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a b s t r a c t

Recent estimates of the timing of the last glaciation in the southern and western Uinta Mountains of
northeastern Utah suggest that the start of ice retreat and the climate-driven regression of pluvial Lake
Bonneville both occurred at approximately 16 cal. ka. To further explore the possible climatic relationship
of Uinta Mountain glaciers and the lake, and to add to the glacial chronology of the Rocky Mountains, we
assembled a range-wide chronology of latest Pleistocene terminal moraines based on seventy-four
cosmogenic 10Be surface-exposure ages from seven glacial valleys. New cosmogenic-exposure ages from
moraines in three northern and eastern valleys of the Uinta Mountains indicate that glaciers in these
parts of the range began retreating at 22–20 ka, whereas previously reported cosmogenic-exposure ages
from four southern and western valleys indicate that ice retreat began there between 18 and 16.5 ka. This
spatial asynchrony in the start of the last deglaciation was accompanied by a 400-m east-to-west decline
in glacier equilibrium-line altitudes across the Uinta Mountains. When considered together, these two
lines of evidence support the hypothesis that Lake Bonneville influenced the mass balance of glaciers in
southern and western valleys of the range, but had a lesser impact on glaciers located farther east.
Regional-scale variability in the timing of latest Pleistocene deglaciation in the Rocky Mountains may
also reflect changing precipitation patterns, thereby highlighting the importance of precipitation controls
on the mass balance of Pleistocene mountain glaciers.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The Uinta Mountains of northeastern Utah contain abundant
geologic evidence of Quaternary glaciations (Atwood, 1909;
Bradley, 1936; Osborn, 1973; Bryant, 1992; Oviatt, 1994; Laabs and
Carson, 2005; Munroe, 2005; Refsnider et al., 2007). The crest of the
range is oriented east–west, with many broad north- and south-
trending valleys. In the western part of the range, valleys were
occupied by outlet glaciers draining a broad ice field, whereas
valleys east of this area were occupied by discrete valley glaciers
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(Fig. 1; Refsnider et al., 2007; Munroe and Laabs, in press). This
pattern of glaciation has been attributed to a west-east decrease in
snowfall during the last glaciation (Munroe et al., 2006; Laabs et al.,
2006; Refsnider et al., 2008), a trend that also occurs in the range
today (Fig. 2). The last glaciation in the Uinta Mountains was
termed the Smiths Fork Glaciation by Bradley (1936) and was
correlated with the Pinedale Glaciation elsewhere in the Rocky
Mountains (Richmond and Fullerton, 1986). The glacial record of
this and previous glaciations includes well-preserved sequences of
moraines contained within canyons or on the piedmont, which
mark the termini of glaciers and provide abundant material suit-
able for cosmogenic-exposure dating.

Recent studies provide the first numerical age controls on the
Smiths Fork Glaciation. Rosenbaum and Heil (in press) recognize
glacial flour in sediments delivered to Bear Lake (Utah and Idaho) by
Bear River, which heads in the northwestern Uinta Mountains.
Radiocarbon-age limits indicate the onset of glaciation in the Bear
River drainage at ca 26 cal. ka, and a maximum influx of glacial flour
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Fig. 1. Location map of the Uinta Mountains in the western United States (inset) and shaded-relief map of the glaciated portion of the Uinta Mountains. Ice extents of the Smiths
Fork Glaciation (shaded gray) are from Munroe and Laabs (in press), Refsnider et al. (2007), Laabs and Carson (2005), Munroe (2005), and Oviatt (1994). Dots show general locations
of moraine-boulder sampling areas for cosmogenic 10Be surface-exposure dating.
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at 20–19 cal. ka. Based on cosmogenic 10Be surface-exposure dating
of terminal moraines, Munroe et al. (2006) and Refsnider et al.
(2008) infer that glaciers in southwestern valleys persisted at or
near their maxima until about 17–16 ka, and Laabs et al. (2007a)
determine that ice in a northwestern valley abandoned its terminal
moraine at about 18 ka. These findings verify the culmination of the
Smiths Fork Glaciation during Marine Oxygen Isotope Stage (MIS) 2
(e.g., Imbrie et al.,1984) and its correlation to the Pinedale Glaciation
elsewhere in the Rocky Mountains (Richmond and Fullerton, 1986).

Cosmogenic-exposure age limits indicate that the start of
deglaciation in the western Uinta Mountains was synchronous with
the 16-cal.-ka hydrologic fall of Lake Bonneville, a large pluvial lake
(surface area> 50,000 km2) that was located about 50 km west of
the upwind end of the Uinta Mountains (Oviatt, 1997; Fig. 3).
Munroe et al. (2006) infer a potential climatic link between the lake
and Uinta Mountain glaciers, based on this synchrony and an
eastward rise in reconstructed glacier equilibrium-line altitudes of
600 m across the Wasatch and Uinta Mountains (with 400 m of this
rise occurring across the Uinta Mountains) during the Pinedale/
Smiths Fork Glaciation. They propose that Lake Bonneville ampli-
fied precipitation over the Wasatch and western Uinta Mountains,
steepening the west–east orographic precipitation gradient across
these two mountain ranges.

Viewed at a regional scale, deglaciation in the western part of
the Uinta Mountains began as much as 4 kyr later than in mountain
ranges elsewhere in the Middle Rocky Mountains (Fig. 3), including
the Wind River Range (Gosse et al., 1995) and several ranges in
Colorado (Benson et al., 2005; Brugger, 2007). This apparent
asynchrony may reflect regional differences in climate (e.g.,
Gillespie and Molnar, 1995), or differences in the primary controls
of glacier mass balance (precipitation versus temperature) between
mountain ranges (e.g., Thackray, 2008). However, some authors
have highlighted the challenges of determining the accuracy of
cosmogenic-exposure ages of moraine boulders, noting that
apparent exposure-age variability can be due to moraine degra-
dation/boulder exhumation, inherited cosmogenic nuclides, and
shielding of moraine boulders by snow cover (e.g., Putkonen and
Swanson, 2003; Benson et al., 2005; Ivy-Ochs et al., 2007).
Continued improvement of the Pleistocene glacial chronology in
this region is necessary to better understand late Quaternary
climatic changes and to further develop cosmogenic-exposure
dating and other chronological methods of dating glacial deposits.
In this paper, we greatly expand upon existing cosmogenic-
exposure age data in the Uinta Mountains, presenting a range-wide
chronology of terminal moraines of the Smiths Fork Glaciation
based on cosmogenic 10Be exposure dating in seven valleys. This
spatially distributed and data-rich approach to developing a glacial
chronology for the entire range is advantageous for several reasons.
First, the systematic uncertainty inherent in estimating production
rates of cosmogenic nuclides can be assumed equal for all
cosmogenic-exposure ages within the Uinta Mountains because
moraine-boulder samples are from a relatively narrow range of
elevations (2319–2993 m asl) and geographic latitudes (N40.5�–
N41.1�). Therefore, any significant variability among exposure ages
of different Smiths Fork terminal moraines from one valley to the
next can be explained by climatic, hypsometric, or exposure-history
differences. Second, the excellent preservation of moraines in
the Uinta Mountains affords the opportunity to identify such
variability and to test the hypothesis that glaciers at the eastern end
of the range, most distant from Lake Bonneville, were less
influenced by the lake than those at the wetter, upwind end of the
range. We evaluate this possibility by reporting and interpreting
cosmogenic-exposure ages from moraines in three previously
undated valleys in the northern and eastern parts of the range; the
Smiths Fork, Burnt Fork, and South Fork Ashley Creek valleys
(Fig. 1). In these valleys, glacier ELAs were ca 3100–3200 m asl
during the Smiths Fork maximum (Munroe, 2005) compared to
ELAs of 2800–3000 m asl for glaciers in western valleys (Shakun,
2003; Laabs and Carson, 2005; Refsnider et al., 2008). Finally, the
apparent spatial variability in the timing of the last deglaciation in
the Rocky Mountains has been attributed to changing precipitation
patterns accompanying retreat of North American ice sheets in the
western U.S. (e.g., Licciardi et al., 2004; Thackray et al., 2004).
The Uinta Mountains are centrally located among other well-dated
glacial settings in this region. Thus, refining the chronology here
will improve the framework for understanding latest Pleistocene
climate changes.

