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ABSTRACT

The White Mountains fault zone in east-
ern California is a major fault system that 
accommodates right-lateral shear across 
the southern Walker Lane. We combined 
field geomorphic mapping and interpreta-
tion of high-resolution airborne light detec-
tion and ranging (LiDAR) digital elevation 
models with 10Be cosmogenic nuclide expo-
sure ages to calculate new late Pleistocene 
and Holocene right-lateral slip rates on the 
White Mountains fault zone. Alluvial fans 
were found to have ages of 46.6 + 11.0/–10.0 
ka and 7.3 + 4.2/–4.5 ka, with right-lateral 
displacements of 65 ± 13 m and 14 ± 5 m, 
respectively, yielding a minimum average 
slip rate of 1.4 ± 0.3 mm/yr. These new slip 
rates help to resolve the kinematics of fault 
slip across this part of the complex Pacific–
North American plate boundary. Our results 
suggest that late Pleistocene slip rates on the 
White Mountains fault zone were signifi-
cantly faster than previously reported. These 
results also help to reconcile a portion of the 
observed discrepancy between modern geo-
detic strain rates and known late Pleistocene 
slip rates in the southern Walker Lane. The 
total middle to late Pleistocene slip rate from 
the southern Walker Lane near 37.5°N was 
7.9 + 1.3/–0.6 mm/yr, ∼75% of the observed 
modern geodetic rate.

INTRODUCTION

Understanding spatial and temporal variations 
in strain accumulation and release along plate 

boundaries is a fundamental problem in tec-
tonics. Short-term and long-term slip rates are 
expected to be equal if the regional stress field 
remains unchanged over time, yet discrepancies 
between modern geodetic (101 yr) slip rates and 
long-term geologic (103–106 yr) slip rates are 
observed on several parts of the Pacific–North 
America plate boundary system (e.g., Bennett 
et al., 2003; Dolan et al., 2007; Frankel et al., 
2007a, 2011; Oskin et al., 2008). Slip rate dis-
crepancies have important implications for the 
evolution of faults and plate boundaries. For 
example, clarifying long- and short-term slip 
rates may lead to a better understanding of char-
acteristic versus clustered earthquake rupture 
behavior (e.g., Gold and Cowgill, 2011; Wal-
lace, 1987; Schwartz and Coppersmith, 1984). 
Also, discrepancies may imply that strain is 
distributed nonuniformly within a region of 
uniform far-field stress (e.g., Thatcher, 2009). 
However, it is not clear whether observed dis-
crepancies are real or simply a manifestation of 
insufficient data. Calculating new slip rates (e.g., 
Frankel et al., 2011) and revisiting existing slip 
rates (e.g., Cowgill et al., 2009) have helped to 
reconcile some slip rate discrepancies; however, 
the slip rate discrepancy in the southern Walker 
Lane at ∼37.5°N remains unresolved (e.g., Kirby 
et al., 2006; Frankel et al., 2007b; Lifton et al., 
2013; Nagorsen-Rinke et  al., 2013; DeLano 
et al., 2019).

The southern Walker Lane is a diffuse right-
lateral shear zone, consisting of strike-slip 
faults and extensional step-over normal faults, 
that is interpreted to accommodate ∼20% of 
the ∼51 mm/yr of relative motion between the 
North American and Pacific plates (Figs.  1 
and 2;  Bennett et al., 2003; Wesnousky, 2005; 
Hammond and Thatcher, 2007; Lee et al., 2009b; 
DeMets et al., 2010). However, within parts of 
the southern Walker Lane, the contemporary 
geodetic deformation rate is ∼1.4 times higher 
than the geologic deformation rate averaged over 

the late Pleistocene (Frankel et al., 2007b; Kirby 
et al., 2008; Lifton et al., 2013, 2015; Nagorsen-
Rinke et  al., 2013; DeLano et  al., 2019). The 
two main right-lateral structures in the south-
ern Walker Lane at 37.5°N latitude are the Fish 
Lake Valley fault and the White Mountains fault 
zone (Fig. 2). At this latitude, the Fish Lake Val-
ley fault has accommodated up to 3.3 + 0.7/–
0.1 mm/yr of right-lateral motion since ca. 70 ka 
(Ganev et al., 2010; Frankel et al., 2011), while 
previously reported right-lateral slip rates on the 
White Mountains fault zone ranged from ∼0.7–
0.8 mm/yr since ca. 760 ka to ∼0.3–0.4 mm/yr 
since ca. 22 ka (Kirby et al., 2006). To the east of 
Fish Lake Valley, faults in the Silver Peak–Lone 
Mountain extensional complex accommodate 
shear zone–parallel motion through extension, 
much like other step-over normal faults in the 
Walker Lane such as the Queen Valley fault 
(Lee et  al., 2009b), Deep Springs fault (Lee 
et al., 2001b), and Tin Mountain fault (Fig. 2). 
Late Pleistocene extensional slip rates across the 
primary Silver Peak–Lone Mountain structures, 
the Emigrant Peak normal fault, Clayton Valley 
normal fault, and Lone Mountain normal fault, 
are 2.0 + 0.7/–0.5 mm/yr (recalculated by Lifton 
et al. [2015] to estimate extensional slip rates 
from vertical slip rate data reported by Reheis 
and Sawyer, 1997), 0.1–0.3 mm/yr (Foy et al., 
2012), and 0.7–0.8 mm/yr (Lifton et al., 2015), 
respectively. Additional middle to late Pleisto-
cene slip is accommodated west of the White 
Mountains on distributed faults in the Volca-
nic Tableland (0.5 ± 0.2 mm/yr; DeLano et al., 
2019) and the Round Valley fault (0.2 ± 0.1 mm/
yr; Berry, 1997, recalculated by DeLano et al., 
2019). In order to compare geologic slip rates 
to geodetic slip rates, we projected all horizon-
tal geologic slip rates to the direction of relative 
motion between the Sierra Nevada–Great Valley 
and Central Great Basin blocks, 323° (Table 1; 
Bennett et al., 2003; Lifton et al., 2013). DeLa-
no et al. (2019) built upon the sum of middle to 
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late Pleistocene geologic right-lateral slip rates 
across the southern Walker Lane at ∼37.5°N 
presented by Lifton et al. (2013) by adding to 
that sum the minimum 323°-directed slip rates 
across the Round Valley fault (Berry, 1997), the 
Volcanic Tableland (DeLano et al., 2019), and 
the Lone Mountain fault (Lifton et al., 2015). In-
cluding these previously published data yielded 
a net minimum slip rate of 7.4 + 1.2/–0.6 mm/yr 
(Table 1). This summed middle to late Pleisto-
cene right-lateral slip rate is ∼70% of the geodet-
ic rate of 10.6 ± 0.5 mm/yr (Lifton et al., 2013) 
modeled from global positioning system (GPS) 
data across the same area.

The source of the discrepancy between 
geologic and geodetic slip rates is not clearly 
known. While postseismic relaxation and other 
earthquake cycle effects may skew the observed 
geodetic slip rate, these effects are not likely to 
have a high enough magnitude to explain the 
∼1.4-fold discrepancy between geologic and 
geodetic slip rates. We suggest that at least part 
of the discrepancy is due to underestimation of 

the previously calculated late Pleistocene slip 
rate on the White Mountains fault zone of 0.3–
0.4 mm/yr (Kirby et al., 2006), especially since 
the White Mountains fault zone is the simplest 
kinematic connection for transfer of the relative-
ly high slip rates on the Owens Valley fault (up to 
∼4.5 mm/yr; Lee et al., 2001a; Kirby et al., 2008; 
DeLano et al., 2019). We speculate that distrib-
uted deformation off of primary faults may also 
play a role in accommodating the discrepancy 
(e.g., Foy et al., 2012; Zinke et al., 2014; Gold 
et al., 2015; Milliner et al., 2015).

