estimates the slip rate across this strand 
where it crosses Plunge Creek at ~34.177°N, 
117.141°W (Figs. 1 and 2). Matti and Morton 
(1993) suggested that the San Bernardino strand 
has only 3 km of total offset. The Mission Creek 
strand probably has 89 km of total offset and, at 
the location of Plunge Creek, is inferred to be 
concealed beneath alluvium slightly valley-ward 
from the San Bernardino strand (Fig. 2; Matti 
and Morton, 1993; Matti et al., 2003b). Two 
other strands of the San Andreas fault zone cross 
Plunge Creek ~2 km north of the San Bernardino 
strand (Fig. 2). These are the Wilson Creek strand 
and the Mill Creek strand, which appear to have 
40 km and 8 km of cumulative offset, respec-
tively (Matti and Morton, 1993).

Of this family of dextral faults, only the San 
Bernardino and the Mill Creek strands have 
been active in the latest Quaternary, with the 
majority of slip during this period accommo-
dated by the San Bernardino strand (Matti and 

Figure 3. View of offset chan-
nel wall, incised into south-
east side of the Qvof knob on 
southwest side of fault. We cor-
relate this offset channel wall 
with the Qow3b/Qyw1 riser on 
the northeast side of the fault. 
Photo graph was taken 25 Octo-
ber 1996, prior to grading and 
development of the site. View to 
west from a point northeast of 
the fault, at the yellow star in 
Figure 5. SAF—San Andreas 
fault. Scale of photo is indicated 
by trees within the orange grove 
beneath the Qyf2 label.

Qvof
abandoned
channel

offset channel wall

San Bernardino strand, SAF
Qyf2 

Figure 4 (on following page). Geologic map of the Plunge Creek site showing locations of 
excavations and piercing points that constrain offset estimates for dextral slip. Squares and 
circles indicate piercing points on the southwest and northeast sides of the fault, respectively. 
Yellow symbols indicate piercing points for the ca. 10.5 ka Qyf2 fan (see Fig. 6 for greater 
detail). Light-blue symbols indicate piercing points for the ca. 35 ka Qow3b/Qyw1 riser 
and its correlative channel wall on the southwest side of the fault (see Fig. 5 for greater de-
tail). Symbols with solid outline are the preferred piercing points; those with dashed outline 
indi cate points used to estimate maximum and minimum limiting offsets. T1, T2, T3, and 
C5 are excavations conducted solely for the purpose of this study. For cross sections along 
these excavations, see Figures 8 and 9 and Data Repository sheets DR2 and DR1 (see text 
footnote 1), respectively. L217, L219, L220, L44–52, and lot W indicate construction cuts (on 
lots 217, 219, 220, 44–52, and W, respectively) that were examined for this study. For photo-
mosaics showing these exposures, see Figure 10 (lots 217–220) and Data Repository sheets 
DR3 (lots 44–52) and DR6 (lot W) (see text footnote 1). R1–90, R1–99, R27 and 27A, S1, 
S3, S4, P1, P2, P3, and P6 are prior excavations discussed in the text. See Data Repository 
sheet DR4 for the log of the south end of R1–99 and sheet DR5 for logs of S1, S3, and S4 (see 
text footnote 1). Cross-section A-A′ is illustrated in Figure 7; topographic profi les B-B′ and 
C-C′ are illustrated in Figure 12, and profi le E-E′ is shown in Figure 9. Contours were con-
structed using ESRI’s ArcGIS software from a 10 m digital elevation model from the U.S. 
Geological Survey, national elevation data set. This area has been mapped at a smaller scale 
by Matti et al. (2003b). To avoid clutter, the location of the buried Mission Creek strand of 
the San Andreas fault (SAF) is not shown here, but it is shown approximately in Figure 2.
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Figure 5. B4 light detection and ranging (LiDAR) image of the Plunge Creek site showing fea-
tures used to measure the offset of the Qow3b/Qyw1 riser from the offset channel wall, since the 
time of initial incision ca. 35 ka. Blue squares and circles indicate piercing points on the south-
west and northeast sides of the fault, respectively. The piercing points corresponding to the 
preferred offset have a solid outline; those corresponding to alternative offsets have a dashed 
outline. Selected geologic units on the southeast side of Plunge Creek are shown to constrain the 
easternmost limit at which the initial incision of the Qow3b/Qyw1 riser could have occurred. 
Yellow star shows approximate location from which the photograph in Figure 3 was taken.
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Qyf2 fi ll near the fault. Large, yellow square 
shows center of the broad apex, and smaller 
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age of two dated samples from Qyf2 within 
a construction cut in housing Lot 217 are 
also shown (See Fig. 10 for greater detail). 
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Morton, 1993; McGill et al., 1999). Sieh et al. 
(1994) suggested that the latest Quaternary slip 
rate for the Mill Creek strand is ~10% of the 
rate of the San Bernardino strand, and a latest 
Quaternary rate of 2 mm/yr has been estimated 
directly for the Mill Creek strand (R. Weldon, 
2010). The Mill Creek strand is estimated to 
have begun activity in the middle Pleistocene 
and to have tapered in activity when the San 
Bernardino strand became active later in the 
Pleistocene (Matti and Morton, 1993).

Alluvial Stratigraphy and Geomorphology

We begin by describing geologic units on 
the northeast side of the San Bernardino strand. 
This is followed by a description of units on the 
southwest side of the fault and an explanation of 
our proposed correlations across the fault.

Units Northeast of the Fault
Qow3a: Major late Pleistocene canyon fill. 

Deposits of Qow3a fl uvial gravel are present 
on both walls of Plunge Creek, constituting up 

to 30–40 m of clast-supported gravel, contain-
ing rounded, granitic boulders that commonly 
exceed 1 m in diameter. The top of the Qow3a 
deposits forms a major fi ll terrace, at eleva-
tions of 55–60 m above the modern channel. 
Just upstream from the San Bernardino strand, 
Qow3a deposits are clearly exposed on the east 
side of Plunge Creek (Fig. 4). On the west side 
of Plunge Creek, Qow3a (and Qow3b, see fol-
lowing) is exposed within a terrace riser that 
extends to a height of 48 m above the modern 
channel. Qow3a is also exposed at elevations up 
to 55–60 m above the modern channel along the 
southeast bank of gully d1 and within a small 
gully near T2, both of which have incised the 
thick colluvial wedge (Qyc1) that buries most 
of Qow3a (Fig. 4). We thus infer that Qow3a 
formed a >400-m-wide fan head where Plunge 
Creek crosses the San Bernardino strand.

We have no age control on Qow3a, except 
that it must be older than Qow3b (discussed later 
herein). We infer that Qow3a may be compara-
ble in age to Weldon’s (1986) Qoa-d, the most 
prominent late Pleistocene aggradational pulse 

in the Cajon Pass area. Weldon (1986) inferred 
Qoa-d to be 55 ka, based on its 1.3–1.4 km off-
set near Prospect Creek and the San Bernardino 
strand slip rate of 24.5 mm/yr at Cajon Creek 
(Weldon and Sieh, 1985). The age of Qoa-d 
may potentially be slightly older, given that the 
San Bernardino strand slip rate may decrease 
rapidly southeast of Cajon Creek and may be 
between 19 and 24 mm/yr at Prospect Creek 
(McGill et al., 2010). We consider 55–70 ka to 
be a reasonable estimate for the age of Qow3a. 
This is consistent with new dates presented in 
this paper  for the younger unit, Qow3b.

Qow3b: Veneer of reworked fluvial deposits 
on a cut terrace incised into Qow3a. On the 
west side of Plunge Creek, a terrace riser above 
Qyw1 and Qyc2 (labeled “Qow3b/Qyw1 riser” 
in Figs. 4 and 7) exposes rounded granitic boul-
ders that are likely part of the Qow3a fi ll. The 
top of the riser and of the boulder deposits is 
48 m above the modern channel, i.e., somewhat 
lower than the 55–60 m height of the top of the 
other Qow3a deposits elsewhere. This suggests 
the presence of a cut terrace incised into Qow3a. 
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The tread of this cut terrace is exposed where it 
intersects the top of the Qow3b/Qyw1 riser and 
is also exposed in trench 1, beneath a cover of 
Qyc1 colluvium (Figs. 8 and 9). Trench 2 ex-
poses only colluvium (Qyc1), providing further 
support that the Qow3a gravel was incised to at 
least the base of trench 2.

The granitic boulder gravel exposed in the 
Qow3b/Qyw1 riser (Figs. 4 and 7) is probably 
mostly Qow3a, with a thin veneer of gravel re-
mobilized as Qof3b just below the surface of 
the cut terrace. The degraded natural exposures 
and coarse nature of the deposits do not permit 
a contact to be recognized between Qow3b and 
Qow3a, so it is not possible for us to determine 
the thickness of Qow3b. In Figures 4 and 7, we 
represent Qow3b as being only a few meters 
thick. This is consistent with the relatively small 
size of the alluvial fan (Qof3b) southwest of the 
fault that we correlate with the Qow3b deposits 

(as justifi ed in the upcoming section, “Qof3b: 
Late Pleistocene(?) fan and channel deposits 
from Plunge Creek, related to the ‘abandoned 
channel’”).

Just northeast of the San Bernardino strand, 
on the west side of Plunge Creek, granitic boul-
der gravel is exposed in the slope that rises to the 
northeast above the fault (in the vicinity of gul-
lies d1 and d1 in Figs. 4 and 6). The top of this 
gravel is at an elevation that is roughly consistent 
with the elevation of the Qow3b terrace tread on 
the west bank of Plunge Creek, where that tread 
crops out at the top of the Qow3b/Qyw1 riser, 
~48 m above Plunge Creek. This suggests that, 
during Qow3b time, Plunge Creek (and the tread 
of the Qow3b cut terrace) wrapped around the 
west bank of the canyon mouth within a chan-
nel that approached the San Bernardino strand 
at a low angle. This will be important later in 
the paper , when we reconstruct the channel of 

Plunge Creek across the San Bernardino strand 
during Qow3b time.

