Geomorphology 268 (2016) 72-81

journal homepage: www.elsevier.com/locate/geomorph

Contents lists available at ScienceDirect

GEOMORPHOLOGY

Geomorphology

Terrestrial cosmogenic surface exposure dating of glacial and associated
landforms in the Ruby Mountains-East Humboldt Range of central

@ CrossMark

Nevada and along the northeastern flank of the Sierra Nevada

Steven G. Wesnousky **, Richard W. Briggs °, Marc W. Caffee ¢, F.J. Ryerson ¢, Robert C. Finkel ¢, Lewis A. Owen ¢

@ Center for Neotectonic Studies, 1664 North Virginia Street, University of Nevada, Reno 89557, United States

b United States Geological Survey, 1711 Illinois Street, Golden, CO 80401, United States

€ Department of Physics, 525 Northwestern Avenue, West Lafayette, IN 47907, United States

94 Lawrence Livermore National Laboratory, Institute of Geophysics and Planetary Physics, L-202, 7000 East Ave., Livermore, CA 94550, United States
€ University of Cincinnati, PO Box 210013, Cincinnati, OH 45221-001, United States

ARTICLE INFO

Article history:

Received 9 January 2016

Received in revised form 27 April 2016
Accepted 28 April 2016

Available online 7 May 2016

Keywords:

Geomorphology

Moraines

Cosmogenic dating

Sierra Nevada

Ruby Mountains-East Humboldt Range

ABSTRACT

Deposits near Lamoille in the Ruby Mountains-East Humboldt Range of central Nevada and at Woodfords on the
eastern edge of the Sierra Nevada each record two distinct glacial advances. We compare independent assess-
ments of terrestrial cosmogenic nuclide (TCN) surface exposure ages for glacial deposits that we have deter-
mined to those obtained by others at the two sites. At each site, TCN ages of boulders on moraines of the
younger advance are between 15 and 30 ka and may be associated with marine oxygen isotope stage (MIS) 2.
At Woodfords, TCN ages of boulders on the moraine of the older advance are younger than ~60 ka and possibly
formed during MIS 4, whereas boulders on the correlative outwash surface show ages approaching 140 ka
(~MIS 6). The TCN ages of boulders on older glacial moraine at Woodfords thus appear to severely underestimate
the true age of the glacial advance responsible for the deposit. The same is possibly true at Lamoille where clasts
sampled from the moraine of the oldest advance have ages ranging between 20 and 40 ka with a single outlier
age of ~80 ka. The underestimations are attributed to the degradation and denudation of older moraine crests.
Noting that boulder ages on the older advances at each site overlap significantly with MIS 2. We speculate that
erosion of the older moraines has been episodic, with a pulse of denudation accompanying the inception of
MIS 2 glaciation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

true age of the landform (Hallet and Putkonen, 1994; Owen and
Dortch, 2014). Alternatively, prior exposure of the boulder before depo-

Terrestrial cosmogenic nuclide (TCN) surface exposure dating of
boulders is now frequently employed to estimate the age of glacial
deposits and interpret the timing of late Pleistocene glacial advances
and recessions (e.g., Owen et al., 2005; Gillespie and Clark, 2011;
Jimenez-Sanchez et al., 2013). Application of the method remains chal-
lenging though because early stabilization and denudation of glacial
landforms, as well as weathering, exhumation, prior exposure, and
shielding of the surface that is being dated by snow and/or sediment re-
duces the concentration of TCNs, resulting in an underestimate of the
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sition may result in an overestimation of the landform's age. Problems
associated with the application of TCN methods to date moraines have
been discussed in depth in numerous studies (Hallet and Putkonen,
1994; Benn and Owen, 2002; Putkonen and Swanson, 2003; Putkonen
and O'Neal, 2006; Seong et al., 2007, 2009; Putkonen et al., 2008;
Applegate et al., 2010; Chevalier et al,, 2011; Owen and Dortch, 2014).

A number of investigators have used conventional and TCN studies
to quantify rates of bare-rock weathering (Summerfield and Hulton,
1994; Brown et al., 1995; Bierman and Steig, 1996; Gosse et al., 1997;
Fleming et al., 1999), and these rates are commonly cited and assumed
when calculating surface exposure ages (e.g., Balco et al., 2008). Simul-
taneous measurement of multiple TCNs on boulders also affords a
method to assess the exposure and erosion history of a clast
(e.g., Klein et al., 1986; Lal, 1991; Nishiizumi et al., 1991). Similarly,
models of surface degradation have been invoked to correct for the
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Fig. 1. Location of study areas on schematic map of glaciated ranges (shaded) draining into
the Great Basin of the western United States (adapted from Osborn and Bevis (2001).

view to west

effect of denudation on TCN ages computed for samples on sloping un-
consolidated deposits or, more specifically, glacial moraines
(e.g., Putkonen and Swanson, 2003).

