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Abstract

Determining the constancy of fault slip rates over time is critical in characterizing strain
distribution across plate boundaries such as the Paciﬁc-North American plate boundary in the western
U.S. We present results from the Lone Mountain fault, a normal fault within the southern Walker Lane, that
suggest slip rates there may have increased approximately twofold since the late Pleistocene. We combine
detailed ﬁeld surﬁcial mapping, topographic surveying, and 10Be cosmogenic nuclide exposure ages to
calculate new late Pleistocene and Holocene slip rates on the Lone Mountain fault. Alluvial fans with ages
of 14.6 ± 1.4 ka and 8.0 ± 0.9 ka are vertically offset 10.2 ± 0.6 m and 4.7 ± 0.6 m, respectively, yielding vertical
slip rates of 0.7 ± 0.1 mm/yr and 0.6 ± 0.1 mm/yr. These slip rates are faster than the rates of 0.1 to 0.4 mm/yr
from earlier in the Pleistocene, deﬁning a pattern of accelerating slip on the Lone Mountain fault over a
timescale of 104 years. The possibility of accelerating slip rates in parts of the Walker Lane partially reconciles
the observed discrepancy between long- and short-term slip rates in this region and elucidates the distribution
of strain across an evolving plate boundary.

1. Introduction
The Paciﬁc-North American plate boundary accommodates ~51 mm/yr of relative motion across a wide zone
along the southwestern margin of North America [DeMets et al., 2010]. Approximately 20% of that motion
is accommodated in the Walker Lane, a diffuse, ~50–100 km wide right-lateral shear zone (Figure 1) [Dixon
et al., 2000; Wesnousky, 2005; Lifton et al., 2013]. A distinct discrepancy has been observed between short- and
long-term slip rates across the southern Walker Lane. The short-term right-lateral slip rate across the shear
zone at about 37.5°N (latitude of this study), modeled from GPS measurements, is 10.6 ± 0.5 mm/yr [Lifton
et al., 2013]. However, the sum of geologic slip rates, estimated from paleoseismic and geomorphologic
studies of individual faults, is only ~6 mm/yr [Kirby et al., 2006; Ganev et al., 2010; Frankel et al., 2011; Reheis
and Sawyer, 1997; Foy et al., 2012; Hoeft and Frankel, 2010]. North of the Mina deﬂection in the central and
northern Walker Lane, Wesnousky et al. [2012] proposed that the observed discrepancy between long- and
short-term slip rates is reconciled when en echelon extensional basin opening and vertical axis rotation
are taken into account. Reconciling this discrepancy in the southern Walker Lane is critical for understanding
plate boundary strain distribution.
Strain is transferred through the southern Walker Lane primarily through north-northwest striking right-lateral
strike-slip faults, such as the Death Valley fault, Fish Lake Valley fault, Owens Valley fault, and White Mountains
fault zone. Strain is transferred between these subparallel strike-slip faults by northeast striking extensional
step over faults [e.g., Oldow et al., 1994; Dixon et al., 1995; Reheis and Dixon, 1996], such as Tin Mountain
fault, Deep Springs fault [Lee et al., 2001], and Queen Valley fault [Lee et al., 2009b] (Figure 1).
Oldow et al. [1994, 2009] proposed that the Silver Peak-Lone Mountain (SPLM) extensional complex is one
such extensional step over, transferring strain from the Fish Lake Valley Fault to the Benton Springs and
Petriﬁed Springs fault zones in the central Walker Lane to the northeast (Figure 1). Similarly, Frankel et al.
[2007a] and Frankel et al. [2011] proposed that the northward decrease in slip rate on the Fish Lake Valley
fault is the result of distributed strain across the SPLM. The SPLM consists of a series of northeast trending
normal faults, including Emigrant Peak, Clayton Valley, and Lone Mountain faults, which all have evidence
of Quaternary displacements (Figure 1).
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Figure 1. Shaded relief map of the southern Walker Lane showing simpliﬁed major Quaternary faults [Ryan et al., 2009; GMRT,
2013; U.S. Geological Survey et al., 2006]. Light gray shaded region is the Silver Peak-Lone Mountain extensional complex.
BF, Bare Mountain fault; BMF, Black Mountain fault; BM, Black Mountain fault (Death Valley); BRF, Benton Range fault; BSF, Benton
Springs fault; CF, Coaldale fault; CFF, Cactus Flat faults; CVF, Clayton Valley fault; DSF, Deep Springs fault; ECSZ, Eastern California
Shear Zone; EIF, Eastern Inyo fault; EMF, Excelsior Mountains fault; EPF, Emigrant Peak fault; ESF, Eureka-Saline fault;
EV, Eureka Valley; FSF, Fish Slough fault; FLV, Fish Lake Valley; FLVF, Fish Lake Valley fault; GF, Garlock fault; GMF, Gold
Mountain fault; GVF, Grapevine Mountain fault; HCF, Hilton Creek fault; HMF, Hunter Mountain fault; HVF, Huntoon Valley
fault; KRF, Kawich Range fault; LM, Lone Mountain; LMF, Lone Mountain fault; LVC, Long Valley Caldera; MC, Monte Cristo
Range; MLGHF, Mud Lake-Goldﬁeld Hills fault; MR, Montezuma Range; NDVF, Northern Death Valley fault; OV, Owens Valley;
OVF, Owens Valley fault; PSF, Petriﬁed Springs fault; PVF, Panamint Valley fault; QVF, Queen Valley fault; RFF, Rattlesnake Flat
fault; RVF, Round Valley fault; SDVF, Southern Death Valley fault; SLF, Silver Lake fault; SFF, Stonewall Flat fault; SM, Sylvania
Mountains; SMF, Stonewall Mountain fault; SNFF, Sierra Nevada frontal fault; SP, Silver Peak Range; SPLM, Silver Peak-Lone
Mountain extensional complex; SRF, Slate Ridge fault; TMF, Tin Mountain fault; TPF, Towne Pass fault; VT, Volcanic Tableland;
WM, White Mountains; WMFZ, White Mountains fault zone; WF, Wassuk Range fault; and YMF, Yucca Mountain fault.
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Using geologic and geomorphologic mapping
and terrestrial cosmogenic nuclide (TCN)
geochronology, Hoeft and Frankel [2010] suggested
that extension rates on the Lone Mountain fault
may have increased between 92 ka and 17 ka,
from 0.1 mm/yr to 0.4 mm/yr. We test the
hypothesis that slip rates on the Lone Mountain
fault continued to increase from latest Pleistocene
through the Holocene, and that the SPLM may
be accommodating a larger portion of plate
boundary deformation than previously known.
We estimate vertical and horizontal slip rates by
combining measurements of displacement with
10
Be TCN exposure ages from boulders on two
offset alluvial fan surfaces.
1.1. Tectonic and Geologic Setting
Figure 2. Velocity vector diagram of geologic slip rates previously
reported in the SPLM. The sum of velocities is reprojected to the
direction of local plate boundary motion of 323° [Dixon et al.,
2000]. EPF, Emigrant Peak fault [Reheis and Sawyer, 1997]; CVF,
Clayton Valley fault [Foy et al., 2012]; and LMF, Lone Mountain
fault [Hoeft and Frankel, 2010].

