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Two sets of Pleistocene moraines (Tioga and Tahoe) are preserved at Cascade Lake along the west side of Lake
Tahoe. The '°Be terrestrial cosmogenic nuclide surface exposure ages for two younger Tioga moraines yield an
average age of 22.3 4 1.2 ka, coincident with the global Last Glacial Maximum. The ages suggest that the Tioga
glaciation may have reached its maximum several thousand years earlier in the Lake Tahoe basin than to the
south along the east flank of the Sierra Nevada. The oldest '°Be age (120 + 8 ka) determined for an additional
suite of 10 boulders exhibiting significant scatter in '°Be ages is interpreted to be the minimum age of formation
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Sierra Nevada glaciation for older Tahoe moraines in the Tahoe basin, suggesting they were deposited during marine oxygen isotope stage
Walker Lane 6. The moraines at Cascade Lake are displaced by the West Tahoe Fault that strikes northward for 45 km along
Slip rate the western edge of the Lake Tahoe basin. Vertical displacements of the crests of the Tahoe and Tioga moraines

Cosmogenic exposure age are 59 4+ 10 and 32 + 12 m respectively. Averaged over the time since the formation of the Tahoe and Tioga
moraines, the average vertical separation rates are <0.5 4 0.1 and ~1.4 + 0.7 mm/y respectively. The measured
vertical separation across the broad graben on the Tioga moraine may be accentuated by its deposition on a
preexisting scarp and, in this regard, the increase in slip rate since the Tioga glaciation may be apparent rather
than real. The fault slip rate and accompanying horizontal rate of extension averaged over the time since the
formation of the older Tahoe moraines are respectively 0.6 + 0.2 and 0.3 &+ 0.2 mm/y. The slip rate averaged
over the time since emplacement of the Tahoe moraine is in general accord with prior geologic studies reporting
slip rate estimates elsewhere along the fault, and the horizontal extension rate is at the lower end of extension
rates estimated by others with geodesy across the Tahoe basin.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Two sets of Pleistocene moraines (Tioga and Tahoe) are preserved at
Cascade Lake along the west side of Lake Tahoe (Figs. 1, 2). Each are
displaced by the West Tahoe Fault, a normal fault that strikes ~45 km
along the west side of the Tahoe basin. The Tahoe basin is largely the re-
sult of normal displacement across the West Tahoe Fault (Fig. 1). Here,
we present 16 new and 4 recalculated terrestrial cosmogenic nuclide
(TCN) exposure ages of boulders on the moraines to place limits on
the timing of the Last Glacial Maximum (LGM) recorded by the Tioga
moraine and the emplacement of the older Tahoe moraine at Cascade
Lake. The estimated ages of the moraines are additionally used in con-
junction with lidar measurements of the offsets across the moraines to
estimate the West Tahoe Fault slip rate and extension rate across the
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basin. The resulting suite of observations and calculations provide new
information that complements prior and similar studies of glacial histo-
ry across the Sierra Nevada and geologic studies that have estimated the
slip rate of the West Tahoe Fault.

2. Tectonic setting

The Lake Tahoe basin is a half-graben within the Walker Lane: a 500-
km-long x 100-km-wide northwest-trending zone of discontinuous ac-
tive faults and complex topography that accommodates up to 25% of the
~50 mm/y of dextral shear between the Pacific and North American
plates (Thatcher et al., 1999; Dixon et al., 2000; Bennett et al., 2003;
Unruh et al., 2003) (Fig. 3). The Walker Lane is located between the
Sierra Nevada to the west and the north-northeast-trending normal
faults of the Basin and Range to the east and is manifest geodetically
as a zone of ~6-12 mm/y of northwest-directed right-lateral shear
(e.g., Dixon et al., 2000; Hammond et al., 2011). The shear field is
transtensional and accommodated by an array of northwest-striking
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Fig. 1. Location of Lake Tahoe basin, the West Tahoe Fault, and surrounding area on hillshade image constructed from 10-m National Elevation Dataset topographic data and bathymetric data
(Gardner et al., 2000). Contours of Lake Tahoe and Cascade Lake shorelines shown are blue. Active faults are in red and are modified after Kent et al. (2016) and the USGS Quaternary Fault and
Fold Database (USGS, 2017). Kent et al. (2005) used the difference in elevation of submerged terraces to estimate a vertical separation rate of 0.5-0.75 mm/y across the basin. The location of