Assessing the uncertainties caused by weathering that are attendant
to cosmogenic surface exposure age calculations nonetheless remains
problematic, particularly for surfaces formed prior to the time period
over which radiocarbon dating techniques may be employed to inde-
pendently corroborate calculations (~40 ka). In this brief note we com-
pare TCN dating of glacial deposits at two locations by different
laboratories and investigators. The two locations are located between
38.5°and 40.5°N, along the east flank of the Sierra Nevada near the
town of Woodfords in California and the western flank of the Ruby
Mountains-East Humboldt Range adjacent to the town of Lamoille in
central Nevada (Fig. 1). The results illustrate the significant impediment
imposed by weathering processes to the use of TCN in confidently dat-
ing older glacial moraines at these two sites.

2. Glacial deposits and sample distributions at Woodfords
and Lamoille

2.1. Woodfords, California, Sierra Nevada

Pleistocene moraines and outwash deposits are preserved at the
eastern end of Hope Valley along the Carson River as it flows eastward
from the Carson Range of the Sierra Nevada (Fig. 2). Similar moraines
and associated outwash surfaces have long been recognized and studied
along the eastern flank of the Sierra Nevada (Blackwelder, 1931;
Birman, 1964; Burke and Birkeland, 1979; Gillespie and Clark, 2011).
Other than appearing on the map of Armin and John (1983), a general-
ized sketch in Ramelli et al. (1999), and interpreted by Clark et al.
(1984) in their estimation of California fault slip rates, little attention

Hope Valley
Carson River 4

Tahoe -
Moraine

Fig. 2. Pleistocene glacial landforms and deposits preserved along the course of the east-flowing Carson River. Trace of Genoa fault is dashed line.
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Fig. 3. Surficial geologic map (A) and orthophotoquad (B) showing locations of boulders
sampled for °Be surface exposure dating by Rood et al. (2011a; yellow symbols) and
this paper (white symbols).

has been paid to the deposits at Woodfords until the recent work of
Rood et al. (2011a, b). They used '°Be TCN surface exposure dating to
determine the ages of a half-dozen boulders preserved on the glacial
outwash surfaces. The distribution of their sample sites is shown on a
surficial geologic map and orthophotoquad in Fig. 3. The labeling of
map units follows that of Rood et al. (2011a) which in turn follows
the tradition of Blackwelder's (1931) interpretation of glacial stages
on the east side of the Sierra Nevada. Deposits of the most recent and
penultimate major glacial advances were labeled by Blackwelder
(1931) as the Tioga and Tahoe stages, respectively. Outwash deposits
of the Tioga and Tahoe stages and a Tahoe moraine are present at

Woodfords (Figs. 2 and 3). Samples of Rood et al. (2011a) were collect-
ed from the Tioga and Tahoe outwash surfaces. Concurrently, we col-
lected samples for '°Be surface exposure dating from boulders from
the same two outwash surfaces sampled by Rood et al. (2011a) and
also the correlative (Tahoe) moraine. The sample locations are also
shown in Fig. 3.

2.2. Lamoille, Nevada, Ruby Mountains-East Humboldt Range

Evidence of glaciation was first recognized in the Ruby Mountains-
East Humboldt Range by Hague and Emmons (1877) during the U.S.
Geological Exploration of the Fortieth Parallel survey led by Clarence
King. Blackwelder (1931) here interpreted, as he did in the Sierra Neva-
da, that glacial deposits record two major late Pleistocene glacial ad-
vances, which he correlated with the Tioga and Tahoe stages of
glaciation in the Sierra Nevada. He named the two stages Angel Lake
and Lamoille, respectively. Sharp (1938) shortly after conducted a de-
tailed description of glacial deposits throughout the Ruby-East Hum-
boldt Range and followed Blackwell (1931) in recognizing evidence of
the two distinct Angel Lake and Lamoille late Pleistocene glacial ad-
vances. He too correlated the advances to the Tioga and Tahoe stages
of glaciation in the Sierra Nevada. Fig. 4 provides a similar vantage
point as the view displayed by Sharp (1938; his Fig. 6) to show the mo-
raines he correlated to the Angel Lake and Lamoille stage glacial ad-
vances. The photo encompasses Seitz and Hennen canyons on the
western flank of the range near the town of Lamoille, Nevada. Laabs
et al. (2013) has recently reported '°Be surface exposure ages for
more than two dozen boulders distributed along the crests of the termi-
nal and recessional moraines of the Angel Lake advance in Seitz Canyon.
In an earlier unreported study, we collected boulders for '°Be analysis
from Angel Lake and from Lamoille age moraines in neighboring
Hennen Canyon (Fig. 5). The sample locations of both studies are
shown in Fig. 5.