The SPLM is bounded on the west by the Fish Lake
Valley fault, on the south by the Sylvania Mountains
and the Montezuma Range, and on the north
by the Candelaria Hills and Monte Cristo Range
(Figure 1). The eastern boundary is not well deﬁned
but lies east of Lone Mountain [Oldow et al., 2008].

Extension in the SPLM initiated at ~12–8 Ma as a northwest dipping detachment and was active until ~3 Ma,
when 20°–30° of clockwise vertical axis rotation created long-wavelength (20–30 km), high-amplitude (1–2 km)
folds in the detachment, which eventually locked motion on the fault. The detachment is now exposed in the
Silver Peak Range and at Lone Mountain, where it separates deformed amphibolite facies rocks in the lower
plate from Cenozoic volcanics and Mesozoic intrusive rocks in the upper plate. As the SPLM detachment shut
down, the Mina deﬂection became the active slip transfer system connecting the southern and central Walker
Lane [Oldow et al., 2008].
Prominent Quaternary fault scarps are expressed along the Emigrant Peak, Clayton Valley, and Lone Mountain
faults, which together accommodate much of the deformation across the SPLM (Figures 1 and 3). Reheis and
Sawyer [1997] reported a minimum of 125 m of vertical offset since 760 ka, 30–66 m of vertical offset since
50–75 ka, and 22 + 4/ 2 m of vertical offset since 6.5 ± 1.5 ka on the Emigrant Peak fault. From these offset
and age assignments, Reheis and Sawyer [1997] estimated vertical slip rates of 0.2, 0.4–1.2, and ~3 mm/yr,
respectively. In an effort to quantify the uncertainties in the Reheis and Sawyer [1997] estimates, we used Zechar
and Frankel’s [2009] probabilistic methods to calculate vertical slip rates of ~0.2 mm/yr, 0.8 ± 0.2 mm/yr, and
3.4 + 1.2/ 0.8 mm/yr, respectively, from their data. To place the role of the Emigrant Peak fault in the context of
regional extension, the vertical slip rates were converted to horizontal extension rates based on the 45° to 70°
dip of the fault reported by Reheis and Sawyer [1997] and a preferred dip of 60°. The resulting horizontal
extension rates in the 315° direction based on Reheis and Sawyer’s [1997] preferred dip are ~0.1 mm/yr
since 760 ka (<0.1 mm/yr at 70° dip, ~0.2 mm/yr at 45° dip), ~0.5 mm/yr since 50–75 ka (0.3 mm/yr at 70° dip,
0.8 mm/yr at 45° dip), and ~2 mm/yr since 6.5 ± 1.5 ka, (1.2 mm/yr at 70° dip, 3.4 mm/yr at 45° dip), deﬁning a
pattern of increasing slip rate. Foy et al. [2012] report a horizontal extension rate on the Clayton Valley since
~17 ka to be 0.1 to 0.3 mm/yr toward 320°. Hoeft and Frankel [2010] report horizontal extension rates across the
Lone Mountain fault to be 0.1 to 0.4 mm/yr toward 300° since ~17 ka. We project these horizontal rates to
the local plate motion direction of 323° [Dixon et al., 2000] in order to understand their contribution to the
overall plate boundary strain ﬁeld. The sum of previously reported geologic extension rates since the late
Pleistocene directed toward 323° across the SPLM is ~2.7 mm/yr (Figure 2).
Comparisons of geologic and geodetic right-lateral slip rates have also been made in the central and northern
Walker Lane, north of the Mina Deﬂection. For example, Wesnousky et al. [2012] proposed that the sum
of long-term geologic slip rates and short-term geodetic rates across the northern Walker Lane is
approximately equal if the geologic slip rates take into account contributions from basin opening and
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Figure 3. Shaded relief map of Lone Mountain (LM) and Weepah Hills (WH) showing the Lone Mountain fault (LMF) and
locations of detailed alluvial fan maps (Figures 4 and 5). PCF, Paymaster Canyon fault.