2. Cosmogenic-exposure dating methods

2.1. Moraine-boulder sampling

To build upon existing glacial chronologies for the Uinta
Mountains, we targeted the best preserved moraines previously



Fig. 2. West–east precipitation gradients across the Wasatch and Uinta Mountains at
2500, 2800, 3100, and 3400 m asl. Points are computed from extrapolated precipitation-
elevation gradients determined from fifteen snowpack-telemetry (SNOTEL) stations in
four valleys in the Wasatch and Uinta Mountains. Best-fit curves are exponential func-
tions, with expressions and R-squared values noted in the upper right of each graph.
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mapped as Smiths Fork in age (Refsnider et al., 2007; Munroe and
Laabs, in press). In each valley, terminal moraines are prominent
topographic features forming latero-frontal ridges (Fig. 4) and
contain abundant boulders suitable for cosmogenic-exposure
dating.

On each terminal-moraine complex, we sampled as many as
fifteen boulders to evaluate the variability of cosmogenic-exposure
ages. Boulders were selected for sampling based on several criteria.
First, we sampled only boulders composed of weakly meta-
morphosed sandstone and quartzite of the Proterozoic Uinta
Mountain Group, a lithology that is resistant to surface erosion and
composed almost entirely of quartz. Second, we sampled (with rare
exception) only boulders with tops more than 0.5 m above the
moraine crest to minimize potential complications related to
cosmic-ray shielding by snow and/or sediment cover. Last, boulders
with clear evidence of surface weathering or erosion (e.g., rough
surfaces with cm-scale weathering features), spallation, or over-
turning were avoided. Almost all sampled boulders were broad-
based and had flat or gently rounded upper surfaces. In addition,
most sampled boulders displayed glacial polish; on some boulders,
striae were still preserved. The presence of such features easily
removed by weathering suggests that the effect of boulder erosion
on 10Be concentrations in our samples is minimal.

2.2. Sampling preparation and analysis

Samples were prepared for beryllium-isotope analysis following
methods modified from Bierman et al. (2002) in the University of
Wisconsin Cosmogenic Nuclide Preparation Laboratory (Munroe
et al., 2006). At least 20–50 g of purified quartz were separated
from each boulder sample, dissolved, spiked with approximately
500 mg of SPEX-brand commercial-grade 9Be solution (1 mg/L) and
processed to chemically isolate beryllium. Ratios of 10Be/9Be were
determined by accelerator mass spectrometry (AMS) at the Purdue
University PRIME Lab (Muzikar et al., 2003). All measured ratios
used for age calculations were first corrected for measured 10Be/9Be
in sample blanks, an adjustment that for nearly all samples was less
than 4%.

2.3. Age calculations

All new and previously reported cosmogenic-exposure ages
from the Uinta Mountains were computed (or recomputed) based
on measured 10Be/9Be ratios and the 10Be exposure-age calculation
scheme of Balco et al. (2008), using the CRONUS-Earth online
exposure-age calculator (available at http://hess.ess.washington.
edu/math/). We used version 2.0 of the calculator, which
computes exposure ages based on a sea-level, high-latitude,
spallogenic production rate of 4.96� 0.43 (1s) atoms g SiO2

�1 yr�1;
scaled for sample thickness, topographic shielding (if necessary),
site elevation, and latitude based on models for a constant or time-
dependent production rate. This version of the calculator also
includes a muonic production-rate model from Heisinger et al.
(2002a,b).

We report only ages computed by a constant-production-rate
model that combines scaling schemes for elevation and geographic
latitude of Lal (1991) and Stone (2000). This model is appropriate
because the estimated production rate incorporates the effects of
variations in the Earth geomagnetic field and the position of the
dipole axis over the past w20 ka (Gosse and Phillips, 2001).
Although the systematic uncertainty of calculating site-specific
production rates may be as much as 20% (Desilets and Zreda, 2001),
we incorporate only the 1s uncertainty of AMS analysis into each
age estimate (see Table 1) for the purpose of comparing cosmo-
genic-exposure ages in the Uinta Mountains with one another and
with others from elsewhere in the Rocky Mountain region.

3. Cosmogenic-exposure ages in the Uinta Mountains

Cosmogenic-exposure ages from seven terminal-moraine
complexes in the Uinta Mountains are summarized in Table 1 and
Figs. 5 and 6. Table 1 and Fig. 5 report both the mean of the
cosmogenic-exposure ages and the oldest age from each moraine;
Fig. 6 shows our preferred estimate of the time of terminal-moraine
abandonment (either the mean or the oldest exposure age) in each
valley. In this section, we describe our overall interpretive scheme.

http://hess.ess.washington.edu/math
http://hess.ess.washington.edu/math


Fig. 3. Generalized ice extents of the LGM in the conterminous western United States (after Porter et al., 1983) and age limits on the start of terminal-moraine abandonment
(uncertainties of age estimates are not shown, but are included in the text; see Section 4). Age limits for the Olympic Mountains (OM) are from Thackray (2001); the Washington
Cascade Range (WCR) are from Porter et al. (2008); the Wallowa Mountains (WM) are from Licciardi et al. (2004); the Sawtooth Range (SR) are from Thackray et al. (2004); the
northern, western, and eastern Yellowstone Plateau (NYP, WYP, EYP, respectively) and Teton Range (TR) are from Licciardi and Pierce (2008); the Wind River Mountains (WM) are
from Benson et al. (2005); the western Wasatch Mountains (WW) are from Laabs et al. (2007b); the southwestern and northeastern Uinta Mountains (SWUM and NEUM,
respectively) are from Munroe et al. (2006), Laabs et al. (2007a), Refsnider et al. (2008) and this study; the north-central and southwestern Colorado Rocky Mountains (NCCR, SWCR
respectively) are from Benson et al. (2005); the central Colorado Rocky Mountains (CCR) are from Brugger (2007); the San Juan Mountains (SJ) are from Guido et al. (2007); the
central Colorado Plateau at Boulder Mountain (BM) are from Marchetti et al. (2005); the San Bernadino Mountains (SB) are from Owen et al. (2003); the southeastern Sierra Nevada
(SESN) are from Phillips et al. (1996). Cosmogenic 10Be surface-exposure ages of Benson (2005, WR only) have been recalculated using Balco et al. (2008). Dashed line shows the
extent of pluvial Lake Bonneville, which attained its highstand from about 19 to 17 cal. ka (Oviatt, 1997).
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In Sections 3.1–3.7, we discuss our treatment of the cosmogenic-
exposure ages from each moraine in more detail.

There are several approaches to interpreting cosmogenic-
exposure ages of moraine boulders described in the literature.
Some workers believe the best estimate of moraine age is the
average of exposure ages, perhaps after excluding statistical
outliers (e.g., Kaplan et al., 2005); others prefer the oldest among
a set of exposure ages (e.g., Briner et al., 2005) or the youngest (e.g.,
Benson et al., 2005). This variety of interpretive methods stems
from the observed scatter of exposure ages from individual
moraines, which is often larger than can be explained by
measurement error. On average, cosmogenic-exposure data sets
from latest Pleistocene moraines (within the range of 24–12 ka)
display a range of ca 40% of the oldest cosmogenic-exposure age
even after old outliers are excluded (Putkonen and Swanson, 2003;
Balco and Schaefer, 2006). Additionally, cosmogenic-exposure ages
from individual moraines are often not symmetrically distributed
about their means. Such distributions may reflect moraine-crest
erosion by hill-slope processes that occur rapidly after the start of
ice retreat, and continue more slowly through time. This behavior is
consistent with field observations on moraines (e. g., Putkonen
et al., 2008), and has been reproduced by numerical models of
landform evolution (e.g., Hallet and Putkonen, 1994). However,
broad scatter of cosmogenic-exposure ages can also result from the
presence of inherited nuclides in moraine boulders (e.g., Benson
et al., 2005). Evaluating the relative effects of moraine degradation
and inheritance on cosmogenic-exposure ages can be difficult;
many authors assert that the latter effect is minimal based on the
assumption that the depth of glacial erosion and clast-size reduc-
tion during glacial transport were sufficient to remove any inheri-
ted nuclides.

