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a b s t r a c t

The timing of the last Pleistocene glaciation in western North America is becoming increasingly well

understood, largely due to improved methods of obtaining numerical ages of glacial deposits and

landforms. Among these, cosmogenic radionuclide surface-exposure dating has been widely applied to

moraines of mountain glaciers, providing the framework for understanding terrestrial climate change

during and since the last glaciation in western North America. During the Late Pleistocene, the Great

Basin of the western United States hosted numerous mountain glaciers, the deposits of which can

provide valuable records of past climate changes if their ages can be precisely determined. In this study,

twenty-nine cosmogenic radionuclide 10Be surface-exposure ages from a suite of moraines in Seitz

Canyon, western Ruby Mountains, limit the timing of the last glacial episode in the interior Great Basin,

known as the Angel Lake Glaciation. Results indicate that deposition of a terminal moraine and two

recessional moraines began just prior to �20.5 ka and continued until �20.0 ka. Retreat from the next

younger recessional moraine began at �17.2 ka, and final deglaciation began at �14.8 ka. These ages

are broadly consistent with cosmogenic surface-exposure ages from the eastern Sierra Nevada and the

western Wasatch Mountains, in the western and eastern extremes of the Great Basin respectively.

Furthermore, these ages suggest that the valley glacier in Seitz Canyon was at or near its maximum

extent before and during the hydrologic maxima of Pleistocene lakes in the Great Basin, supporting

previous suggestions that a cool and wet climate persisted in this region during the early part of the last

glacial–interglacial transition.

& 2012 Elsevier B.V. All rights reserved.

1. Introduction

The surficial geology and geomorphology of the Great Basin, a
broad area of internal drainage in the southwestern United States,
have long been recognized as key records of environmental changes
during the late Quaternary (e.g., Gilbert, 1890; Blackwelder, 1931;
Sharp, 1938). Numerous studies aimed at understanding paleoen-
vironmental changes in this region have focused on deposits of large
Pleistocene lakes (e.g., Benson and Thompson, 1987) and on records
of glaciation in mountain ranges that border the Great Basin (e.g.,
the Sierra Nevada in California, and the Wasatch and Uinta Moun-
tains in Utah, Fig. 1). The record of Pleistocene glaciations in the
interior mountains of the Great Basin (Blackwelder, 1931; Osborn
and Bevis, 2001) is also valuable for understanding paleoenviron-
mental changes but has been generally overlooked.

The glacial geology of the Great Basin features deposits of
former mountain glaciers (Blackwelder, 1931, 1934) in more than
forty individual ranges (Osborn and Bevis, 2001). The Ruby and
East Humboldt Mountains (Fig. 1) hosted the largest system of
mountain glaciers of all the interior ranges (Munroe and Laabs,
2011). Here, the glacial record in these mountains is interpreted
as representing two major glacial episodes, the Lamoille (penul-
timate) Glaciation, named for a broad, hummocky terminal
moraine complex at the mouth of Lamoille Canyon in the western
Ruby Mountains, and the Angel Lake (last) Glaciation, named for
nearly continuous lateral and terminal moraines in the valley that
hosts Angel Lake in the northeastern East Humboldt Mountains
(Sharp, 1938). Osborn and Bevis (2001) summarize the record of
these two glaciations throughout the Great Basin and emphasize
the exceptional preservation of the glacial record in the Ruby and
East Humboldt Mountains in particular. Reconstructions based on
glacial-geomorphic evidence indicate that, during the Angel Lake
Glaciation, these mountains hosted more than 130 discrete valley
glaciers within a north–south distance of 150 km (Osborn and
Bevis, 2001; Laabs et al., 2011; Munroe and Laabs, 2011). Throughout
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these mountains, moraine sequences suggest a dynamic history of ice
advance and retreat during the Angel Lake Glaciation.

Given its excellent preservation, the glacial record of the Ruby
and East Humboldt Mountains offers great potential for under-
standing the magnitude and timing of the Angel Lake Glaciation.
However, in the context of developing a chronology of glaciation,
these mountains have received considerably less attention than
the Sierra Nevada (e.g., Burke and Birkeland, 1979; Phillips et al.,
1990; Phillips et al., 2009; Rood et al., 2011) and the Wasatch and
Uinta Mountains (Madsen and Currey, 1979; Munroe et al., 2006;
Laabs et al., 2009, 2011), which are nearer to major population
centers. Developing a glacial chronology for the interior Great
Basin is important for several reasons. First, the Ruby Mountains
are centrally located among well-dated Pleistocene glacial locales
in the interior of the western US, including the Sierra Nevada (e.g.,
Phillips et al., 1990, 2009), the Northern and Middle Rocky
Mountains (e.g., Gosse et al., 1995; Licciardi and Pierce, 2008),
and the Colorado Plateau (Marchetti et al., 2005). Given the
apparent variability in the timing of mountain glacier maxima
among these areas (Thackray, 2008), data from the Great Basin
can fill a significant gap in the understanding of mountain

glaciation and may help identify the causes of this variability.
Additionally, the Ruby Mountains lie between areas occupied by
the two largest Pleistocene lakes in the Great Basin, Bonneville
and Lahontan (Fig. 1A), both of which have well-dated hydro-
graphs based on radiocarbon dating of lacustrine deposits (e.g.,
Oviatt, 1997; Benson et al., in press). Setting clear limits on the
relative timing of glaciation in the mountains and of lake high-
stands on valley floors provides a framework for understanding
(1) the hydrologic relationship of mountain glaciers and lakes,
(2) differences in the sensitivity of mountain glaciers and lakes to
climate changes during the last glaciation, and (3) the timing of
regional-scale climate changes that affected lake highstands and
glacier maxima. Finally, given the relatively small size (�1–
15 km in length) of the valley glaciers that occupied the Ruby
Mountains, these glaciers were undoubtedly sensitive to both
millennial- and centennial-scale climate changes during the Angel
Lake Glaciation, which may be reflected in their moraine records.