vertical axis rotation. This suggests that distributed deformation may play an important role in strain
accommodation in the Walker Lane.
The Lone Mountain fault is a northeast striking down-to-the-northwest normal fault that bounds the
northwest side of Lone Mountain and the Weepah Hills (Figure 3). Along its southwestern portion, the
Lone Mountain fault cuts the low hills and broad alluvial piedmont of the Weepah Hills. The fault is
expressed as scarps that progressively increase in height with age, ranging from ~1 m to ~17 m in height.
Along its northeastern portion, the fault delineates the bedrock-alluvium interface, offsetting young,
steep alluvial fans and in some cases offsetting bedrock. Farther to the northeast, the Lone Mountain fault
diverges from the range front, offsetting alluvial fans and its surface expression diminishes. Hoeft and
Frankel [2010], Hoeft [2010], and Hoeft and Frankel [2012] mapped the southwestern part of Lone Mountain
fault through the alluvial piedmont of the Weepah Hills and Lone Mountain range front, and estimated
cosmogenic nuclide exposure ages for three alluvial fans displaced by the fault. We expand upon the work
of Hoeft and Frankel [2010] by mapping part of the northeast portion of the Lone Mountain fault and
estimating cosmogenic nuclide exposure ages on two alluvial fans displaced by the fault. This work not
only expands the spatial extent of mapping of the Lone Mountain fault but also extends the temporal
range of fault slip rate estimates.

2. Alluvial Fan Mapping
We mapped alluvial fan units and fault scarps at two sites along the Lone Mountain fault (Figures 3–5). Mapping
was conducted on U.S. Department of Agriculture 1 m resolution color orthorectiﬁed aerial photograph
basemaps at scales of 1:5000 and 1:8000. Alluvial fan units were organized into the chronostratigraphic
framework of Bull [1991], in which fan units are differentiated by criteria such as elevation above the active
channel, extent of pavement and varnish development, bar and swale morphology, and degree of surface
dissection. Below we describe the individual displaced alluvial fan units we mapped.
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Figure 4. Surﬁcial geologic map showing the location of Q3b alluvial fan offset by the Lone Mountain fault and sample
locations (blue triangles). Red line is location of topographic proﬁle across (Proﬁle #1) the fault scarp (Figure 6a). Blue
dashed lines with arrows indicate streamﬂow direction.

2.1. Descriptions of Alluvial Fan Units
2.1.1. Q3a Alluvial Fan
The Q3a alluvial fan is preserved in only a few locations in our mapping area, and we were not able to
quantify its displacement. This fan surface has a subdued bar and swale morphology with vertical relief less
than 1 m. The surface is relatively planar and is not deeply incised by stream channels. Desert pavement
and desert varnish are moderately developed, giving the surface a darker color than the Q3b fan surface.
The Q3a fan surface elevation is ≥3 m above the active channel.
2.1.2. Q3b Alluvial Fan
The Q3b alluvial fan has subdued bar and swale morphology with vertical relief of less than 1 m. The surface
has moderately developed pavement, with swale areas composed of a loosely interlocking pavement of
gravel- and cobble-sized clasts with some sand and minor silt, and bar areas composed of cobble-sized clasts
and rare boulder-sized clasts. The lithology of the sediment is primarily granitic intrusive rock, which weathers
to grus. Some clasts are moderately weathered. Boulders and cobbles have moderately developed varnish
and rubiﬁcation, and clasts on this surface are generally lightly weathered. The Q3b has a ~10 cm thick Av
horizon with some vesicles. The elevation of the Q3b surface is ~2 m above the active channel.
2.1.3. Q3c Alluvial Fan
The Q3c alluvial fan has prominent bouldery bar and swale morphology that is beginning to diffuse. The bar
and swale morphology has a wavelength of ~3 m and amplitude of ~1–2 m. Desert pavement is poorly
developed, and varnish and rubiﬁcation is absent to moderately developed on boulders and cobbles.
Sediment is primarily derived from granitic intrusive rock. Some clasts are lightly to moderately weathered.
Boulders are more pervasive across the Q3c fan than the Q3b surface, which we attribute to its proximity
to the source area. This fan has a poorly developed, nonvesicular Av horizon that is ~5 cm thick. Some
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Figure 5. Surﬁcial geologic map showing the location of Q3b and Q3c alluvial fans offset by the Lone Mountain fault and
sample locations (blue triangles). Red lines are locations of topographic proﬁles (Proﬁles #2 and #3) across the fault scarp
(Figures 6b and 6c). Blue dashed lines with arrows indicate streamﬂow direction.