Qyc1: Late Pleistocene colluvial wedge. On 
the west side of Plunge Creek, both the Qow3a 
fi ll terrace and the lower terrace cut into it, 
with its inferred veneer of Qow3b deposits, are 
buried by a single, large wedge of colluvium 
(Qyc1) (Figs. 4 and 7). Qyc1 is composed of 
unstratifi ed, unsorted silty sand, parts of which 
may have been homogenized by bioturbation, 
which, unfortunately, complicates the dating 
(see next section). We infer that buried beneath 
this colluvial wedge, there is a terrace riser 
that separates the tread of the Qow3a fi ll ter-
race from the strath of the Qow3b cut terrace. 
We refer to this riser as the Qow3a/Qow3b riser 
(Fig. 7). We estimate that the location of this 
riser is northwest of T2, which exposed only 
Qyc1 at an elevation where Qow3a would be 
expected, and southeast of the granitic boulders 
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from Qow3a that crop out in gullies incised into 
Qyc1 (e.g., Fig. 9).

Age control for Qyc1. We have no direct 
dates that are unequivocally from Qow3a or 
Qow3b, but we do have several radiocarbon and 
OSL dates from near the base of the colluvium 
(Qyc1) that overlies Qow3b. We dated two detri-
tal charcoal samples (T1–2, T1–3) and one OSL 
sample (PCSR-OSL-06) from near the contact 
between Qow3b and the overlying colluvium 
in trench 1 (Fig. 8). All three samples are from 
sandy material that may either be the matrix of 
Qow3b or the base of Qyc1. In either case, they 
should closely approximate the age of abandon-
ment of Qow3b as a result of the initial incision 
of the terrace riser between Qow3b and Qyw1.

Trench 2 sampled deeper material, from 
within a thicker portion of Qyc1, closer to its 
source (Fig. 9). The trench was excavated into 
the base of a natural gully so that the top of the 
trench was ~4.5 m below the Qyc1 surface, and 
its base extended to a depth of 8–9 m below the 
surface of the deposit, potentially sampling an 
older part of this colluvial wedge than exposed 
in trench 1. Two detrital charcoal samples (T2–1 
and T2–8) and two OSL samples (PCSR08 and 
PCSR09) were dated from near the base of 
trench 2. These samples are close to the ter-
race riser that is the source of Qyc1 and are 
only 2–2.5 m above the inferred top of Qow3b 
(Fig. 9). Thus, they probably postdate the aban-
donment of Qow3b relatively closely.

Three of the four radiocarbon dates from 
near the base of Qyc1 are in agreement and 
suggest a transition from Qow3b to Qyc1 depo-
si tion around 34.9 ka (Figs. 8 and 9; samples 
T1–2, T1–3, and T2–8 in Table 1). This value 
is the mean of the probability density function 
for these three dates combined (using the date 
combination tool in OxCal 4.1 [Bronk Ramsey, 
2009]). A fourth radiocarbon date (sample T2–1) 
has a slightly older radiocarbon age that lies par-
tially beyond the range of the calibration curve; 
however, its uncertainty is large enough to over-
lap with the other three dates (Table 1). Further-
more, it would not be unusual for an individual 
detrital charcoal sample to be older than others 
in a related population if it took a longer time to 
reach the deposit. In contrast to the radio carbon 
dates, the three OSL dates from the same parts 
of Qyc1 are substantially younger, ranging in 
age from 14.3 to 19.9 ka (Figs. 8 and 9; samples 
PCSR06, 08, and 09 in Table 2).

We favor the radiocarbon dates from Qyc1 
over the OSL dates for the following reasons. 
(1) The degree of soil development within Qyc1 
supports an age of at least 35 ka, when com-
pared to dated soils in the Cajon Pass chrono-
sequence (Table 3). (2) Although there were 
no recognizable burrows near the OSL sample 

locations, Qyc1 is unstratifi ed and may very 
well have been bioturbated, thereby intermixing 
multiple generations of sediment and biasing 
our OSL determinations. It is clear that some 
bioturbation did occur because a charcoal sam-
ple (T1–11) from 1.6 m beneath the surface of 
Qyc1 (and ~1.3 m above the 19.9 ± 1.5 ka OSL 
sample) has a modern age (Fig. 8). Bioturbation 
also is one possible explanation for the strati-
graphic inversion of the 14.3 ± 1.2 ka and 17.6 ± 
1.5 ka OSL samples from Qyc1 in trench 2, al-
though the 2σ uncertainties do allow these two 
samples to be the same age. (3) By comparison 
with OSL determinations, the radiocarbon dates 
are more consistent. Three of the four samples 
from the base of Qyc1 are in close agreement, 
and the fourth, though older, is within the un-
certainties. Of course, it is possible that all four 
of the detrital charcoal samples from the base 
of Qyc1 were reworked from an older deposit, 
but it seems unlikely that reworked samples 
would be more abundant than samples that are 
contemporaneous with the deposit. (4) Finally, 
OSL dates from Qyw1 (see following) partly 
overlap with the OSL dates for Qyc1, further 
supporting our contention that the OSL dates 
from Qyc1 are anomalously young (most likely 
due to bioturbation) and do not accurately rep-
resent the depositional age of that deposit. Thus, 
we use the radiocarbon results to infer that the 
terrace tread that forms the top of Qow3b was 
abandoned at ca. 34.9 ka, as Plunge Creek began 
an incision cycle that would lead to the Qow3b/
Qyw1 riser and to its likely counterpart, an off-
set channel wall on the southeast side of the 
Qvof knob (described in the upcoming section 
“Offset channel wall”).

Qyw1: Latest Pleistocene to early Holocene 
fluvial deposits. A younger strath terrace is in-
cised even deeper into the Qow3a fi ll than the 
Qow3b cut terrace. The tread of this terrace is 
~25 m above the modern channel, and it is under-
lain by 8–10 m of Qyw1 gravel, with rounded 
granitic boulders, mostly ≤0.5 m in diameter, 
deposited on a strath surface cut into gneissic 
bedrock. Two OSL samples (PCSR13 and 14) 
from an unbioturbated sand layer within strati-
fi ed Qyw1 deposits that were exposed in cut 5 
(see Data Repository sheet 11) have been dated at 
14.1 ± 1.4 ka and 15 ± 1.2 ka (Table 2).

The riser that formed when Plunge Creek in-
cised from the Qow3b cut terrace down to the 
Qyw1 strath terrace forms the basis for our esti-
mate of the slip rate for the past ~35 k.y. (see the 

1GSA Data Repository item 2012288, which pro-
vides annotated logs of trenches and construction cuts 
examined as part of this study as well as relevant logs 
from previous studies conducted by consultants, is 
available at http://www.geosociety.org/pubs/ft2012
.htm or by request to editing@geosociety.org.
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upcoming section “Slip rate since ca. 35 ka”). 
This riser is referred to as the Qow3b/Qyw1 
riser in the remainder of the paper and in Figures 
4, 5, 7, and 10.

Qyc2: Early Holocene colluvial wedge. The 
Qyw1 terrace tread is largely covered by a col-
luvial wedge (Qyc2) that is > 10 m thick and 
is composed of unstratifi ed, unsorted silty sand 
(Figs. 4 and 7). Three radiocarbon dates (PCSR-
T3–8, –9, and –11) from Qyc2 range from 8.2 
to 9.5 ka (Table 1; Data Repository sheet 2 [see 
footnote 1]).

Qyf2: Early Holocene, fine-grained allu-
vial fan. On the west side of Plunge Creek, 
where the Qow3a and Qow3b deposits hug the 
gneissic mountain front just northeast of the San 
Bernardino strand (Figs. 4 and 6), a contact be-
tween the top of the Qow3b boulder gravel and 
the overlying sandy deposits of Qyf2 is visi-
ble (Fig. 6). This contact is mostly planar and 
subhorizontal except for two divots that were 
probably formed when local gullies (d1 and d2 
in Fig. 6) incised into Qow3b. These mild inci-
sions were later fi lled by sandy deposits (Qyf2) 
derived from those same gullies. After fi lling the 

shallow gullies incised into Qow3b, Qyf2 con-
tinued to aggrade in the area below and south 
of gullies d1 and d2. These relationships will 
be important later in the paper, when we re-
construct the sandy Qyf2 fan across the fault. 
The Qyf2 deposits have only been dated on the 
southwest side of the San Bernardino strand (see 
the upcoming section “Qyf2: Early Holocene 
allu vium from smaller drainages”).

Qyw2, Qyw3, Qyw4: Younger Holocene ter-
races. Minor fi ll terrace remnants are present 
locally within the gorge incised into bedrock 
below Qyw1. These include Qyw2, Qyw3, and 
Qyw4, at elevations of 4–5 m, ~2 m, and ~1 m, 
respectively, above the modern channel. None 
of these units has been dated, but they are in-
ferred to be Holocene, on the basis of their geo-
morphic position inset into Qyw1.

Relations Southwest of the Fault, Proposed 
Correlations, and Geologic History of the 
Surfi cial Units

In this section, we describe the geologic units 
southwest of the fault, we propose correlations 
of these units to the previously described units 

northeast of the fault, and we outline our view 
of the geologic history of the surfi cial units at 
this site. Our proposed geologic history is sum-
marized in the reconstructions shown in Figure 
11, which we refer to throughout this section. 
More detailed justifi cation of the two correla-
tions that we use to estimate slip rates across 
the San Bernardino strand is given in the “Lat-
est Pleistocene Slip Rate for the San Bernardino 
Strand at Plunge Creek” section.

Qvof knob. On the southwestern side of the 
San Bernardino strand, there is a prominent 
knob that is cored by basement rock consist-
ing of gneiss and diorite (Fig. 4) of the Wilson 
Creek block (Matti et al., 2003b). The knob is 
mantled by very old alluvial-fan deposits (Qvof) 
that have strong pedogenic development, in-
cluding reddening (2.5YR 3/6–4/8 Munsell 
Soil Color Chart) and clay accumulation. Clasts 
within the Qvof deposit are almost exclusively 
(~97%) rounded granitic boulders and cobbles 
with equigranular textures, with the remainder 
being biotite gneissose rock derived from the 
Wilson Creek block. Where we examined Qvof 
in a construction cut on the west fl ank of the 
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knob, clasts are mostly <40 cm, but boulders 
up to ~1 m in diameter are present locally (Data 
Repository sheet 3 [see footnote 1]).

Matti et al. (2003b) assigned an early middle 
Pleistocene age to this unit. We collected and 
analyzed one OSL sample (PCSR-04) from 
a sand layer within Qvof that was exposed in 
construction cut L44-52 (Fig. 4; Data Reposi-
tory sheet 3 [see footnote 1]). Unfortunately, the 
OSL signal was saturated, and an age could not 
be determined (Table 2).