Late Pleistocene and Holocene slip rate es-
timates for the Owens Valley fault vary from 
∼0.6–1.6 mm/yr (Haddon et  al., 2016) to 
1.8 ± 0.3 mm/yr to 3.6 ± 0.2 mm/yr (Lee et al., 
2001a), to 2.8–4.5 mm/yr (Kirby et al., 2008). 
Several research groups (e.g., Lee et al., 2001a; 
Sheehan, 2007; DeLano et al., 2019) have hy-
pothesized that slip from the Owens Valley fault 
continues north onto the White Mountains fault 
zone. However, the previously estimated late 
Pleistocene slip rate on the White Mountains 

fault zone is 0.3–0.4 mm/yr (Kirby et al., 2006), 
∼7%–67% of the right-lateral slip rate along the 
Owens Valley fault. This discrepancy in fault slip 
rates suggests that the previously estimated slip 
rate along White Mountains fault zone is too low, 
and/or transfer of right-lateral fault slip from the 
Owens Valley fault is, at least in part, partitioned 
northward into the Volcanic Tableland (Nagors-
en-Rinke et al., 2013; DeLano et al., 2019). Re-
heis and Dixon (1996) and Lee et al. (2001a) 
hypothesized that the northward decrease in slip 
rate from the Owens Valley fault to the White 
Mountains fault zone may be attributed to slip 
transfer to the Fish Lake Valley fault via the 
Deep Springs normal fault. However, based on 
geodetic data, Lifton et  al. (2013) suggested 
that most of the observed discrepancy between 
long- and short-term slip rates at the latitude of 
∼37.5°N may be occurring across Owens Val-
ley. Thus, the White Mountains fault zone is an 
excellent candidate for reevaluating geologic 
slip rates.

In this study, we calculated two new right-
lateral slip rates on the White Mountains fault 
zone using detailed field geomorphic mapping, 
interpretation of high-resolution light detection 
and ranging (LiDAR) digital elevation models, 
and 10Be terrestrial cosmogenic nuclide (TCN) 
exposure ages applied to offset alluvial fans. 
We used these data to evaluate (1) the ∼1.4-fold 
discrepancy in modern geodetic and late Pleis-
tocene geologic slip rates, and (2) the discrep-
ancy between the predicted slip transferred from 
the Owens Valley fault to the White Mountains 
fault zone.

Tectonic and Geologic Setting

The White Mountains constitute a north-
northwest–trending block within the western 
boundary of the Basin and Range physiographic 
province (Fig. 2). The northern edge of the range 
is bound by the northeast-striking Queen Val-
ley normal fault, and the southern edge of the 
range is adjacent to and continuous with the Inyo 
Range, but separated by the northeast-striking 
Deep Springs normal fault. The range is bound 
on the east side by the north-northwest–striking 
Fish Lake Valley right-lateral fault, and on the 
west by the right-lateral White Mountains fault 
zone. Rocks exposed within the range are Pre-
cambrian and Paleozoic metasedimentary rocks 
and Mesozoic metasedimentary and metavol-
canic rocks intruded by numerous Mesozoic 
plutons related to the arc magmatism that cre-
ated the Sierra Nevada batholith (Stockli et al., 
2003; McKee et al., 1982; Hanson et al., 1987; 
Crowder et al., 1973; Krauskopf, 1971). The lo-
cation and trend of the White Mountains fault 
zone appear to be controlled to some extent by 

Figure 1. Regional tectonic map of the western United States showing physiographic prov-
inces (Fenneman and Johnson, 1946), plate boundaries, and relative plate motion between 
North American (NA) and Pacific (PA) plates (∼51 mm/yr toward 323° at 37.5°N latitude). 
PA-NA relative velocity is from MORVEL model of DeMets et al. (2010). Also shown is the 
velocity vector of the relative motion between the Sierra Nevada–Great Valley (SNGV) and 
Central Great Basin (CGB) blocks (Bennett et al., 2003). ECSZ—Eastern California shear 
zone; SAF—San Andreas fault.
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a preexisting Mesozoic shear zone along the 
western margin of the northern White Mountains 
(Stockli et al., 2003).

Structural and thermochronologic data from 
Stockli et  al. (2003) suggest that the White 
Mountains fault zone initiated at ca. 12 Ma as 
a west-dipping normal fault with the inception 
of east-west extension, causing uplift and east-
ward tilting of the White Mountains block. At ca. 
10–6 Ma, right-lateral strike-slip displacement 
began along the Fish Lake Valley fault on the 
east side of the White Mountains, accompanied 
by the formation of a shear-directed pull-apart 
basin in Fish Lake Valley (Stockli et al., 2003; 
Reheis and Sawyer, 1997). Normal faults of the 
White Mountains fault zone were reactivated as 
right-lateral strike-slip faults beginning ca. 3 Ma, 
accompanied by extension on Queen Valley and 
Deep Springs fault step-over transfer zones 
(Stockli et al., 2003; Lee et al., 2001a, 2001b, 
2009b). Kirby et al. (2006) proposed that slip 
rates along the White Mountains fault zone de-
creased by a factor of 2–4 sometime between ca. 
760 ka and ca. 70 ka, based on slip rates they cal-
culated from offset volcanic tuff and debris-flow 
deposits. Historical seismic activity on the White 
Mountains fault zone includes the July 1986 M 
6.2 Chalfant Valley earthquake, which produced 
small right-lateral oblique surface fractures 
(totaling 4.6–11.1 cm of displacement) along 
the White Mountains fault zone and within the 
Volcanic Tableland (Lienkaemper et al., 1987; 
dePolo and Ramelli, 1987; Smith and Priestley, 
2000). The sequence of aftershocks trended to 
the northwest across Owens Valley, suggesting 
a possible kinematic link between the White 
Mountains fault zone and faults to the west.

Pliocene and Quaternary alluvial-fan deposits 
along the western side of the White Mountains 
are cut by a complex array of faults comprising 
the White Mountains fault zone (Figs. 3 and 4). 
Well-developed strike-slip geomorphic features, 
such as linear fault scarps, east- (up-fan-facing) 
and west-facing (down-fan-facing) fault scarps, 
offset alluvial fans, deflected drainages, closed 
depressions, ponded alluvium, and shutter ridges 
from Silver Canyon to Straight Canyon (Figs. 3 
and 4), indicate active right-lateral slip along the 
White Mountains fault zone.

GEOLOGIC MAPPING

Based on our mapping along the length of 
the White Mountains fault zone, we identified a 
site (the “Estates site”), near the mouth of Piute 
Creek (Figs. 3 and 4), for a detailed study of 
Pleistocene and Holocene slip rates. The tectonic 
geomorphology here is likely well preserved be-
cause this location defines a compressional left 
step in a dextral fault system. Thus, erosional 

Figure 2. Shaded relief map of the southern Walker Lane showing major Quaternary faults. 
Black rectangle is extent of Figure 3. White filled circles are locations of geologic fault slip 
rates (white text; references below). Bar-and-ball pattern is located on the hanging wall of 
normal faults; arrow pairs indicate relative motion across strike-slip faults. Profile A–A′ 
is the approximate global positioning system (GPS) profile defined by Lifton et al. (2013) 
and shown as a velocity vector in Figure 12. Also shown is the velocity vector of the relative 
motion between the Sierra Nevada–Great Valley (SNGV) and Central Great Basin (CGB) 
blocks (Bennett et al., 2003). AV—Adobe Valley (Nagorsen-Rinke et al., 2013); BMF—Black 
Mountain fault; BRF—Benton Range fault (DeLano et  al., 2019); CF—Coaldale fault; 
CV—Clayton Valley; CVF—Clayton Valley fault (Foy et  al., 2012); DSF—Deep Springs 
fault (Lee et al., 2001b); DVF—Death Valley fault; EPF—Emigrant Peak fault (Reheis and 
Sawyer, 1997); ESF—Eureka-Saline fault; EV—Eureka Valley; FSF—Fish Slough fault; 
FLV—Fish Lake Valley; FLVF—Fish Lake Valley fault (Ganev et al., 2010; Frankel et al., 
2011); HCF—Hilton Creek fault; HVF—Huntoon Valley fault; LM—Lone Mountain; 
LMF—Lone Mountain fault (Hoeft and Frankel, 2010; Lifton et al., 2015); LVC—Long Val-
ley Caldera; OV—Owens Valley; OVF—Owens Valley fault (Lee et al., 2001a; Kirby et al., 
2008; Haddon et  al., 2016); QVF—Queen Valley fault (Lee et  al., 2009b); RVF—Round 
Valley fault (Berry, 1997); SNGV-CGB—Sierra Nevada–Great Valley and Central Great 
Basin blocks; SP—Silver Peak Range; SPLM—Silver Peak–Lone Mountain; TMF—Tin 
Mountain fault; VT—Volcanic Tableland (DeLano et al., 2019); WMFZ—White Mountains 
fault zone (Kirby et al., 2006).
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 incision along channels here occurs more rapidly 
compared to elsewhere because the compression 
causes local surface uplift, and shutter ridges and 
other records of tectonic activity are preserved 
(Lienkaemper et al., 1987). Mapping was done 
at 1:10,000 and 1:6000 scales on low-sun-angle 
aerial photographs and LiDAR hillshade digital 
elevation model (DEM) base maps, respectively 
(Fig. 5). Alluvial-fan units were differentiated 
and placed in a chronostratigraphic framework 
following the criteria of Bull (1991). These crite-
ria include height above stream channels, degree 
of dissection, stratigraphy, soil profile develop-
ment, degree of varnish, and pavement develop-
ment. Alluvial-fan units are described in detail 
in Appendix A, and field photographs of the Q3a 
and Q4 surfaces can be found in Figures S1 and 
S2 of the supplemental online material.1

LiDAR data were collected along a swath 
covering a portion of the White Mountains fault 
zone (Lifton, 2012). Data were collected by the 
National Center for Airborne Laser Mapping 
(NCALM) on 4 July 2012 using an Optech 
Gemini Airborne Laser Terrain Mapper. The 
swath covered an area of ∼40 km2, with a point 
density of 9.6 points/m2. Point cloud data were 
converted to a 1-m-resolution DEM by NCALM.