portions of the fan have a well-developed biotic crust that appears darker than the rest of the fan surface.
The elevation of the Q3c surface is ~1–2 m above the active channel.
2.1.4. Q4b Alluvial Fan
The Q4b alluvial fan unit is associated with the active stream channel network. It is composed of boulders,
cobbles, and gravel within channels incised into surrounding fans. Bar and swale morphology is prominent and
well deﬁned. Desert pavement and varnish are absent, and clasts are generally fresh and unweathered. The
surface of the Q4b deposit is lighter in color than older deposits.

3. Alluvial Fan Displacement
We measured topographic proﬁles across fault scarps using a Trimble GeoXH handheld Global Positioning
System (GPS) unit. Differential corrections were made in postprocessing with data from nearby Continuously
Operating Reference Station sites. Proﬁles are orthogonal to the fault, where they cross the scarp and follow the
fan surfaces along the apex-to-toe fall line. All of the proﬁles used in this study were measured where the
original fan surface is preserved in both the footwall and hanging wall. We did not observe any evidence of
strike-slip motion on the fault. Topographic proﬁles across the fault scarp are presented in Figure 6. We selected
proﬁle points along the footwall and hanging wall surfaces and calculated best ﬁt linear regressions to those
points. We projected the linear regressions to the scarp and measured the vertical offset between the surfaces
at the center of the scarp. We measured vertical offset of the Q3b fan surface in two locations (Figures 4–6).
The location at which we sampled the Q3b surface is vertically offset 2.4 ± 0.6 m (Figures 4 and 6a).
However, the combined vertical offset was observed to be 10.2 ± 0.6 m across two closely spaced faults
offsetting a correlative Q3b fan nearby (Figures 5 and 6b). We interpreted the two Q3b surfaces to be correlative
based on degree of desert pavement and desert varnish development, bar and swale morphology, and relative
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Figure 6. Topographic proﬁles across the Lone Mountain fault scarp in the (a) Q3b alluvial fan, (b) Q3b alluvial fan (double
scarp), and (c) Q3c alluvial fan.

fan surface height. Therefore, we used the larger displacement across the surface to calculate the extension
rate. While the footwall and hanging wall surfaces were visibly indistinguishable in ﬁeld observations,
we consider the vertical offset measurements to be minima, allowing for possible aggradation of the
hanging wall surface after displacement. The Q3c surface is vertically offset 4.7 ± 0.6 m (Figures 5 and 6c).
Uncertainties in vertical displacement measurements are estimated from formal errors reported by the
differentially corrected GPS positions in the topographic proﬁles and from the uncertainty in the linear
regressions ﬁts to the measured surfaces. The differential GPS positions reported a vertical uncertainty of
~ ±0.3 m, while the maximum uncertainty of the linear regressions is ~±0.2 m or less. Combining these
uncertainties and propagating them through the measurement yields an uncertainty estimate of ±0.6 m.
This uncertainty is likely an overestimate since the GPS vertical errors are highly correlated in time and
position, suggesting that the true GPS error across an individual proﬁle is smaller.
The relatively small displacement of the Q3c fan (4.7 ± 0.6 m) raises the possibility that it records only a single
surface rupturing slip event. In such a case, our reported slip rate may be biased either positively or negatively
depending on the temporal sampling window relative to the earthquake cycle. Accurate calculation of
geologic slip rates necessitates capturing multiple slip events across multiple seismic cycles to account for
variances in earthquake episodicity and slip magnitude over cycles. To illustrate with an extreme example, if a
fault ruptured 5 m 10 years ago, the apparent slip rate would be 500 mm/yr; however, if the earthquake
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Table 1. Offset, Alluvial Fan Exposure Ages, and Slip Rates Along Lone Mountain Fault
Alluvial Fan
Deposit
Q3b
Q3c
c
Q3c

Vertical Offset
(m)

Extension Direction
(deg)

Age (ka)

10.2 ± 0.6
4.7 ± 0.6

340
340

14.6 ± 1.4
8.0 ± 0.9

Horizontal Slip Rate (mm/yr)

Vertical Slip Rate
(mm/yr)

Dip = 30°

Dip = 60°

Dip = 40°

Slip Rate Toward 323°
b
(mm/yr)