Following Applegate et al. (2008), we suggest that the statistical
distribution of cosmogenic-exposure ages from a single moraine
can be used to infer the cause of exposure-age variability and,
ultimately, indicate whether the mean or the oldest of a set of
exposure ages best represents the time of moraine abandonment.
In cases where the observed distribution of cosmogenic-exposure
ages is skewed, using the mean or the weighted mean of exposure



Fig. 4. Shaded-relief maps of moraines in the Bear River (A), East Fork Smiths Fork (B), Burnt Fork (C), South Fork Ashley Creek (D), Lake Fork/Yellowstone Rivers (E) and North Fork
Provo River (F) valleys. Black lines indicate ice extents of the Smiths Fork Glaciation, shaded gray areas indicate mapped extent of till (from Refsnider et al., 2007; Munroe and Laabs,
in press), dashed lines indicate moraine crests, and white dots indicate locations of moraine boulders sampled for cosmogenic-exposure dating (see Table 1 for cosmogenic-
exposure ages).
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Table 1
10Be data and cosmogenic-exposure ages for Uinta Mountain moraines.

Sample localea Sample
Idb

Elevation
(m asl)

Latitude
(N)

Longitude
(W)

Boulder
height
(m)

10Be/9Be 1s [10Be]
(atoms g SiO2

�1)
1s Sample

thickness
(cm)

Topographic
shielding
factor

Production
rated

Stone (2000)/
Lal (1991)
CRONUS-
Earth
exposure age
(ka)d

1se

(kyr)
Stone
(2000)
exposure
age (ka)f

1se

(kyr)

North slope
Bear River

Distal area EBBF-1 2646 40.9178 �110.8210 0.95 6.84E�13 3.75E�14 5.48Eþ05 3.00Eþ04 4.5 1 33.28 16.3 0.9 16.6 0.9
EBBF-2 2640 40.9224 �110.8210 0.95 7.05E�13 3.46E�14 5.83Eþ05 2.86Eþ04 6.5 1 31.65 18.2 0.9 18.6 0.9
EBBF-3 2654 40.9241 �110.8210 0.95 6.86E�13 1.91E�14 5.34Eþ05 1.48Eþ04 6.5 1 31.63 16.7 0.5 17.0 0.5
EBBF-4 2654 40.9280 �110.8210 1.00 7.79E�13 4.25E�14 5.70Eþ05 3.11Eþ04 3.5 1 32.13 17.6 1.0 17.9 1.0
EBBF-5 2654 40.9181 �110.8210 1.50 7.93E�13 4.74E�14 6.24Eþ05 3.73Eþ04 4.5 1 33.26 18.6 1.1 18.9 1.1

Mean� 1s (n¼ 5)¼ 17.5� 1.0; oldest boulder¼ 18.6� 1.1

Proximal area EFBR-4A 2640 40.8788 �110.8417 0.55 9.82E�13 1.80E�13 7.29Eþ05 1.34Eþ05 4.5 1 33.13 21.8g 4.0 22.2g 4.1
EFBR-4B 2640 40.8788 �110.8417 0.86 8.94E�13 3.43E�14 6.46Eþ05 2.47Eþ04 4.0 1 33.26 19.2 0.7 19.6 0.8
EFBR-5 2651 40.8805 �110.8429 1.30 8.25E�13 3.65E�14 6.44Eþ05 2.85Eþ04 5.0 1 33.22 19.2 0.9 19.6 0.9
EFBR-7 2646 40.8822 �110.8409 0.62 8.60E�13 8.01E�14 6.41Eþ05 5.97Eþ04 3.0 1 33.67 18.9 1.8 19.2 1.8
EFBR-8 2640 40.8847 �110.8403 0.87 8.42E�13 2.97E�14 6.45Eþ05 2.28Eþ04 4.5 1 33.13 19.3 0.7 19.7 0.7
EFBR-9A 2654 40.8855 �110.8394 0.87 7.87E�13 3.46E�14 5.92Eþ05 2.60Eþ04 5.0 1 33.29 17.6 0.8 17.9 0.8
EFBR-9B 2654 40.8855 �110.8394 1.47 9.36E�13 5.34E�14 7.13Eþ05 4.06Eþ04 4.5 1 33.43 21.1 1.2 21.5 1.2
EFBR-9C 2654 40.8855 �110.8394 0.86 7.90E�13 3.59E�14 5.76Eþ05 2.62Eþ04 5.0 1 33.29 17.1 0.8 17.5 0.8

Mean� 1s (n¼ 7)¼ 18.9� 1.3; oldest boulder¼ 21.1� 1.2

East Fork
Smiths Fork

EFSF-1 2692 41.0442 �110.4016 0.45 2.36E�12 1.00E�12 1.69Eþ06 7.18Eþ05 7.0 1 33.63 50.1g 21.6 51.3g 22.0
EFSF-2 2714 41.0381 �110.3972 0.85 8.80E�13 6.01E�14 6.44Eþ05 4.40Eþ04 2.0 1 35.63 18.0 1.2 18.3 1.3
EFSF-4 2741 41.0463 �110.3983 0.35 9.60E�13 3.68E�14 7.12Eþ05 2.73Eþ04 5.0 1 35.26 20.0 0.8 19.5 0.8
EFSF-5 2727 41.0493 �110.3813 0.54 7.77E�13 3.82E�14 5.64Eþ05 2.78Eþ04 6.0 1 34.67 16.1 0.8 16.4 0.8
EFSF-6 2718 41.0496 �110.3814 0.40 1.64E�12 4.80E�13 1.17Eþ06 3.44Eþ05 5.0 1 34.76 33.5g 9.9 34.2g 10.1
EFSF-7 2715 41.0503 �110.3818 0.50 1.42E�12 8.01E�14 1.09Eþ06 6.13Eþ04 3.0 1 35.26 30.7h 1.7 31.1h 1.8
EFSF-8 2713 41.0508 �110.3823 0.40 1.02E�12 4.92E�14 7.61Eþ05 3.68Eþ04 4.0 1 34.93 21.6 1.1 22.0 1.1
EFSF-9 2700 41.0511 �110.3826 0.45 2.36E�12 1.70E�13 1.80Eþ06 1.30Eþ05 4.0 1 34.65 51.9h 3.8 52.7h 3.8
EFSF-10 2650 41.0558 �110.3929 0.62 1.23E�12 5.42E�14 9.31Eþ05 4.10Eþ04 2.0 1 34.12 27.1 1.2 27.5 1.2

Mean� 1s (n¼ 4)¼ 18.9� 2.4; oldest boulder¼ 21.6� 1.1

Burnt Fork BF-5 2958 40.9029 �110.0766 0.50 8.78E�13 2.30E�13 6.55Eþ05 1.72Eþ05 7.0 1 39.27 16.6g 4.4 16.8g 4.4
BF-9 2993 40.8981 �110.0772 0.40 1.01E�12 9.04E�14 7.32Eþ05 6.56Eþ04 5.0 1 40.77 17.9 1.6 18.0 1.6
BF-12 2779 40.9259 �110.0722 0.85 9.74E�13 4.08E�14 7.03Eþ05 2.95Eþ04 10.0 0.9960 34.34 20.5 0.9 20.7 0.9
BF-13 2800 40.9245 �110.0934 0.47 6.75E�13 3.10E�14 4.91Eþ05 2.26Eþ04 5.0 0.9927 36.23 13.6 0.6 13.7 0.6
BF-15 2812 40.9171 �110.0952 0.49 7.79E�13 3.88E�14 5.82Eþ05 2.90Eþ04 6.0 1 36.20 16.0 0.8 16.1 0.8
BF-16 2840 40.9168 �110.0951 0.53 8.78E�13 6.05E�14 6.31Eþ05 4.35Eþ04 5.0 1 37.41 16.9 1.2 17.0 1.2
BF-17 2826 40.9164 �110.0950 0.52 9.10E�13 4.18E�14 6.62Eþ05 3.04Eþ04 7.0 1 36.49 18.2 0.8 18.4 0.8
BF-18 2835 40.9156 �110.0960 0.49 6.98E�13 1.20E�13 5.08Eþ05 8.77Eþ04 7.0 1 36.69 13.9g 13.2.4 14.0g 2.4