3. Sampling and laboratory analysis
3.1. Prior studies

Rood et al. (2011a) and Laabs et al. (2013) provided detailed de-
scriptions of their sampling methodologies at Woodfords and Lamoille,
respectively. We followed the same approach. Samples were preferably
taken from the outer 1 to 5 cm of the upper, preferably flat and least-
weathered surfaces of the largest boulders located along and near the
crests of moraines and, at Woodfords, an outwash surface. This particu-
lar constraint is relaxed with the (older) Lamoille moraine because large
intact boulders are more infrequent than on the associated Angel Lake
moraine (Sharp, 1938; Wayne, 1984) and so the bulk of collected sam-
ples were obtained from cobbles and small boulders. Glacial deposits at
Woodfords contain primarily granite clasts, whereas at Lamoille the
clasts include granites, gneisses, and quartzites. All samples were chem-
ically isolated and prepared for '°Be/°Be measurements following or
modified from the approaches of Kohl and Nishiizumi (1992);
Ditchburn and Whitehead (1994); Bierman et al. (2002), and Munroe
et al. (2006). Measurements of '°Be/°Be were made by accelerator
mass spectrometry (AMS). Samples from Woodfords collected by
Rood et al. (2011a) were prepared and analyzed at the Center for Accel-
erator Mass Spectrometry (CAMS) at Lawrence Livermore National Lab,
whereas in this study we conducted sample preparation and AMS mea-
surements at the Purdue University Rare Isotope Measurement (PRIME)
Laboratory. Samples collected at Lamoille by Laabs et al. (2013) were
prepared at SUNY Genesco and the AMS analyses conducted at PRIME
Laboratory. The samples we collected at Lamoille were prepared and
measured with AMS at CAMS.

Exposure-age calculations by Laabs et al. (2013) and Rood et al.
(Rood et al., 2011a,b) were made with the CRONUS-Earth online expo-
sure age calculator, vers. 2.2 (hess.ess.washington.edu/math/; Balco
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' Seitz Canyon

_ Angel Lake Lamoille

Fig. 4. View eastward showing Angel Lake and Lamoille stage moraines of Seitz and Hennen canyons in the Ruby-East Humboldt Range. Assignment of stages follows Sharp (1938).

et al., 2008) and include corrections for finite sampling depth, shielding
(according to Lal, 1991), and boulder erosion. In this paper, we use the
same CRONUS vers. 2.2 age calculator for samples we have collected
and processed to determine exposure ages. Zero erosion is assumed
for all samples. In this regard, we have recalculated exposure ages of a
subset of Laabs et al.'s (2013) samples for which they assumed an ero-
sion rate. The resulting difference in ages from those published in
Laabs et al. (2013) is generally <1 Ka, a difference that is not significant
to the aims of this study. The inputs to the CRONUS calculator and the
resulting exposure age estimates and uncertainties are summarized
for all samples in Table 1.

4. Geomorphology
4.1. Woodfords

The Tioga outwash surface is inset to the Tahoe outwash surface and
is thus younger (Figs. 2 and 3). A similar relationship requires that the
Tahoe outwash surface is younger than the Tahoe moraine: it sits
below and is inset into the Tahoe moraine. The geomorphology thus
preserves three surfaces or deposits of relatively increasing age: the
youngest Tioga outwash, the intermediate Tahoe outwash surface, and
the oldest Tahoe moraine.

4.2. Lamoille, Ruby Mountains-East Humboldt Range

Geomorphic relationships are straightforward at Seitz and Hennen
canyons (Figs. 4 and 5). Moraines identified as Angel Lake stage are
clearly inset into those interpreted to be of older Lamoille stage. Both
we and Laabs et al. (2013) collected samples on Angel Lake stage mo-
raines, albeit in separate though directly adjacent canyons. Similar to
the Woodfords site, geomorphic relations in Hennen and Seitz canyons
require that Angel Lake moraines and outwash be younger than the
mapped Lamoille moraines.

5. Comparison of results

The ages of all samples are summarized in Fig. 6 and Table 1. The ver-
tical axis of the plot is exposure age. Individual samples are ordered

from left to right in Fig. 6 according to the sample numbers in Table 1
and grouped according to their location. The uncertainty bars represent
the 10 external uncertainties output by CRONUS. The values on the left
side of the plot are for samples collected from the Tioga and Tahoe out-
wash and Tahoe moraine surfaces at Woodfords. Values to the right are
from the samples collected from Angel Lake and Lamoille moraines in
Seitz and Hennen canyons near Lamoille. The blue and red symbols de-
note samples collected by Rood et al. (2011a) and Laabs et al. (2013),
respectively, whereas those that are black are from this study.