TCN EXPOSURE DATING

To determine exposure ages for the offset Q3a 
and Q4 alluvial-fan surfaces at the Estates site, 
we completed depth profiling of 10Be, a terres-

trial cosmogenic nuclide (TCN). TCN exposure 
dating is based on the accumulation in the upper 
∼2 m of Earth’s crust of cosmogenic nuclides, 
which are produced when cosmic rays interact 
with atomic nuclei in minerals (Lal, 1991; Gosse 
and Phillips, 2001). Exposure age is a function 
of several factors, including production rate 
(which varies with latitude and elevation), radio-
active decay rate of the nuclide, and erosion of 
the surface. In depositional environments, such 
as alluvial fans, some TCNs may have accumu-
lated in the sediment before it was deposited in 
the fan. This additional TCN concentration is 
referred to as inheritance and can be addressed 
through depth profiling (Anderson et al., 1996), 
in which TCN concentration is measured at in-
crements below the surface. TCN production 
decreases quasi-exponentially with depth below 
the surface and is effectively zero at a depth of 
∼2–3 m, depending on material density. Thus, 
any TCN accumulation below the penetration 
depth of cosmic rays is inherited from previous 
exposure and can be treated appropriately when 
modeling ages.

TCN Sample Collection

We dug ∼2-m-deep soil pits to sample TCNs 
in the Q3a and Q4 alluvial-fan surfaces (Fig. 5). 
Each pit was located on stable, near-horizontal 
surfaces away from risers and gullies along 
surface edges that are more affected by faster 
diffusive sediment transport processes. Five to 
seven ∼1 kg samples of coarse sand and finer 
sediment were taken from 5- to 10-cm-thick 
surface-parallel horizons at different depths. 
Clast lithology included metasedimentary rocks, 
carbonates, and vein quartz. Samples within a 
given pit were collected from a single massive 
debris-flow deposit; we avoided sampling across 
unconformities. Schematic stratigraphic sections 

of each depth profile pit can be found in Figure 
S3 of the supplemental online material.

In addition to subsurface samples, we also 
collected an amalgamated surface sample of 
quartz-rich clasts from each of the fan surfac-
es immediately surrounding the soil pits. The 
amalgamations consisted of 35 and 139 clasts 
for Q3a and Q4 surfaces, respectively. Surface 
clasts ranged in mass from 5 to 27 g, with ap-
proximate dimensions of 3 cm by 3 cm by 3 cm.

Samples were prepared at the Georgia Tech 
TCN Geochronology Laboratory following 
standard methods (e.g., Kohl and Nishiizumi, 
1992), and the 10Be/9Be ratio of each sample 
was measured by accelerator mass spectrometry 
at the Center for Accelerator Mass Spectrom-
etry at Lawrence Livermore National Labora-
tory (CAMS-LLNL). TCN analytical data can 
be found in Table  2. Sample preparation and 
analysis are described in detail in Appendix B.

TCN Exposure Age Modeling

We followed the methods of Hidy et al. (2010) 
to model our depth profiles and calculate expo-
sure ages. The Hidy et  al. (2010) model is a 
Monte Carlo simulator that takes into account 
site-specific geological constraints to find the 
most probable age, erosion rate, and inheri-
tance, while propagating uncertainty for each. 
For our age models, we used a sea-level, high-
latitude 10Be production rate of 3.92 atoms g−1 
yr−1, scaled for the latitude and elevation of our 
sample locations (Lal, 1991; Stone, 2000; Nishi-
izumi et al., 2007; Borchers et al., 2016). Since 
the horizon was less than 12° in all directions, 
our samples did not require a topographic cor-
rection, and we used a shielding factor of 1. We 
allowed sediment density in the model to vary 
within a reasonable range for alluvial sediment, 
from 1.8 g/cm3 to 2.4 g/cm3. Erosion rate  varied 

1Supplemental Material. Field photographs, 
stratigraphic columns, displacement modeling 
results, depth profile modeling results, and slip rate 
modeling results. Please visit https://doi .org/10.1130/
GSAB.S.12252755 to access the supplemental 
material, and contact editing@geosociety.org with 
any questions.

TABLE 1. SUMMATION OF LONG-TERM GEOLOGIC SLIP RATES ACROSS THE SOUTHERN WALKER LANE, EASTERN CALIFORNIA

Fault Reference Reported rate 
(mm/yr)

Time scale 
(ka)

Direction of slip 
(degrees)

Recalculated slip rate# 
(mm/yr)

Slip rate toward 323° 
(mm/yr)

Lone Mountain fault (LMF) Lifton et al. (2015) 0.7 ± 0.1 8 340 0.7 ± 0.1 0.7 ± 0.1
Clayton Valley fault (CVF) Foy et al. (2012) 0.1–0.3 17 320 0.3 ± 0.1 0.3 ± 0.1
Emigrant Peak fault (EPF) Reheis and Sawyer (1997) 3.4 + 1.8/–0.9* 6.5 315 2.0 + 1.0/–0.5 2.0 + 1.0/–0.5
Fish Lake Valley fault (FLVF) Frankel et al. (2011) 3.3 + 0.7/–0.1 71 338 3.3 + 0.7/–0.1 3.2 + 0.7/–0.1
White Mountains fault zone (WMFZ) Kirby et al. (2006) 0.7–0.8 760§ 345 0.75 ± 0.05 0.7 ± 0.1
Volcanic Tablelands (VT) DeLano et al. (2019) 0.5 ± 0.2 766 270 0.5 ± 0.2 0.3 ± 0.1
Round Valley fault (RVF) Berry (1997) 0.3 ± 0.1† 15–25 270 0.3 ± 0.1 0.2 ± 0.1
Sum of previously published slip rates: 7.4 + 1.2/–0.6

Lone Mountain fault (LMF) Lifton et al. (2015) 0.7 ± 0.1 8 340 0.7 ± 0.1 0.7 ± 0.1
Clayton Valley fault (CVF) Foy et al. (2012) 0.1–0.3 17 320 0.3 ± 0.1 0.3 ± 0.1
Emigrant Peak fault (EPF) Reheis and Sawyer (1997) 3.4 + 1.8/–0.9* 6.5 315 2.0 + 1.0/–0.5 2.0 + 1.0/–0.5
Fish Lake Valley fault (FLVF) Frankel et al. (2011) 3.3 + 0.7/–0.1 71 338 3.3 + 0.7/–0.1 3.2 + 0.7/–0.1
White Mountains fault zone (WMFZ) This study 1.4 ± 0.3 46.6 350 – 1.2 ± 0.3
Volcanic Tablelands (VT) DeLano et al. (2019) 0.5 ± 0.2 766 270 0.5 ± 0.2 0.3 ± 0.1
Round Valley fault (RVF) Berry (1997) 0.3 ± 0.1† 15–25 270 0.3 ± 0.1 0.2 ± 0.1
Sum including this study: 7.9 + 1.3/–0.6

*Vertical slip rate recalculated by Lifton et al. (2015) from original data reported in Reheis and Sawyer (1997), recalculated assuming 60° fault dip.
†Berry (1997) horizontal slip rate recalculated by DeLano et al. (2019).
§We used Kirby et al.’s (2006) larger middle Pleistocene slip rate here to be consistent with DeLano et al. (2019).
#In cases where published slip rates were reported as ranges or reported without uncertainties, we recalculated slip rates based on the original published data using 

the methods of Zechar and Frankel (2009).
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between −3 and 3 cm/k.y., while net erosion var-
ied between −50 cm and 50 cm, with negative 
values representing aggradation. We allowed 
the inheritance values in the model to vary from 
a maximum equal to the concentration of the 
deepest sample to a minimum equal to half of 

that value. Screenshots of the model inputs are 
shown in Figure S10 of the supplementary on-
line material.