The clast sizes and lithologies indicate the 
source of Qvof on this knob must have been a 

major drainage emanating from the San Ber-
nardino Mountains. Given the substantial age 
of the deposit, it has probably been signifi cantly 
offset by the fault, and the source is likely to be 
east of Plunge Creek. Possible sources include 
Oak Creek, ~1 km to the southeast, or the Santa 
Ana River, 4 km to the southeast. The granitic 
and gneissose clasts observed in Qvof are pres-
ent in modern deposits of both Oak Creek and 
the Santa Ana River. The modern Santa Ana 
River deposits also contain minor amounts 
(~1% or less) of other lithologies (e.g., mega-
porphyritic monzogranite, quartzite, and mica-

poor gneiss) that were not observed in Qvof at 
Plunge Creek. However, a systematic search for 
these lithologies within Qvof was not conducted 
at the time that large expanses of Qvof were 
exposed in construction cuts, so we cannot rule 
out the Santa Ana River as a potential source for 
Qvof at Plunge Creek.

Qof3a: Concealed and inferred late Pleisto-
cene fan. As described previously, Qow3a 
formed a >400-m-wide fan where it crossed 
the San Bernardino strand (Fig. 4) and should 
therefore correlate with a large fan on the south-
west side of the fault. Presumably, a signifi cant 
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portion of the East Highland Terrace (Figs. 2 
and 11A) is underlain by alluvial-fan deposits 
derived from Plunge Creek, including some 
of Qof3a age or older. Unfortunately, the East 
Highland Terrace is largely covered by housing 
developments, and exposures of the underlying 
deposits are limited. Exposures along the west 
edge of the terrace, where it is incised by City 
Creek, are largely pebbly sand, suggesting that 
one of the smaller drainages northwest of Plunge 
Creek was the source of the western portion of 
the terrace. Boulders do crop out in the walls of 
Bledsoe and Elder Gulches (Fig. 2), within 100 
or 200 m south of the San Bernardino strand, 
suggesting a larger drainage, such as Elder 

Gulch or Plunge Creek, may be the source for 
the central portion of the East Highland Terrace. 
Between Elder Gulch (Fig. 2) and the Qof3b fan 
in the southwest corner of Figure 4, we have 
not seen what underlies the fi ner-grained de-
posits from smaller drainages that are described 
in the upcoming section “Qoa3b and Qoc3b: 
Late Pleistocene(?) fi ne-grained alluvium and 
colluviums.”

The age of Qow3a is not directly known, 
so our reconstruction of Qow3a/Qof3a shown 
in Figure 11A is speculative. We speculatively 
show the entire East Highland Terrace deposited 
during Qof3a time, from Plunge Creek, Elder 
Gulch, and Cook Canyon. However, it is also 

possible that pre-Qof3a deposits from Plunge 
Creek underlie parts of the northwestern portion 
of this large terrace.

Qof3b: Late Pleistocene(?) fan and channel 
deposits from Plunge Creek, related to the 
“abandoned channel.” Between the Qvof knob 
and the San Bernardino strand, there is a swale as 
wide as 100–200 m that slopes gradually to the 
west. We interpret this swale as an abandoned 
channel of Plunge Creek that was defl ected by 
the knob and that fl owed west until it reached 
the knob’s west end, where the channel turned 
southwest (Figs. 11B and 11C). Southwest of 
the knob, topographic contours suggest the pres-
ence of a fan-shaped landform (Fig. 4). Most of 
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this landform is presently covered by housing 
tracts, but boulder gravel is exposed at its south-
western corner. We interpret this landform as an 
alluvial fan deposited by the abandoned channel 
that fl owed through the swale north of the Qvof 
knob. For reasons that are explained in the up-
coming section “Justifi cation of the cross-fault 
correlation” (for the slip rate since ca. 35 ka), we 
correlate this fan with Qow3b on the northeast 
side of the fault and thus assign this fan to unit 
Qof3b. We have no age control on Qof3b.

A consultant’s trench was excavated in 
the swale in 1999 (R1–99 on Fig. 4) and was 
viewed briefl y in the fi eld by one of the authors 
(McGill). Within the southwesternmost 30 m 
of this trench, rounded granitic boulders, many 
with long axes of 0.6–1.0 m, were exposed at 
depths of >2.2 m, beneath artifi cial fi ll and col-
luvium (G. Rasmussen, 1999, written commun.; 
see Data Repository sheet 4 [see footnote 1]). 
The size, the rounded nature, and the granitic 
lithology of these boulders indicate that they 
were not derived from the gneissic bedrock of 
the local mountain front. They must have come 
from Plunge Creek or from some other large 
drainage that extended far enough northeast to 
reach granitic lithologies and was large enough 
to transport boulders of this size. We infer that 
these boulders may be deposits of Qow3b that 
fl owed through the abandoned channel. An 
alter na tive interpretation is that these boulders 
are part of Qvof. The latter interpretation seems 
less likely because the boulders exposed in the 
trench are slightly larger than the average boul-
der size within Qvof.

Strip of Qof3a or Qof3b along and south-
west of the San Bernardino strand. A strip of 
gravel composed of rounded granitic boulders 
up to 0.5 m in diameter is present along the 
northern margin of the swale, just southwest 
of the San Bernardino strand (Fig. 4). We have 
no quantitative age constraints on this strip of 
gravel. It lacks the strong pedogenic reddening 
that the Qvof gravel commonly displays, so it 
most likely is either Qof3a (alluvial-fan deposits 
that are correlative with the Qow3a wash depos-
its) or Qof3b deposits of the abandoned channel 
that fl owed through the swale, or some combi-
nation thereof. On the basis of our reconstruc-
tions of slip across the fault (Fig. 11C), we infer 
that Qof3b was at one time deposited in this 
loca tion. However, as discussed in the following 
paragraph, this strip of gravel has probably been 
uplifted along a reverse or oblique fault parallel 
to and southwest of the San Bernardino strand. 
It seems likely that the thin veneer of Qof3b that 
may once have mantled Qof3a here may have 
been eroded. We thus label this strip of gravel 
“Qof3a?” in Figure 4. Fortunately, this interpre-
tation is not critical for our slip-rate estimate.

This strip of gravel forms a relatively steep 
ramp from the swale up to the San Bernardino 
strand, and we infer it to have been uplifted 
along a thrust and/or reverse fault (or oblique-
slip fault) that forms part of a fl ower structure 
along the southwest side of the San Bernardino 
strand (Figs. 4 and 11G). Consultant’s trenches 
(S1, S3, and S4) near the northwest corner of 
Figure 4 reveal a near-vertical fault along the 
San Bernardino strand, and a steeply to mod-
erately north-dipping fault several meters 
valley ward that places gneiss over alluvium 
(D. Schwartzkopf, 2011, written commun.; see 
Data Repository sheet 5 [see footnote 1]). At 
the eastern end of the gravel strip, preconstruc-
tion aerial photographs show a lobate mound 
extending 60–100 m valleyward from the San 
Bernardino strand (east of the offset drainage 
labeled c″ in Fig. 4). A southwestward-sloping 
construction cut parallel to the strike of and just 
southwest of the San Bernardino strand passed 
through this lobate mound, exposing gravel in 
the upper part of the cut, underlain by gneiss. 
This cut-slope is labeled “lot W” on Figure 4 
and is shown in Data Repository sheet 6 (see 
footnote 1). We interpret this mound as a result 
of uplift along the reverse- or oblique-reverse-
slip fault exposed in trenches S1, S3, and S4, 
which may fl atten to the east of channel cc″, 
bringing the hanging wall farther out onto the 
surface of the swale. The causal fault was not 
exposed in the construction cut at lot W. Both 
the gravel and the underlying gneiss within this 
strip are at a higher elevation than their inferred 
counterparts beneath the swale, consistent with 
uplift along a fault with a thrust or reverse com-
ponent of motion located parallel to and south-
west of the San Bernardino strand.

Qoa3b and Qoc3b: Late Pleistocene(?) fi ne-
grained alluvium and colluvium. Near the 
northwest corner of the area shown in Figure 4, 
we attribute to Qoa3b and Qoc3b relatively mas-
sive, sandy deposits that are exposed in one gully 
and were mapped by consultants in trenches 
S3 and S4. Based on the size and shape of the 
deposit as expressed by topographic contours 
(Fig. 4), Qoa3b is inferred to be a fi ne-grained 
alluvial fan that emanated from a small drain-
age, such as the gully labeled “b” in Figure 4, 
and Qoc3b is interpreted to be colluvium derived 
from the mountain front east of gully “b.” The 
separation of the Qoa3b apex from gully b 
(~370 m) is consistent with our inferred recon-
struction for the time that Qow3b/Qof3b were be-
ing deposited (Fig. 11C), hence our attribution of 
these deposits  to that same age range. We do not 
estimate a slip rate based on the tentative correla-
tion of Qoa3 with gully “b,” but merely present 
it as a reasonable interpretation that is consistent 
with our proposed geologic history of the area.

Offset channel wall. The Qvof knob and 
the swale that we interpret as an abandoned 
channel are truncated on the east by an ero-
sional landform that is probably an old chan-
nel wall (Fig. 4). No other process can be 
reasonably inferred to have cut the steep slope 
at the east edge of the knob and swale. This 
feature was observed in the fi eld prior to grad-
ing of the site (Fig. 3). It is also prominent 
in the topographic contours generated from a 
digital elevation model of the area with 10 m 
resolution (Fig. 4). Unfortunately, the higher-
resolution, B4 LiDAR imagery was acquired 
after this site had been graded for develop-
ment, but even so, the steep slope at the east 
edge of the knob and swale is readily apparent 
on this imagery (Fig. 5). As will be explained 
in the upcoming section “Justifi cation of the 
cross-fault correlation” (for the slip rate since 
ca. 35 ka), we correlate this erosional feature 
with the Qow3b/Qyw1 terrace riser northeast 
of the fault.