Mean� 1s (n¼ 5)¼ 17.2� 2.3; oldest boulder¼ 20.5� 0.9
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South slope
North Fork Provo

Terminal
Moraine

NFP-1 2319 40.5985 �111.0942 0.76 3.35E�13 1.62E�14 3.22Eþ05 1.56Eþ04 5.0 0.9997 26.6 11.9 0.6 12.2 0.6
NFP-2B 2327 40.7023 �111.0945 0.69 4.62E�13 1.62E�14 4.35Eþ05 1.53Eþ04 3.0 0.9997 27.2 15.8 0.6 16.0 0.6
NFP-3A 2321 40.7020 �111.0937 1.89 4.02E�13 4.31E�14 4.81Eþ05 5.16Eþ04 6.0 0.9997 26.4 18.0 1.9 18.3 2.0
NFP-4A 2324 40.5965 �111.0927 1.25 7.23E�13 2.02E�14 4.73Eþ05 1.32Eþ04 5.0 0.9990 26.6 17.5 0.5 17.0 0.5
NFP-4B 2324 40.5963 �111.0927 1.55 3.86E�13 1.92E�14 3.91Eþ05 1.94Eþ04 2.5 0.9995 27.2 14.2 0.7 14.4 0.7
NFP-4C 2324 40.5963 �111.0927 0.83 3.66E�13 1.82E�14 3.75Eþ05 1.86Eþ04 3.0 0.9995 27.15 13.6 0.7 13.9 0.7
NFP-4D 2324 40.5963 �111.0927 0.66 7.95E�13 3.81E�14 5.33Eþ05 2.55Eþ04 3.0 0.9990 27.14 19.4 0.9 19.2 0.9
NFP-5 2346 40.5946 �111.0870 1.57 4.26E�13 1.62E�14 4.39Eþ05 1.18Eþ04 3.5 1 27.4 15.8 0.4 16.1 0.4

Mea � 1s (n¼ 8)¼ 15.8� 2.5; oldest boulder¼ 19.4� 1.9

Lateral Moraine NFP-12 2505 40.6006 �111.0719 0.60 7.61E�13 2.31E�14 4.93Eþ05 1.50Eþ04 6.0 0.9995 29.8 16.3 0.5 15.7 0.5
NFP-13 2504 40.6007 �111.0718 0.45 7.78E�13 2.31E�14 5.11Eþ05 1.52Eþ04 4.5 0.9995 30.1 16.7 0.5 16.3 0.5
NFP-14 2489 40.6003 �111.0733 0.75 8.03E�13 2.21E�14 5.42Eþ05 1.49Eþ04 3.0 0.9995 30.2 17.7 0.5 17.5 0.5
NFP-15 2471 40.5996 �111.0753 1.10 7.81E�13 2.61E�14 5.37Eþ05 1.80Eþ04 2.5 0.9995 30.0 17.7 0.6 17.5 0.6

Mea � 1s (n¼ 4)¼ 17.1� 0.7; oldest boulder¼ 17.7� 0.6

Lake Fork
Distal Ridge LF-RK-5 2551 40.5172 �110.4603 0.50 5.47E�13 3.00E�14 6.03Eþ05 3.77Eþ04 2.5 1 31.5 18.9 1.2 19.2 1.2

LF04-1 2561 40.5166 �110.4615 0.64 7.02E�13 2.40E�14 5.16Eþ05 2.35Eþ04 5.0 1 31.15 16.4 0.8 16.7 0.8
LF04-2 2560 40.5176 �110.4627 1.20 7.85E�13 2.30E�14 5.37Eþ05 2.25Eþ04 6.0 1 30.8 17.2 0.7 17.7 0.7
LF04-3 2543 40.5144 �110.4584 0.35 5.20E�13 2.10E�14 3.40Eþ05 1.71Eþ04 3.0 1 31.2 10.7 0.5 11.5 0.6
LF04-4 2555 40.5163 �110.4608 0.47 6.36E�13 2.60E�14 6.04Eþ05 3.06Eþ04 7.0 1 30.5 19.6 1.0 19.9 1.0

LF04-5Aj 2555 40.5172 �110.4623 0.48 6.42E�13 2.00E�14 5.54Eþ05 2.40Eþ04 8.0 1 30.2 18.1 0.8 18.4 0.8
LF04-5Bj 2555 40.5172 �110.4623 0.56 6.21E�13 2.10E�14 5.54Eþ05 2.50Eþ04 4.0 1 31.2 17.5 0.8 17.8 0.8

Mea � 1s (n¼ 7)¼ 16.9� 2.9; oldest boulder¼ 19.6� 1.0

Proximal Ridge LFR-1 2464 40.5131 �110.4533 0.68 6.22E�13 2.00E�14 5.09Eþ05 2.24Eþ04 1.0 1 30.2 16.7 0.7 17.1 0.8
LFR-3 2464 40.5112 �110.4519 0.71 6.98E�13 3.50E�14 5.34Eþ05 3.12Eþ04 2.0 1 29.9 17.6 1.0 18.0 1.1
LFR-4 2464 40.5105 �110.4515 0.51 7.28E�13 3.10E�14 4.87Eþ05 2.54Eþ04 2.0 1 29.9 16.1 0.8 16.6 0.9
LFR-5 2464 40.5103 �110.4511 0.65 5.95E�13 5.00E�14 4.69Eþ05 4.18Eþ04 8.0 1 28.5 16.3 1.5 16.7 1.5
LFR-6 2464 40.5098 �110.4509 0.61 5.89E�13 2.60E�14 4.70Eþ05 2.51Eþ04 7.0 1 28.7 16.2 0.9 16.1 0.9
LFR-7 2464 40.5157 �110.4560 0.70 6.61E�13 2.50E�14 5.07Eþ05 2.45Eþ04 2.5 1 29.8 16.8 0.8 16.7 0.8
LFR-9 2464 40.5167 �110.4572 0.50 6.41E�13 2.60E�14 5.05Eþ05 2.55Eþ04 2.5 1 29.8 16.7 0.8 16.6 0.8

Mea � 1s (n¼ 7)¼ 16.6� 0.5, oldest boulder¼ 17.6� 1.0

(continued on next page)
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Table 1 (continued)

Sample localea Sample
Idb

Elevation
(m asl)

Latitude
(N)

Longitude
(W)

Boulder
height
(m)

10Be/9Be 1s [10Be]
(atoms g SiO2

�1)
1s Sample

thickness
(cm)

Topographic
shielding
factor

duction
d

Stone (2000)/
Lal (1991)
CRONUS-
Earth
exposure age
(ka)d

1se

(kyr)
Stone
(2000)
exposure
age (ka)f

1se

(kyr)