We modeled fits to the depth profile concen-
trations and their respective 2σ uncertainties for 
the Q3a and Q4 fans. However, while the model 

was fit to the 2σ uncertainties of the concentra-
tions, the resulting ages are reported with 1σ 
uncertainties to be consistent with other data in 
the study. The full model output is summarized 
in Tables S2 and S3 of the supplementary online 
material. It should be noted that the age results 

Figure 3. Hillshade map of 
airborne light detection and 
ranging (LiDAR) swath su-
perimposed on portions of the 
U.S. Geological Survey (USGS) 
Laws and Chalfant Valley 
topographic quadrangle maps 
showing locations of the Estates 
site (black box) and locations of 
published ages for Pleistocene 
and Holocene Bishop Ash and 
alluvial fans. Hillshade illumi-
nation is from 315° azimuth 
and 45° elevation.
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Figure 4. Detailed hillshade map of airborne light detection and ranging (LiDAR) swath showing the complexity of the White 
Mountains fault zone between Silver Canyon and Straight Canyon. The fault zone, characterized by both east- and west-facing 
fault scarps, cuts the older Q1 and Q2 alluvial-fan surfaces and has been eroded by the youngest of the Q3 alluvial-fan surfaces. Q3 
surfaces interfinger with valley-fill deposits (Qvf). Location of hillshade map is shown in Figure 3. Hillshade illumination is from 315° 
azimuth and 45° elevation.
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in Tables S2 and S3 are the direct output from 
the Hidy et al. (2010) depth profile model and 
vary slightly from the age results calculated by 
the Zechar and Frankel (2009) slip rate calcu-
lator. This difference is minor and is the result 
of rounding. The full age probability distribu-
tion function (PDF) from the Hidy et al. (2010) 
model was used as the input for the Zechar and 
Frankel (2009) slip rate calculator, so no data 
were changed or lost in the process of calculat-
ing slip rates. The Q3a depth profile consisted of 
four subsurface samples and one surface sample. 

The modeled median exposure age and 1σ un-
certainty for the Q3a fan are 46.6 + 11.0/–10.0 
ka (Fig. 6). The Q4 depth profile consisted of six 
subsurface samples and one surface sample. We 
excluded from our model the sample at 38 cm 
depth because it is an outlier that did not follow 
the theoretical relationship between 10Be con-
centration and depth. The modeled median ex-
posure age and 1σ uncertainty for the Q4 fan are 
7.3 + 4.2/–4.5 ka (Fig. 6). The modeled median 
inheritance and 1σ uncertainty are 10.4 + 0.25/–
0.32 × 105 atoms/g for the Q3a depth profile and 

7.6 + 0.21/–0.22 × 105 atoms/g for the Q4 depth 
profile (Fig. 6). These values suggest that the in-
herited component is a large proportion of the 
total TCN concentration, but the inheritance is 
well constrained by the depth profile approach.

Our fan exposure ages overlap, within uncer-
tainty, with several published fan exposure ages 
in the Walker Lane, Eastern California shear 
zone, and Death Valley region (Fig. 7). Some 
of the previously published slip rates to which 
we compared our results were calculated from 
cosmogenic nuclide exposure ages derived with 

A C

B

Figure 5. (A) Low-sun-angle aerial photograph (not orthorectified) of the Estates site. Scale is approximate. Aerial photograph was provided 
by Craig de Polo (1980s). (B) Hillshade map of the Estates site derived from 2012 airborne light detection and ranging (LiDAR) topographic 
data (Lifton, 2012). Hillshade illumination is from 315° azimuth and 45° elevation. (C) Geologic map superimposed on the LiDAR hillshade 
map of B showing the fault traces and displaced alluvial fans at the Estates site.
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an earlier, larger 10Be production rate of 4.76 at-
oms g−1 yr−1 (Lal, 1991; Stone, 2000; Nishiizumi 
et al., 2007). A lower production rate yields rela-
tively older ages than a higher production rate. 
Because the availability and reporting of the 
original data vary widely, we did not recalculate 
previously published ages and slip rates. Given 
similar climate across these regions at similar 
times, fan deposition would have occurred syn-
chronously, and fan ages will tend to cluster into 
groups (Bull, 1991; Machette et al., 2008). The 
overlap of our fan ages with clusters of other fan 
ages in the region lends confidence to the accu-
racy of our exposure ages.

FAULT GEOMETRY, 
GEOMORPHOLOGY, AND SLIP 
MAGNITUDE

The White Mountains fault zone is ∼500–
1000 m wide and consists of up to four subpar-
allel strands that cut through the alluvium along 
the western range front of the White Mountains 
(Figs. 4, 5, and 8). The average strike of the fault 
zone is ∼353°; the average strike at the Estates 
site is ∼348°. The White Mountains fault zone 
fault scarps are generally west facing, although 
in several places they face east. The alternation 
between west- and east-facing scarps along short 
sections of the fault scarp suggests that the appar-
ent vertical offset is the result of lateral displace-
ment of high topography juxtaposed against low 
topography, as well as a minor extensional com-
ponent. Scarps along the entire White Mountains 
fault zone range in height from 1 to 4 m.

Fault displacement measurements were made 
from the 1-m-resolution LiDAR DEM using the 
Lateral Displacement Calculator (LaDiCaoz) 
MATLAB software package (Zielke and Ar-
rowsmith, 2012). LaDiCaoz treats the cross-
sectional profiles of stream channels or fan risers 
as waveforms. The user defines a fault plane, a 
cross-sectional profile of the offset stream chan-
nel on each side of the fault, and the angle at 
which the offset channel projects onto the fault. 
One channel profile is stretched, vertically 
shifted, and horizontally translated along the 
fault plane relative to the second profile in order 
to get the best fit between offset channels. We 
used channels, channel walls, and alluvial-fan 
risers as offset markers when backslipping the 
fault. LaDiCaoz calculates a fit quality param-
eter (with units of m−1) when matching channel 
profiles, but it does not explicitly calculate un-
certainties in displacement measurements. LaDi-
Caoz provides an “optimum” displacement but 
not upper and lower bounds to define uncertain-
ties. To estimate uncertainties of displacement 
measurements, we tested three to five differ-
ent backslipped reconstructions around each 
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 optimum displacement measurement to visually 
evaluate a reasonable range of displacement. 
Results from LaDiCaoz displacement measure-
ments can be found in Figures S4, S5, S6, S7, 
S8, and S9 of the supplemental online material.

At the Estates site, the White Mountains fault 
zone displaces the Q3a and Q4 alluvial fans. The 
Q3a surface is deeply incised by three south-
west-flowing channels, and these channel walls 
provide robust offsets for measuring fault dis-
placement (e.g., Gold and Cowgill, 2011; Gold 
et al., 2011, 2017; Mériaux et al., 2012). Here, 
four fault strands (F1, F2, F3, and F4) cut the 
Q3a fan (Figs. 5, 8, and 9); however, offset mark-

ers are only preserved along two strands (F1 and 
F2). We measured three channels incised into 
the Q3a fan that are right-laterally displaced by 
36 ± 10 m (Q3a offset 1), 44 ± 10 m (Q3a offset 
2), and 27 ± 8 m (Q3a offset 3; Figs. 5, 8, and 
9). The Q3a offset 1 (36 ± 10 m) occurs where 
a previously continuous, northwest-facing chan-
nel wall has been right-laterally offset along fault 
strand F2, and the fan on the eastern side of the 
fault has been partially buried by younger Q3b 
fan deposits. The eastern channel wall remains 
exposed above the Q3b deposits and can be 
restored back to its original position. The un-
certainty of this measurement is due to partial 

burial and possible lateral erosion of the eastern 
channel wall (Fig. 9A; Fig. S4). The Q3a offset 
2 (44 ± 10 m) occurs where a southeast-facing 
channel wall has been displaced along fault 
strand F2, leaving a downstream-facing scarp 
that has been shielded from erosion (Figs. 5, 8, 
and 9A; Fig. S5). Diffusive processes have de-
posited some material in the shielded corner be-
hind the scarp, but the scarp is clearly expressed, 
and the projection of the unaltered channel wall 
into the scarp is also clear. On the south side of 
the channel, the northwest-facing channel wall 
was displaced such that an upstream-facing 
scarp was formed on the west side of the fault 