Qyf1: Latest Pleistocene to early Holocene 
fan deposits from Plunge Creek. East of the 
Qvof knob, granitic-boulder gravel that we as-
sign to Qyf1 was exposed in construction cuts 
on lots 217, 219, and 220. Two radiocarbon 
dates on detrital charcoal and one OSL date 
indicate an age of 10.4–12.8 ka for the Qyf1 
gravels southwest of the fault (Fig. 10; Tables 1 
and 2). These ages support a correlation of Qyf1 
with Qyw1 on the opposite side of the fault. We 
infer that both were deposited by Plunge Creek 
after it incised below the level of Qow3b and the 
abandoned channel (Fig. 11E). This correlation 
is also supported by topographic profi les, and is 
justifi ed in more detail in the upcoming section 
“Justifi cation of the cross-fault correlation” (for 
the slip rate since ca. 35 ka).

Gravel deposits of similar age to Qyf1 were 
exposed in trenches P2 and P6 on the southeast 
side of Plunge Creek (Fig. 4) during two pre-
vious studies (McGill et al., 2002; S.C. Suitt, 
1992, written commun.). Radiocarbon dates on 
detrital charcoal from pebbly gravel just north-
east of the San Bernardino strand in trenches 
P2 and P6 (Fig. 4) are 10.4 ± 0.2 ka and 13.2 ± 
0.2 ka (Table 1). These deposits are not as coarse 
as the Qyf1/Qyw1 gravels of Plunge Creek, nor 
are they as high in elevation. Their source may 
have been Oak Creek, which is a smaller drain-
age basin than Plunge Creek, or their source 
may have been the even smaller gully near 
trenches P2 and P6 of the paleoseismic site. Re-
gardless of their origin, accumulation of these 
deposits at the same time as Qyf1/Qyw1 from 
Plunge Creek is consistent with a period of lat-
est Pleisto cene–early Holocene aggra dation. 
The Qyf1 gravels in trenches P2 and P6 are 
underlain by colluvium. Two radiocarbon dates 
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from this colluvium  in trench P1 are 22.4 ± 0.4 
and 25.9 ± 0.8 ka, suggesting that accumulation 
of Qyf1 began sometime after this.

Dates from Cajon Creek, ~30 km northwest 
of Plunge Creek, also indicate a period of aggra-
dation at the same time as the Qyw1 and Qyf1 
were accumulating in Plunge Creek (Weldon, 
1986; his Qoa-c unit).

Qyc1: Late Pleistocene(?) colluvium. As men-
tioned previously, the consultant’s trench R1–99 
exposed granitic boulder gravel (which we in-
terpret as Qow3b) beneath >2.2 m of brown, 
silty sand (G. Rasmussen, 1999, written com-
mun.; see Data Repository sheet 4 [see foot-
note 1]). We interpret the silty sand as colluvium 
(Qyc1) shed from the mountain front into the 
abandoned channel after it was abandoned by 
incision of Plunge Creek down to the Qyw1/
Qyf1 level (Fig. 11E).

Qyf2: Early Holocene alluvium from smaller 
drainages. Immediately southwest of the San 
Bernardino strand, Qyf1 is buried by a sandy 
alluvial fan (Qyf2) that has a broad apex at the 
fault, east of the Qvof knob. Construction cuts 
exposed the distal portion of this fan, where it 
consists of 1–2 m of silty sand overlying Qyf1 
boulder gravel (Fig. 10; see L217, L219, L220 
in Fig. 4 for location). The source of this small 
fan is inferred to be gullies d1 and d2, now right-
laterally separated from the fan apex by 130 ± 
70 m (Figs. 4, 6, and 11G). This correlation is 
further justifi ed in the upcoming section “Justi-
fi cation of the cross-fault correlation” (slip rate 
for the past ~10.5 k.y.), where we use the offset 
of this fan to estimate the Holocene slip rate of 
the San Bernardino strand. One OSL date and 
one radiocarbon date on detrital charcoal are in 
agreement that the base of the distal portion of 
the Qyf2 fan is 10.2–10.6 ka. This is comparable 
in age to the Qyc2 colluvium that buries Qyw1 
northeast of the fault.

Three other small drainages, a-a′ and c-c′ 
in Figure 4 and Bledsoe gulch in Figure 2, are 
offset by an amount within the range reported 
for Qyf2 (Table 4; Fig. 4). Drainage a-a′ (off-

set 140 ± 10 m), drainage c-c′ (offset 145 ± 
25 m), and Bledsoe Gulch (offset 125 ± 10 m) 
may have incised within the same general time 
period as incision of gullies d1 and d2 (Fig. 
11G), suggesting that the Pleistocene-Holocene 
boundary may have been a climatic period in 
which small drainages were incising the moun-
tain front, if our correlations are correct. In Fig-
ure 4, we attribute the deposits within drainages 
a-a′ and c-c′ to Qya2.

Qyf3: Holocene alluvial-fan deposits from 
Plunge Creek. A large terrace is underlain by 
deposits of Qyf3, inset into Qyf1 on the south-
west side of the San Bernardino strand (Fig. 4). 
The terrace riser separating Qyf1 from Qyf3 is 
visible on stereo aerial photographs and is lo-
cally preserved within orange groves today, but 
much of this area had been developed or was in 
the process of being developed at the time the 
mapping was done for this study. Unfortunately, 
even on predevelopment aerial photographs, the 
portion of this riser within 200 m southwest of 
the fault is buried beneath Qyf2, so its precise 
intersection with the fault is diffi cult to infer. 
Exposures of Qyf1 in lots 217, 219, and 220 
(Fig. 4) indicate that the riser must be east of 
these exposures. A dotted, queried contact in 
Figure 4 shows the westernmost possible po-
sition of this riser beneath Qyf2. This yields a 
maximum offset of ~80 m when matched with 
the eastern edge of Qyw1 northeast of the San 
Bernardino strand. In Figure 11H, we show a re-
construction that restores 80 m of slip, aligning 
gully b with gully b′, and aligning a speculative 
but reasonable position for the initial incision of 
the Qyf1/Qyf3 riser. The offset of gully cc″ is 
only slightly larger than this (95 ± 10 m), sug-
gesting that it may also have incised within this 
general time frame. We have no age constraints 
from Qyf3.

LATEST PLEISTOCENE SLIP RATE 
FOR THE SAN BERNARDINO STRAND 
AT PLUNGE CREEK

We estimate slip rates for the San Bernardino 
strand for two separate periods defi ned by degra-
dational and aggradational events that we cor-
relate across the fault:

(1) a slip rate for the period since the “offset 
channel wall” southwest of the San Bernardino 
strand was displaced away from the Qow3b/
Qyw1 riser northeast of the fault over the past 
~35 k.y.; and

(2) a slip rate for the period since the fi ne-
grained Qyf2 fan southwest of the San Ber-
nardino strand was offset from gullies d1 and 
d2 northeast of the fault over the past ~10.5 k.y.

The slip rate over both of these time periods is 
remarkably similar, that is ~7–16 mm/yr.

Slip Rate since ca. 35 ka

As described already, we infer that when 
Plunge Creek incised from the Qow3b level to 
the Qyw1 level at ca. 34.9 ka, this created two 
features, which we correlate across the San Ber-
nardino strand: (1) the steep terrace riser sepa-
rating units Qow3b and Qyw1 on the northeast 
side of the fault and (2) the steep slope on the 
southeast side of the Qvof knob (Fig. 5). We in-
terpret the latter as the downstream continuation 
of the terrace riser between Qow3b and Qyw1; 
hence, in Figures 3, 4, and 5, we refer to this fea-
ture as an offset channel wall that has been dis-
placed and is now separated by ~290 m from the 
Qof3b/Qyw1 terrace riser. In our slip-rate esti-
mate based on this erosional feature, we inter-
pret the relatively well-documented ca. 34.9 ka 
age of abandonment of Qow3b to represent the 
age of initial incision of this riser. Next, we dis-
cuss how we justify this cross-fault correlation 
and how we constrain the amount of offset since 
the time of this initial incision.

Justifi cation of the Cross-Fault Correlation
Our proposed correlation implies that the top 

of the boulder gravel exposed in trench R1–99 
within the abandoned channel north of the Qvof 
knob correlates with the terrace tread that forms 
the top of Qow3b northeast of the fault (Fig. 
11C). The presence of the small, bouldery fan 
at the southwest corner of the Qvof knob sug-
gests that Plunge Creek did indeed fl ow through 
the swale north of the Qvof knob at sometime in 
the past, probably beginning during Qo3a time 
and continuing during Qo3b time. The terrace 
tread that forms the top of Qow3b is of similar 
width (Figs. 4 and 7) and an appropriate eleva-
tion (Fig. 12) to correlate with the abandoned 
channel within the swale. Most importantly, the 
Qyw1 fl uvial gravels that were deposited against 
the Qof3b/Qyw1 riser northeast of the fault are 
similar in age to the Qyf1 gravels that were de-
posited against the offset channel wall south-
west of the fault, which supports the correlation 
of these two erosional features across the fault. 
OSL dates from Qyw1 northeast of the fault at 
a depth of at least 2.5 m below the surface (Data 
Repository Sheet 1 [see footnote 1]) are slightly 
older (11.3–17.4 ka; Table 2, samples PCSR 13 
and 14, using 2σ uncertainties) than but overlap 
with the radiocarbon and OSL dates from within 
<1 m below the top of Qyf1 exposed southwest 
of the fault in construction cuts L217–L220 
(10.3–12.9 ka; C-14 samples 1 and 18 in  Table 1 
and PSCR02 in Table 2). Dates from the collu-
vium immediately overlying Qyw1 and Qyf1 are 
also similar on both sides of the fault (8.0–9.6 ka 
northeast of the fault [samples T3–8, T3–9, and 
T3–11 in Table 1] and 9.5–10.9 ka southwest of 

TABLE 4. OFFSET DRAINAGES 
NEAR PLUNGE CREEK

Name Label on fi gure Offset (m)*
Bledsoe Gulch BG in Fig. 2 125 ± 10
Elder Gulch EG in Fig. 2 50 ± 10
Unnamed a-a′ in Fig. 4 140 ± 10
Unnamed b-b′ in Fig. 4 80 ± 15
Unnamed c-c′ in Fig. 4 145 ± 25
Unnamed c-c′′ in Fig. 4 95 ± 10

*Offsets were measured using the B4 light detection 
and ranging (LiDAR) imagery, in conjunction with a 
digital orthophotoquad from the mid–twentieth century, 
except for c-c′, which was measured from the (older) 
10 m digital elevation model because channel c′′ had 
been fi lled with artifi cial fi ll by the time the B4 LiDAR 
imagery was acquired.
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the fault [sample 8 from Table 1 and PCSR03 
from Table 2).