0.7 ± 0.1
0.6 ± 0.1
1.2 to 0.3

1.2 ± 0.2
1.0 ± 0.2
2.1 to 0.6

0.4 ± 0.1
0.3 ± 0.1
0.7 to 0.2

0.8 ± 0.1
0.7 ± 0.1
1.4 to 0.4

0.8 ± 0.1
0.7 ± 0.1
1.4 to 0.4

a

a
Preferred fault dip based on ﬁeld observation.
b
Horizontal slip rate projected parallel to Paciﬁc-North
c

America plate motion [Dixon et al., 2000].
Q3c surface possible rates assuming maximum and minimum values for a single offset event.

cycle duration is actually 5000 years, then the true slip rate is 1 mm/yr. If the recurrence interval and slip on a
fault were perfectly regular, then observing a single, complete earthquake cycle would be sufﬁcient to
calculate a valid slip rate.
Based on historical data from normal faults of similar length in the Basin and Range and empirical scaling
relationships, we believe the Q3c scarp may represent two or more rupture events. The 1983 Ms 7.3 Borah
Peak earthquake produced a 34 km long surface rupture, with a maximum vertical displacement of 2.7 m
[Crone and Machette, 1984]. There is evidence for larger local maximum displacements, for example, the
largest historic vertical offset in the Basin and Range occurred during the 1915 Ms 7.6 Pleasant Valley
earthquake, which produced a 60 km long surface rupture with a maximum vertical displacement of 5.8 m
[dePolo et al., 1991]. Additionally, based on trenching and fault scarp proﬁling, Koehler and Wesnousky [2011]
determined that the maximum single event displacement along the ~32 km long Simpson Park Mountains
fault was 4.2 m. However, these examples appear to be exceptional, given that the scaling relationship
developed for normal faults by Wells and Coppersmith [1994] predicts a maximum displacement of <2 m for a
30 km long fault rupture. If the typical rupture is 2–3 m along such a segment, then it is more likely that the
4.7 ± 0.6 m of vertical displacement of the Q3c fan represents at least two ruptures of the Lone Mountain
fault. While this would yield a valid slip rate, it could still be biased depending upon the uniformity of the
earthquake cycle duration.
If the Q3c surface was only offset in a single, anomalously large event, then the true earthquake recurrence
is not known. At the shortest end, the Q3c surface was formed immediately after a prior event, and another
is imminently due. In such a hypothetical scenario, the true recurrence is about one half the Q3c age,
bringing the vertical slip rate to a maximum of 1.2 mm/yr. At the longest reasonable end, the Q3c surface
captured a single event on a fault with a longer recurrence. Since the adjacent faults that offset the older
Q3b surface require multiple ruptures (having at least 10 m of cumulative slip across one proﬁle) since
14.6 ka, it is possible that the maximum regular recurrence interval is just under that age. This would yield
an extreme minimum long-term slip rate of 0.3 mm/yr, comparable to earlier estimates. Because 1.2 and
0.3 mm/yr are extreme cases, assuming a single large slip event that we consider less likely, we exclude
them from further discussion, but include them in Table 1.

4. Cosmogenic Nuclide Exposure Ages
We estimated the age of displaced fan surfaces by 10Be TCN exposure dating of boulders deposited on the
fan surfaces. Boulders embedded in the alluvial fan surface are exposed to cosmic rays, which interact with
Si and O atoms in minerals and produce 10Be nuclides. The concentration of 10Be nuclides is a function of
exposure time, rock density, radioactive decay, erosion, and inheritance from previous exposure [Lal, 1991;
Gosse and Phillips, 2001].
We sampled seven boulders from the Q3b surface and seven boulders from the Q3c surface (see Figures 4
and 5 and Table S1 in the supporting information for locations). Samples were collected from the upper
≤ 5 cm of the top of each boulder. We sampled boulders that were in place and exposed at the surface
since deposition. In particular, we chose boulders that were located on ﬂat surfaces, away from the fan
surface edges where diffusive processes can move sediment. We also chose boulders that were not
weathered, that had desert varnish on the top of the boulder only, and that did not appear to be exhumed.
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In cases where boulders were weathered
or spalled, we sampled only the intact,
unweathered areas of the boulder. See
supporting information for photographs
of each sample.
Since the full history of individual boulders
is not known, it is possible that the 10Be age
of a given boulder may appear older or
younger than the true exposure age. For
example, some boulders contain “inherited”
10
Be nuclides from surface exposure prior
to deposition in the current alluvial fan,
which yields artiﬁcially old 10Be ages.
Conversely, exhumation of buried
boulders and weathering (e.g., spalling)
can yield apparent boulder ages that are
younger than the true exposure age of the
fan. To avoid artiﬁcially young boulder
ages of the latter case, we only sampled
boulder surfaces that were not weathered
and that had well-developed desert
varnish. Inheritance can be quantiﬁed by
sampling at intervals below the surface
within a soil pit to create a depth proﬁle of
10
Be concentration [e.g., Anderson et al.,
1996]; however, the very large grain size
of the alluvial fan sediment made it
impractical to dig soil pits and precluded our
use of depth proﬁles. Furthermore, the lack
of large exposures of ﬁne-grained sediments
in
the alluvial fans also precluded the use
10
Figure 7. Probability density function (PDF) of Be exposure ages
of optically stimulated luminescence dating.
from (a) seven boulder samples on the Q3b fan surface and (b) seven
In order to address potential inheritance
boulder samples on the Q3c fan surface. Gray curves are individual
in 10Be concentrations of surface boulders,
PDFs for each boulder, and black curve is the combined PDF for all
ages. Vertical gray bands represent the 1σ uncertainty interval for
we assume that the youngest ages (i.e.,
the weighted mean ages of each peak. Note the consistency of age
the lowest 10Be concentrations and
clusters between the two fans.
shortest surface exposure durations)
within a population of samples are the
best representation of the age of the current alluvial fan deposit [Hoeft and Frankel, 2010; Owen et al.,
2002, 2005]. While older samples (i.e., longer surface exposure duration and higher 10Be concentrations)
may exist within the population due to inheritance, surface boulders cannot be younger than the alluvial
fan deposit.
Each surface sample was prepared and measured separately following the methods of Kohl and Nishiizumi
[1992]. Samples were crushed, pulverized, and sieved to isolate the 250–500 μm size fraction. Quartz was
isolated and puriﬁed with a series of HF leaches in heated ultrasonic tanks. After dissolution, Be was extracted
from the quartz by ion exchange chromatography, then precipitated 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 Purdue Rare Isotope Measurement Laboratory. Isotopic
ratios were normalized to standard 07KNSTD3110 with a value of 2.85 × 10 12 [Nishiizumi et al., 2007]. Results
are reported in Table S1 in the supporting information.
Exposure ages for each sample are modeled using the CRONUS-Earth age calculator [Balco et al., 2008], using
a time-invariant sea level, high-latitude 10Be production rate of 4.76 atoms g 1 a 1, scaled for our locations
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Figure 8. Compilation of published alluvial fan ages in the Walker Lane, eastern California shear zone, and Death Valley.