Figure 6. (A–B) 10Be depth 
profile models and (C–D) ex-
posure age probability density 
functions from Q3a and Q4 fan 
surfaces. Circles are 10Be con-
centrations; horizontal error 
bars are the total 2σ uncertain-
ties accounting for errors in 
both preparation and measure-
ment. Filled black circles were 
used in the model solutions; 
hollow circles were excluded 
from model solutions. Solid 
black curve is the best fit to the 
2σ uncertainties about each 
sample from the Hidy et  al. 
(2010) Monte Carlo simula-
tion; gray envelope in A and B 
is the 2σ uncertainty range of 
model fits. Vertical solid line 
represents the best-fit inheri-
tance value, and dashed verti-
cal lines are the 1σ uncertainty 
range for inheritance. The ver-
tical gray envelope in C and D 
is the 1σ uncertainty about the 
median age.

A B

C D
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and was likely quickly eroded away (Figs. 5, 8, 
and 9A; Fig. S5). The Q3a offset 3 (27 ± 8 m) 
also occurs where an offset southeast-facing 
channel wall has created a downstream-facing 
shielded scarp (Fig. 9B; Fig. S6). The Q3a offset 
3 is displaced along two fault strands, F1 and F2. 
The total displacement of 27 ± 8 m (Fig. S6) is 
the sum of 6 ± 2 m of offset on fault strand F2 
(Fig. S7) and 21 ± 8 m of offset on fault strand 
F1 (Fig. S8).

The displacement on each fault strand is ad-
ditive, and we chose the largest observed offset 
on each fault strand to sum together. We chose 
the largest observed offset (offset 2) because the 
geomorphic configuration at this site is such that 
erosion of channel wall markers could reduce the 
magnitude of observed offset, but it could not in-
crease the observed magnitude of offset. For this 
reason, and because some of the mapped fault 
strands do not preserve evidence for measurable 
displacements, the displacement measurement 
across the fault zone is a minimum. At offset 1, 
the channel wall on the west side of the fault 
could erode south and decrease the magnitude 
of the offset. At offset 2, the channel wall on the 
west side of the fault is shielded from significant 
erosion, but the channel wall on the east side of 
the fault is exposed to active erosion in the in-
cised channel and can more readily erode north, 
making the magnitude of offset smaller. There-
fore, the true offset of a landform must be at least 
as large as the largest observed offset. Reitman 
et al. (2019) used landscape evolution simula-
tions to show that many offset channels under-
estimate true slip. Thus, our estimate of the mini-
mum displacement of the Q3a fan is 44 ± 10 m 

(on fault strand F2) plus 21 ± 8 m (on fault 
strand F1), or a total of 65 ± 13 m. We treated 
displacement measurements as a Gaussian distri-
bution because the primary measurement is our 
preferred reconstruction of geomorphic markers, 
and the upper and lower confidence bounds are 
possible but less likely. As such, the uncertainties 
are added in quadrature (i.e., the square root of 
the sum of squares). Our estimate of uncertainty 
for this measurement was dictated by our ability 
to locate the channel walls, and by the range of 
displacement that allowed a reasonable recon-
struction of the channel wall.

An incised ephemeral stream channel re-
cords right-lateral displacement of the Q4 fan 
(Figs. 5, 8, and 9C; Fig. S9). The offset occurs 
near the bifurcation of the fault into two subpar-
allel strands. The fault is expressed as a small 
(∼1-m-high) west-facing scarp in the Q4 allu-
vial fan. We used the thalweg of the deflected 
stream channel to determine total Q4 fan dis-
placement of 14 ± 5 m. The uncertainty of this 
measurement is based on the natural curvature 
of the stream meander, which may enhance the 
appearance of displacement. Because the stream 
channel on both sides of the fault is still intact 
and unaltered, and a reconstruction of the origi-
nal channel can be visualized, we believe that 
this displacement is a true measurement and not 
a minimum measurement.

SLIP RATES

We calculated right-lateral fault slip rates us-
ing the methods of Zechar and Frankel (2009), 
in which ages and displacements are treated as 

PDFs. This probabilistic approach explicitly 
propagates the uncertainty of each measurement 
through the slip rate calculation. We treated the 
Q3a and Q4 displacement measurements as 
Gaussian PDFs because they consist of a pre-
ferred measurement that we believe is more like-
ly than the upper and lower uncertainty bounds. 
The Q3a and Q4 age PDFs produced by the 
Hidy et al. (2010) model were asymmetric, so 
we treated those as arbitrary PDFs in the Zechar 
and Frankel (2009) model. The full displacement 
and age PDFs are shown in Figure 10, and the 
mode, mean, and median slip rates are tabulated 
in Table S1 of the supplementary data. We re-
port the median slip rate and the 1σ uncertainty 
about the median, as suggested by Bird (2007) 
and Zechar and Frankel (2009). Any single mea-
sure of central tendency (i.e., the center point 
in a data set; median, mean, and mode are the 
most common measures of central tendency) is 
a simplification. The full PDF is the best way to 
describe a slip rate.

For a symmetric PDF, the median, mean, and 
mode are the same. However, these parameters 
diverge for asymmetric PDFs. Bird (2007) noted 
that in cases of right-skewed PDFs, as is the case 
for many slip rates, mode < median < mean. The 
median is a useful measure of central tendency 
because it is not strongly affected by outlying 
data points. For a highly skewed PDF, the mean 
will be a poor representation of central tendency 
because values far out on the tail of the curve 
skew the mean. The mode describes the peak of 
a PDF, but it is not necessarily a unique value, 
for example, with multimodal PDFs or uniform 
(i.e., “boxcar”) distributions. While defining a 

Figure 7. Ages from this study 
(white squares) compared to 
selected alluvial-fan ages and 
uncertainties reported in the 
Eastern California shear zone, 
Walker Lane, and Death Valley 
region (black squares). Dashed 
vertical lines correspond to 
our ages, and the gray shaded 
regions correspond to the 1σ 
uncertainties associated with 
those ages. Note that some of 
these ages were calculated from 
cosmogenic nuclide exposure 
using a larger production rate 
than the production rate used 
for our ages. We report the ages 
as published. Figure is updated 
and modified from Lifton et al. 
(2015).
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confidence interval about the median is straight-
forward (e.g., a 95% confidence interval is 
bounded by values where the cumulative distri-
bution function [CDF] reaches 0.025 and 0.975), 
there is not a simple way to define a confidence 
interval about the mode because the mode could 
potentially fall outside the confidence interval in 
cases of PDFs with very long tails. Our Q4 slip 
rate PDF (Fig. 9F) is an example where the right-
hand tail is long enough that the lower uncer-
tainty bound (where the CDF reaches 0.016) is 
almost at the mode (peak of the curve). Thus, the 
median has the advantages of being unique, eas-
ily bound by uncertainties, and less affected by 
outliers or skew. Bird (2007) preferred to report 
the median when only a single value can be cho-
sen from a probability distribution. Zechar and 

Frankel (2009) suggested that age, displacement, 
and slip rate estimates be reported as the median 
value with explicitly defined uncertainty bounds, 
and that the full probability distributions be pub-
lished. These criteria for reporting slip rate data 
have been adopted by others in the field, e.g., 
Gold and Cowgill (2011). Following the sug-
gestions of Bird (2007) and Zechar and Frankel 
(2009), and maintaining consistency with others 
in the field of active tectonics, we report the me-
dian and the 1σ uncertainty about the median. In 
addition, we provide the full PDFs for our ages, 
displacements, and slip rates as supplemental 
data files.

Using the displacements and ages described 
above, we calculated right-lateral slip rates of 
1.4 + 0.5/–0.4 mm/yr and 1.9 + 2.9/–0.8 mm/

yr along the White Mountains fault zone since 
abandonment of the Q3a and Q4 fan surfaces, 
respectively (Fig. 10; Table 3). When estimat-
ing slip rates on faults cutting alluvial fans, we 
made three important assumptions: (1) The up-
per ∼2 m section of the alluvial fan was depos-
ited rapidly over a short period of time (within a 
few thousand years); (2) accumulation of TCNs 
began at the time of deposition; and (3) the fault 
displaced the alluvial fan soon after it was depos-
ited, isolating the fan surface from further depo-
sition and allowing it to be preserved. In other 
words, the exposure age of the fan is a maximum 
age for fault offset, since it is possible the fault 
offset the fan long after the fan was abandoned.