Yellowstone YS-3 2561 40.5324 �110.3256 1.20 5.83E�13 2.00E�14 5.53Eþ05 2.52Eþ04 2.5 1 0 17.2 0.8 17.4 0.8
YS-6 2540 40.5291 �110.3262 0.50 4.59E�13 1.30E�14 4.00Eþ05 1.65Eþ04 7.0 1 23 13.0 0.5 13.3 0.6
YS-7 2531 40.5282 �110.3262 0.60 4.91E�13 1.40E�14 4.61Eþ05 1.91Eþ04 5.0 1 55 14.9 0.6 15.1 0.6
YS-8 2517 40.5223 �110.3270 0.80 6.66E�13 1.60E�14 5.86Eþ05 2.25Eþ04 2.5 1 90 18.7 0.7 19.0 0.7
YS-9 2514 40.5207 �110.3272 1.00 5.57E�13 1.70E�14 5.36Eþ05 2.29Eþ04 2.5 1 84 17.2 0.7 17.4 0.8
YS-10 2554 40.5317 �110.3258 0.60 6.40E�13 1.90E�14 5.63Eþ05 2.38Eþ04 2.5 1 5 17.6 0.7 17.9 0.8
YS-11 2512 40.5208 �110.3271 0.35 3.50E�13 1.00E�14 3.50Eþ05 1.45Eþ04 9.0 1 21 11.8 0.5 12.0 0.5

an� 1s (n¼ 7)¼ 15.8� 2.6; oldest boulder¼ 18.7� 0.7

South Fork Ashley SFA-1 2854 40.7174 �109.6837 0.9 1.06E�12 2.63E�14 7.99Eþ05 1.98Eþ04 7.0 1 98 21.4 0.5 21.9 0.5
SFA-2 2846 40.7189 �103.6873 1.22 1.23E�12 4.12E�14 8.80Eþ05 2.95Eþ04 7.0 1 5 23.6 0.8 24.2 0.8
SFA-4 2913 40.7191 �109.6988 0.5 1.27E�12 3.28E�14 9.06Eþ05 2.34Eþ04 3.0 1 62 22.7 0.6 23.1 0.6
SFA-5 2900 40.7175 �109.6999 0.9 1.10E�12 4.45 8.30Eþ05 3.35Eþ04 4.0 1 99 21.1 0.9 21.5 0.9
SFA-6 2891 40.7163 �109.7010 0.95 2.99E�12 9.12E�14 2.21Eþ06 6.74Eþ04 2.0 1 41 56.1h 1.7 57.1h 1.8
SFA-7 2921 40.7165 �109.7045 0.82 2.19E�12 5.26E�14 1.59Eþ06 3.82Eþ04 4.0 1 49 40.1h 1.0 41.0h 1.0
SFA-8 2945 40.7176 �109.7057 0.52 1.15E�12 2.49E�14 8.51Eþ05 1.84Eþ04 8.0 1 79 21.8 0.5 22.2 0.5
SFA-9 2949 40.7186 �109.7087 0.62 9.43E�13 3.80E�14 7.11Eþ05 2.87Eþ04 7.0 1 20 18.0 0.7 18.4 1.5
SFA-10 2976 40.7189 �109.7090 0.55 1.15E�12 2.27E�14 8.51Eþ05 1.68Eþ04 2.0 1 2 20.3 0.4 20.7 0.4
SFA-11 2969 40.7196 �109.7114 0.48 2.83E�12 1.24E�14 2.13Eþ05 9.36Eþ04 8.0 1 36 54.1h 2.4 55.3h 2.5

an� 1s (n¼ 7)¼ 21.3� 1.9; oldest boulder¼ 23.6� 0.8

Note: ages listed under the column heading ‘‘Stone (2000)/Lal (1991)’’ are consistent with those reported in the text.
a See locations and relief maps of moraine in Figs. 1 and 4.
b All samples are composed of quartzite or weakly metamorphosed sandstone and have a density of 2.65 g cm�3.
c Ratios for samples from all valleys except the Lake Fork and Yellowstone were measured against ICN/Nishiizumi standards. Samples from the Lake Fork and Yel stone valleys were measured against NIST standard SRM

4325, therefore ratios were increased by 14%. All ratios were corrected for sample blanks (an adjustment of less than 4% for nearly all samples).
d Spallogenic production-rate determined by CRONUS online exposure-age calculator, version 2.0 (Balco et al., 2008; http://hes.ess.washington.edu/math). The arith ic mean is reported for each moraine. Uncertainty is 1s of

the distribution of acceptable cosmogenic-exposure dated from each moraine.
e Analytical uncertainty of AMS measurement.
f Computed using Stone (2000) production rate (sea-level, high-latitude¼ 5.1�0.15 atoms g�1 SiO2 yr�1) and scaling scheme.
g The relatively great analytical and age uncertainty are due to loss of approximately 50% of sample mass during preparation of AMS targets; the age is not inclu in calculations of the mean cosmogenic-exposure age.
h Age predates the onset of the local LGM (ca 26 ka) as determined from radiocarbon-age limits on Bear Lake sediment (Rosenbaum and Heil, in press), sugge g that the boulder was reworked or that the moraine is

a compound feature constructed during two separate glacial intervals.
i Age is an outlier not included in calculation of mean exposure age.
j Sampled LF04-5A, 5B were collected from different locations on a single boulder surface.
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Fig. 5. Plot of all cosmogenic-exposure ages (less than 30 ka) of moraine boulders in the Uinta Mountains. Error bars are 1s uncertainty of the AMS analysis. Open symbols indicate
outliers not used for estimating moraine age. Gray boxes indicate the mean� 1s of acceptable cosmogenic-exposure ages, dashed boxes indicate the oldest cosmogenic-exposure
age that post-dates 26 cal. ka, the onset of the last glaciation in the Uinta Mountains (from Rosenbaum and Heil, in press).
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ages to estimate the age of a moraine may not be appropriate
(Bevington and Robinson, 2002). Additionally, the oldest exposure
age may not represent the true age of a moraine if inherited
nuclides are abundant. However, as noted by Applegate et al.
(2008), the skewness of an age distribution can reflect the domi-
nant cause of exposure-age variability.

We use a numerical model of moraine degradation and
cosmogenic-nuclide accumulation developed by Applegate et al.
(2008) to aid in determining the best age estimate of moraine
abandonment. Following Hallet and Putkonen (1994), the model
assumes that moraines begin with a triangular cross-section with
hill slopes at the angle of repose for diamicton (34�), and degrade
from that initial condition by diffusive down-slope movement of
material. The removal of material from the moraine crest causes
the moraine to become shorter and more rounded (Fig. 7B). In the
model, boulders are uniformly distributed throughout the moraine
and come to the surface as material is removed from the moraine
crest. The model tracks 10Be concentrations in a large number of
synthetic boulders, taking into account production due to both
nucleons and muons (Granger and Muzikar, 2001).

Preliminary applications of the model reveal that moraine
degradation tends to produce left-skewed distributions of exposure
ages (Applegate et al., 2008). For example, consider the Yellowstone
lateral moraine in the southwestern part of the range (Fig. 7, top
left). In Fig. 7 (lower left), the exposure ages from the Yellowstone
moraine are plotted as an empirical cumulative density function,
along with a statistical distribution of apparent exposure ages from
the model. The model curve passes within 1s of all but one of the
exposure ages. This model fit implies an age corresponding to the
vertical, dashed line, suggesting that the true age of the Yellow-
stone moraine lies closest to the oldest age.

We take the oldest exposure age as the best estimate of moraine
age in cases where we are able to produce a good fit between the
model curve and the observed exposure dates. This condition is
satisfied for the Yellowstone moraine and the ice-distal Lake Fork
moraine (Fig. 7).

For moraines where we cannot produce a good fit between the-
model curve and our observations, we use the mean of the exposure
ages to estimate moraine ages. We prefer the mean to the weighted
mean (Bevington and Robinson, 2002) because the uncertainty of
cosmogenic-exposure dating grows with the apparent age of the
sample (Kaplan et al., 2005). Because the weighted mean gives
preference to samples with small analytical uncertainty, this esti-
mator of moraine age can be biased toward young values.

Estimating the true age of a moraine from data sets with old
outliers can be more challenging, and in our case involves the
treatment of outliers that predate the onset of the last glaciation in
the Uinta Mountains. Such ages can indicate inheritance due to
boulder reworking, or that a moraine is a compound feature
occupied during MIS 2 and a previous glaciation (e.g., MIS 6, 5d, or 4).
In our case, sampling along a single, continuous moraine ridge in
each valley minimized the issue of sampling compound moraines,
suggesting that boulder reworking is the most likely cause of
inheritance. We use the radiocarbon-limited onset of the last
glaciation in the Bear River valley, 26 cal. ka (Rosenbaum and Heil,
in press), as the cutoff for identifying cosmogenic-exposure ages
that indicate inherited nuclides. This issue is further discussed
below in Sections 3.2 and 3.7.