In this paper, a suite of cosmogenic radionuclide 10Be surface-
exposure ages (hereafter referred to as ‘‘surface-exposure ages’’)
from one of the best-preserved moraine sequences in the Ruby
Mountains provides the first direct numerical age limits on glacial

Fig. 1. (A) Map of a portion of the southwestern United States. Dashed line indicates the Great Basin region. Pleistocene mountain glacier systems (modified from Porter

et al., 1983) and paleolakes (from Reheis, 1999) are shown in dark and light gray, respectively. SN¼Sierra Nevada, U¼Uinta Mountains and W¼Wasatch Mountains.

(B) Shaded-relief map of the Ruby and East Humboldt Mountains and adjacent valleys. Extents of valley glaciers for the Angel Lake Glaciation are shown in white with

black outline. Lakes Franklin and Clover are Pleistocene lakes that were adjacent to the mountains.
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deposits in the interior Great Basin. These surface-exposure ages
limit the timing of the Angel Lake Glaciation and the subsequent
deglaciation. These results are then compared to previously
reported ages of moraines from the extreme western and eastern
margins of the Great Basin to reveal regional patterns in the
timing of the last Pleistocene glaciation.

2. Setting

The Ruby Mountains are one of several ranges in northern
Nevada that typify the distinct Basin-and-Range topography
(Fig. 1), rising more than 2 km above the adjacent valley floors
(Howard et al., 1979; Satarugsa and Johnson, 2000). In general,
west-flowing drainages have gentler slopes and greater lengths,
likely reflecting the asymmetric pattern of uplift along range-
bounding normal faults (Howard et al., 1979). The largest valley
glaciers in the range (with surface areas as great as 20 km2)
occupied west-flowing drainages near the central-west portion of
the range, where summit elevations are as high as 3471 m (Ruby
Dome). Throughout the Ruby Mountains, spectacular alpine
glacial geomorphology is the clearest evidence of Pleistocene
glaciations, along with terminal moraines that delimit the extents
of glaciers during the Lamoille and Angel Lake Glaciations
(Munroe and Laabs, 2011). The distribution of terminal moraines
indicates that most glaciers were entirely restricted to bedrock
valleys, where moraines are somewhat fragmented and obscured
due to erosion by hill-slope processes and mountain streams. In
some settings, however, ice extended out to the piedmont where
terminal moraines are better preserved.

Seitz Canyon features well-preserved terminal moraines, repre-
senting the Lamoille and Angel Lake Glaciations (Fig. 2).
The Lamoille-age deposits are continuous lateral moraines, featuring
triangular facets (with 10–20 m of relief) where they are offset by
Pleistocene normal faults at the range front. The Angel Lake-age
moraines are nested behind the Lamoille-age moraines and form a
multi-crested moraine complex, with some crests separated by

distinct outwash fans. All moraine crests feature large erratic
boulders (up to 3 m in diameter) of a variety of lithologies derived
from the metamorphic core complex that comprises the Ruby
Mountains (Satarugsa and Johnson, 2000). Among these, migmatite,
pegmatitic granite and gneiss, monzonite and quartzite are domi-
nant. In general, moraines deposited during the Angel Lake Glaciation
feature a greater frequency of large boulders on their crests
compared to moraines deposited during the Lamoille Glaciation.
Additionally, the crests of the Lamoille moraines are broader and are
relatively subdued beyond the range front where they are locally
buried by outwash deposited during the Angel Lake Glaciation.

3. Methods

Moraines at Seitz Canyon were mapped on 1:24,000 scale
topographic maps and checked in the field. A terminal and six
recessional moraines identified as Angel Lake-equivalent deposits
(Munroe and Laabs, 2011; Fig. 2) were explored to identify erratic
boulders suitable for surface-exposure dating. The tallest (40.75 m)
and widest (width4height) boulders composed of quartz-bearing
lithologies and featuring broad, horizontal surfaces with glacial
polish or minimal evidence of surface erosion were identified as
suitable. In some cases, resistant protruding knobs on boulders
indicate that some erosion had occurred; erosion rates of
1–3�10�4 cm/yr were estimated for these surfaces based on their
measured relief. The number of samples collected from each moraine
crest was dependent on the availability of suitable boulders, and
ranges from two (in just two cases) to eight (Table 1). Samples were
collected with a sledgehammer and chisel and had masses ranging
from 1 to 4 kg, with smaller masses collected from boulder litholo-
gies with the greatest concentration of quartz.

All samples were prepared at SUNY Geneseo for in situ cosmo-
genic 10Be measurement following methods modified from Kohl and
Nishiizumi (1992), Ditchburn and Whitehead (1994), Bierman et al.
(2002) and Munroe et al. (2006). Samples were reduced to an
approximately uniform thickness of 2–5 cm (except in cases where

Fig. 2. Topographic map and glacial geology near the mouth of Seitz Canyon, western Ruby Mountains (topographic map based from the USGS 7.5-minute Lamoille and

Noon Rock quadrangles). Gray areas indicate mapped till and outwash of the Angel Lake and Lamoille Glaciations; darkened areas within mapped till indicate moraine

crests. Moraine names are as follows: ‘‘Terminal’’¼terminal moraine of the Angel Lake Glaciation; ‘‘Recess. 1’’¼outermost recessional moraine of the Angel Lake

Glaciation; all other recessional moraines (Recess. 2–6) are progressively younger with distance upvalley. Circles indicate locations of boulders sampled for surface-

exposure dating. Surface-exposure ages are given in kyr71s internal error (see Table 1).
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Table 1
10Be data and surface exposure ages for moraines in Seitz Canyon.