The slip rates presented here are minima for 
at least three reasons: (1) Fan exposure ages are 

A B

Figure 8. (A–B) Comparison of present-day geologic map of displaced alluvial fans at the Estates site (A) to backslipped geologic map 
showing restored Q3a alluvial-fan surface (B). The Q3a alluvial-fan surface is displaced a total of 65 ± 13 m by two strands of the White 
Mountains fault zone (see Figs. S4, S5, S6, S7, and S8 for details of Q3a offset measurements [text footnote 1]). A small abandoned channel 
in the Q4 fan surface is offset 14 ± 5 m (see Fig. S9 for details of Q4 offset measurement [text footnote 1]).
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maxima because we assumed that displacement 
of alluvial fans occurred shortly after deposi-
tion, but displacement may have occurred any 
time after deposition; (2) displacement mea-
surements are minima because offset markers 
were not observed on all strands of the fault, and 
therefore we cannot account for all the displace-

ment across the entire White Mountains fault 
zone; and (3) displacement measurements are 
minima because the geomorphic configuration 
at this site is such that erosion of channel walls 
could reduce the magnitude of observed offset, 
but it could not increase the observed magnitude 
of offset.

Because the Q3a and Q4 slip rates overlap 
in time (both cover the time period from 7.3 
ka to present), are the same within uncertainty, 
and were calculated from nearby locations on 
the same fault, we combined them to yield a 
single average slip rate. We fit a linear regres-
sion to our two slip rates and the origin using 

A B

C

Figure 9. (A–C) Detailed maps showing the interpretation and measurement of (A) Q3a offsets 1 and 2, (B) Q3a offset 3, and (C) Q4 offset. 
Panel B shows that the channel wall (Q3a offset 3) has been offset by two fault strands, F1 (21 ± 8 m) and F2 (6 ± 2 m), for a total offset 
of 27 ± 8 m. Base map is a hillshade derived from 2012 airborne light detection and ranging (LiDAR) topographic data (Lifton, 2012). 
Hillshade illumination is from 315° azimuth and 45° elevation. Solid white lines mark the top of fan surface risers along incised channels. 
Dashed white line in C is the projection of channel orientation on either side of the fault.
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the York- Williamson method (Cantrell, 2008) to 
fit data with x and y uncertainties (1σ uncertain-
ties about the median). We included the origin, 
which represents zero displacement and zero age, 
because the fault is currently in an open interval 
between the last known displacement and the next 
displacement. The linear regression yielded an av-
erage right-lateral slip rate of 1.4 ± 0.3 mm/yr for 
the White Mountains fault zone during the late 
Pleistocene and Holocene (Fig. 11).

DISCUSSION

Dextral slip along the White Mountains fault 
zone has been linked to dextral slip along the 
Owens Valley fault via a set of northeast-striking 
normal faults located in northern Owens Valley 
(e.g., Lee et al., 2001a; Sheehan, 2007). Along 
the Owens Valley fault, slip rate estimates vary 
from ∼0.6 to 4.5 mm/yr during the late Pleis-
tocene and Holocene (Lee et al., 2001a; Kirby 
et al., 2008; Haddon et al., 2016). Thus, if slip 
from the Owens Valley fault continues north 
onto the White Mountains fault zone (e.g., Lee 

et al., 2001a; Sheehan, 2007), slip rates on the 
two faults over similar time scales should be 
similar. However, Kirby et al. (2006) previous-
ly estimated a late Pleistocene slip rate on the 
White Mountains fault zone of 0.3–0.4 mm/yr, 
which represents only ∼7%–67% of the right-
lateral slip rate along the Owens Valley fault, and 
DeLano et al. (2019) hypothesized that Owens 
Valley fault slip was partitioned into two com-
ponents, one component northeastward onto the 
White Mountains fault zone and one component 
northwestward into the Volcanic Tableland. We 
tested the hypothesis that slip is transferred from 
the Owens Valley fault to the White Mountains 

fault zone by estimating new late Pleistocene 
and Holocene slip rates on the White Mountains 
fault zone at a new site. Kirby et al. (2006) used 
the age (22.5 ± 1.5 ka) and offset (8 ± 1 m) of 
a laterally displaced boulder levee at the mouth 
of Sabies Canyon to calculate a late Pleistocene 
right-lateral slip rate of 0.3–0.4 mm/yr. Our 
depth profile results suggest that there is a rela-
tively large component of inheritance in the Q3a 
and Q4 fan deposits. Therefore, we speculate 
that boulders Kirby et  al. (2006) sampled for 
their 22.5 ± 1.5 ka age fan, which were derived 
from an unglaciated basin, may have contained 
inherited cosmogenic nuclides that resulted in 

TABLE 3. OFFSET ALLUVIAL-FAN EXPOSURE AGES AND SLIP 
RATES ALONG WHITE MOUNTAINS FAULT ZONE

Alluvial-
fan 
deposit

Magnitude 
of offset* 

(m)

Direction 
of slip 

(degrees)

Median age and 
1σ uncertainty 

(ka)

Calculated 
minimum slip rate 

(mm/yr)

Slip rate projected 
toward 323°† 

(mm/yr)

Q3a 65 ± 13 350 46.6 + 11.0/–10.0 1.4 + 0.5/–0.4 1.2 ± 0.4
Q4 14 ± 5 350 7.3 + 4.2/–4.5 1.9 + 2.9/–0.8 1.7 + 2.6/–0.7

*Minimum offset magnitude due to lack of offset markers on all mapped fault strands.
†Slip rate projected parallel to Sierra Nevada–Great Valley (SNGV) and Central Great Basin (CGB) plate 

motion of 323° (Bennett et al., 2003).

A B C

D E F

Figure 10. Full probability distributions for displacement, age, and calculated slip rates. Black curves are the probability density functions; 
dashed lines are the cumulative density functions. Vertical black lines are median values; gray shaded areas are 1σ uncertainties about the 
median.

Downloaded from https://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B35332.1/5072807/b35332.pdf
by University of Idaho Library user
on 16 June 2020



Lifton et al.

14 Geological Society of America Bulletin, v. 130, no. XX/XX

boulder ages older than the true exposure age, 
ultimately yielding an artificially low slip rate. 
That study suggested that a major change in 
the local stress field sometime before ca. 70 ka 
caused slip rates on the White Mountains fault 
zone to slow dramatically. Our results suggest 
that the White Mountains fault zone slip rate 
during the late Pleistocene and Holocene was 
significantly faster, at 1.4 ± 0.3 mm/yr, than pre-
viously reported, but they do not help answer the 
question of slip rate changes since the middle 
Pleistocene.

We documented two right-lateral slip rates 
spanning the late Pleistocene through the Ho-
locene that suggest the slip rate on the White 
Mountains fault zone is faster than previously 
reported. As discussed above, our ∼1.4–1.9 mm/
yr dextral slip rate estimates are minima. These 
slip rates are consistent with either all of Owens 
Valley fault slip transferred to the White Moun-
tains fault zone or partitioning of Owens Valley 
fault slip into two components, one component 
transferred northeastward onto the White Moun-
tains fault zone and another transferred north-
westward into the Volcanic Tableland (e.g., Na-
gorsen-Rinke et al., 2013; DeLano et al., 2019).