5.1. Woodfords

The morphostratigraphic relationships of the surfaces we sampled
are not reflected in the progression of TCN ages. The Tahoe moraine ex-
hibits younger exposure ages than the Tahoe outwash surface, suffi-
ciently young that some also overlap with the ages obtained for the
Tioga outwash surface; thus violating the stratigraphic relationships ob-
served at the site. Both we and Rood et al. (2011a) collected and proc-
essed samples on the Tioga and Tahoe outwash surfaces. Exposure
ages from the studies are respectively similar for the two surfaces. The
ages for the Tioga outwash surfaces are generally quite tightly clustered
and fall between 20 and 25 ka (Fig. 6). Both studies also show a general
agreement of ages on the Tahoe outwash surface, displaying a broad
range of ages ranging between about 80 and 160 ka (Fig. 6). Ages on
the Tahoe moraine are limited to those collected in our study: Rood
et al. (2011a) did not report ages on the Tahoe moraine. The similarity
in ages obtained from sample preparation and AMS measurement
from different laboratories for the Tioga and Tahoe outwash surfaces
provides confidence in our sampling and laboratory methods. Following
this logic, the young ages obtained on the Tahoe moraine that violate
geomorphic relations are most reasonably explained by a geologic pro-
cess that has limited the time that boulders on the surface of the mo-
raine have been exposed to cosmogenic radiation since deposition:
either boulder weathering or denudation.

5.2. Lamoille, Ruby Mountains-East Humboldt Range

Surface exposure age determinations for Angel Lake moraines from
the Laabs et al. (2013) and our study agree well and range between
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Fig. 5. Surficial geologic map (A) and orthophotoquad (B) showing locations of boulders
sampled for '°Be surface exposure dating by Laabs et al. (2013; along Hennen Canyon)
and this paper (along Seitz Canyon).

~15 and 25 ka (Fig. 6). The younger ages are generally obtained from re-
cessional moraines located relatively higher in Seitz Canyon (Figs. 4
and 5; Laabs et al., 2013). The agreement between the surface exposure
ages determined from the separate laboratories, as at Woodfords, gives
further assurance that resulting ages from each study are not biased by
any collection, processing, or analytic errors. Surface exposure ages for

the older Lamoille moraine are limited to our study in Hennen Canyon
and were obtained from transects along the moraine crest and flank
(Figs. 4 and 5). The surface exposure ages show a broader range of
values than found on the younger Angel Lake surfaces, ranging from
about 20 to 40 ka for the samples on the crest and flank of the moraine,
with the exception of a singular outlier of ~80 ka for a sample on
its flank.

6. Discussion

Periodic changes in the oxygen isotope composition of benthic and
planktonic foraminifera recorded in deep-sea cores are ascribed to glob-
al changes in the temperature and isotopic composition of the oceans
that accompany the extraction of large amounts of water from the
oceans during glacial periods (Olausson, 1963; Shackleton, 1967). A
portion of the marine oxygen isotope record is shown in Fig. 7 (Hays
et al., 1976; Martinson et al., 1987b). Following the system introduced
by Arrhenius (1952), periods of warm and cold are referred to as stages,
with stage 1 designating the present warm period and preceding stages
labeled with increasing positive integers, with odd values indicating
warm stages and even cold. Moraines mark periods of glacial advances.
It has been common practice to compare ages determined for glacial
moraines to the marine oxygen isotope record and the results of similar
nearby studies. For convenience of discussion, we do the same here
(Fig. 7).

6.1. Woodfords

The Tioga outwash deposits are the youngest glacial deposits pre-
served at Woodfords (Figs. 2 and 6). The range of boulder exposure
ages on the outwash surface correlate to marine oxygen isotope stage
(MIS) 2, and like the youngest moraine and outwash deposits recorded
elsewhere along the Sierran front to the south, they are attributed to the
global last glacial maximum (LGM; Gillespie and Clark, 2011; Rood et al.,
2011a). The older boulder ages (80-160 ka) on the Tahoe outwash are
consistent with geomorphic relations but difficult to readily interpret
in the context of the marine oxygen isotope record. The exposure ages
span nearly the entirety of MIS 5 and 6. Rood et al. (2011a) correlated
the outwash deposits to the last advance of MIS 6 glaciation on the
basis of surface exposure ages determined for boulders on similarly sit-
uated glacial moraine and outwash deposits elsewhere to the south
along the eastern flank of the Sierra Nevada. In contrast, the younger
ages (~25to 67 ka) of boulders on the Tahoe moraine are not consistent
with geomorphology. On the basis of geomorphic position, they should
be equal to or older than the 80-150 ka year span of ages on the Tahoe
outwash, yet instead they in fact display an overlap with range of boul-
der exposure ages for the Tioga outwash surface.