Moraine and
sample ID

Elevation Latitude Longitude [10Be] 1s Sample
thicknessa

Erosion
rate

Topographic
shielding factor

Lal (1991)/Stone (2000) global
constant prod. rate exposure ageb

1sc

internal
1sd

external
Lal (1991)/Stone (2000) NENA
constant prod. rate exposure agee

1sc

internal
1sd

external
(m asl) (1N) (1W) (atoms g SiO2

�1) (cm) (cm/yr) (ka) (kyr) (kyr) (ka) (kyr) (kyr)

Terminal
SC-17 1991 40.6805 �115.5059 3.70Eþ05 1.9Eþ04 3.0 0.0000 0.99545 18.8 1.0 1.9 21.5 1.1 1.5
SC-18 1998 40.6802 �115.5056 4.13Eþ05 1.7Eþ04 4.0 0.0000 0.99479 21.1 0.9 2.0 24.1 1.0 1.5
SC-19 2007 40.6798 �115.5056 3.77Eþ05 1.6Eþ04 6.0 0.0003 0.99441 20.5 0.9 2.1 23.5 1.1 1.6
SC-20 2028 40.6791 �115.5048 3.62Eþ05 2.1Eþ04 5.5 0.0001 0.99645 18.6 1.1 2.0 21.3 1.3 1.6
SC-21 2040 40.6787 �115.5041 4.76Eþ05 4.0Eþ04 4.0 0.0000 0.99414 23.7 2.0 2.9 27.0 2.3 2.6

mean (n¼5, w2R¼2.26f, 1s)¼20.572.1 mean (n¼5, w2R¼2.19f, 1s)¼23.572.3
EWM (n¼5, MSWD¼2.1g, 2s)¼20.170.9 EWM (n¼5, MSWD¼2.1g, 2s)¼23.071.1

Recessional 1
SC-1 2173 40.6710 �115.5007 4.60Eþ05 2.0Eþ04 5.0 0.0003 0.992 22.4 1.0 2.3 25.7 1.2 1.8
SC-2 2170 40.6711 �115.5008 3.75Eþ05 1.6Eþ04 5.5 0.0000 0.992 17.3 0.7 1.7 19.8 0.8 1.3
SC-3 2169 40.6712 �115.5009 3.92Eþ05 2.1Eþ04 7.0 0.0003 0.995 19.2 1.1 2.1 22.0 1.3 1.7
SC-4 2169 40.6712 �115.5010 4.33Eþ05 1.7Eþ04 3.0 0.0000 0.995 19.6 0.8 1.9 22.3 0.9 1.4
SC-5 2168 40.6713 �115.5011 3.56Eþ05 2.1Eþ04 5.0 0.0003 0.995 17.1 1.1 1.9 19.6 1.2 1.6
SC-6 2125 40.6732 �115.5025 3.42Eþ05 1.6Eþ04 3.0 0.0003 0.995 16.6 0.8 1.7 19.0 0.9 1.3
SC-7 2119 40.6733 �115.5026 4.09Eþ05 2.3Eþ04 4.0 0.0000 0.995 19.3 1.1 2.0 22.0 1.2 1.6

mean (n¼7, w2R¼4.80, 1s)¼18.872.0 mean (n¼7, w2R¼4.67, 1s)¼21.772.4
EWM (n¼7, MSWD¼4.7, 95% conf.)¼18.571.8 EWM (n¼7, MSWD¼5.0, 95% conf.)¼21.472.2

Recessional 2
SC-22 2116 40.6729 �115.5011 4.17Eþ05 1.7Eþ04 6.0 0.0000 0.989 20.1 0.8 1.9 23.0 0.9 1.5
SC-23 2113 40.6730 �115.5010 4.49Eþ05 1.8Eþ04 5.0 0.0002 0.989 22.4 0.9 2.2 25.6 1.1 1.7
SC-24 2115 40.6729 �115.5011 4.23Eþ05 1.8Eþ04 4.0 0.0000 0.989 20.1 0.9 2.0 22.9 1.0 1.5
SC-25 2112 40.6731 �115.5010 3.85Eþ05 2.1Eþ04 5.0 0.0001 0.989 18.8 1.0 2.0 21.4 1.2 1.6
SC-26 2104 40.6742 �115.4998 4.22Eþ05 2.1Eþ04 5.0 0.0003 0.989 21.5 1.1 2.3 24.7 1.3 1.8

mean (n¼5, w2R¼2.15, 1s)¼20.671.4 mean (n¼5, w2R¼2.06, 1s)¼23.771.6
EWM (n¼5, MSWD¼2.1, 2s)¼20.670.8 EWM (n¼5, MSWD¼1.9, 2s)¼23.671.0

Recessional 3
SC-30 2123 40.6724 �115.4971 3.96Eþ05 2.0Eþ04 5.0 0.0003 0.981 20.0 1.1 2.1 22.9 1.2 1.7
SC-32 2110 40.6722 �115.4977 3.72Eþ05 1.9Eþ04 2.0 0.0000 0.981 17.6 0.9 1.8 20.0 1.0 1.4
SC-33 2112 40.6722 �115.4976 3.16Eþ05 1.5Eþ04 3.0 0.0000 0.981 15.0 0.7 1.5 17.1 0.8 1.2
SC-34 2110 40.6723 �115.4978 3.00Eþ05 1.8Eþ04 3.0 0.0003 0.981 14.8 0.9 1.6 17.0 1.1 1.4

mean (n¼4, w2R¼7.02, 1s)¼16.972.5 mean (n¼4, w2R¼7.07, 1s)¼19.473.0
EWM (n¼4, MSWD¼6.5, 95% conf.)¼16.373.5 EWMn (n¼4, MSWD¼7.2, 95% conf.)¼18.874.3

Recessional 4
SC-28 2110 40.6716 �115.4975 3.07Eþ05 1.6Eþ04 5.0 0.0003 0.985 15.4 0.8 1.6 17.6 1.0 1.3
SC-29 2114 40.6718 �115.4973 3.22Eþ05 1.4Eþ04 10.0 0.0003 0.986 16.8 0.8 1.7 19.3 0.9 1.3

mean (n¼2, w2R¼1.53, 1s)¼16.171.0 mean (n¼2, w2R¼1.61, 1s)¼18.471.2
EWM (n¼2, MSWD¼1.5, 2s)¼16.171.1 EWM (n¼2, MSWD¼1.6, 2s)¼18.571.3