[Lal, 1991; Stone, 2000; Nishiizumi et al., 2007]. Ages and their associated uncertainties are combined in a
probability density function (PDF) to determine the weighted mean exposure age and 1σ uncertainty for
each fan.
The exposure ages of individual boulders fall into several distinct clusters (Figure 7). On the Q3b fan, two
boulders are ~15 ka, one boulder is ~31 ka, and the remaining four boulders are ~45 ka. On the Q3c fan,
three boulders are ~8 ka, three boulders are ~16 ka, and one boulder is ~45 ka (Figure 7). The older
exposure ages of some boulders reﬂect a more complex history of deposition and exposure in an older fan,
remobilization and transport, and ﬁnally deposition and exposure in the current fan deposit. Because
boulders can contain inherited 10Be from previous exposure prior to deposition in their present locations,
we assume that the youngest clusters of ages are the best representation of the exposure age of the
current alluvial fans [e.g., Hoeft and Frankel, 2010; Owen et al., 2002, 2005]. We calculated the weighted
mean average of each cluster of ages (Figure 7). The 10Be exposure age of the Q3b fan is 14.6 ± 1.4 ka,
and the 10Be exposure age of the Q3c fan is 8.0 ± 0.9 ka (Table 1). The Q3b fan age is the same, within
uncertainty, as a nearby Q3b fan dated to 16.5 ± 1.2 ka by Hoeft and Frankel [2010]. Our fan exposure ages
also agree with other fan ages reported across the Walker Lane, the eastern California shear zone, and the
Death Valley region (Figure 8).

Figure 9. Vertical slip rate probability density functions for offset (a) Q3b and (b) Q3c alluvial fans. Vertical line represents
the median age, and gray band represents the 1σ uncertainty interval.
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5. Slip Rates

Figure 10. Compilation of vertical slip rates on the Lone Mountain fault
over time. Horizontal error bars represent reported age uncertainties, and
vertical error bars represent reported extension rate uncertainties.

We used the methods of Zechar and
Frankel [2009] to calculate vertical slip
rates. This probabilistic approach treats
the displacement, age, and slip rate
as probability density functions and
propagates uncertainties of each
measurement through the calculation.
All slip rates are reported with 1σ
uncertainties. The results of our slip rate
calculations are shown in Figures 9 and
10 and in Table 1. For the Q3b fan, the
vertical displacement of 10.2 ± 0.6 m
and the exposure age of 14.6 ± 1.4 ka
yield a vertical slip rate of 0.7 ± 0.1 mm/yr.
For the Q3c fan, the vertical displacement
of 4.7 ± 0.6 m and the exposure age of
8.0 ± 0.9 ka yield a vertical slip rate of
0.6 ± 0.1 mm/yr.