Our results have implications for long- ver-
sus short-term slip rates across the Walker Lane. 
At ∼36.5°N latitude, the sum of long-term geo-
logic slip rates is the same, within error, to the 
short-term geodetic slip rates (cf. Bennett et al., 
2003; Lee et al., 2009a). In contrast, there has 
been a significant discrepancy observed in the 
southern Walker Lane at ∼37.5°N latitude be-
tween long-term geologic slip rates and short-
term geodetic slip rates. The sum of published 
middle to late Pleistocene slip rates along tran-
sect A-A′ (Fig. 2), projected toward the Sierra 
Nevada–Great Valley and Central Great Basin 
relative motion direction of 323°, across this 
part of the Walker Lane is 7.4 + 1.2/–0.6 mm/yr 

(Table 1; Kirby et al., 2006; Frankel et al., 2011; 
Reheis and Sawyer, 1997; Foy et al., 2012; Lif-
ton et al., 2015; DeLano et al., 2019). However, 
dislocation models constrained by GPS data pre-
dict a long-term slip rate at ∼37.5°N latitude of 
10.6 ± 0.5 mm/yr along the same transect (Lif-
ton et al., 2013). Many hypotheses have been 
invoked to explain this discrepancy, including 
transient strain (Frankel et al., 2011), postseis-
mic relaxation following the 1872 magnitude 
(M) 7.6 Owens Valley earthquake (Hammond 
et al., 2009; Dixon et al., 2003), distributed strain 
across the region (Frankel et al., 2011; Foy et al., 
2012; Nagorsen-Rinke et al., 2013), or under-
estimation of true slip rates from minimum late 
Pleistocene normal and/or dextral fault slip rate 

estimates across the southern Walker Lane (DeL-
ano et al., 2019). Including our new average late 
Pleistocene slip rate estimate of 1.4 ± 0.3 mm/
yr for the White Mountains fault zone brings the 
sum of slip across this part of the Walker Lane 
toward 323° to 7.9 + 1.3/–0.6 mm/yr, or ∼75% 
of the predicted geodetic slip rate (Fig. 12).

We considered several hypotheses to account 
for the remaining difference between long- and 
short-term slip rates. First, since our fault slip 
rates, and those published by others, are minima, 
the long- versus short-term discrepancy could 
potentially be resolved if geologic slip rates were 
slightly higher than reported minima, a hypoth-
esis in line with that of DeLano et al. (2019). 
Slip rates may be higher than reported minima 
in cases where alluvial-fan offset is larger (e.g., 
where we mapped additional fault strands that 
do not preserve evidence for measurable dextral 
offset), or where the interval of time over which 
the rate is calculated is shorter (e.g., if initiation 
of displacement occurred long after an alluvial-
fan surface was abandoned).

Second, some proportion of strain may be 
accommodated off of primary faults in a dis-
tributed fashion. This may result in deformation 
that is unrecognized because it is too small to 
rupture the surface or because small surface rup-
tures that occur in unconsolidated basin fill are 
not preserved in the landscape. For example, the 
1986 M 6.2 Chalfant earthquake on the White 
Mountains fault zone caused minor ground frac-
turing both on and off of previously mapped fault 
traces along the White Mountains range front 
and across the valley in the Volcanic Tableland, 

Figure 11. Plot of age vs. dis-
placement for the offset Q3a 
and Q4 fans. Error bars in 
the x and y directions repre-
sent 1σ uncertainties about the 
median. A third data point, at 
zero displacement and zero age 
(present), is included because 
the fault is currently in an open 
interval between the last known 
displacement and the next dis-
placement. A linear regres-
sion was fit to the points using 
the York-Williamson method 
described by Cantrell (2008), 
which accounts for uncertainty 
of both age and displacement.

Figure 12. Velocity vector dia-
gram for the southern Walker 
Lane comparing short-term 
geodetic slip rates to long-term 
geologic slip rates. The total 
slip rate measured by global 
positioning system (GPS) is 
10.6 ± 0.5 mm/yr toward an 
azimuth of 323° (Lifton et  al., 
2013). Two values for the White 
Mountains fault zone (WMFZ) 
are plotted from the end of the 
Fish Lake Valley fault (FLVF) 
vector: the previously pub-
lished rate estimated by Kirby 
et al. (2006; small gray arrows), 
and the results from this study. 
The sum of the slip rates is pro-
jected toward an azimuth of 
323° (dashed lines). See Table 1 
for slip rate data used in this 

diagram. RVF—Round Valley fault, VT—Volcanic Tableland, EPF—Emigrant Peak fault, 
CVF—Clayton Valley fault, LMF—Lone Mountain fault.
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but it did not leave a long-term record of rupture 
(Lienkaemper et al., 1987). Distributed deforma-
tion has been proposed as a possible source of 
uncertainty in geologic slip rates (e.g., Foy et al., 
2012; Zinke et al., 2014; Gold et al., 2015; Mil-
liner et al., 2015; Graveleau et al., 2015; Reit-
man et al., 2019) and has potential to account 
for as much as ∼45% of total strain. Distributed 
deformation is difficult to quantify, but future ap-
plications of high-resolution LiDAR data may 
provide a means to estimate the proportion of 
strain occurring away from major faults.

Third, slip may be accommodated within 
Owens Valley and further west across the Fish 
Slough fault, the Volcanic Tableland, the Round 
Valley fault, or other faults as hypothesized by 
Nagorsen-Rinke et al. (2013) and DeLano et al., 
(2019). This westward routing would allow 
for transfer of a portion of Owens Valley fault 
slip into the Adobe Hills, located in the south-
western part of the Mina Deflection (Nagorsen-
Rinke et al., 2013; DeLano et al., 2019). While 
right-lateral slip rates are not well documented 
on these faults, evidence suggests they may be 
accommodating right-lateral displacement. Spe-
cifically, the 1986 M 6.2 Chalfant earthquake 
and 1986 M 5.2 White Mountains earthquake 
caused minor right-lateral surface fractures, and 
the seismicity and fault plane surface projection 
trend north-northwest from the White Moun-
tains range front toward the Volcanic Table-
land (Lienkaemper et al., 1987; dePolo, 1989; 
Stockli et al., 2003). Bateman (1965) suggested 
that the en echelon geometry of faults across 
the Volcanic Tableland and adjacent broad folds 
were the result of right-lateral shear. In addi-
tion, Nagorsen-Rinke et  al. (2013) made two 
important observations: (1) most of the nor-
mal faults across the Volcanic Tableland strike 
clockwise (more northerly) with respect to the 
relative motion between the Sierra Nevada and 
North America, thus defining releasing steps in 
a right-lateral slip system, and (2) some of the 
normal faults curve into parallelism with Sierra 
Nevada and North America relative motion, im-
plying they record a right-lateral component of 
slip. DeLano et al. (2019) proposed two models 
for the transfer of right-lateral slip north of the 
Owens Valley fault. In the first model, slip is par-
titioned between the White Mountains fault zone 
(2.7 mm/yr) and extension across the Volcanic 
Tableland (0.4 mm/yr). In the second model, slip 
is partitioned among the White Mountains fault 
zone (1.9 mm/yr), extension across the Volcanic 
Tableland (0.5 mm/yr), and right-lateral slip 
on the Round Valley fault along the Sierra Ne-
vada range front (0.8 mm/yr). In either case, the 
models of DeLano et al. (2019) require slip to be 
transferred to the west of the White Mountains 
fault zone. These models are consistent with 

geodetic measurements suggesting that ∼2 mm/
yr of right-lateral deformation is being accom-
modated between the White Mountains and the 
Sierra Nevada range (Dixon et al., 2000; McCaf-
frey, 2005; Lifton et al., 2013).

A fourth hypothesis to explain the slip dis-
crepancy is that fault slip is transferred from the 
relatively narrow zone of deformation along the 
Fish Lake Valley fault northeast into a broader, 
distributed zone of deformation that defines the 
Silver Peak–Lone Mountain extensional com-
plex (e.g., Frankel et al., 2011). Extension on 
the Silver Peak–Lone Mountain normal faults 
is approximately parallel to the direction of 
shear in the Walker Lane. The Silver Peak–Lone 
Mountain extensional complex may act as an 
extensional step-over structure (e.g., Oldow 
et al., 1994; Dixon et al., 1995; Reheis and Dix-
on, 1996), in much the same way as the Queen 
Valley fault (Lee et al., 2009b), Deep Springs 
fault (Lee et al., 2001b), and Tin Mountain fault 
(Fig. 2). The Silver Peak–Lone Mountain ex-
tensional complex provides a potential route for 
strain to transfer from the southern Walker Lane 
to the central Walker Lane, bypassing the Mina 
Deflection and transferring strain between the 
Fish Lake Valley fault and the Benton Spring, 
Petrified Springs, and Monte Cristo right-lat-
eral faults to the northeast. Evidence of distrib-
uted deformation across the Silver Peak–Lone 
Mountain extensional complex (e.g., Foy et al., 
2012; Christie et al., 2009) suggests that the ex-
tensional zone might be accommodating more 
strain than is documented. Furthermore, there is 
evidence for accelerating extension across the 
Silver Peak–Lone Mountain complex (Reheis 
and Sawyer, 1997; Hoeft and Frankel, 2010; 
Lifton et  al., 2015), implying that this region 
may be an important region for accommodating 
strain in the southern Walker Lane. Additional 
right-lateral strain may be accommodated east 
of Lone Mountain (Fig. 2), at the eastern edge 
of the Walker Lane on the north-striking San 
Antonio fault (DeLano et al., 2019). While the 
San Antonio fault has not been studied in detail, 
Pérouse and Wernicke (2017) suggested that 
similar Basin and Range faults have late Pleis-
tocene slip rates of ∼0.2–0.3 mm/yr, which, if 
projected to 323° and included in the sum of slip 
rates, would only contribute ∼0.1 mm/yr of slip.