Recessional 5
SC-38 2140 40.6692 �115.4936 2.81Eþ05 1.2Eþ04 12.0 0.0001 0.963 14.6 0.6 1.4 16.6 0.7 1.1
SC-39 2145 40.6691 �115.4940 3.27Eþ05 1.3Eþ04 6.0 0.0001 0.951 16.3 0.7 1.6 18.6 0.8 1.2

mean (n¼2, w2R¼3.48, 1s)¼15.571.2 mean (n¼2, w2R¼3.60, 1s)¼17.671.4
EWM (n¼2, MSWD¼3.4, 2s)¼15.370.9 EWM (n¼2, MSWD¼3.6, 2s)¼17.671.0

Recessional 6
SC-41 2148 40.6675 �115.4922 3.02Eþ05 1.6Eþ04 5.0 0.0001 0.950 14.9 0.8 1.5 17.0 0.9 1.2
SC-42 2144 40.6674 �115.4926 2.69Eþ05 1.5Eþ04 7.0 0.0000 0.945 13.4 0.8 1.4 15.3 0.9 1.1
SC-43 2144 40.6675 �115.4928 3.42Eþ05 1.4Eþ04 5.5 0.0000 0.953 16.7 0.7 1.6 19.1 0.8 1.2
SC-44 2145 40.6670 �115.4933 3.07Eþ05 1.3Eþ04 9.0 0.0000 0.944 15.6 0.7 1.5 17.8 0.8 1.1

mean (n¼4, w2R¼3.40, 1s)¼15.271.4 mean (n¼4, w2R¼3.50, 1s)¼17.371.6
EWM (n¼4, MSWD¼3.4, 95% conf.)¼15.372.2 EWM (n¼4, MSWD¼3.7, 95% conf.)¼17.472.5

Note: All samples have a density of 2.7 g/cm3 and were measured against Beryllium AMS standard Be-01-5-3 (Nishiizumi et al., 2007), which is coded ‘‘07KNSTD’’ in the CRONUS Earth exposure age calculator.
a Sample thickness was minimized in all cases except where the quartz concentration in the rock sample was less than 20%.
b Computed from spallogenic plus muogenic production rate scaled from the global reference production rate by the CRONUS online exposure-age calculator, version 2.2 (Balco et al., 2008).
c Uncertainty of AMS measurement and scaling of the production rate for sample thickness. Uncertainties of measurements during sample preparation, the Be-half life, and the attenuation of secondary cosmic rays are not included.
d Uncertainty of AMS measurement and production rate.
e Computed from spallogenic plus muogenic production rate scaled from the Northeast North America reference production rate by the CRONUS online exposure-age calculator, version 2.2 (Balco et al., 2008).
f For all moraines, this value is computed from the surface exposure ages7the internal uncertainty.
g MSWD¼mean square of weighted deviates. Computed from the same expression as w2R, but is based on the error-weighted mean instead of the mean of surface exposure ages. EWM¼error-weighted mean.
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low quartz concentrations made it necessary to retain thicker
samples) prior to crushing, milling, and sieving to separate the
425–850-mm grain size fraction. From this fraction, quartz grains
were separated from other minerals using a Franz magnetic separa-
tor, heavy liquids, and a series of dilute acid treatments. The quartz
fraction was purified by etching in dilute hydrofluoric and nitric
acids. Prior to dissolution, the purified quartz fraction of each
sample was spiked with a commercially made 9Be carrier solution
and dissolved in hydrofluoric acid. Procedural blanks were prepared
using the same mass of the carrier added to the samples. The
beryllium fraction of each sample was chemically isolated and
prepared into targets for 10Be/9Be measurement by accelerator mass
spectrometry (AMS) at the Purdue University Rare Isotope Measure-
ment Laboratory (Muzikar et al., 2003).

Procedural blanks 10Be/9Be ratios range from 1.12�10�14 to
2.20�10�14 (n¼8) and sample 10Be/9Be values range from
2.50�10�13 to 4.60�10�13; therefore, for all samples, 490%
of measured 10Be is from in situ production in quartz (for most
samples, blank corrections were 5% or less). One-sigma AMS
uncertainties range from 2–9%, although for most samples this error
is 2–4%. Surface-exposure ages for each sample were computed
using the CRONUS-Earth online exposure age calculator version 2.2
(Balco et al., 2008; http://hess.ess.washington.edu/math/), based on
a global reference (i.e., sea level and high latitude) production rate
for in situ 10Be and a constant production scaling scheme from Stone
(2000) and Lal (1991). Surface-exposure ages were also computed
using the same method of calculation but based on a lower
reference production rate, calibrated for independently dated sur-
faces in northeastern North America (Balco et al., 2009). This
production rate is similar to other recently published calibrated
production rates and yields exposure ages that are �12% older than
those computed using the global reference production rate (Table 1).
These regionally calibrated production rates will likely result in
future refinements to the global 10Be reference production rate (e.g.,
Lifton, 2011). Nonetheless, we report surface-exposure ages here
using the current global reference production rate for the purpose of
comparison with cosmogenic surface-exposure ages from elsewhere
in the Great Basin, nearly all of which have been computed in the
same way (e.g., Laabs et al., 2011; Rood et al., 2011).