Accepting the absence of any error in collection and processing of
samples, the young ages found for the Tahoe moraine are most readily
interpreted to be the result of erosion or denudation. Hein et al.
(2009) have documented moraine boulders in Patagonia that are signif-
icantly younger (~100 ka) than adjacent outwash, concluding that flat
outwash surfaces are more stable for TCN dating than steep-sided mo-
raines where degradation leads to exhumation of moraine boulders.
This may explain the young ages observed on the Tahoe moraine crest
at Woodfords. The geomorphic expression of the Tahoe moraine re-
mains quite sharp with numerous large boulders along the crest
(Figs. 2 and 8), and while weathering of the boulder clasts is evident
on the moraine crest, it is no more so than observed on boulders dating
to >100 ka on the broader low-lying Tahoe outwash surface (Fig. 8e).
Clearly, if we sampled boulders only from the moraine, the age of the
Tahoe glacial advance here would likely be significantly
underestimated. The result at this site is at odds with the common as-
sumption, derived largely from numerical landscape denudation
models, that moraine crest lowering rates diminish quickly with time
and that relatively few TCN ages from older moraine crests are required
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Table 1
Data table.
Sample name Latitude Longitude  Elevation Thickness Shielding Measured 4+ Plotting Lal (1991)/Stone o (ka) Lal (1991)/Stone o (ka)
(horizon) 10Be/g number (2000) Const. external (2000) Time- external
quartz prod. Model Dependent Model
(DD) (DD) (m) (cm) correction [Be-10] atoms g~ ! Age (ka) Age (ka)
atoms g~ !

Woodfords (this paper)®

Tioga outwash
CWL19 38.7747 119.8210 1711 3 0.9933 4.04E + 05 1.09E+04 1 253 23 24.7 2.2
CWL20 38.7737 119.8224 172 3 0.9922 321E+ 05 8.69E + 03 2 19.9 1.8 19.7 1.8
CWL21 38.7746 119.8206 1715 4 0.9940 422E+05 108E+04 3 26.6 24 259 23
CWL22 38.7747 119.8206 1716 45 0.9940 317E+ 05 691E+ 03 4 20.0 1.8 19.8 1.7

Tahoe outwash
CWL18 38.7719 119.8206 1816 2.5 0.9964 1.77E+06 327E+04 14 104.1 9.5 97.0 8.6
CWL23 38.7705 119.8202 1770 3 0.9953 227E4+ 06 3.65E+04 15 139.9 12.8 128.0 11.3
CWL24 38.7704 119.8201 1772 0.9970 139E +06 3.77E+ 04 16 84.3 7.8 78.8 7.1

Tahoe Moraine 0.0 0.0 0.0
CWL14 38.7653 119.8286 1919 2 0.9961 475E+05 1.69E+ 04 26 254 24 24.8 23
CWL15 38.7652 119.8285 1922 4 0.9958 8.28E + 05 3.59E + 04 27 45.1 44 42.0 4.0
CWL16 38.7653 119.8282 1920 2 0.9958 522E+ 05 233E+04 28 279 2.7 271 2.6
HOPE1 38.7655 —119.8264 1905 2 1.0000 1.13E+ 06 5.26E + 04 29 62.9 6.3 58.9 5.8
HOPE2 38.7654 —119.8224 1853 2 1.0000 6.12E + 05 8.87E + 04 30 35.1 6.0 333 5.6

Ruby Mountains, Hennon Canyon (this paper)”

Angel Lake Moraine
A-01 40.6577 115.5113 2264 7.0 0.94 425E+ 05 1.10E+ 04 74 19.1 1.7 19.0 1.7
A-02 40.6577 115.5112 2266 4.0 0.96 487E+ 05 125E+04 75 209 1.9 20.7 1.8
A-03 40.6576 115.5112 2268 5.0 0.95 471E4+05 121E4+04 76 20.6 1.9 20.4 1.8
A-04 40.6575 115.5112 2270 7.0 0.94 3.82E + 05 9.99E + 03 77 171 1.6 171 1.5
A-05 40.6574 115.5111 2273 6.0 0.94 4.02E+ 05 1.04E+ 04 78 17.8 1.6 17.8 1.6
A-06 40.6573 115.5110 2275 6.0 0.94 385E+05 1.01E+04 79 17.1 1.6 17.0 1.5
A-07 40.6571 115.5109 2279 35 0.97 4.68E + 05 1.26E + 04 80 19.7 1.8 19.5 1.7
A-08 40.6571 115.5109 2278 35 0.97 420E + 05 1.06E + 04 81 17.6 1.6 17.6 1.6
A-09 40.6570 115.5108 2282 2.5 0.97 573E+ 05 1.40E + 04 82 23.8 22 234 21
A-10 40.6569 115.5107 2281 2.0 0.98 6.06E + 05 1.77E + 04 83 249 23 244 2.2