Seitz (2015) trench site on the West Tahoe Fault is indicated with a star.

strike-slip faults, north-striking normal faults, and northeast striking
left-lateral faults (e.g., Wesnousky, 2005). Within the vicinity of Lake
Tahoe, northwest-striking strike-slip faults include the Polaris, Pyramid
Lake, and Mohawk Valley faults; and the Olinghouse Fault is an example
of a northwest-trending left-lateral fault (Fig. 3). The West Tahoe Fault
is a prime example of a range-bounding normal fault in the region and
shares strike direction with the nearby Genoa, Antelope Valley, and
Smith Valley range-bounding normal faults as well as the largely sub-
aqueous Stateline-North Tahoe and Incline Village faults within the
Tahoe basin (Figs. 1, 3).

3. Framework of glacial history of region

The shoreline elevation of Lake Tahoe is ~1900 m above mean
sea level (amsl), and the highest surrounding peaks of the Sierra

Nevada and Carson Ranges reach in excess of 3000 m amsl (Fig. 1).
Glacially carved U-shaped valleys and moraines are present along
the western margin of the lake. Average annual precipitation at
the lake is ~520 mmy/y, occurs largely as snow, and increases west-
ward with elevation to 1440 mm near the Sierra Nevada crest
(NOAA, 2012).

Blackwelder (1931) was among the first to study glacial deposits
throughout the Sierra Nevada and found two sets of moraines of dis-
tinctly different ages in most drainages of the Eastern Sierra
(Fullerton, 1986; Gillespie and Clark, 2011). He and others since have
attributed the moraines to two distinct late Pleistocene glacial stages
and labeled the younger Tioga and the older Tahoe (e.g., Blackwelder,
1931; Putnam, 1949, 1960; Sharp and Birman, 1963; Birkeland, 1964;
Birman, 1964; Clark, 1967; Sharp, 1972). They observed that the older
Tahoe moraines are broader crested compared to younger Tioga
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Fig. 2. Map of Tioga (green) and Tahoe age (blue) moraines along the southwest edge of the Tahoe basin. Trace of the West Tahoe Fault is red and displays right-step near Cascade Lake.
Numerical ages on Meeks Bay moraines and Fallen Leaf Lake are discussed in text. Basemap is a hillshade constructed from 0.5-m lidar and 10-m bathymetric data (Gardner et al., 2000;

Watershed Sciences, 2011).

moraines; that the granitic boulders composing the Tahoe moraines are
in a greater state of disintegration than those on Tioga moraines; that
the frequency and clast size of granitic boulders on these older Tahoe
deposits are less, while the remaining boulders are more ragged; and
that the soil developed on younger tills is an ashen gray while reddish
in older deposits.

Researchers have more recently been able to determine numerical
ages of moraines within the Sierra Nevada and elsewhere using TCN sur-
face exposure dating techniques (e.g., Phillips et al., 1990; Gosse and
Phillips, 2001). Rood et al. (2011a) undertook the broadest application
of TCN analysis to glacial deposits in the Sierra Nevada examining mo-
raines to the south of Lake Tahoe encompassing 12 canyons extending
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Fig. 3. Location of Lake Tahoe and West Tahoe Fault (yellow line) within Walker Lane. Faults of Walker Lane, the San Andreas Fault, and Basin and Range fault systems shown in black, red,
and blue respectively. Faults and locations discussed in text are numbered and labeled. Black GPS vectors relative to a stable North America are modified after Flesch et al. (2000), and
values in black refer to the approximate shear rate accommodated across the Walker Lane at their respective latitude after Hammond et al. (2011) and Dixon et al. (2000). Faults are sim-

plified from the USGS Quaternary Fault and Fold Database (USGS, 2017).