Two major concerns when calculating surface-exposure ages for
moraine boulders are the twin criteria that (1) boulder surfaces have
been continuously exposed to the atmosphere since the moraine
crest was abandoned, and (2) measured 10Be concentrations for each
sample only reflect post-depositional exposure at the moraine crest
and not a prior interval of exposure. The validity of these assump-
tions can be evaluated by calculating a reduced chi-squared statistic
(w2R) from the distribution of surface-exposure ages for each
moraine, essentially testing whether the measurement errors (or
the ‘‘internal error’’ in Table 1) alone can explain the observed
scatter of the ages. If the w2R is greater than 1, which is observed
frequently for Pleistocene moraines at middle latitudes (Applegate
et al., 2012), then a traditional interpretation is that geologic
processes account for some of the scatter (cf., Schaefer et al., 2009;
Rood et al., 2011). A common geologic process is degradation of the
moraine crest, which exhumes boulders that were originally
shielded to cosmic rays, yielding surface-exposure ages that are
younger than the true age of the moraine (Applegate et al., 2012).
Numerical models of moraine-crest degradation and cosmogenic
nuclide accumulation suggest that widely scattered surface-
exposure ages on moraines most likely results from degradation,
especially for moraines with high relief (Putkonen and Swanson,
2003). Although the low relief (�2–10 m) of all the moraines
representing the Angel Lake Glaciation in Seitz Canyon suggests
minimal lowering of the moraine crest (Putkonen and Swanson,
2003), boulder exhumation after moraine deposition may have
contributed to the scatter of surface-exposure ages.

Given the short length (�8 km) of the glacier that occupied
Seitz Canyon, the presence of inherited 10Be nuclides in some
boulders atop moraine crests cannot be disregarded. A small
distance of glacial transport of boulders may result in insufficient
removal of the 10Be nuclide inventory that accumulated during a
prior interval of exposure. If the sampled boulders contained a
significant concentration of 10Be when first deposited, then their
surface-exposure ages would be older than the true age of the
moraine. The potential influence of both moraine crest degrada-
tion and inherited 10Be nuclides, which is not unique to Seitz
Canyon, complicates identification of outliers and calculation of
accurate estimates of moraine age in cases where w2R41.

To resolve this dilemma, a Bayesian statistical analysis was
applied to surface-exposure ages of all the Angel Lake-equivalent
moraines. The application of Bayesian statistics to chronological
problems (described in detail by Buck et al., 1996) is a useful
means of accounting for all information pertaining to a series of
numerical ages. For example, consider a hypothetical strati-
graphic setting in which adjacent strata have overlapping numer-
ical age estimates. The upper layer cannot be older than the lower
layer (as long as the assumption of superposition is valid); in
other words, their true ages do not overlap. In Bayesian statistics,
this stratigraphic observation is an example of prior information
that can be used to calculate the conditional probability of an
event. In geochronology, known stratigraphic relationships of a
series of samples is an example of prior information that can be
used to reduce the independent uncertainty of numerical age
estimates of each sample yielded by, for example, propagation of
counting statistics or accounting of systematic errors.

Bayesian statistical methods have been used to improve the
precision of overlapping age estimates of rock and sediment layers
with indisputable relative age relationships (e.g., Buck et al., 1996;
Rhodes et al., 2003; Muzikar and Granger, 2006). In Seitz Canyon, our
analysis takes advantage of the basic morphostratigraphic relation-
ships between moraines; moraines are progressively younger with
distance upvalley. Therefore, a Bayesian statistical analysis is applied
by considering the error-weighted mean surface-exposure age (72s,
weighted by the internal error) of the terminal moraine and six
recessional moraines. In cases where the mean or error-weighted
mean surface-exposure age violates the morphostratigraphic rela-
tionship of moraines, the analysis yields a stratigraphically consistent
age of moraine crests. Additionally, in cases where the error-
weighted mean surface-exposure ages of adjacent moraines overlap,
the analysis yields more precise ages of each moraine. Computation
of age estimates and uncertainty in this analysis is based on a Monte
Carlo implementation of Bayesian statistics (Ludwig, 2003). This
approach is similar to those taken by Young et al. (2011) and
Stroeven et al. (2011), in that it takes advantage of sampling multiple
glacial features to obtain more precise age limits on events, specifi-
cally moraine abandonment, of the last Pleistocene glaciation.

4. Results

4.1. Surface-exposure ages

Twenty-nine surface-exposure ages spanning seven moraines of
the Angel Lake Glaciation provide useful numerical ages of moraines
in Seitz Canyon (Table 1). Individual surface-exposure ages of
moraine boulders range from 23.772.0 ka to 13.770.8 ka. Error-
weighted mean surface-exposure ages range from 20.670.8 ka to
15.372.2 ka.

For seven moraine crests, w2R values range from 1.53 for
recessional moraine 4 to 7.02 for recessional moraine 3, showing
no relationship between w2R and the relative ages of moraines.
The w2R values reported in Table 1 indicate that, in all cases,
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the scatter of surface-exposure ages cannot be solely explained by
the ‘‘internal error’’ of the ages (which is determined largely by the
AMS measurement error; Table 1). Furthermore, the error-weighted
means of surface-exposure ages from individual moraines overlap
among the outer three (terminal and recessionals 1 and 2) and inner
four (recessionals 3–6) moraines (Table 1, Fig. 3), and the oldest
error-weighted mean surface-exposure age comes from the inner-
most of the three outer moraines (recessional 2). These overlapping
results indicate that some combination of inherited nuclides and

post-depositional modification of the moraine crest has likely
affected the distribution of surface-exposure ages.