We have also eliminated some exposure ages with unacceptably
large uncertainties (greater than 10% of the age itself). These large
uncertainties may be due to loss of beryllium during the chemical
processing of these samples. Since these losses may have frac-
tionated the isotopes of beryllium in the sample, we regard ages
with large uncertainties as untrustworthy.

We assign uncertainties to our estimates of moraine age in
different ways, depending on the estimator we use to determine



Fig. 6. Probability-density plots of cosmogenic-exposure ages for individual moraines in the Uinta Mountains. On each graph, all plotted samples were used to calculate relative
probability; open symbols indicate ages not used for calculating the mean cosmogenic-exposure age. Dashed curves represent the distribution of exposure ages on the ice-distal
moraine in the Bear River valley (panel A), the end moraine in the North Fork Provo Valley (panel D), and the ice-distal moraine in the Lake Fork valley (panel E), none of which are
used to estimate the time of moraine abandonment in these three valleys. We select either the mean age� 1s (gray boxes) or the oldest age (dashed boxes) that is less than
26 cal. ka according to the criteria described in the text (see Section 3). Individual ages (diamonds, �1s uncertainty of AMS analysis) are arranged on each graph from youngest to
oldest but are not plotted against relative probability on the vertical axis. Asterisk indicates moraines that yielded cosmogenic-exposure ages predating MIS 2 but are assumed to
indicate the presence of inherited nuclides and are not shown here.
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Fig. 7. Histograms of cosmogenic-exposure ages from the Yellowstone moraine and Lake Fork ice-distal moraine (top) and output of a moraine degradation and cosmogenic-nuclide
accumulation model (B and C; Applegate et al., 2008). For each moraine, the histograms display several young outliers, which model experiments suggest are consistent with
moraine degradation. The evolution of each moraine’s profile over 18.5 yr by diffusive hill-slope processes is displayed in the two middle panels. The model runs assume an initial
height of 50 m, an initial slope of 34� , and a diffusivity of 7.5�10�2 m2 yr�1. Cosmogenic-exposure ages from the two moraines are plotted in the lower panels (dots and 1s error
bars) along with a distribution of ages predicted by the moraine degradation model for the same model run as shown in the middle panels. For both moraines, the modeled
distribution passes within 1s of all the ages but one. The vertical dashed line in the lower panels shows the assumed true age of the moraines; 18.5 ka for the Yellowstone moraine
and 19.6 ka for the Lake Fork moraine. Since this line falls close to the oldest boulder, we take the exposure date yielded by this sample as the best estimator of the age of these two
moraines.
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the true age of the moraine. Where we use the oldest exposure age,
we take the uncertainty to be the 1s analytical uncertainty of the
oldest exposure age. Where we instead used the mean, we assign
an uncertainty equal to the standard deviation of the exposure
ages. This method of assigning uncertainties accounts for our
degree of confidence in our understanding of the geomorphology
of each field site. In the two cases where we are reasonably sure
about the geomorphic process responsible for the observed scatter,
the uncertainties are generally smaller than those of our other age
estimates.

We emphasize that this method of selecting the best estimator
of moraine age is preliminary. In particular, the best-fit model
curves shown in Fig. 7 have been determined by eye, rather than
using an objective fitting criterion. We are working to identify
an objective fitting criterion to use in producing further model fits.
In the future, we plan to use the best-fit moraine age from model
results to estimate moraine ages.

The following sections describe results of cosmogenic-exposure
dating for seven valleys in the Uinta Mountains in clockwise order,
beginning with the Bear River valley (Fig. 1).

3.1. The Bear River valley

Two areas on the terminal-moraine complex in this valley were
dated by Laabs et al. (2007a; Fig. 4A). Six cosmogenic-exposure ages
from a low-relief, gently rounded ridge on the ice-proximal side of
the moraine yield an error-weighted mean of 18.9�1.3 ka. Five
ages from a broad, ice-distal area of the moraine that displays high-
relief, hummocky topography have a mean of 17.5�1.0 ka (Table 1,
Figs. 5 and 6). These two ages overlap at 1s, but morpho-strati-
graphic relations between the two areas of the moraine indicate
that their mean ages are reversed. Laabs et al. (2007a) discuss
several possible explanations for this result, including a greater
degree of degradation of the ice-distal side of the moraine.
However, given the relatively small number of cosmogenic-
exposure ages on the ice-distal side of the moraine and differing
morphologies of the two sampling areas (see Laabs et al., 2007a),
evaluating the validity of this explanation is difficult. Following the
interpretative approach presented here, we suggest that final ice
retreat from the terminal moraine in the Bear River valley began at
18.9�1.3 ka, the mean of cosmogenic-exposure ages from the ice-
proximal area of the moraine.

3.2. The East Fork Smiths Fork valley

This area of the northern Uinta Mountains is the type locality for
the Pinedale-equivalent Smiths Fork Glaciation (Bradley, 1936).
Excellent preservation of a single, sharp-crested moraine loop with
abundant tall boulders at the crest was encouraging for
cosmogenic-exposure dating in this valley (Fig. 4B); however, the
resulting data set is difficult to interpret unequivocally due to broad
scatter of cosmogenic-exposure ages from the moraine. Nine
cosmogenic-exposure ages from this moraine range from
16.1�1.6 ka to 51.9�7.6 ka (1s, Table 1, Figs. 5 and 6), with five
ages predating MIS 2 and four falling within this time interval. After
eliminating ages with very high analytical error (see explanation in
Table 1), three of seven ages predate MIS 2. When considered alone,
the distribution of ages precludes accurate determination of
whether exposure ages that predate MIS 2 reflect inherited
nuclides due to reworking, if this moraine was deposited during
a previous glaciation, or if the moraine is a compound feature.
However, two of the three boulders that yield pre-MIS 2 ages are in
ice-proximal positions at the moraine crest relative to two of the
four boulders that yield ages within the interval MIS 2. If the
moraine were a compound feature occupied during MIS 4 and MIS
2, we would expect to find boulders with older exposure ages on
the distal part of the moraine crest. The observed pattern therefore
suggests that pre-MIS 2 exposure ages are due to inherited
nuclides, consistent with our glacial mapping and that of Bradley
(1936). The cosmogenic-exposure age of sample EFSF-10
(27.1�1.2 ka) narrowly overlaps the estimate for the onset of the
Smiths Fork Glaciation (26 cal. ka), but likely does not represent
the time of moraine abandonment. We consider the mean of the
remaining four ages to represent the time of moraine abandon-
ment, at 18.9� 2.4 ka.
3.3. The Burnt Fork valley

In this valley, we sampled two sharp-crested lateral moraines in
this valley that grade to a well-preserved terminal moraine
(Fig. 4C). Both sampled moraines are more than 4 km in length and
have as much as 60 m of relief. We sampled the lateral moraines
because they are more continuous and contained more boulders
suitable for cosmogenic-exposure dating than any section of the
terminal moraine, and both clearly grade to the moraine indicating
that they were deposited at the same time. Eight cosmogenic-
exposure ages on the lateral moraine range from 13.6� 0.6 ka to
20.5� 0.9 ka (1s; Table 1, Figs. 5 and 6), forming a nearly
symmetrical distribution of ages with a mean of 17.2� 2.3 ka.
Although the broad range of ages on this moraine may be sugges-
tive of some moraine degradation, the distribution of ages suggests
that the mean is a better estimate of the time of moraine aban-
donment than the oldest exposure age.
3.4. The South Fork Ashley Creek valley