We did consider other potential correlations 
that would have matched the steep slope on 
the southeast side of the Qvof knob (1) with the 
riser between Qow3a and Qow3b (this riser is 
now buried beneath Qyc1), or (2) with the riser 
between Qyw1 and Qyw3 (Fig. 7). Neither of 
these correlations is consistent with the dated 
samples, and the second one also has the prob-
lem of requiring a signifi cant amount (20–30 m) 
of southwest-side-up slip on the San Bernardino 
strand within the past ~10 k.y. (Fig. 12). To our 
knowledge, southwest-side-up slip has not been 
noted anywhere else along the San Bernardino 
strand. Our preferred correlation does itself re-
quire a slight amount of southwest-side-up dis-
placement (~4 m; Fig. 12). We discount this as 
a negligible amount, however, given the uncer-
tainties in cross-fault projections (see caption to 
Fig. 12).

Offset Measurement
For a piercing point on the southwestern side 

of the fault, we follow the offset channel wall, 
which is defi ned by the east face of the Qvof 
knob and the abandoned channel swale, to-
ward the fault (Figs. 4 and 5). This is a curved 
feature, as channels can be. The channel wall 
becomes less well defi ned close to the fault, 
but it pro jects to the fault near the southeast-
ernmost limit of the strip of granitic gravel 
(Qow3a[?]) on the southwest side of the fault. 
It makes sense that Qow3a(?) would be pre-
served to the northwest of the intersection of 
the channel wall with the fault and removed to 
the southeast of that inter section, as a result of 
the incision of Plunge Creek down to the Qyw1 
level. This lends confi dence to the projection 
of the curved channel wall to the fault. We use 
the southeastern limit of Qow3a(?) gravel on 
the southwest side of the fault for our preferred 
piercing point southwest of the fault (light-
blue square with solid border in Figs. 4 and 5). 
However, we allow that this gravel may have 
extended farther southeast prior to erosion, so 
for a southeastern bound on the location of the 
piercing point southwest of the fault, we pro-
ject the base of the geomorphic expression of 
the channel wall to the fault (curved, dashed 
white line in Fig. 5). We also acknowledge that 
the thrust fault that we infer southwest of the 
San Bernardino strand complicates the choice 
of a piercing point on the southwest side of the 
San Bernardino strand. Given this uncertainty, 
we estimate an upper bound on the offset by 
projecting the northernmost expression of the 
offset channel wall (where it is truncated by the 
thrust fault) directly into the San Bernardino 
strand (Figs. 4 and 5).

On the northeast side of the fault, the pierc-
ing point has been removed by erosion, and 
we must infer its location by projecting to the 
fault the base of the riser between Qow3b and 
Qyw1. Figures 11E and 11G show a reconstruc-
tion in which we assume that the riser initially 
incised at its current location and that the base 
of the preserved portion of riser extended in a 
straight line to the fault. These assumptions 
yield a piercing point on the northeast side of the 
fault, which, in combination with our preferred 
piercing point southwest of the fault, yields an 
offset of 290 m of right-lateral slip (Fig. 5). If 
the riser trended more westerly as it approached 
the fault, the offset could be smaller, but using 
the detailed topography shown in the B4 LiDAR 
imagery to defi ne the degraded portion of the 
riser as it approaches the fault, it seems unlikely 
that the riser is offset <210 m (Fig. 5).

For a maximum estimate of the offset, we 
acknowl edge that the Qow3b/Qyw1 riser may 
have initially incised east of its present location, 
and that it may then have migrated to its cur-
rent position within the drainage by lateral ero-
sion leading to channel-widening northeast of 
the San Bernardino strand (while still fl owing at 
the Qyw1 level). Figure 5 shows the easternmost 
possible location of initial incision of the Qow3b/
Qyw1 riser. This position is constrained by the 
eastern limit of Qyw1 ~400 m upstream from the 
fault, and, closer to the fault, by outcrops of gneiss 
that exist at the elevation at which Qyw1 would 
be expected. If the channel had incised any far-
ther east than this, it would have eroded the exist-
ing basement rock outcrops that are present there 
today. This yields an offset of 510 m from our 
preferred piercing point southwest of the fault, or 
a maximum of 580 m if the piercing point on the 

southwest side of the fault is hidden beneath the 
hanging wall of the minor thrust fault. An alterna-
tive reconstruction illustrating 510 m of slip re-
stored at the time of initial incision of the Qow3b/
Qyw1 riser is shown in Figure 13.

Slip-Rate Calculation
In order to combine the uncertainties in the 

offset and age to obtain a 95% confi dence inter-
val for the slip rate, we assign probability den-
sity functions to the offset and age that represent 
our judgment of the uncertainties in these mea-
surements. For the offset, we use a trapezoidal 
probability density function indicating an equal 
likelihood of offsets between 290 m and 510 m 
(Figs. 5 and 14A), and with tails tapering to zero 
probability below 210 m and above 580 m. For 
the age, we construct a probability density func-
tion with a peak at the mean of the combined 
date distribution for C-14 samples T1–2, T1–3, 
and T2–8 (34.9 ka), and with tails that decrease 
linearly to zero at the outer ends of the 2σ error 
bounds for the three individual dates (32.17–
36.46 ka; Fig. 14B). This yields a probability 
density function (pdf) for the slip rate that has a 
fl at top from 8.3 to 14.5 mm/yr. The slip rate is 
most likely to be in this range, and it is equally 
likely to be anywhere within this range. The 
95% confi dence interval for the slip rate is 7.0–
15.7 mm/yr (Fig. 14C).

Slip Rate for the Past ~10.5 k.y.

We also calculate a slip rate based on the age 
and offset of the sandy Qyf2 fan that was de-
posited on top of Qyf1 southwest of the fault, as 
described in a preceding section “Qyf2: Early 
Holocene alluvium from smaller drainages.”

Figure 12 (on following page). Topographic profi les along Plunge Creek and its terraces. 
See Figure 4 for locations of profi le lines B-B′-B″ and C-C′, but note that the northeast end 
of profi le B-B′-B″ is 740 m father upstream beyond the northeast edge of Figure 4. Filled 
symbols represent elevations taken from a 10 m digital elevation model (DEM) of the region 
(U.S. Geological Survey, national elevation data set). Wide scatter in the ele va tions of some 
terraces may represent errors in the terrace elevations estimated in the fi eld using hand-
held global positioning systems (GPS), where terrace surfaces were accessible, and using an 
inclinometer to sight inaccessible terrace remnants. Open symbols mark terrace elevations 
that were surveyed with a total station. Points at the top and base of Qow3a are in red and 
bright pink, respectively; blue symbols mark points at the top of Qow3b northeast of the 
fault and along the abandoned channel southwest of the fault. Points along the top and base 
of Qyw1 are in green and teal, respectively. Modern channel is marked by black symbols. 
Elevations of Qow3b southwest of the fault (in the abandoned channel, profi le) were taken 
from the 10 m DEM along profi le C-C′ but have had 2.7 m subtracted, representing the 
thickness of colluvium observed on top of the Qof3b(?) gravel in trench R1–99 (Fig. 4). Ad-
ditional uncertainty in the elevation at which profi le C-C′ projects to the fault stems from 
the unknown length of the southeasternmost portion of the abandoned channel, which was 
destroyed when Plunge Creek incised down to Qyw1 level (see curved, dashed blue line in 
Fig. 4 for the inferred length that is used in this fi gure).
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Figure 13. (A) Alternative reconstruction 
showing initial incision of the Qow3b/
Qyw1 riser near the eastern margin of the 
Plunge Creek canyon, yielding a maxi-
mum 510 m offset of the riser (from our 
preferred piercing point southwest of the 
fault). (B) Cross-section A-A′ applicable to 
reconstruction A. In this alternate geologic 
history, reconstruction A would replace the 
reconstruction shown in Figure 11E, and 
cross-section B would replace the cross 
section shown in Figure 11F. Other aspects 
of the reconstructions shown in Figure 11 
would remain the same.

Figure 12.
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Justifi cation of the Cross-Fault Correlation
The fi ne-grained (sandy) nature of the Qyf2 

deposits east of the Qvof knob suggests that 
they emanated from a small drainage along the 
mountain front northwest of Plunge Creek and 
southeast of the apex of the Qyf2 fan. Gullies d1 
and d2 are the largest possible source candidates 
(Fig. 6).

Offset Measurement
The Qyf2 fan has a broad apex southwest of 

the San Bernardino strand and southeast of the 
Qvof knob. The center of the fan apex is marked 
by a yellow square in Figures 4 and 6.

Near the fault, on the northeast side, the geo-
morphic expression of gullies d1 and d2 is ob-
scured beneath sandy deposits that we interpret 
as Qyf2 that backfi lled the gullies after most of 
the Qyf2 fan southwest of the fault had been 
deposited. The surface of Qyf2 northeast of the 
San Bernardino strand is nearly fl at and may 
have been modifi ed by human activity during 
construction of an irrigation fl ume that predates 
1938 aerial photographs (Figs. 5 and 6). Beneath 
the Qyf2 deposits, granitic boulders crop out in 
the slope just northeast of the San Bernardino 
strand. We interpret these boulders to include 
Qow3a with a thin veneer of Qow3b near the 
top. The base of the Qyf2 deposits on the slope 
north of the San Bernardino strand defi nes two 
swales in the top of Qow3a and/or Qow3b that 
were probably cut by gullies d1 and d2. We use 
the projections of these two swales to the fault to 
defi ne the northwestern and southeastern limits  
of the piercing point on the northeast side of the 
fault, and we use the midpoint between these 

two points as our preferred piercing point to 
match with the apex of the Qyf2 fan southwest 
of the fault. This yields an offset of 130 ± 70 m 
(Figs. 6 and 11G). Restoration of the Qyf2 apex 
requires little or no vertical slip.

Most of the uncertainty in this offset is due 
to the broad width (~120 m) of the apex of this 
fan, and we are not certain which part of this 
apex was aligned with the source gullies at the 
time that our dated samples were deposited near 
the toe of the fan. We thus think it equally likely 
that the offset ranges between 70 and 190 m, 
and we represent this using a trapezoidal prob-
ability density function with a plateau from 70 
to 190 m, with the remainder of the uncertainty 
distributed into the tails of the trapezoid, which 
taper to zero at 60 m and 200 m (Fig. 14D).