Lamoille Moraine
L-01 40.6658 115.5152 2100 3 0.97 6.78E + 05 2.16E + 04 87 321 3.0 31.0 2.8
L-02 40.6657 115.5151 2103 45 0.96 587E+ 05 1.10E + 04 88 284 2.5 27.6 2.4
L-03 40.6657 115.5151 2103 55 0.95 455E + 05 1.28E+ 04 89 224 2.1 22.1 2.0
L-04 40.6656 115.5149 2109 5.0 0.95 833E+ 05 1.98E + 04 90 40.8 3.7 38.7 34
L-05 40.6655 115.5148 2110 5.0 0.95 6.60E + 05 1.58E + 04 91 322 2.9 31.1 2.7
L-06 40.6653 115.5146 2119 6.0 0.94 491E+ 05 121E+04 92 24.2 22 23.8 2.1
L-07 40.6653 115.5145 2120 5.5 0.95 7.74E + 05 1.84E + 04 93 37.7 34 36.0 32
L-08 40.6651 115.5144 2123 35 0.97 479E+ 05 1.18E+ 04 94 224 2.0 221 19
L-09 40.6649 115.5142 2127 5.0 0.95 6.13E4+ 05 149E+04 95 29.6 2.7 28.7 25
L-10 40.6648 115.5141 2131 5 0.95 5.75E + 05 2.09E + 04 96 27.6 2.6 27.0 2.5
L-11 40.6649 115.5144 2124 7.0 0.93 6.55E + 05 1.65E + 04 101 329 3.0 31.7 2.8
L-12 40.6649 115.5146 2121 45 0.95 8.55E + 05 2.04E + 04 102 414 3.8 39.2 35
L-13 40.6647 115.5147 2110 45 0.95 9.72E + 05 2.08E + 04 103 474 43 445 39
L-14 40.6647 115.5146 2115 10 0.9 413E+ 05 1.04E + 04 104 22.0 2.0 21.7 19
L-15 40.6649 115.5145 2097 5.0 0.94 1.58E + 06 2.70E + 04 105 79.6 7.2 75.0 6.6

Woodfords (Rood et al. (2011a,b))

Tioga Outwash
WEFTI08-1 38.7759 —119.8199 1691 3 0.994 299E 4+ 05 7.20E+03 8 194 1.8 19.0 1.7
WFTI08-2 38.7746 —119.821 1712 2 0.993 322E+05 790E+03 9 204 1.9 20.0 1.8
WFTI08-3 38.7746 —119.8212 1713 5 0.993 332E+05 790E+ 03 10 21.6 2.0 211 19

Tahoe Outwash 0.0 0.0 0.0
WFTA08-1 38.7721 —119.8171 1663. 4 0.985 1.77E+ 06 3.17E+ 04 20 1221 11.2 112.6 10.0
WFTA08-2 38.7724 —119.8158 1725 3 0.991 1.79E + 06 2.66E + 04 21 1164 10.6 107.5 9.5
WFTA08-3 38771 —119.8216 1789 3 0.995 1.10E + 06 2.11E+ 04 22 67.3 6.1 63.1 5.5

Ruby Mountains, Seitz Canyon (Laabs et al. (2013))

Angel Lake Terminal Moraine
SC-17 40.6805 —115.5059 1991 3 0.99545 3.70E+ 05 1.90E + 04 65 18.8 1.9 18.6 1.8
SC-18 40.6802 —115.5056 1998 4 0.99479 413E+ 05 1.70E + 04 66 21.1 2.0 20.8 2.0
SC-19 40.6798 —115.5056 2007 6 0.99441 3.77E 4+ 05 1.60E + 04 67 19.5 1.9 19.2 1.8
SC-20 40.6791 —115.5048 2028 5.5 0.99645 3.62E+ 05 2.10E+ 04 68 183 1.9 18.1 19
SC-21 40.6787 —115.5041 2040 4 099414  4.76E + 05 4.00E + 04 69 23.7 29 23.1 2.8