These rates are minima because the fan exposure ages we use represent the earliest possible time that the
fan was displaced, allowing for the possibility that the fans were displaced more recently. Several other
factors may affect the accuracy of our slip rates. Because inheritance is difﬁcult to quantify in surface samples,
the fan ages may appear older than the true age, which would also bias our results toward slower slip rates.
While quantiﬁcation of inheritance in our samples is not possible, the geomorphological characteristics of
the fans suggest that this is minimal. Additionally, ages from this study are in close agreement with other
exposure ages reported in the region (Figure 8), suggesting neither overestimation (from inheritance) nor
underestimation (from weathering and spalling of boulders) are major concerns. Field photos of sample sites
are included in the supporting information.
From the vertical slip rates, we calculate horizontal extension rates in order to place the Lone Mountain
fault in a more meaningful tectonic context relative to geodetic observations of regional extension. We
approximate horizontal extension rates by assuming a range of frequently observed fault dips from 30° to 60°
[e.g., Wernicke, 1995; Olive and Behn, 2014, and references therein]. Our preferred fault dip is 40°, observed
in this study as well as Hoeft and Frankel [2010] along a 3 m to 4 m high-channel exposure cut into an
unconsolidated Q3b fan deposit
orthogonal to the fault strike. The fault
dipped uniformly at 40° from the
surface to a depth of 3–4 m and
formed a narrow zone of disturbed
clasts oriented approximately parallel
to the fault plane (see supporting
information). The behavior of normal
faults at depth is often debated, and it
is not known if dip at the surface or in
unconsolidated material is an accurate
representation of dip at depth [e.g.,
Wernicke, 1981; Wernicke and Axen,
1988; Jackson and McKenzie, 1983].
Without subsurface data to constrain
fault dip, our best estimate is based on
direct observation, and we therefore
Figure 11. Graph of horizontal extension rate as a function of fault dip for
prefer a fault dip of 40°. Geophysical
the Q3b and Q3c fans. Our preferred fault dip is 40°, which yields horizontal
data suggest that the Clayton Valley
slip rates of 0.8 ± 0.1 mm/yr and 0.7 ± 0.1 mm/yr for the Q3b and Q3c fans,
fault dips ~60° [McGuire et al., 2011].
respectively.
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Reheis and Sawyer [1997] report the Emigrant Peak fault dips between 45° and 70°. Since most normal faults
dip between 30° and 60°, we also present horizontal slip rates over this entire range of dips (Figure 11
and Table 1). For a fault dip of 30°, the Q3b horizontal slip rate is 1.2 ± 0.2 mm/yr and the Q3c horizontal slip
rate is 1.0 ± 0.2 mm/yr. For a fault dip of 60°, the Q3b horizontal slip rate is 0.4 ± 0.1 mm/yr and the Q3c
horizontal slip rate is 0.3 ± 0.1 mm/yr. For our preferred fault dip of 40°, the Q3b horizontal slip rate is
0.8 ± 0.1 mm/yr and the Q3c horizontal slip rate is 0.7 ± 0.1 mm/yr.