Slip-Rate Calculation
The radiocarbon and OSL dates from Qyf2 

in lot 217 (Figs. 4 and 10; Tables 1 and 2) in-
dicate that the Qyf2 fan had prograded to bury 
Qyf1 at this location by ca. 10.2–10.6 ka. This 
range spans the best estimates of the ages of 
OSL sample PSCR03 and C-14 sample 8 from 
Qyf2. The agreement of these two ages suggests 
that sample 8 is not signifi cantly older than the 
Qyf2 deposit, as can sometimes be the case with 
detrital  charcoal. The Qyf2 deposits are massive 
and may have experienced some bioturbation, but 
C-14 sample 1 from the underlying Qyf1 grav-
els is unlikely to have been bioturbated. We thus 
think it is unlikely that the Qyf2 deposits at this 
location are any older than 10.6 ka (the older end 
of the 2σ age range for C-14 sample 1). Nonethe-
less, we allow for the possibility of a greater un-

certainty in the age by constructing a trapezoidal 
probability density function (Fig. 14E) that has a 
fl at top between 10.2 and 10.6 ka and that tapers 
to zero at 9.5 ka (younger end of the 1σ age range 
of OSL sample PCSR03 from Qyf2 itself) and at 
12.2 ka (older end of the 1σ age range of OSL 
sample PCSR02 from a portion of the underly-
ing Qyf2 deposits that is stratifi ed and well sorted 
and thus was clearly not bioturbated).

Combining the probability density functions 
for the offset and the age yields a probability 
density function for the slip rate with a broad 
peak of equal likelihood from 6.8 to 16.3 mm/yr 
and with a 95% confi dence interval of 6.3–18.5 
mm/yr (Fig. 14F). One may question whether 
the age of the Qyf2 fan at lot 217 accurately rep-
resents the age of the fan at the apex where the 
offset was measured. We acknowledge that the 
fan may have begun forming prior to this date 
and may have taken some time to prograde out 
to the location of lot 217 and/or that deposition 
may have continued near the apex of the fan 
after  it had ceased at lot 217. The broad nature 
of the apex of the fan may indeed indicate that it 
was deposited over a period of time. We suspect 
that some portion of the broad apex of this fan 
was aligned with the source gullies at the time 
that Qyf2 was being deposited at lot 217.

DISCUSSION

Slip Rate Decreases Southeastward

Results from our investigation at Plunge Creek 
indicate a slip rate for the San Bernardino strand 
of the San Andreas fault of ~7–16 mm/yr, both 
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Figure 14. Inferred probabil-
ity density functions (pdfs) for 
offset (A, D) and age (B, E) and 
the corresponding probability 
density functions for slip rate 
(C, F) that result from these. 
Upper row of pdfs (A–C) is for 
the slip rate for the past 35 k.y., 
based on offset of the Qow3b/
Qyw1 riser from the channel 
wall that forms the southeast-
ern margin of the Qvof knob 
(Fig. 5). Lower row of pdfs is 
for the slip rate for the past 
10.5 k.y., based on the offset of 
the Qyf2 fan from source gul-
lies d1 and d2 (Fig. 6). In C 
and F, vertical lines show the 
boundaries of the plateau of 
equal probability (long-dashed 
lines) and the 95% confi dence 
interval (short-dashed lines).
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for the past 35 k.y. and for the past 10.5 k.y. Fig-
ure 15A presents the slip rate at Plunge Creek in 
comparison with other late Quaternary slip-rate 
estimates for the San Bernardino strand. North-
west of Plunge Creek, the slip rate decreases 
dramatically between Cajon Creek and Badger 
Canyon, probably as a result of transfer of slip 
to the San Jacinto fault in this region (Fig. 1). 
Southeast of Badger Canyon, the slip rate stabi-

lizes, with the rate at Plunge Creek being nearly 
identical to that at Badger Canyon. The slip 
transfer to the San Jacinto fault is thus accom-
modated northwest of Badger Canyon, within the 
16-km-long zone in which the two faults paral-
lel each other and are only 2.5 km apart (Fig. 1). 
Quaternary structures within this region that may 
help to accommodate this slip transfer include the 
Peters fault and the Tokay Hill fault (Morton and 

Matti, 2001; Weldon, 1986). Slip transfer from 
the Mojave section of the San Andreas fault to 
the San Jacinto fault has been inferred by previ-
ous investigators (Weldon and Sieh, 1985; Matti 
et al., 1985, 1992; Morton and Matti, 1993; Matti 
and Morton, 1993). Our study helps to constrain 
the region within which the transfer must occur 
(northwest of Badger Canyon) and the amount of 
slip that transfers (see following).

Figure 15. (A) Slip rate for the San Ber-
nardino strand of the San Andreas fault 
between Cajon Creek and San Gorgonio 
Pass (SGP), showing southeastward de-
crease between Cajon Creek and Badger 
Canyon as a result of slip transfer to the 
San Jacinto fault. See part B for legend. 
Light-gray shading connects the minimum 
and maximum rates reported at each site. 
Dashed lines show the interpretive models 
proposed here. Long-dashed line shows our 
primary interpretation in which the slip 
rate decreases southeastward from between 
somewhere northwest of Cajon Creek and 
Badger Canyon as a result of slip transfer 
to the San Jacinto fault. In this model, lower 
rates at Burro Flats and Cabezon are ex-
plained by slip on other strands of the San 
Andreas fault zone within San Gorgonio 
Pass, for which rates have not been directly 
measured. Lower, short-dashed line shows 
interpretation in which additional slip 
transfers to the San Jacinto fault between 
Plunge Creek and Burro Flats via the Craf-
ton Hills horst-and-graben complex (Fig. 1). 
All rates are averaged over the interval 
from the formation of the offset feature to 
the present. The Cabezon site is on the San 
Gorgonio Pass thrust fault, not the San Ber-
nardino strand. The SGP value is a sum-
mary rate for the San Gorgonio Pass region, 
including inferred slip on other faults within 
the region (Yule, 2009). The published rates 
for Wilson Creek (Harden and Matti, 1989) 
are currently undergoing re-evaluation by 
the authors, so we do not adjust our model 
in an attempt to fi t the anomalously high 
latest Pleistocene rates at that site. Other 
rates shown are from the following sources: 
Cajon  Creek (Weldon and Sieh, 1985); Pit-
man Canyon (McGill et al., 2010); Badger 
Canyon (McGill et al., 2010); Plunge Creek 
(this paper); Wilson Creek (Harden and Matti, 1989); Burro Flats (Orozco, 2004; Yule and Spotila, 2010); Cabezon (Yule et al., 2001). 
(B) Slip rate of the San Andreas fault zone as a function of distance along strike from central California to the Coachella Valley. We infer 
that the San Andreas fault slip rate increases southeastward in the vicinity of Biskra Palms Oasis (BP), as a result of slip that is transferred 
from the Eastern California shear zone onto the southern San Andreas fault. Wa—Wallace Creek (Sieh and Jahns, 1984); LR-Pa—Little 
Rock and Pallett Creek (Matmon et al., 2005; Weldon et al., 2008; Salyards et al., 1992); CC—Cajon Creek; Pt—Pitman Canyon; BC—
Badger Canyon; Pl—Plunge Creek; Wi—Wilson Creek; BF—Burro Flats, SGP—San Gorgonio Pass; Ca—Cabezon; BP—Biskra Palms 
Oasis (Behr et al., 2010; Fletcher et al., 2010).

San Andreas Fault Slip Rate

0

10

20

30

40

50

60

70

80

90

-250 -200 -150 -100 -50 0 50 100 150 200

Distance southeast from Cajon Creek (km)

Sl
ip

 R
at

e 
(m

m
/y

r)

past < 4 ka

past 6-8 ka

past 10-16 ka

past 20-32 ka

past 50-100 ka

past 200-400 ka

San Andreas Fault Slip Rate

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80

Distance southeast from Cajon Creek (km)

Sl
ip

 R
at

e 
(m

m
/y

r)

Southern San Andreas Fault Slip Rate

0

10

20

30

40

50

60

70

80

90

-250 -200 -150 -100 -50 0 50 100 150 200

past < 4 ka

past 6-8 ka

past 10-16 ka

past 20-32 ka

past 50-100 ka

past 200-400 ka

San Bernarndino Strand SAF Slip Rate

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80

B

Cajon
Creek

CC

Pitman
Canyon

Badger
Canyon

Plunge
Creek

Wilson
Creek Burro

Flats
Cabezon

SGP

San
Jacinto
Fault 
Zone

Eastern
California
Shear
Zone

Wa

LR-Pa

Area enlarged in A

Pt
BC Pl

Wi
BF Ca

SGP

BP

A

Crafton Hills
Horst & Graben
Complex

 on January 7, 2013gsabulletin.gsapubs.orgDownloaded from 

http://gsabulletin.gsapubs.org/


McGill et al.

68 Geological Society of America Bulletin, January/February 2013

Southeast of Plunge Creek, a late Pleistocene 
slip rate in the low teens for the San Bernardino 
strand probably extends at least as far as Wilson 
Creek (Fig. 1), but the rate may decrease fur-
ther in San Gorgonio Pass, where slip becomes 
distributed within a complex zone of fault-
ing. At Wilson Creek, in Yucaipa, the slip rate 
of the San Bernardino strand has been 12–16 
mm/yr for the past 65 or 90 k.y. (Harden and 
Matti, 1989), consistent with our rates at Plunge 
Creek. Harden and Matti (1989) reported faster 
rates for the past 30 k.y. and for the past 14 k.y. 
(Fig. 15A), but these rates are currently being 
reevaluated in light of new dating technologies 
(K. Kendrick, 2011, personal commun.).

The late Holocene slip rate on the San Ber-
nardino strand at Burro Flats, in the San Gor-
gonio Pass region, is 8 ± 4 mm/yr (Orozco, 
2004; Yule and Spotila, 2010), which is slightly 
lower than the rate at Plunge Creek (Fig. 15A). 
This could be a result of slip transfer to the 
San Jacinto Fault via the Crafton Hills horst-
and-graben complex (Matti and Morton, 1993; 
Morton  and Matti, 1993), but there are also 
many other fault strands within the San Andreas 
fault zone in San Gorgonio Pass that could be 
accommodating the reduced rate at Burro Flats 
(Yule and Sieh, 2003). Yule (2009) estimated 
that when other faults of the San Andreas fault 
zone are included, the total slip rate across the 
San Andreas fault zone in San Gorgonio Pass is 
likely 8–15 mm/yr, which is consistent with the 
results reported here for Plunge Creek.