Angel Lake Recessional Moraines
SC-1 40.671 —115.5007 2173 5 0.992 4.60E + 05 2.00E + 04 38 211 21 20.7 2.0
SC-2 40.6711 —115.5008 2170 5.5 0.992 3.75E+ 05 1.60E+ 04 39 173 1.7 171 1.6
SC-3 40.6712 —115.5009 2169 7 0.995 3.92E + 05 2.10E + 04 40 18.3 1.9 18.0 1.8
SC-4 40.6712 —115501 2169 3 0.995 433E+ 05 1.70E + 04 41 19.6 1.9 19.2 1.8

(continued on next page)
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Table 1 (continued)

Sample name Latitude Longitude  Elevation Thickness Shielding Measured 4+ Plotting Lal (1991)/Stone o (ka) Lal (1991)/Stone o (ka)
(horizon)  10Be/g number (2000) Const. external (2000) Time- external
quartz prod. Model Dependent Model
(DD) (DD) (m) (cm) correction [Be-10] atoms g~! Age (ka) Age (ka)
atoms g~ !
SC-5 40.6713 —115.5011 2168 5 0.995 3.56E + 05 2.10E + 04 42 16.4 1.7 16.2 1.7
SC-6 40.6732 —115.5025 2125 3 0.995 342E + 05 1.60E 4+ 04 43 159 1.6 15.8 1.5
SC-7 40.6733 —115.5026 2119 4 0.995 4.09E + 05 230E+04 44 193 2.0 19.0 1.9
SC-22 40.6729 —1155011 2116 6 0.989 417E + 05 1.70E + 04 45 20.1 1.9 19.8 19
SC-23 40.673 —115501 2113 5 0.989 449E + 05 1.80E+ 04 46 21.6 2.1 21.1 2.0
SC-24 40.6729 —115.5011 2115 4 0.989 423E+ 05 1.80E+ 04 47 20.1 2.0 19.8 1.9
SC-25 40.6731 —115501 2112 5 0.989 3.85E + 05 2.10E + 04 48 185 1.9 182 1.8
SC-26 40.6742 —115.4998 2104 5. 0.989 422E +05 2.10E+ 04 49 20.4 2.1 20.0 2.0
SC-30 40.6724 —115.4971 2123 5 0.981 3.96E + 05 2.00E + 04 50 19.0 1.9 18.7 1.8
SC-32 40.6722 —115.4977 2110 2 0.981 3.72E+ 05 1.90E + 04 51 17.6 1.8 173 1.7
SC-33 40.6722 —115.4976 2112 3 0.981 3.16E + 05 1.50E + 04 52 15.0 15 149 14
SC-34 40.6723 —115.4978 2110 3 0.981 3.00E + 05 1.80E + 04 53 143 1.5 14.2 1.5
SC-28 40.6716 —115.4975 2110 5 0.985 3.07E+ 05 1.60E 4+ 04 54 14.8 15 14.7 15
SC-29 40.6718 —115.4973 2114 0 0.986 322E + 05 1.40E+ 04 55 14.8 14 14.7 14
SC-38 40.6692 —115.4936 2140 2 0.963 2.81E+ 05 1.20E+ 04 56 132 13 13.2 1.2
SC-39 40.6691 —115.494 2145 6 0.951 327E+ 05 130E+ 04 57 16.1 15 15.9 15
SC-41 40.6675 —115.4922 2148 5 0.95 3.02E + 05 1.60E + 04 58 14.7 15 14.6 15
SC-42 40.6674 —115.4926 2144 7 0.945 2.69E + 05 1.50E + 04 59 134 14 133 14
SC-43 40.6675 —115.4928 2144 5.5 0.953 3.42E + 05 1.40E + 04 60 16.7 1.6 16.5 1.6
SC-44 40.667 —115.4933 2145 9 0.944 3.07E+ 05 1.30E+ 04 61 15.6 15 154 15

2 Samples collected and analyzed in 2008 to 2010.

b Samples collected and analyzed in 2003/4. All sample ages computed from listed variables using Vers. 2.2 of Cronus age calculator (hess.ess.washington.edu/math/: Balco et al., 2008)
and sample densities of 2.7 g/cm?, the production rate standard 07KNSTD and standard (std) elevation flag of the CRONUS calculator, and zero boulder erosion rate.

to approximate timing of emplacement (e.g., Putkonen and Swanson,
2003). The possibility of course remains that sampling a yet greater
number of boulders would yield samples with ages in concert with geo-
morphic relationships.