The head of this valley was occupied by the easternmost glacier
in the Uinta Mountains during the last glaciation. The glacier was
relatively small (w18 km in length compared to 30–40 km in other
valleys reported in this study), but preservation of a broad,
hummocky moraine is excellent (Fig. 4D). We sampled boulders on
a continuous moraine loop at the distal edge of the moraine to
avoid issues of boulder exhumation due to differential melting of
buried ice in the area of hummocky topography. These boulders
yield cosmogenic-exposure ages ranging from 18.0�1.5 ka to
56.1�3.5 ka (1s, Table 1, Figs. 5 and 6). Here, three of ten sampled
boulders yield pre-MIS 2 exposure ages, suggesting that the
moraine is a compound feature or that boulders contain significant
inherited nuclides. Because all of the boulders were collected from
the same, narrow-crested continuous ridge, we favor the latter
explanation. The seven remaining cosmogenic-exposure ages are
distributed symmetrically about a mean age of 21.3�1.9 ka, sug-
gesting that ice began retreating from the distal part of the terminal
moraine at this time.
3.5. The Yellowstone River valley

The glacier terminus in this valley was very near the glacier
terminus in the Lake Fork valley (Figs. 1, 4E) and is marked by an
extensive terminal-moraine complex near the mouth of the Yel-
lowstone canyon (Laabs, 2004; Munroe et al., 2006). Much of the
terminal moraine is on private land and was inaccessible for this
study, yet seven cosmogenic-exposure ages of moraine boulders on
a narrow, sharp-crested left-lateral moraine, which clearly is
a continuation of the terminal moraine, range from 11.8� 0.5 ka to
18.7� 0.7 ka (1s; Table 1, Figs. 5 and 6). As noted above, the left-
skewed distribution of these ages suggests that the oldest age best
approximates the time of moraine abandonment, at 18.7� 0.7 ka.
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3.6. The Lake Fork valley

One of the best preserved moraine sequences in the Uinta
Mountains is found near the mouth of the Lake Fork canyon
(Munroe et al., 2006; Fig. 4E). Laabs (2004) sampled ice-distal and
ice-proximal ridges on this moraine, both of which form narrow,
sharp-crested right-lateral ridges that become frontal ridges near
the center of the valley. Seven boulders on the ice-distal ridge yield
cosmogenic-exposure ages ranging from 10.7� 0.5 ka to
19.6�1.0 ka (1s, Table 1, Figs. 5 and 6). The distribution of ages
from this part of the moraine is left skewed, suggesting that the
oldest age best approximates the time of moraine abandonment, at
19.6�1.0 ka. Seven cosmogenic-exposure ages from the ice-prox-
imal ridge have a mean age of 16.6� 0.5 ka, suggesting that glacier
ice in the Lake Fork valley persisted at the terminal moraine until
this time or readvanced to its Smiths Fork maximum at this time.

3.7. The North Fork Provo River valley

A well-preserved sequence of lateral and end moraines from the
Smiths Fork Glaciation exists near the confluence of the North Fork
and Provo Rivers (Fig. 4F). Refsnider et al. (2008) sampled an area
within the sequence in which a sharp-crested left-lateral moraine
becomes a relatively broad end moraine with hummocky topog-
raphy at its crest. Eight samples from the end moraine yield
cosmogenic-exposure ages ranging from 11.9� 0.6 ka to
19.4� 0.9 ka, and four samples from the lateral moraine (about
1 km up-valley from the end moraine) yield ages ranging from
16.3� 0.5 ka to 17.7� 0.6 ka (1s, Table 1, Figs. 5 and 6). Ages on the
end moraine display broad scatter but, unlike other moraines with
similar scatter, are uniformly distributed about a mean age of
15.8� 2.5 ka. In this case, the lack of overlap (at the 1s level) raises
question to whether (1) the scatter reflects relatively large
systematic errors due to boulder shielding and inheritance, (2) the
moraine crest degraded rapidly at times indicated by individual
exposure ages, or (3) the ice margin fluctuated at its terminal
moraine and added boulders to it for several millennia. The
moraine does not bear characteristics of a compound feature, and
the close proximity of the sample sites (Fig. 4F) suggests that
differential erosion cannot explain the scatter of ages. However, the
mean of cosmogenic-exposure ages from the terminal moraine
overlaps with all four ages from the lateral moraine, which range
narrowly about a mean age of 17.1�0.7 ka. If the four boulders on
the lateral moraine were indeed deposited just prior to moraine
abandonment and have not been exhumed, then ice in the North
Fork Provo River valley was still near its Smiths Fork maximum
extent at about 17.1�0.7 ka.

4. Discussion

4.1. Cosmogenic-exposure age variability in the Uinta
Mountains – climatic and non-climatic explanations

As noted above, one advantage of obtaining cosmogenic-
exposure ages from multiple valleys within the Uinta Mountains is
that spatial differences in the in situ production rate of 10Be are
minimal. Therefore, the variability of cosmogenic 10Be exposure
ages of moraine boulders throughout the Uinta Mountains is
chiefly due to either (1) differences in the relative timing of
moraine abandonment among the studied valleys, or (2) differ-
ences in exposure histories of moraine boulders resulting from
post-depositional geologic phenomena (e.g., erosion-induced
exhumation of boulders, shielding from cosmic radiation by snow,
etc.), or (3) a combination of these. Although our boulder-
sampling strategy and approach to interpreting cosmogenic-
exposure ages aim to overcome potential geologic uncertainties of
age estimates, we cannot rule out the possibility that geologic
factors have influenced the variability of our cosmogenic-exposure
ages.

In the following discussion, we assume that our age estimates
for terminal-moraine abandonment in each valley (described
above) are accurate, and that variability among these ages is due to
local differences in climate within the Uinta Mountains. We then
highlight the potential issues raised by this assumption and identify
areas where additional data are needed to develop a more precise
chronology of glaciation in the range.

4.1.1. Climatic explanations
The oldest age estimate of terminal-moraine abandonment (i.e.,

the start of ice retreat) in the Uinta Mountains is in the easternmost
glacial valley in the range. Ice retreat began at 21.3�1.9 ka in the
South Fork Ashley Creek valley. In contrast, glaciers persisted at or
near their maximum extents until as much as w4 kyr later in
southern and western valleys: the latest age estimates for the start
of ice retreat in this part of the range are 17.1�0.7 ka in the North
Fork Provo valley and 16.6� 0.5 ka in the Lake Fork valley (Fig. 1
and 5). A later start of overall ice retreat in the southwestern Uinta
Mountains is consistent with the hypothesis that Lake Bonneville
influenced glacier mass balance at the upwind end of the range
(McCoy and Williams, 1985; Munroe and Mickelson, 2002), where
glacier ELAs were lowest, while the lake remained at or above the
Provo shoreline until about 16 ka (Oviatt, 1997) or possibly later
(Godsey et al., 2005). Furthermore, the subsequent start of ice
retreat in southwestern valleys was approximately synchronous
with the fall of Lake Bonneville, suggesting that the lake and
glaciers in these valleys responded to the same regional-scale
climate changes.

The early start of ice retreat in the Bear River valley
(18.9�1.3 ka) relative to other valleys at the upwind end of the
range appears inconsistent with this theory, but may reflect slight
differences in north–south atmospheric circulation or differences in
ice-response times among the valleys. For example, Laabs et al.
(2007a) note that southwest to northeast circulation across the
Great Basin to the Uinta Mountains may have left the northern slope
of the range in an orographic precipitation-shadow. This could
explain the slightly older age estimates for moraine abandonment
in the Bear River valley relative to the North Fork Provo and Lake
Fork valleys. Supporting evidence for this hypothesis includes the
relatively broad surface area of glacier ice in southwestern valleys
compared to northwestern valleys (Fig. 1). Additionally, recent
mapping by Munroe and Laabs (in press) documents significant
latest Pleistocene ice cover (more than 71 km2) in the extreme
southwestern part of the Uinta Mountains region (Fig. 1) with
terminus and cirque-headwall elevations (2000 and 3000 m asl,
respectively) as much as 1000 m lower than elsewhere in the range.
In contrast, evidence for glaciation at such low elevations in the
northwestern Uinta Mountains has not been observed. An alter-
native explanation is that the ice field draining into the Bear River
and North Fork Provo valleys may have responded more slowly (and
perhaps asymmetrically) to changes in climate than the smaller,
discrete, valley glacier in the Lake Fork valley.