from Whitney Portal to Woodfords along the eastern flank of the Sierra
Nevada (Fig. 3). They conclude that major moraines of the eastern Sierra
Nevada were deposited during marine isotope stages (MIS) 6 and 2, that
retreat of each commenced at ~145 and ~18.8 + 1.9 ka respectively, and
that their observations and analyses provided no evidence for glacial ad-
vances intermediate to these ages. Rood et al. (2011a) followed conven-
tion and refered to the moraines and outwash of these deposits as Tahoe
and Tioga for the older and younger major advances respectively. Phillips
etal.'s (1990) TCN analysis of moraines at Bloody Canyon (Fig. 3) in con-
trast presents evidence for glacial advances intermediate in age to those
identified as Tahoe and Tioga age by Rood et al. (2011a). Whether the ab-
sence of intermediate stage moraines in the canyons studied by Rood
et al. (2011a) is caused by, e.g., obliterative overlap (Gibbons et al.,
1984), sampling bias, or other unique conditions of moraine preservation
at Bloody Canyon is unclear.

4. Data analysis and observations
4.1. TCN dating of moraines at Cascade Lake

Moraine ages are estimated here using measurements of TCN '°Be
concentrations in surface boulders. Sampling focused on the largest
(>1 m in height) granitic boulders from each of the two right-lateral
moraine crests at Cascade Lake with the intent to limit the possibility
of post-depositional transportation or exhumation/denudation and to

reduce the likelihood that the boulders were covered with snow for
much of the year. Computational models of moraine erosion
(e.g., Putkonen and Swanson, 2003) suggest that for old moraines
(e.g., Tahoe), with a sufficient sample size of 6-7 boulders, it is likely
(>90%) that the oldest measured age is close to the actual age of the de-
posit. In this study, we sampled 8 boulders on each moraine surface and
treated the oldest age sampled as a minimum age of deposition. Four
boulders each were sampled from the hanging and footwall surfaces
of the Tioga and Tahoe moraines (Fig. 4). Approximately 500-g samples
were taken from the upper 2-5 cm of each of these boulders. Photo-
graphs of each of the sampled boulders are provided in supplemental
materials. All 16 samples were processed in the Geochronology Labora-
tories at the University of Cincinnati following the methods of Kohl and
Nishiizumi (1992) and described in detail in supplemental materials.
Additionally, '°Be ages from two boulders from a Tioga moraine and
two boulders from a Tahoe moraine near Meek's Bay (Fig. 2) — collected
and processed by Howle et al. (2012) — are recalculated here and in-
cluded in this analysis.

The TCN exposure ages are calculated using the Cosmic Ray Exposure
Program (CREp) of Martin et al. (2017) and listed in Table 1. The ages re-
flect the increased concentrations of '°Be that occur in rock as a function
of the time they are exposed to cosmic rays at the Earth's surface. The
calculator requires input describing the geographic coordinates and ele-
vation of the samples, local shielding of the sample, density of the sample,
and estimation of the boulder erosion rates resulting from processes such
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Fig. 4. (A) Locations, labels, and surface exposure ages (ka) of boulders sampled on Tioga (green) and Tahoe (blue) moraines at Cascade Lake. Locations of topographic profiles AA” and BB’
along the moraine crests and CC’ and DD’ transverse to moraine crests are shown in (B) and (C) respectively. Geographic coordinate (+) provided for geographic reference.