6.2. Lamoille, Nevada, Ruby Mountains-East Humboldt Range
The observations at Woodfords provide context to interpret the re-

sults obtained for the moraine deposits at Lamoille. The ages of boulders
collected from younger Angel Lake moraine deposits are consistent with

an MIS 2 last glacial maximum of about 20 ka (Figs. 6 and 7). As at
Woodfords, exposure ages from the older (in this case Lamoille) mo-
raine overlap with the ages found for boulders on the Angel Lake mo-
raine. The Lamoille ages average ~30 ka and exhibit an outlier of
80 ka. The outlier may be the result of inheritance, though the likelihood
appears small in light of studies that report only a few percent of dated
moraine boulders have had prior exposure (Putkonen and Swanson,
2003; Heyman et al., 2011; Murari et al., 2014). Taking the TCN ages
at face value, the observations would place the Lamoille advance not
soon before that of Angel Lake, and thus both possibly of MIS 2 age.

Woodfords - Sierra Nevada, CA
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o Rood et al. 2011
. Laab et al. 2013

Hennen and Seitz Canyons near Lamoille, Ruby Mountains, Nevada
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Fig. 6. Comparison of TCN exposure ages determined from different investigators on glacial moraines and outwash surfaces near Woodfords, California (Figs. 2 and 3) along the east flank of
the northern Sierra Nevada and near the town of Lamoille along the west flank of the Ruby Mountains, Nevada (Figs. 4 and 5). Red and blue symbols are ages for samples previously
collected and analyzed by Rood et al. (2011a) and Laabs et al. (2013), and black symbols are those from this study. The samples are ordered from left to right according to sample

number in Table 1 and grouped according to the respective sites and glacial deposits.
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Fig. 7. Marine oxygen isotope record and approximate global sea level curve adapted from Martinson et al. (1987a). Ages of last glacial maximum and penultimate glaciation interpreted by
Rood et al. (2011a) are shaded and correlate with stages 2 and 6 of the marine oxygen isotope record. Deposits of previously recognized glaciations summarized in Gillespie and Clark
(2011) and referred to as Tenaya and Tahoe Il were not unequivocally recognized by Rood et al. (2011a).

Fig. 8. (A) View eastward of numerous large boulders along Tahoe moraine crest at Woodfords. Boulder in foreground is CWL-14 (TCN age 25.4 ka). (B) Boulder in foreground is CWL-15 (TCN
age 46,755 ka). (C) Boulder CWL-16 (TCN age 27.9 ka) (D) Characteristic of boulder erosion observed on unsampled boulder observed along Tahoe moraine crest at Woodfords.
(E) Characteristics of boulder erosion observed on this (Sample CWL-18 TCN age 104.1 ka) on Tahoe outwash surface are not discernibly different than observed for boulders on moraine crest.
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Moraine
Hennen Canyon

oS

Lamoille Moraine
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Fig. 9. Northward views along crests of Angel Lake and Lamoille moraines at Hennen
Canyon illustrates greater abundance of large boulders on younger Angel Lake moraine.

Ignoring the possibility of inheritance and accepting boulder erosion,
the oldest 80 ka value may be interpreted as a minimum age of the
Lamoille moraine, and possibly correlate with MIS 4 (Fig. 7). Major gla-
cial advances of MIS 2 and 6 are recorded at similar sites in the continen-
tal interior near Yellowstone and the Wind River Range, but not MIS 4
(Phillips et al., 1997; Licciardi and Pierce, 2008). In this context and in
light of observations at Woodfords, and the relative lack of boulders
on the older Lamoille moraine as compared to the younger Angel Lake
moraine (Fig. 9), we cannot rule out that the older Lamoille moraine is
yet much older than the oldest 80 ka sample, perhaps even as old as
MIS 6 (penultimate glacial).

7. Conclusion

Moraines and outwash deposits near Lamoille in the Ruby
Mountains-East Humboldt Range of central Nevada and at Woodfords
on the eastern edge of the Sierra Nevada each record two distinct glacial
advances. We have compared independent assessments of TCN surface
exposure ages of glacial deposits that we have determined to those re-
ported by others at the two sites. At each site, TCN ages of boulders on
moraines of the younger advance are generally between 15 and 30 ka
and probably formed during the latter part of MIS 2. At Woodfords,
TCN ages of boulders on the moraine of the older advance are between
25 ka and 65 ka (MIS 4), whereas boulders on the correlative outwash
surface have ages approaching ~150 ka (MIS 6). The TCN ages of boul-
ders on older glacial moraine at Woodfords thus appear to severely un-
derestimate the true age of the glacial advance responsible for the
landforms and deposits. The same is possibly true at Lamoille where
boulders sampled from the moraine of the oldest advance have ages
ranging from 20 to 40 ka with a single outlier age of ~80 ka. The under-
estimations are attributed to the greater degradation and denudation of
older moraine crests at the two sites. Finally, noting that boulder ages on
the older advances at each site overlap significantly with MIS 2, one may

speculate that erosion of the older moraines has been episodic, with a
pulse of denudation accompanying the inception of MIS 2 glaciation.
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