4.2. Bayesian statistics and surface-exposure ages

Applying a Bayesian statistical analysis to the assigned error-
weighted means of surface-exposure ages of each of the six Angel
Lake-equivalent moraines yields stratigraphically consistent surface-
exposure ages of each moraine (Table 2). Because the modal surface-
exposure age is the best age yielded by the Monte Carlo trials
(Ludwig, 2003), it is reported for each moraine (795% confidence;
labeled the ‘‘Bayesian age’’ in Table 2). The uncertainty of these
recalculated ages is still relatively high for moraines where the scatter
of exposure ages yields high w2R values (e.g., Recessional 3, where
w2R¼7.02 and the 95% confidence limits are 72300/1400 yr),
reflecting the potentially large systematic error of some surface-
exposure ages due to inherited nuclides or boulder exhumation.
Nonetheless, the Bayesian ages are considerably more precise at the
95% confidence level than moraine ages estimated from the mean or
the error-weighted mean of the exposure ages (Tables 1 and 2).
The Bayesian ages also provide a minimum limit on the duration of
ice occupation of moraines with overlapping surface-exposure ages.
For example, the terminal, recessional 1 and recessional 2 moraines
have broadly overlapping Bayesian ages of 20.57(0.7/0.6 ka), 20.17
(0.7/0.6 ka) and 20.07(0.7/0.6 ka) (Table 2). A logical interpretation
of these ages is that shortly after the terminal moraine was
abandoned, the glacier margin rapidly retreated, and then con-
structed recessional moraines 1 and 2 before retreating again.
Recessional moraines 3–6 were deposited somewhat later, with
moraine abandonment at 17.27(2.3/1.4) ka, 16.07(1.0/0.7) ka,
15.37 ka and 14.87(0.8/2.1) ka.

5. Discussion

5.1. The chronology of the Angel Lake glaciation in Seitz Canyon

The surface-exposure ages reported here indicate that the
Angel Lake-equivalent moraines were deposited during marine
oxygen-isotope stage 2, similar to nearly all dated terminal
moraines of the last Pleistocene glaciation in the western US.
Additionally, the surface-exposure ages validate correlation of the
Angel Lake Glaciation to the last Pleistocene glaciation in border-
ing physiographic provinces: the Pinedale Glaciation in the Rocky
Mountains and the Tioga Glaciation in the Sierra Nevada
(Richmond and Fullerton, 1986; Fig. 4). The timing of glacier
growth and initial occupation of the terminal moraine during the
Angel Lake Glaciation cannot be limited by the surface-exposure
ages reported here, but appears to have coincided with at least
part of the global Last Glacial Maximum (LGM; 26.5–19.0 ka;
Clark et al., 2009; Fig. 4). The abandonment of the terminal
moraine and subsequent deposition and abandonment of reces-
sional moraines 1 and 2 during the interval ca. 20.57(0.7/0.6) ka
to 20.07(0.6/0.7) ka occurred during the later part of the global
LGM. These observations are broadly consistent with numerous
other mountain glacier settings in the western US, where terminal
moraines were constructed during the early part of this time
interval in the eastern Sierra Nevada in California (Phillips et al.,
2009), the Wind River Mountains of western Wyoming (Gosse
et al., 1995) and the central Colorado Plateau in southern Utah
(Marchetti et al., 2005). In contrast, terminal moraines were
abandoned much later, ca. 17 ka, in the Wallowa Mountains in
eastern Oregon (Licciardi et al., 2004), the southwestern sector of
the Uinta Mountains in northern Utah (Laabs et al., 2009) and
numerous locales in the Middle Rocky Mountains in Colorado
(Benson et al., 2005).

Fig. 3. Cumulative probability distribution curves of surface-exposure ages of all

moraines deposited in Seitz Canyon during the Angel Lake Glaciation, computed

from surface-exposure ages (71s internal error) from each moraine (see Fig. 2 for

moraine locations). Curves computed from surface-exposure ages of the terminal,

recessional 1, and recessional 2 moraines show significant overlap, as do curves

computed from surface-exposure ages of recessionals 3–6. These two groupings

are shown in the upper and middle panels. The area beneath the cumulative

probability distribution curves of these two groupings is shaded in the lower

panel. Note that the darkest area indicates where these areas overlap.

B.J.C. Laabs et al. / Earth and Planetary Science Letters 361 (2013) 16–25 21



Author's personal copy

The Bayesian ages of recessional moraines 2 and 3 differ in age
by 22007(1900/1900) kyr (Table 2; Fig. 4). Given the broad
uncertainty of this age difference, it is impossible to infer whether
ice retreated a significant distance up-valley after abandoning
recessional 2 and then readvanced to deposit recessional moraine
3, or if it remained near its maximum extent before depositing
recessional moraine 3. In either case, the broad overlap of the
Bayesian ages of recessional moraines 3–6 indicates that ice was
within 1.5–2 km of its maximum extent (and at least 75% of its
maximum length) from just prior to 17.27(2.3/1.4) until
14.87(0.8/2.1) ka (Fig. 4). Mountain glaciers were at or near
their latest Pleistocene extent at this time in numerous other
settings in the western US, including the southeastern Sierra
Nevada (Phillips et al., 2009; Rood et al., 2011), the Wallowa
Mountains (Licciardi et al., 2004), the western Wasatch and Uinta
Mountains (Laabs et al., 2009, 2011), the Yellowstone Plateau and

adjacent mountains in northwestern Wyoming and southwestern
Montana (Licciardi et al., 2001; Licciardi and Pierce, 2008), and
some drainages in the Southern Rocky Mountains in Colorado
(Young et al., 2011).

If the glacier in Seitz Canyon did not retreat a significant
distance up valley after deposition of recessional moraine 2 but,
instead paused to deposit recessional moraines 3–6, then the
duration of the Angel Lake Glaciation can be limited by the
Bayesian ages in Table 2. The maximum of this event began at
an unknown time prior to 20.57(0.7/0.6) ka and continued until
14.87(0.8/2.1) ka, ending with abandonment of recessional mor-
aine 6. Therefore, the duration of the Angel Lake Glaciation may
have been greater than 6 kyr, spanning at least the later part of
the global Last Glacial Maximum and the early part of last glacial–
interglacial transition. The onset of final ice retreat at ca. 15 ka
has been broadly observed in moraine records of western North

Table 2
Results of Bayesian analysis of error-weighted mean surface-exposure ages of moraines deposited during the Angel Lake Glaciation.

Morainea Error-weighted

mean age

2s or 95% conf.b Bayesian agec
þ 95% conf. �95% conf. Age difference

next youngest

þ 95% conf. �95% conf.