as boulder grussification and spalling (Gosse and Phillips, 2001). These
values are listed for each sample in Table 1. The calculations are made
for convenience of later comparison using the same 0.6 m/Ma erosion
rate employed by Rood et al. (2011a) in their study of numerous mo-
raines along the eastern flank of the Sierra Nevada; and for reference,
ages assuming bounding erosion rate values of zero and a maximum
rate of 3.1 m/Ma based on erosion rates of bedrock summits in the Sierra
Nevada (Small et al., 1997) are also provided. The age estimates are also
dependent on the assumption of particular scaling models designed to es-
timate the long-term production rate of cosmogenic '°Be. The ages in
Table 1 use a production rate of 4.00 & 0.3 atg~ ' y~ ! determined at
Twin Lakes, which is located at a similar elevation to the moraines at
Cascade Lake and ~12 km to the southwest (Nishiizumi et al., 1989;
Balco et al., 2008; Borchers et al., 2016), the ERA40 atmosphere model
of Uppala et al. (2005), the Lifton-VDM2016 geomagnetic database
(Lifton, 2016), and the time-dependent scaling model of Lal (1991) and
Stone (2000). For additional reference, we place in Table S1 of the
supplemental materials the age estimates for each boulder using an alter-
nate calculator (CRONUS v3.0; Balco et al., 2008) and a suite of alternate
available production rate models (e.g., Lifton et al., 2014). Assumption of
the various different production models yields changes in age estimates
up to 4 7% for a given assumed erosion rate (supplemental materials
Table S1).

The exposure ages for each boulder calculated for the 0.6 m/Ma ero-
sion rate and listed in Table 1 are presented graphically in Fig. 5. The
data are divided according to the moraines on which the respective
boulders were collected. The upper plots show age estimates (open

circles) and 10 error bars for the 0.6 m/Ma erosion rate. Values for
bounding erosion rates of 0 and 3.1 m/Ma are also shown without
error bars by asterisks and crosses respectively. The age estimates for
0.6 m/Ma erosion rate are further presented as individual probability
density functions in the lower plots. The blue areas depict the sum of
the individual probability density functions. The values and distribu-
tions of ages are addressed in the discussion section.

4.2. Displacement of Cascade moraines by West Tahoe Fault

The West Tahoe Fault strikes northerly ~45 km from near Meyers in
the south to Tahoe City in the north (Fig. 1). The fault is largely subaque-
ous along its northern extent (Kent et al., 2005; Brothers et al., 2009;
Dingler et al., 2009; Maloney et al., 2013) and steps ~1.5 km onshore
near Emerald Bay where two strands of the fault cut the moraines at
Cascade Lake (Fig. 2). The eastern of the two strands exhibits only an
~10-m-high fault scarp along the distal toe of the older Tahoe moraine.
The western of the two strands, where it produces larger scarps in
Tahoe and Tioga age moraines, is the focus of interest here. To assess
the displacement where the fault cuts the moraine crests, topographic
profiles are constructed along each of the Tioga and Tahoe moraine
crests using ArcGIS v10.3 and the 0.5-m/pixel Lake Tahoe lidar DEM
(Watershed Sciences, 2011). The profiles AA’ and BB’ and their locations
are shown in Figs. 4A,B. The profiles illustrate that the breadth of the
fault scarps exceed 100 m and that the slopes of the hanging and
footwall surfaces do not match. Whether the mismatch in slopes reflects
a component of tectonic deformation, original changes in slope of the
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Table 1
Be-10 sample locations, concentrations and exposure ages.