6. Discussion
Our results suggest that slip rates on the Lone Mountain fault increased from the late Pleistocene to the
Holocene. The vertical slip rate since 14.6 ± 1.4 ka is 0.7 ± 0.1 mm/yr, and the vertical slip rate since 8.0 ± 0.9 ka
is 0.6 ± 0.1 mm/yr. These rates are approximately twice as fast as the late Pleistocene slip rates on the Lone
Mountain fault estimated by Hoeft and Frankel [2010] (0.1 to 0.4 mm/yr) but complement their conclusion
that slip on the Lone Mountain fault is increasing (Figure 10). The accelerating slip rates that we observe on the
Lone Mountain fault also agree with the pattern of increasing slip rates observed elsewhere in the SPLM, in
particular on the Emigrant Peak fault [Reheis and Sawyer, 1997]. Reheis and Sawyer [1997] presented data that
suggest the Emigrant Peak fault vertical slip rate was ~0.2 mm/yr since 760 ka, increased to 0.8 ± 0.2 mm/yr
since 50–70 ka, and then increased further to 3.4 + 1.2/ 0.8 mm/yr since 6.5 ± 1.5 ka.
The possibility of accelerating slip rates across the SPLM has implications for the evolution of the Walker Lane.
In particular, it is important for understanding how the Walker Lane accommodates strain, and for comparing
long- and short-term slip rates across the Walker Lane.
Variability in slip rates over different timescales of observation has been documented on a number of faults
[e.g., Dolan et al., 2007; Friedrich et al., 2003; Gold et al., 2013; Kirby et al., 2006; Reheis and Sawyer, 1997; Weldon
et al., 2004], yet the cause is not well understood. Some studies suggest that maturation of fault systems
[e.g., Gourmelen et al., 2011] can yield variable slip rates by connecting smaller faults into faster through-going
faults. In other cases, long distance fault interaction may account for local changes in fault slip rates [Dolan et al.,
2007; Gold et al., 2013]. Friedrich et al. [2003] suggest that slip rate variability occurs at multiple timescales:
variability due to changes in tectonic loading occurs at ~10 Myr timescales, clustered strain release due to fault
system dynamics occurs at ~10 kyr timescales, and variability due to transient postseismic effects occurs at
~100 yr timescales. Clustering of earthquakes can yield variable slip rates depending on the time window of
observation. The slip rate averaged over a period of closely spaced earthquakes will be faster than the slip
rate averaged over a period of quiescence or over a period of many clusters. Identifying temporal clustering
behavior requires a detailed chronology of ruptures, which we do not have for the Lone Mountain fault.
Therefore, we can only speculate on the possibility of temporal clustering. The mechanism for accelerating slip
rates on the Lone Mountain fault is not known, but it appears that Lone Mountain fault and Emigrant Peak
fault have both accelerated on approximately the same timescale. This raises the possibility that the SPLM as a
whole may be interacting with distant faults such as the Fish Lake Valley fault, as suggested by Oldow et al.
[1994, 2009], Frankel et al. [2007a, 2011], and Nagorsen-Rinke et al. [2013].
Accelerating slip rates also have important implications for comparing long- and short-term slip rates across
the Walker Lane. A discrepancy between long-term geologic slip rates and short-term geodetic slip rates
has been observed across the Walker Lane at ~37°N latitude [Bennett et al., 2003; Kirby et al., 2006, 2008;
Frankel et al., 2007b, 2011; Lifton et al., 2013]. The sum of published late Pleistocene slip rates from the Lone
Mountain, Clayton Valley, Emigrant Peak, Fish Lake Valley, and White Mountains faults, projected toward
the plate motion direction of 323°, across this part of the Walker Lane is ~6 mm/yr [Kirby et al., 2006; Ganev et al.,
2010; Frankel et al., 2011; Reheis and Sawyer, 1997; Foy et al., 2012; Hoeft and Frankel, 2010]. However, dislocation
models constrained by GPS data predict a regionally averaged short-term right-lateral displacement rate at
~37.5°N latitude of 10.6 ± 0.5 mm/yr [Lifton et al., 2013]. The possibility that the SPLM is accommodating an
increasing portion of shear zone-directed slip might help reconcile the discrepancy. Including our new
Holocene extension rate of 0.7 ± 0.1 mm/yr slightly increases the sum of slip across the Walker Lane toward
the plate motion direction of 323° to ~6.4 mm/yr. However, the sum is still signiﬁcantly slower than the
geodetic slip rate of 10.6 ± 0.5 mm/yr [Lifton et al., 2013]. Recent studies [e.g., Foy et al., 2012] suggest that a
signiﬁcant proportion of strain may be broadly distributed, and that extension rates in the SPLM might be
signiﬁcantly faster than documented. Furthermore, the Holocene extension rate on the Clayton Valley fault
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is not known, but if it has experienced similar accelerated slip to the Emigrant Peak and Lone Mountain
faults, then its more recent extension rate may also be faster.
Our results, in combination with observations of slip occurring both east of the Fish Lake Valley fault [e.g., Reheis
and Sawyer, 1997; Ganev et al., 2010; Foy et al., 2012; Hoeft and Frankel, 2010] and west of the White Mountains
fault [Lienkaemper et al., 1987; dePolo and Ramelli, 1987; Phillips and Majkowski, 2011; Nagorsen-Rinke et al.,
2013], support the hypothesis of Frankel et al. [2011] that the Walker Lane south of the Mina deﬂection is
accommodating strain in a broader region than previously suspected. In other words, rather than strain being
restricted to a narrow zone of right-lateral slip on the White Mountains and Fish Lake Valley faults [Reheis and
Dixon, 1996], slip is diffused across a broader region as it moves northward toward the Mina deﬂection.

7. Conclusions
We calculated vertical slip rates during the latest Pleistocene and Holocene on the Lone Mountain fault,
which is a down-to-the-northwest normal fault in the Silver Peak-Lone Mountain extensional complex.
Geologic mapping and topographic surveying yield vertical displacements of 10.2 ± 0.6 m and 4.7 ± 0.6 m
for the Q3b and Q3c fans, respectively. The vertical slip rate since 14.6 ± 1.4 ka is 0.7 ± 0.1 mm/yr, and the
vertical slip rate since 8.0 ± 0.9 ka is 0.6 ± 0.1 mm/yr. Horizontal slip rates could range from ~1.2 mm/yr to
~0.3 mm/yr for fault dips of 30° and 60°, respectively. For a preferred fault dip of 40° based on ﬁeld
observations, these vertical rates translate to horizontal slip rates of 0.8 ± 0.1 mm/yr and 0.7 ± 0.1 mm/yr,
respectively. These new rates, in combination with previously published data [Hoeft and Frankel, 2010],
suggest that slip on the Lone Mountain fault has increased during the late Pleistocene and Holocene
(Figure 10). Incorporating our new rates with published slip rates in the region indicates that the total
geologically determined slip rate in the 323° direction at this latitude is ~6.4 mm/yr. Thus, the possibility of
accelerating slip rates within parts of the Walker Lane partially reconciles the observed discrepancy
between long- and short-term slip rates in this region, especially if distributed deformation has resulted in
undocumented displacement. The mechanism for fault slip acceleration on the Lone Mountain fault is
unknown, but may be due to one of a number of mechanisms hypothesized to cause long-term variability
in slip rates. These include long distance fault interactions, fault system reorganization, or clustering of
strain release. Continued study of the Lone Mountain fault and the regional fault system within the Walker
Lane could test these hypotheses.
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