(ka) (kyr) (ka) (kyr) (kyr) (kyr) (kyr) (kyr)

Recessional 6 15.3 2.2 14.8 0.8 2.1 – – –

Recessional 5 15.3 0.9 15.3 0.8 0.8 0.1 2.5 0.08

Recessional 4 16.1 1.1 16.0 1.0 0.7 0.5 1.5 0.5

Recessional 3 16.3 3.5 17.2 2.3 1.4 0.6 2.9 0.6

Recessional 2 20.6 0.8 20.0 0.6 0.7 2.2 1.9 1.9

Recessional 1 18.5 1.8 20.1 0.7 0.6 0.04 0.7 0.03

Terminal 20.1 0.9 20.5 0.7 0.6 0.04 1.1 0.03

a See Fig. 1 for moraine locations.
b For recessional 1, 3 and 6, the broader 95% confidence interval is reported because the 2s range likely underrepresents the observed variability.
c The modal surface exposure age computed from the distribution of the Monte Carlo trials (Ludwig, 2003) is reported here.

Fig. 4. Time–distance diagram of ice margin positions during the Angel Lake Glaciation in Seitz Canyon compared to regional and global records of climate change during

the Latest Pleistocene. Moraine ages are the Bayesian ages (mode795% confidence) given in Table 2. Gray bars indicate the timing of the latter part of the global Last

Glacial Maximum (LGM; 422.0–19.0 ka; Clark et al., 2009), the latter part of the Pinedale Glaciation (422.0–15.0 ka; Gosse et al., 1995; Benson et al., 2005; Ward et al.,

2009), substages of the Tioga Glaciation (Tioga 2¼21–19 ka; Tioga 3¼18.5–17 ka; Tioga 4¼16.0–14.5 ka; Phillips et al., 2009), the time interval when Lake Bonneville

overflowed (18.3–16.4 ka, or possibly as late as 15 ka; McGee et al., 2012; Benson et al., 2011; Godsey et al., 2011), and the time when Lake Lahontan was rising to and then

occupying its highest shoreline (17.0–15.5 ka; Benson et al., in press; Adams and Wesnousky, 1998). The oxygen-isotope (d18O) record from Fort Stanton Cave, New Mexico

(Asmerom et al., 2010; gray line), indicates relative changes in precipitation in the southwestern US. The 231Pa/230Th record from marine sediments in the subtropical

Atlantic Ocean is a proxy for Atlantic meridional overturning circulation (McManus et al., 2004; black line), such that higher ratios indicate a lesser rate of overturning. The

records of ice-rafted debris (IRD, black line) and sea-surface temperature (gray line) from marine sediment core SU8118 from the northeastern Atlantic Ocean (Bard et al.,

2000) reflect of the interval of Heinrich Stadial 1 (HS1, light gray bar, Hemming, 2004). The inferred relationship between climate in the North Atlantic during HS1 and

climate in the southwestern US (Asmerom et al., 2010) is described in the text.
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America (e.g., Young et al., 2011) and coincides with the end of
the Heinrich Stadial 1 (Hemming, 2004) and the onset of the
Bølling/Allerød warming interval of the North Atlantic region
(Stanford et al., 2006).

5.2. The Angel Lake glaciation in a regional context

Models of the last Pleistocene glaciation in the western (Sierra
Nevada) and eastern (Middle Rocky Mountains) extremes of the
Great Basin differ in that the Tioga Glaciation of the Sierra Nevada
has been subdivided into four substages, Tioga 1–4. In contrast,
the Pinedale Glaciation has been only locally subdivided, and the
timing of this event is observed to have varied spatially (e.g.,
Thackray, 2008). Below, the chronology of glacial deposits in Seitz
Canyon is compared to previously reported glacial chronologies
from elsewhere in the Great Basin and the Rocky Mountains. For
consistency, all previously reported cosmogenic 10Be surface-
exposure ages discussed below have been recalculated based on
the reference production rate and scaling used here.

When compared with chronologies of the Pinedale Glaciation
throughout the Rocky Mountains, deposition of (and subsequent
retreat from) moraines in Seitz Canyon occurred at about the
same time as moraine deposition and subsequent retreat in the
Wind River Mountains, where suites of moraines have been dated
to ca. 23–16 ka in multiple valleys with cosmogenic 10Be and 36Cl
(Gosse et al., 1995; Phillips et al., 1997). However, cosmogenic
10Be surface-exposure ages of terminal moraines in the western
Uinta and Wasatch Mountains (Laabs et al., 2009, 2011) and in
some ranges in Colorado (Benson et al., 2005; Ward et al., 2009)
are younger than the terminal moraine in Seitz Canyon. These
apparent age discrepancies may be attributed to differences in
moraine preservation or local effects on ice dynamics in these
areas (e.g. Young et al., 2011), such that moraines from earlier
substages of the Pinedale Glaciation were overrun by later
advances. Additionally, the effects of local moisture sources on
ice extent during the Latest Pleistocene may have been significant
in mountain ranges immediately downwind of Pleistocene Lake
Bonneville (e.g., Munroe et al., 2006). Overall though, it appears
that glaciers in these regions were advancing and retreating at the
same times and responding to the same regional-scale climate
changes during the Latest Pleistocene. This apparent synchrony is
largely independent of forthcoming, systematic refinements of
the global reference production rate and scaling of in situ 10Be
(e.g., Lifton, 2011) because much of the glacial chronology of the
western US is based on cosmogenic 10Be surface-exposure dating.