Sample Latitude Longitude Altitude Sample 19Be concentration Minimum age® Preferred age® Maximum age®
name (°N) (°W) (m asl) thickness (10° atoms/g) 0.0 m/Ma erosion 0.6 m/Ma erosion 3.1 m/Ma erosion
(cm) (ka) (ka) (ka)
Tahoe Footwall
CT-1 38.9298 120.0947 2221 2 2264440 113.04+7.8 120.1+85 180.2412.8
CT-2 38.9300 120.0946 2217 2 1297440 65.64+-4.9 68.04+5.3 81.64+6.5
CT-3 38.9303 120.0945 2213 2 452+33 23.0+2.2 232422 244424
CT-4 38.9301 120.0945 2217 2 495425 25.042.1 253+2.1 26.7+23
Tioga Footwall
CT-5 38.9300 120.0961 2218 2 454414 23.0+1.7 233+1.7 244+18
CT-6 38.9301 120.0959 2214 2 427419 21.8+1.7 22.0+1.7 231+18
CT-7 38.9306 120.0953 2209 2 411423 211417 2144138 223419
CT-8 38.9304 120.0956 2206 2 416+29 214+19 21.6+£20 22.6+2.1
Tahoe Hangingwall
CT-9 38.9317 120.0922 2124 2 1183445 64.04+-4.9 66.045.2 78.64+6.5
CT-10 38.9316 120.0921 2134 2 1628433 87.6+6.4 91.8+6.6 116.7+8.2
CT-11 38.9316 120.0922 2132 4 462 +45 25.042.8 253+29 26.8+3.1
CT-12 38.9314 120.0924 2135 1 282429 155418 156+1.8 16.1+19
Tioga Hangingwall
CT-13 38.9323 120.0924 2126 2 265+9 148+1.1 149+1.1 154412
CT-14 38.9327 120.0919 2130 2 376422 20.54+.1.7 20.74+.1.7 21.54+.1.8
CT-15 38.9329 120.0916 2126 2 379+13 20.7+1.5 209+1.5 21.7+1.6
CT-16 38.9341 120.0898 2116 2.5 438+15 23.84+1.8 241+18 253+19
Meeks Creek (Howle et al., 2012)
MC1 39.0144 120.1390 2178 5 944422 50.04+4.6 51.6+4.7 59.24+4.2
MC2 39.0148 120.1385 2203 5 1420424 74.6+5.7 77.6+5.9 95.2+6.6
MC3 39.0191 120.1351 2147 5 428 +6 232+16 235416 247+1.7
MC4 39.0222 120.1317 2115 5 407 +12 22.6+1.6 229+1.7 24.0+1.8

No shielding correction was required. Uncertainties expressed as 1 o.

2 Ages calculated using the CREp using a local production rate, and the Lal (1991)/Stone (2000) time-dependent scaling model, density of 2.7 g/cm> and 07KNSTD.

moraine across the broad area of the scarps, or elements of both is not
known. We place bounds on the vertical separation of surfaces pro-
duced by faulting by extrapolating the slopes of the foot and hanging
wall across the scarp. The vertical separation of the extrapolated sur-
faces is assumed to place limits on the actual vertical separation. Vertical
separation is observed to be between 19 and 44 m (31.5 4+ 12.5 m) and
between 47 and 70 m (58.5 4+ 11.5 m) across the Tioga and Tahoe mo-
raines respectively. With the assumption of a possible range of
dips between 50° and 70°, the vertical separation values equate
to values of fault slip across the Tioga and Tahoe moraines equal to
38.8 + 18.6 mand 70.7 + 20.7 mrespectively. The progressively greater
offset on the Tahoe moraine has resulted in an inversion of relative mo-
raine heights on either side of the fault (Fig. 4C).

5. Discussion
5.1. Moraine dating

The observations we have collected are of consequence to discussions
of glacial history and of tectonics of Lake Tahoe, the eastern Sierra, and the
northern Walker Lane. The presentation of TCN exposure ages for boul-
ders on the Cascade Lake moraines in Fig. 5 illustrates a distinctly greater
scatter in '°Be ages found on the older Tahoe moraine as compared to the
Tioga moraine. The 1°Be exposure ages of boulders on the Tioga moraines
group closely with an average value of 22.3 + 1.2 ka when the single
young outlier is ignored. The larger scatter in '°Be TCN surface exposure
ages for boulders collected on older moraines is common and has gener-
ally been attributed to forest fire spallation and to erosion of till matrix
and exhumation of originally buried boulders that occurs with the rela-
tively longer time since deposition (e.g., Heyman et al., 2011). In this re-
gard, when such scatter is observed, it is general practice to assume the
maximum boulder exposure age is most representative or a minimum es-
timate of the landform age (e.g., Phillips et al., 2009; Rood et al.,, 2011a).
The maximum exposure age that we determine for boulders on the