Short-Term Bypass of the 
San Bernardino Strand

Elastic block modeling of geodetic data sug-
gests that the San Bernardino and San Gor-
gonio Pass sections of the San Andreas fault 
are largely bypassed by plate-boundary slip. 
Previously published block models imply that 
slip on these sections of the San Andreas fault 
is ≤5 mm/yr, thus making up 10% or less of the 
total plate-boundary slip (Meade and Hager, 
2005; Becker et al., 2005). Some more recent 
block models yield rates of 5–8 mm/yr (Spinler 
et al., 2010) or 8.2–10.5 mm/yr (Loveless and 
Meade, 2011), but these rates are still much 
less than the rates of strain accumulation on the 
portions of the fault to the northwest and south-
east. In these models, a substantial portion of 
the slip measured on the San Andreas fault 
in central California is accommodated by the 
San Jacinto fault to the south of the Transverse 
Ranges, and much of the slip on the southern-
most San Andreas fault transfers northward into 
the Eastern California shear zone (e.g., Meade 
and Hager, 2005; Spinler et al., 2010; Loveless 
and Meade, 2011).

Our results indicate that this partial bypass-
ing of the San Bernardino section of the fault 
is not limited to very short geodetic time scales 
but has also been occurring throughout the lat-
est Pleisto cene and Holocene. We document a 
lower slip rate (~7–16 mm/yr) for the San Ber-
nardino section of the San Andreas fault than for 
the Mojave  and Carrizo sections to the north west 
or the Coachella Valley section to the south-
east. Within the Carrizo section, the Holocene 
and latest Pleistocene slip rates of the fault are 
33.9 ± 2.9 mm/yr and 35.8 +5.4/–4.1 mm/yr, 
respectively (Sieh and Jahns, 1984) and the 
late Holocene rate at Van Matre Ranch is very 
similar (Noriega et al., 2006). Late Quaternary 
slip rate estimates for the Mojave section of 
the fault are almost all within 36 ± 8 mm/yr 
(Humphreys  and Weldon, 1994) for a number 
of different time scales ranging from the past 
several earthquake cycles (Salyards et al., 1992; 
Weldon et al., 2008), to the past few thousand 
years (Weldon et al., 2008; Schwartz and Wel-
don, 1986), to hundreds of thousands of years 
(Weldon, 1986; Weldon et al., 1993; Matmon 
et al., 2005). These rates are ~3 times the slip rate 
on the San Bernardino section. The late Quater-
nary slip rate of the San Andreas fault at Biskra 
Palms Oasis in the Coachella Valley is 14–17 
mm/yr (Behr et al., 2010). This is com parable 
to the rate on the San Bernardino section, but 
additional slip may be occurring on secondary 
structures northeast of the San Andreas  fault in 
the vicinity of Biskra Palms and may join the 
San Andreas southeast of Biskra Palms (Fig. 1). 
Figure 15B summarizes Quaternary geologic 
slip-rate estimates for the southern half of the 
San Andreas fault and shows a pattern that mim-
ics the block models of geodetic data, with a 
southeastward drop in slip rate where the San 
Jacinto fault diverges from the San Andreas and 
a (partly inferred) southeastward increase in slip 
rate where secondary faults transfer slip from 
the Eastern California shear zone southward 
onto the San Andreas fault at and southeast of 
Biskra Palms.

Comparison of Latest Pleistocene and 
Early Holocene Rates to Geodetic 
Rates and Implications for Hazard

It is worth noting that while the Holocene 
and latest Pleistocene slip rates mimic the elas-
tic block models in general terms, confi rming a 
partial bypassing of the San Bernardino and San 
Gorgonio Pass sections of the San Andreas fault 
at time scales averaged over hundreds to thou-
sands of earthquake cycles, they do not mimic 
the block models in all respects. In particular, 
our latest Pleistocene and Holocene rates for the 
San Bernardino strand are slightly higher than 

some rates inferred for this fault from block 
models (~5 mm/yr—Meade and Hager, 2005; 
~0 mm/yr—Becker et al., 2005; 5–8 mm/yr—
Spinler et al., 2010). In other areas, such as 
the Eastern California shear zone, the rates of 
present-day strain accumulation (13–18 mm/yr; 
Spinler et al., 2010) signifi cantly exceed rates 
averaged over tens or hundreds of thousands of 
years (<6.2 mm/yr; Oskin et al., 2008).

One possible interpretation is that the lower 
rates of present-day strain accumulation on the 
San Bernardino strand may represent fl uctua-
tions in activity between different faults within 
the plate-boundary system (e.g., San Jacinto, 
San Andreas, Eastern California shear zone) 
over time scales of a several earthquake cycles 
(e.g., Dolan et al., 2007; Weldon et al., 2004; 
Sharp, 1981). If that is the case, then the present-
day strain accumulation rates may be more rele-
vant than latest Pleistocene or early Holocene 
rates for estimating the hazards due to the next 
few large earthquakes in the system.

However, another possible interpretation is 
that differences between rates of elastic strain 
accumulation and rates of strain release aver-
aged over many earthquake cycles may be the 
result of viscoelastic effects. The San Bernardino 
strand is presently at a late stage within its earth-
quake cycle, so viscoelastic effects could cause 
the present-day rate of strain accumulation to be 
slower than the long-term average (Savage  and 
Prescott, 1978). The most recent large earth-
quake on the San Bernardino section of the fault 
is inferred to be the 8 Decem ber 1812 event, 
200 yr ago, which is consistent with paleo seismic 
results from Pitman Canyon and Burro Flats 
(Seitz and Weldon, 1994; Seitz et al., 1997; Yule 
et al., 2001). Paleoseismic results from Plunge 
Creek suggest an even longer time (≥300 yr) 
since the most recent event (McGill et al., 2002). 
The average recurrence interval is estimated 
to be ~150 yr at Pitman Canyon (Fig. 1) (Seitz 
and Weldon, 1994; Seitz et al., 1997) and 240–
310 yr at Burro Flats (Yule et al., 2001). If the 
present low rate of strain accumulation is indeed 
an artifact of the fault being  late in its earthquake 
cycle, then the ~7–16 mm/yr rate reported here, 
averaged over many earthquake cycles yet over a 
short enough time scale to avoid major changes 
in tectonic regime, would be more appropriate 
to use in seismic hazard analysis than the slower 
rate of present-day strain accumulation that is 
implied by some elastic models.

It is also worth noting that our latest Pleisto-
cene slip rate is consistent with one recent elas-
tic block model (8–10 mm/yr; Loveless and 
Meade, 2011). Joint inversions of geologic and 
geodetic data (McCaffrey, 2005) also result in a 
slip rate (14.3 mm/yr) comparable to what we 
document here.
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Thus, we fi nd no compelling reason to infer 
dramatic shifts in the slip rate of the San Ber-
nardino section of the San Andreas fault over 
time scales of multiple earthquake cycles. The 
two rates we obtain at Plunge Creek indicate 
relative constancy of the slip rate when aver-
aged over two different time periods: the past 
10.5 k.y. and the past 35 k.y., and it is possible to 
interpret the geodetic site velocities in a manner 
that is consistent with this rate (7–16 mm/yr), 
either by allowing for viscoelastic effects (as de-
scribed previously), or by changing the geom-
etry of the elastic block model (Loveless and 
Meade, 2011), or because the uncertainties in 
the geodetic and geologic data are large enough 
to allow both data sets to be fi t with a common 
slip rate (14.3 mm/yr; McCaffrey, 2005). We 
thus conclude that our 7–16 mm/yr rate is more 
appropriate for use in seismic hazard analysis 
than the 0–5 mm/yr rates obtained from some 
elastic block models of geodetic data (Meade 
and Hager, 2005; Becker et al., 2005).

Comparison of Latest Pleistocene and 
Early Holocene Rates to Lifetime Slip Rate

Although the slip rate on the San Bernardino 
strand of the San Andreas fault appears to have 
been stable at time scales of a few tens of thou-
sands of years, it clearly has changed over longer 
time scales. Several reconstructions of bedrock 
across the San Andreas fault in Southern Cali-
fornia suggest a total of 150–180 km of dis-
placement across the San Andreas fault system 
(including the San Jacinto fault), since inception 
of this system ca. 5 Ma (Powell, 1993; Weldon 
et al., 1993). The reconstructions of Matti et al. 
(1985, 1992) and Matti and Morton (1993), 
which delineate the history of slip on various 
strands of the San Andreas fault within the San 
Bernardino Mountains, are particularly relevant 
for comparison to our results. A total bedrock 
offset of 140 km has accumulated across four 
fault strands along the San Bernardino section 
of the San Andreas fault zone, suggesting an av-
erage (though not necessarily constant) slip rate 
of ~28 mm/yr since inception ca. 5 Ma (Matti 
and Morton, 1993).

The combined slip rate for the past 35 k.y. of 
the two fault strands (San Bernardino and Mill 
Creek) that have been active during that time 
interval, however, is less than half this amount. 
The slip rate of the Mill Creek strand has been 
estimated as 2 mm/yr (R.J. Weldon II, 2010). 
Sieh et al. (1994) also estimated that, since the 
late Pleistocene, the Mill Creek fault has slipped 
at 10% of the rate of the San Bernardino strand 
(here documented to be 7–16 mm/yr). Taking 
both of these estimates into consideration, we 
consider the latest Pleistocene slip rate of the 

Mill Creek strand to be 1.5 ± 0.5 mm/yr. When 
added to the 7–16 mm/yr rate for the San Ber-
nardino strand documented in this paper, the lat-
est Pleistocene rate for the two faults combined 
is 8–18 mm/yr, which is much slower than the 
lifetime average slip rate across the San Andreas 
fault zone. This suggests that slip across the San 
Bernardino section of the San Andreas fault 
zone has been substantially faster in the past 
than it is today.