CONCLUSIONS

We presented new geologic mapping, high-
resolution LiDAR data, and 10Be TCN exposure 
dates to estimate two right-lateral slip rates on 
the White Mountains fault zone spanning the 
late Pleistocene to Holocene. Alluvial fans with 
ages of 46.6 + 11.0/–10.0 ka and 7.3 + 4.2/–4.5 
ka have been right-laterally displaced by a mini-

mum of 65 ± 13 m and 14 ± 5 m, respectively, 
yielding minimum average geologic slip rates of 
1.4 + 0.5/–0.4 mm/yr (since deposition of sur-
face Q3a) and 1.9 + 2.9/–0.8 mm/yr (since de-
position of surface Q4). The average of these two 
slip rates over the past ∼46 k.y. is 1.4 ± 0.3 mm/
yr. These results have implications for the con-
stancy of slip by helping account for some of 
the discrepancy between long- and short-term 
slip rates. Our results suggest that slip rates on 
the White Mountains fault zone are faster than 
previously reported, and therefore the White 
Mountains fault zone may represent a higher 
seismic hazard than previously assumed. These 
new slip rates, when added to previously pub-
lished rates across the southern Walker Lane at 
∼37.5°N latitude, sum to 7.9 + 1.3/–0.6 mm/
yr of slip directed toward 323°. This accounts 
for ∼75% of the observed geodetic slip rate of 
10.6 ± 0.5 mm/yr (Lifton et al., 2013). We hy-
pothesize that the remaining “missing” slip 
may be accommodated: (1) on existing primary 
faults, if true geologic slip rates are greater than 
the published minimum geologic slip rates; (2) 
in a distributed fashion off the major right-lateral 
faults in this part of the Walker Lane; (3) to the 
west of the White Mountains fault zone in the 
Volcanic Tableland and faults on the eastern side 
of the Sierra Nevada; and/or (4) to the east of the 
Fish Lake Valley fault via accelerating extension 
of the Silver Peak–Lone Mountain complex.

APPENDIX A: ALLUVIAL-FAN UNIT 
DESCRIPTIONS

Q1a Alluvial-Fan Unit

Q1a surfaces are highly dissected into a ridge-and-
ravine morphology. The degree of dissection ranges 
from a few meters to tens of meters. Q1a surfaces 
appear light in color in aerial photographs due to the 
lack of rock varnish. In some localities, desert pave-
ment remnants exist on the apex of ridges, but dif-
fusive processes have degraded them. Soils within 
Q1a units generally have a 4–5-cm-thick Av horizon 
immediately below the surface. Below the Av hori-
zon, pebble- to cobble-sized grains have thick pedo-
genic carbonate coatings. Carbonate stringers appear 
throughout the soil profile. This alluvial-fan unit may 
correlate to the Qsco (older alluvium of Silver Can-
yon) unit of Kirby et al. (2006).

Q3a Alluvial-Fan Unit

The Q3a alluvial-fan surface is planar, with no 
distinguishable bar-and-swale topographic relief. 
A moderately interlocking desert pavement of 
cobble- and gravel-sized clasts has developed on 
this surface. Clasts are moderately varnished and 
rubified, and they are composed of fine-grained 
metasedimentary rock, limestone, and vein quartz. 
The surface is ∼10–15 m above the modern stream 
channel. Moderately developed pedogenic carbon-
ate coatings occur on some clasts throughout the 
deposit, but they are thickest between 60 cm and 
120 cm depth. The deposit is moderately cemented 
between 60 cm and 120 cm depth. This alluvial-fan 
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unit correlates to the Qf4o (older alluvium) unit of 
Kirby et al. (2006).

Q3b Alluvial-Fan Units

The Q3b alluvial-fan unit is part of an extensive 
alluvial-fan apron deposited along the western flank 
of the White Mountains. The Q3b alluvial-fan sur-
face is relatively planar. Bar-and-swale morphology 
is present, but very subdued, and it has <10 cm of 
topographic relief. The bar-and-swale surface mor-
phology on the older Q3b surfaces is more subdued 
than younger Q3c surfaces. The surface is ∼1–3 m 
above the most recently active stream channel. The 
surface has abundant silt and sand, with a thin veneer 
of non-interlocking gravel-sized clasts composed of 
fine-grained metasedimentary rock, vein quartz, and 
limestone. Desert varnish is absent or very weakly de-
veloped. Soils are weakly developed, with a 0–2-cm-
thick Av horizon and occasional thin pedogenic 
carbonate coatings on surface clasts. This alluvial-fan 
unit correlates to the Qf4y (younger alluvium and 
debris-flow deposits) unit of Kirby et al. (2006).

Q3c Alluvial-Fan Unit

The Q3c alluvial-fan surface is relatively planar. 
Bar-and-swale morphology is present, but very sub-
dued, and it has ∼10 cm of topographic relief. The sur-
face is ∼1–3 m above the most recently active stream 
channel. The surface has abundant silt and sand, with 
a thin veneer of non-interlocking gravel-sized clasts 
composed of fine-grained metasedimentary rock, vein 
quartz, and limestone. Desert pavement and desert 
varnish are absent. Some clasts have a thin pedogenic 
carbonate coating; however, these may be relict coat-
ings from previous residence of sediment in earlier fan 
deposits. The Q3c unit is very similar to unit Q3b; unit 
Q3c is distinguished by a more prominent bar-and-
swale topography, and a lighter color in aerial pho-
tographs. This alluvial-fan unit may also correlate to 
the Qf4y (younger alluvium and debris-flow deposits) 
unit of Kirby et al. (2006).

Q4 Alluvial-Fan Unit and Active Channel

The Q4 alluvial-fan surface is ∼1 m above the re-
cently active channel, and it was deposited at the bot-
tom of relict channels that incise into older, higher fan 
surfaces. The Q4 alluvial-fan unit consists of flat-lying 
deposits of abundant silt with a thin veneer of angular 
to subrounded gravel. The gravel lithology is primarily 
shale and slate, with rare clasts of vein quartz. No des-
ert varnish or desert pavement has developed on the 
Q4 alluvial-fan unit. The Q4 map unit also includes 
the most recently active stream channel incised into 
the alluvial fan. These ephemeral channels typically 
incise or are bounded by the Q4 alluvial-fan deposits, 
and they are narrow and not easily distinguished at the 
scale of our mapping.

APPENDIX B: TCN SAMPLE PREPARATION

Samples were prepared at the Georgia Tech TCN 
Geochronology Laboratory following standard meth-
ods (e.g., Kohl and Nishiizumi, 1992). Depth profile 
samples were sieved to isolate the appropriate size 
fraction. The 250–500 μm size fraction is ideal for 
depth profile analysis, but in some cases, we expanded 
the range of grain size in order to retain enough mate-
rial for analysis. We used the 250–710 μm size frac-
tion for the Q3a depth profile and the 125–710 μm 
size fraction for the Q4 depth profile. Surface clasts 

were crushed and mixed into a single amalgamation 
for each surface and then sieved to isolate the 250–
500 μm size fraction. Quartz was isolated and puri-
fied with a series of HF leaches in heated ultrasonic 
tanks. After dissolution, Be was extracted from the 
quartz by ion exchange chromatography, then precipi-
tated as Be(OH)2, and oxidized to BeO. The BeO was 
mixed with niobium powder and packed in a target. 
The 10Be/9Be ratio of each sample was measured by 
accelerator mass spectrometry at the Center for Ac-
celerator Mass Spectrometry at Lawrence Livermore 
National Laboratory (CAMS-LLNL). Isotopic ratios 
were normalized to standard 07KNSTD3110 with a 
value of 2.85 × 10−12 (Nishiizumi et al., 2007). TCN 
analytical data can be found in Table 2.
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