Tahoe moraine at Cascade Lake is 120.1 4 8 ka. Following this logic, our
estimates place the age of the Last Glacial Maximum Tioga advance at
22.3 + 1.2 ka and that of the maximum advance of the Tahoe moraine
at before 120.1 4 8.3 ka. The latter age is in general accord with Rood
etal's (2011a) assessment that retreat of the Tahoe advance commenced
at ~144 ka over the entirety of the southern Sierra Nevada and is signifi-
cantly older than the TCN ages of the two boulders on a Tahoe moraine
reported at nearby Meeks Bay (Fig. 2) — reported and interpreted by
Howle et al. (2012) to indicate that Tahoe moraines correspond to MIS
4 of the oxygen-isotope record rather than MIS 6.

The 22.3 4 1.2 ka age of the Tioga advance we obtain at Cascade Lake
is older than the 18.8 4+ 1.9 ka age determined by Rood et al. (2011a) for
moraines attributed to the LGM in seven canyons ranging from ~60 to
240 km south of Lake Tahoe along the east flank of the Sierra Nevada
(Fig. 3). Geographic differences that might contribute to the difference
are the northern latitude of Lake Tahoe, the lower elevations at the
crest of the northern Sierra compared to the central Sierra, the location
of the Cascade Lake moraines adjacent to a major water source, and the
higher rainfall that is characteristic of the Lake Tahoe region as com-
pared to the sites studied by Rood et al. (2011a) along the eastern
Sierran flank (NOAA, 2012), though exactly how these factors might af-
fect this difference in timing is not clear.

5.2. Rates of faulting

The rate of vertical displacement occurring across the West Tahoe
Fault at Cascade Lake is obtained here by respectively dividing the ver-
tical separations of the Tioga (31.5 4+ 12.5 m) and Tahoe (62 4 15 m)
moraines measured across the West Tahoe Fault (Fig. 4) by the estimat-
ed ages of the Tioga (22.3 4 1.2 ka) and Tahoe (>120.1 + 8.3 ka) mo-
raines (Fig. 5). The exercise indicates that the vertical displacement
averaged over >120.1 &+ 8.3 ka has averaged no >0.5 + 0.1 mm/y, and
a faster vertical rate of 1.4 4+ 0.7 mm/y when averaged over the last
22.3 4 1.2 ka. If the additional ~10-m-high scarp in the toe of the
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calculation are listed in Table 1 and discussed in text.

Tahoe moraine on the eastern strand near Cascade Lake is added to the
scarp in Fig. 4, the total vertical displacement rate increases to 0.6 +
0.1 mm/y. Assuming that the vertical separations are the result of slip
on a fault dipping between 50° and 70°, the corresponding post-Tioga
and -Tahoe fault down-dip slip rates are 1.6 =}:; mm/y and 0.6 +
0.2 mm/y, respectively. The results taken at face value suggest an in-
crease in fault slip rate in post-Tioga time. We hesitate to argue strongly
for the veracity of the rate increase because there are a number of rea-
sons to suggest that the rate increase is apparent and not real. For exam-
ple, such an increase is not observed in the numerous calculations of slip
rate from the offset of Tioga and Tahoe moraines nearby and to the
south (Rood et al., 2011b). Similarly, the post-Tioga rate that we calcu-
late at Cascade Lake is significantly greater than those posited from
displaced Tioga moraines along the Sierran frontal fault to the south of
Lake Tahoe (Rood et al., 2011b) and nearby estimates of slip rate across
the West Tahoe Fault, which include the 0.4-0.8 mm/y down-dip slip
rate that Dingler et al. (2009) estimated from an ~10.5-m displacement
of an assumed Tioga-aged submerged fan delta and a 0.5-mm/y
vertical rate that can be calculated based on the ~6 m of offset observed
in ~11.4-ka-old sediments in Cascade Lake by Maloney et al. (2013)
(Fig. 2). Finally, because of the broad nature of the scarps at Cascade
Lake and their location at a canyon mouth where gradients change rap-
idly caused by preceding fault displacements and scarp creation, a sig-
nificant portion of the offset measured across what we define as the
younger Tioga scarp may incorporate earlier pre-Tioga displacement.
Alternately, if the rate increase is in fact real, one might speculate that
it reflects a post-glacial increase in slip rate such as has been suggested
in studies of faults along the Wasatch range of Utah (Hetzel and Hampel,
2005) and the Teton range in Wyoming (Hampel et al., 2007).