A more specific comparison between the Angel Lake and Tioga
Glaciations is possible due to the completeness of glacial chronolo-
gies at Seitz Canyon and the Bishop Creek valley in the eastern Sierra
Nevada, where cosmogenic 36Cl surface-exposure dating has been
applied to multiple moraine crests. Deposition of the terminal and
recessional 1 and 2 moraines in Seitz Canyon (at 20.57(0.7/0.6) ka,
20.17(0.7/0.6) ka and 20.07(0.6/0.7) ka) coincides with the Tioga
2 substage in the Sierra Nevada (21–19 ka; Phillips et al., 2009)
(Fig. 4). Whether the glacier in Seitz Canyon was near its maximum
extent during the time of the older Tioga 1 substage (28–24 ka;
Phillips et al., 2009) is unknown; if so, the glacier in Seitz Canyon
may have overrun a moraine deposited during this interval while
advancing to its maximum position (note that surface-exposure ages
computed with a lower reference production rate of 10Be are still
younger than the interval of Tioga 1) (Table 1). Because of the
relatively great uncertainty of its surface-exposure age, recessional
moraine 3 in Seitz Canyon (17.27(2.3/1.4) ka) may correspond to
either the Tioga 2 or 3 substage in the Sierra Nevada (18.5–17 ka;
Phillips et al., 2009). Recessional moraines 4–6 (16.07(1.0/0.7)ka,
15.37(0.8/0.8) ka and 14.87(0.8/2.1) ka) match the Tioga 4 sub-
stage (16.0–14.5 ka; Phillips et al., 2009), suggesting that the onset of

final ice retreat occurred nearly synchronously in Seitz Canyon and in
Bishop Creek valley (Fig. 4). It should be noted, however, that the if
forthcoming refinements to the production rates and scaling of in situ
36Cl and 10Be are not parallel, this comparison of the Angel Lake and
Tioga Glaciations may be subject to revision.

Because of the differing sensitivities of glaciers and lakes to
temperature and precipitation changes, the relative timing of
mountain glaciation and highstands of Pleistocene lakes can
provide clues to the nature of climate change during the Angel
Lake Glaciation. The hydrologic maximum of Lake Bonneville
spans the interval 18.3–15.0 ka (Benson et al., 2011), although it
may have ceased overflowing as early as ca. 16.4 ka (McGee et al.,
2012). Lake Lahontan was near its maximum elevation ca. 17.0–
15.5 ka (Benson et al., in press; Adams and Wesnousky, 1998).
These intervals of high lake levels in the Great Basin correspond
to surface-exposure ages of recessional moraines 3–6 in Seitz
Canyon (Table 2, Fig. 4), indicating that this glacier was still near
its maximum extent during lake highstands. Synchronous max-
ima of mountain glaciers and pluvial lakes is also observed in the
eastern Great Basin and consistent with the hypothesis that, after
the global LGM, mountain glaciers were responding to the same
regional-scale climate changes as the largest paleolakes (Laabs
et al., 2011). This relationship holds true even if a lower reference
production rate is used to compute the cosmogenic 10Be surface-
exposure ages presented here. The resulting age increase of 12%
(Table 1) still yields overlap between the latter part of the Angel
Lake Glaciation and Pleistocene lake maxima.

Synchrony of glacier and lake maxima at ca. 17–15 ka suggests
that climate during this interval differed from earlier intervals of
the Angel Lake, Pinedale and Tioga Glaciations, ca. 22–19 ka,
when glaciers were at their maximum extents but lakes were
below their highstand levels (Benson et al., in press; Oviatt, 1997).
Given that lakes are more sensitive to precipitation and glaciers
(in continental interior locations such as the Great Basin) to
temperature, it is likely that cool and wet conditions – favoring
maxima of both glaciers and lakes – persisted at ca. 17–15 ka, as
opposed to cold and dry climate that has been characterized for
much of the western US during the LGM (e.g., Bartlein et al.,
1998). The interval 17–15 ka overlaps with Heinrich Stadial 1 (ca.
17.5–14.7 ka; Hemming, 2004), which featured large discharges
of icebergs into the North Atlantic Ocean (Fig. 4). Stable isotope
signatures recorded in speleothems in the southwestern US
indicate cool and wet climate during this interval (Fig. 4), which
may be attributed to a southward shift in the polar jet and
associated storm tracks in response to cooling at northern high
latitudes (e.g., Asmerom et al., 2010). Responses of Pleistocene
lakes in the Great Basin to climate changes during Heinrich
Stadial 1 have been identified in previous studies (e.g., Broecker
et al., 2009; Munroe and Laabs, in press). As noted above,
synchronous moraine deposition in the western US may reflect
advance (or cessation of retreat) of small mountain glaciers in
response to the same climate changes that affected lakes.

6. Conclusions

The timing of the Angel Lake Glaciation is limited by surface-
exposure dating of moraines in Seitz Canyon, one of the best-
preserved moraine sequences in the Great Basin. The potential
geologic errors of this dating method are significantly reduced by
sampling seven moraine crests with key relative age relationships
and the application of a Bayesian statistical analysis that incor-
porates this morphostratigraphic control. This method is particu-
larly advantageous for moraines where the potential effects of
inherited nuclides and moraine-crest degradation are unknown
and where surface-exposure ages from a suite of moraines
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overlap as a likely result of these effects. Therefore, this approach
to developing a glacial chronology from numerical age limits of
moraines has potential for widespread application in settings
where multiple moraines are preserved.

The glacial chronology reported here shows broad synchrony
and similarity in duration between the Angel Lake Glaciation and
the Tioga and Pinedale Glaciations of the Sierra Nevada and Rocky
Mountains, respectively. Nonetheless, the glacial chronology of
Seitz Canyon, while based on one of the best-preserved moraine
suites in the interior Great Basin, may not reflect the timing of
glaciation in every mountain range in this region. The Ruby
Mountains are one of many glaciated ranges in the region; others
at different latitudes or in closer proximity to large Pleistocene
lakes may have experienced glacier maxima and subsequent
retreat at different times compared to Seitz Canyon. Additional
application of numerical dating methods to the glacial record
elsewhere in the Great Basin will be useful for (1) improving age
limits on the Angel Lake Glaciation, (2) revealing whether the
timing of this event varied spatially throughout the Great Basin,
and (3) providing the framework for understanding Latest-
Pleistocene climate change in this extensive and under-studied
region of the western US.
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