Slowing of the San Andreas fault is likely to 
have occurred when the San Jacinto fault initi-
ated ca. 1.1–1.2 Ma (Janecke et al., 2010; Kirby 
et al., 2007; Lutz et al., 2006; Matti et al., 1985, 
1992; Matti and Morton, 1993). Drawing on re-
sults from Matti et al. (1985, 1992), Matti and 
Morton (1993) suggested that the San Andreas 
fault southeast of Cajon Creek slowed dramati-
cally and perhaps stopped for a time when the 
San Jacinto fault initiated. In this model, the ini-
tiation of the San Jacinto fault coincided with 
abandonment of the Mission Creek strand of 
the San Andreas fault after it was deformed by 
left-slip on the Pinto Mountain fault (Matti and 
Morton , 1993). Eventually, slip resumed on the 
San Andreas fault (though perhaps at a slower 
rate), with the formation of the Mill Creek 
strand of the San Andreas fault (Fig. 2).

Extrapolation of the late Pleistocene slip rate 
for the Mill Creek and San Bernardino strands 
combined can place constraints on the likely 
time of initiation of the Mill Creek fault and on 
the duration of any period of inactivity within the 
San Andreas fault zone. For example, if the com-
bined slip rate on the Mill Creek and San Ber-
nardino strands has been at the upper end of the 
8–18 mm/yr range estimated here since initiation 
of the Mill Creek fault, then it would take only 
0.6 m.y. to accumulate the 11 km of bedrock 
offset on these two strands combined (Matti and 
Morton, 1993). In that case, the Mill Creek fault 
may have initiated as late as 0.6 Ma, and the San 
Jacinto fault may have carried the majority of 
plate-boundary slip from ca. 1.1 Ma to 0.6 Ma. 
On the other hand, if the combined slip rate on 
the Mill Creek and San Bernardino strands has 
been closer to the lower end of the 8–18 mm/yr 
range estimated here, then it would take up to 1.4 
m.y. to accumulate the 11 km of bedrock offset 
across these two strands, and no period of inac-
tivity within the San Andreas fault zone would 
be required. Instead, the San Andreas fault zone 
could have slowed to ~8–10 mm/yr upon initia-
tion of the San Jacinto and could have remained 
at that rate up to the present.

Matti and Morton (1993) inferred that the 
San Bernardino strand fault is quite young and 
evolved ca. 125 ka by partial reactivation of the 
older Mission Creek strand of the San Andreas 
fault zone. This age estimate was based on Wel-

don and Sieh’s (1985) 25 mm/yr slip rate for the 
San Andreas fault at Cajon Creek. Given the 
7–16 mm/yr rate we report here, it would take 
~190–430 k.y. to accumulate the 3 km total off-
set across this strand.

Implications for the San Jacinto Fault

It has long been suggested that slip transfers 
between the San Andreas and San Jacinto faults 
in the Cajon Pass region, where the two faults 
approach each other (Weldon and Sieh, 1985; 
Morton and Matti, 1993; Matti and Morton, 
1993). Our study shows that the San Andreas 
fault slip rate in latest Pleistocene and early 
Holo cene time drops by 20–29 mm/yr between 
the Mojave (36 mm/yr) and San Bernardino 
(7–16 mm/yr) sections of the fault (Fig. 15B), 
suggesting that the amount of slip transferred to 
the San Jacinto fault may be quite large.

To estimate the amount of slip transferred 
from the San Andreas to the San Jacinto fault, 
we consider fi rst three other faults that may 
consume part of the rate change between the 
Mojave and San Bernardino sections of the San 
Andreas fault. A few millimeters per year of 
slip may be consumed by the Cucamonga thrust 
fault and may not transfer to the San Jacinto 
fault. Morton and Matti (1987) suggested a con-
vergence rate of 5 mm/yr for the Cucamonga 
fault using soil development for age control, but 
new, quantitative (cosmogenic) dates suggest a 
dip-slip rate of 1.9 mm/yr (Horner et al., 2007). 
Given the 35° dip of the fault zone (Morton  
and Matti, 1987), these dip-slip rates are 
equivalent to shortening rates of 4 mm/yr and 
1.6 mm/yr, respectively. Alternatively, Weldon 
and Humphreys  (1986) attributed Cucamonga 
fault slip to the geometry of the San Andreas–
San Jacinto fault junction and inferred that 
nearly all of the San Jacinto fault slip transfers 
to the Mojave section of the San Andreas fault, 
with none being absorbed by the Cucamonga 
fault. To encompass this range of viewpoints, 
we allow that 2 ± 2 mm/yr of the 20–29 mm/yr 
rate difference between the Mojave and San 
Bernardino segments may be consumed by the 
Cuca monga fault, rather than transferring onto 
the San Jacinto  fault.

The Mill Creek strand of the San Andreas 
fault also accommodates some of the rate differ-
ence between the Mojave and San Bernardino 
sections of the San Andreas fault. This fault 
makes its closest approach to the San Ber-
nardino strand at Badger Canyon and diverges 
from the San Bernardino strand with increasing 
distance to the southeast. Slip on the Mill Creek 
strand probably eventually rejoins the main San 
Andreas zone in the northern Coachella Valley 
region. As described in the previous section, we 
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infer a rate of 1.5 ± 0.5 mm/yr for the Mill Creek 
strand (Sieh et al., 1994; R. Weldon, 2010).

The North Frontal thrust fault, along the 
northern margin of the San Bernardino Moun-
tains may also accommodate a small amount of 
slip from the Mojave section of the San Andreas 
fault, transferring this slip back to the southern-
most San Andreas fault via the Eastern California 
shear zone. The slip rate on this fault is probably 
quite low. A Holocene shortening rate of 0.16 
mm/yr across one strand was reported by Yule 
and Spotila (2010). A longer-term uplift rate of 
0.6 mm/yr is obtained by dividing the maximum 
vertical offset of 1.6 km (Spotila and Sieh, 2000) 
by the post–2.5 Ma age of onset of uplift (May 
et al., 1982; Sadler and Trent, 1990). Using a 23° 
dip of the fault, this suggests a 1.5 mm/yr short-
ening rate, which we use in our calculations.

Thus, ~5 ± 3 mm/yr of the slip-rate decrease 
along the San Andreas fault may be accommo-
dated by the Cucamonga, Mill Creek, and North 
Frontal faults. It would seem that the remaining 
12–27 mm/yr of the rate difference must trans-
fer to the northern San Jacinto fault. Our results 
thus imply a slip rate of >12 mm/yr for the San 
Jacinto fault and suggest that during the latest 
Pleistocene and Holocene, it has played at least 
as great a role, if not a larger role, in the plate-
boundary fault system than the San Bernardino 
section of the San Andreas fault.

Most previously published slip rates for the 
San Jacinto fault fall within (or slightly below) 
the lower half of the 12–27 mm/yr range inferred 
here (Blisniuk et al., 2010, 2011; Rockwell 
et al., 1990; Prentice et al., 1986; Morton et al., 
1986, recalculated using an older date given by 
Morton and Matti, 1993; Sharp, 1981), while 
a few fall within the upper half of this range 
(Janecke  et al., 2010; Kendrick et al., 2002; 
Morton and Matti, 1993). The high rates re-
ported by Janecke et al. (2010) (20.1 +6.4/–9.8 
mm/yr) and by Morton and Matti (1993) are av-
eraged over the lifetime of the San Jacinto Fault 
zone. These high rates may be reconciled with 
more moderate late Pleistocene rates of 12–15 
mm/yr (Blisniuk et al., 2010, 2011; Rockwell 
et al., 1990; see Fig. 1) if the San Andreas fault 
stopped or dramatically slowed during the early 
history of the San Jacinto fault (as discussed 
earlier herein), allowing the San Jacinto fault to 
temporarily accommodate most (or all) of the 
~35–36 mm/yr of slip that is thought to have 
been shared between the two faults for some 
portion of its early history (Matti and Morton, 
1993; Bennett et al., 2004). This interpretation 
would suggest that the late Pleistocene slip rate 
of the San Bernardino strand is within the upper 
half of the 7–16 mm/yr range reported here.

On the other hand, if the late Pleistocene rate 
for the San Bernardino strand is within the lower 

half of the 7–16 mm/yr range, then that would 
favor a high late Pleistocene rate for the San 
Jacinto , consistent with the >20 mm/yr rate pro-
posed by Kendrick et al. (2002) for the northern 
San Jacinto fault. A high slip rate for the north-
ern San Jacinto fault (Kendrick et al., 2002) 
could be reconciled with more moderate rates 
of 12–15 mm/yr for the central San Jacinto fault 
(Blisniuk et al., 2010, 2011; Rockwell et al., 
1990) if slip steps from the northern San Jacinto 
fault to the Coachella Valley section of the San 
Andreas fault via faults in San Gorgonio Pass, 
which extend westward toward the San Jacinto 
fault, as proposed by Morton and Matti (1993).

A full understanding of strain partitioning in 
this region has yet to be achieved, but the work 
presented here favors moderately low rates of 
slip on the San Bernardino strand of the San 
Andreas  fault (7–16 mm/yr) since ca. 35 ka, thus 
implying relatively high rates (12–27 mm/yr) 
for the San Jacinto fault during that same time 
period , unless other mechanisms for accommo-
dating the ~36 mm/yr slip rate of the Mojave sec-
tion of the San Andreas fault can be found.

CONCLUSIONS

The latest Pleistocene slip rate of the San 
Bernardino strand of the San Andreas fault at 
Plunge Creek is most likely 7.0–15.7 mm/yr for 
the past 35 k.y., and 6.3–18.5 mm/yr for the past 
10.5 k.y. Close agreement in the slip rates for 
these two intervals suggests constancy of the 
rate over periods of tens of thousands of years. 
These new estimates bring the latest Pleistocene 
slip rate closer to, but still somewhat higher 
than, that inferred from the rate of present-day 
strain accumulation.

The slip rates at Plunge Creek are about half 
as fast as the Holocene–latest Pleistocene rates 
measured for the San Andreas fault in Cajon 
Pass, and likely about a third of the rate far-
ther northwest, suggesting that the slip rate de-
creases southeastward from the Mojave section, 
as a result of slip transfer to the San Jacinto 
fault. This slip transfer appears to occur within 
a 16 km length northwest of Badger Canyon 
in which the two faults parallel each other and 
are only 2 km apart. Slip rates for the San Ber-
nardino section of the fault are comparable to 
most (and less than some) published slip rates 
for the northern and central San Jacinto fault, 
suggesting that, in this region, the San Andreas 
slips at a rate that is comparable to or less than 
the San Jacinto fault.
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