Our observations further confirm the displacement of the West
Tahoe Fault in the late Pleistocene (Kent et al., 2005; Dingler et al.,
2009; Howle et al., 2012; Maloney et al., 2013; Seitz, 2015; Kent et al.,
2016). Yet, while geodesy shows that ~8 mmy/y of northwest-directed
right-lateral shear is accommodated across the northern Walker Lane,
and specifically that in excess of ~1 mm of that right-lateral shear is ac-
commodated across the Lake Tahoe basin (e.g., Hommond et al., 2011;
Bormann et al., 2016), our observations of the West Tahoe Fault do
not show evidence for a component of right-lateral strike-slip. Over
Tioga and Tahoe timescales, if the West Tahoe Fault were accommodat-
ing this geodetically observed ~1 mm/y of right-lateral strike-slip, we
would expect to see ~22 and ~120 m of right-lateral offset of the
Tioga and Tahoe moraines at Cascade Lake respectively. The lack of ev-
idence for strike-slip faulting remains an ongoing problem in the north-
ern Walker Lane where the understanding of how dextral shear is
accommodated in the absence of major thoroughgoing strike-slip faults
remains poorly understood (e.g., Wesnousky et al., 2012).

Seitz's (2015) excavations across the West Tahoe Fault a few kilome-
ters south of Cascade Lake (Fig. 1) revealed evidence of three earthquakes
during the last ~10 ka with average coseismic vertical displacements of
~1.1 m and suggesting an average return time of about 3.3 ka. Dividing
the average coseismic vertical displacement of 1.1 m by our calculated
post-Tahoe slip rate (0.6 + 0.2 mm/y) at Cascade Lake results in an esti-
mated repeat time of about 2.2 ka, generally consistent with the results of
Seitz (2015). Were we to use the higher post-Tioga vertical rate of 1.4 +
0.5 mm/y, the estimated return time would be ~800 years, significantly
less and inconsistent with the return time suggested by observations un-
dertaken by Seitz (2015). Such inferences need to be tempered by the fact
that earthquake recurrence is variable and not periodic. For further
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context, were the entirety of the 45-km-long West Tahoe Fault to rupture,
empirical scaling laws predict that it would produce average vertical dis-
placements of about 1.3 m (e.g., Wesnousky, 2008) with a moment-
magnitude of 6.9 (Wells and Coppersmith, 1994).

6. Conclusion

Interpretation of '°Be TCN surface exposure ages for boulders on
moraines mapped as Tioga and Tahoe in relative age at Cascade Lake in-
dicates that they were deposited at 22.3 4+ 1.2 ka (10) and >120.1 &+
8.3 ka which is consistent with their emplacement during the LGM in
MIS 2 and MIS 6 respectively. The results hint that recession of Tioga mo-
raines commenced earlier, and analogously LGM occurred earlier, at the
latitude of Lake Tahoe as compared to farther south in the Sierra Nevada.
The offset of moraines at Cascade Lake when combined with the estimat-
ed moraine ages yield estimates of vertical separation rate across the
West Tahoe Fault of 1.4 4+ 0.7 mm/y and 0.5 £ 0.1 mm/y since emplace-
ment of the Tioga and Tahoe moraines respectively. The increase in slip
rate since Tioga time is viewed to more likely be apparent than real.
The slip rate when averaged over time since emplacement of the Tahoe
moraine is consistent with geologic reports of slip rate reported else-
where along the fault system. The accompanying horizontal extension
rate is at the lower end of values based on geodesy, as is common across
many of the basins of the northern Walker Lane.
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