4.1.2. Non-climatic explanations
Although we are confident in our interpretations of the

cosmogenic 10Be surface-exposure ages reported here, it is worth
exploring the potential non-climatic explanations of variability of
cosmogenic-exposure ages in the Uinta Mountains that may be
related to difficulty in accurately interpreting some data sets. For
instance, our estimate for the time when the terminal moraine in
the East Fork Smiths Fork valley was abandoned is based on



Fig. 8. Probability-density plots of all cosmogenic-exposure ages within the interval
MIS 2 from the Smiths Fork, Burnt Fork, and South Fork Ashley Creek valleys (dashed
curve) of the northern and eastern Uinta Mountains where ELAs of the Smiths Fork
Glaciation were 3100–3200 m asl, and of all cosmogenic-exposure ages in the Bear
River, North Fork Provo, Lake Fork, and Yellowstone valleys (solid curve) of the western
and southern Uinta Mountains where ELAs were as much as 400 m lower
(2800–3000 m asl).
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a widely scattered distribution of only four ages, from which we
have selected the mean of cosmogenic-exposure ages that post date
the onset of glaciation in the Bear River valley at 26 cal. ka. Addi-
tional boulder sampling here might aid in setting more precise
limits on the age of latest Pleistocene moraine abandonment, and
may clarify whether boulders with relatively old cosmogenic-
exposure ages have been reworked or if the terminal moraine in the
Smiths Fork valley is actually a compound feature formed by
multiple glacial advances. As noted above, however, detailed
mapping and careful sampling of these moraines (Munroe and
Laabs, in press) indicate that we sampled boulders from a single,
distal terminal-moraine crest (Fig. 4).

Additionally, our ability to obtain a relatively young cosmo-
genic-exposure age of the ice-proximal ridge of the Lake Fork
terminal moraine may be due in part to the excellent preservation
of this moraine complex and the abundance of boulders suitable for
cosmogenic-exposure dating. Multi-crested terminal-moraine
complexes are present in several other valleys we sampled in the
range, but in all valleys except the Lake Fork and Bear River our
sampling was limited to the most prominent, ice-distal ridge.
Therefore, it is possible that the less well-developed ice-proximal
or recessional moraine ridges in other valleys, including those in
the Bear River and East Fork Smiths Fork valleys, may have formed
as late as 16 ka, similar to that dated in the Lake Fork. However,
these moraines generally lack boulders suitable for cosmogenic-
exposure dating and our sampling strategy favored moraines with
abundant boulders to minimize geologic uncertainties of cosmo-
genic-exposure dating and to reduce statistical uncertainties of
mean ages. Dating of small numbers (1–4) of boulders from ice-
proximal and recessional moraine ridges in these valleys might
provide further age limits for the start of terminal deglaciation,
although data sets of such size can be difficult to interpret.

Despite these potential alternative interpretations, it is worth
noting that even if the undated ice-proximal or recessional
moraines in other valleys were deposited as late as 16 ka, such
moraines are not present in all valleys. For instance, the absence of
recessional moraines in the South Fork Ashley Creek drainage
suggests that rapid and monotonic ice retreat there began at the
time indicated by the cosmogenic-exposure ages on the terminal
moraine, 21.3�1.9 ka. Thus, the range-wide set of ages reported
here still indicates a significant age disparity in the start of ice
retreat in southern and western valleys relative to this easternmost
valley (if not all dated northern and eastern) valleys in the Uinta
Mountains (Fig. 6e–g).

Furthermore, consideration of all cosmogenic-exposure ages
from the Uinta Mountains indicates that age disparities between
northern and eastern valleys and southern and western valleys are
not an artifact of our interpretive model. The probability-density
plots shown in Fig. 8 reveal that the maximum probability of all
ages falling within the interval MIS 2 from northern and eastern
valleys is w22–20 ka (n¼ 20), whereas this range is w18–16.5 ka
for southern and western valleys (n¼ 44). This pattern is due
primarily to the large number of samples with exposure ages
greater than 20 ka from the South Fork of Ashley Creek and the
large number of samples from the Lake Fork, Yellowstone, and
North Fork Provo valleys with exposure ages within the range 18–
16.5 ka. As shown in Fig. 5, applying the ‘‘oldest boulder’’ method of
interpreting cosmogenic-exposure ages to all moraines would still
lead to the conclusion that ice retreat in the South Fork Ashley
Creek valley began as much as w4 kyr prior to retreat from the ice-
proximal moraine in the Lake Fork and the terminal moraine the
North Fork Provo valley (Fig. 5). Based on these observations, and
the dramatic west-to-east rise in glacier ELAs across the Uinta
Mountains during the last glaciation (Munroe and Mickelson,
2002), we favor the interpretation that differences in cosmogenic-
exposure ages indicate range-scale variability in the time of ice
retreat driven by climatic forces (see Section 4.1.1).

4.2. Cosmogenic-exposure age limits on moraine abandonment in
the Great Basin/Rocky Mountains region and paleoclimatic
inferences

Despite the potential influence of non-climatic factors on the
variability of cosmogenic-exposure ages, the age estimates for
moraine abandonment in the Uinta Mountains reported here are
meaningful and suggestive of spatial differences in the timing of ice
retreat, at least until more data are available. Next, we place
cosmogenic-exposure age estimates from the Uinta Mountains into
a regional context by comparing them with ages from elsewhere in
the Rocky Mountains. For this purpose, all cosmogenic 10Be expo-
sure ages listed below from outside the Uinta Mountains have been
recalculated using the production rate and scaling scheme
described in Balco et al. (2008).

The onset of glaciation in the Bear River valley at 26 cal. ka
(Rosenbaum and Heil, in press) is consistent with radiocarbon-age
limits on glacial sediment preserved in lakes of the Colorado Front
Range (Nelson et al., 1979). Ice retreat in the southwestern Uinta
Mountains at 18–16.5 ka was approximately synchronous with, or
slightly later than, retreat in the northern Rocky Mountains (see
dated locales in Fig. 3). In this region, outlets of the Yellowstone ice
cap began retreating at about 18.8–16.5 ka (based on 10Be and 3He
cosmogenic-exposure dating, Licciardi et al., 2001; Licciardi and
Pierce, 2008), and a valley glacier in the Wallowa Mountains
(northeastern Oregon) began retreating at 17.2� 0.8 ka (1s, based
on 10Be cosmogenic-exposure dating; Licciardi et al., 2004).
A radiocarbon-based glacial chronology indicates that valley glaciers
in the Sawtooth Range, in southern Idaho, also began retreating at
this time, after about 16.9� 0.4 cal. ka (Thackray et al., 2004).

As noted above, the approximate synchrony of ice retreat in the
southern and western Uinta Mountains and the hydrologic fall of
Lake Bonneville from the Provo shoreline at about 16 ka suggest
that glaciers and Lake Bonneville sustained their maxima until
4–5 kyr after the global LGM (21�2 cal. ka, or possibly earlier;
Peltier and Fairbanks, 2006). The late highstand of Lake Bonneville
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relative to the time of the global LGM has been attributed to
increased effective precipitation accompanying migration of the
polar jet and associated storm tracks northward following the
retreating margin of the Laurentide Ice Sheet (Benson and
Thompson, 1987; Bartlein et al., 1998). Although further develop-
ment of latest Pleistocene glacier and pluvial lake chronologies is
necessary to test this hypothesis, recently developed lake-level
chronologies for the extreme southwestern U.S. indicate pluvial
lake expansion in southern New Mexico and west Texas (e.g.,
Wilkins and Currey, 1997; Krider, 1998) prior to and during the
global LGM and therefore prior to the expansion of Lake Bonneville.
Licciardi et al. (2004) and Thackray et al. (2004) have also attributed
the relatively late maxima of glaciers in the northern Rocky
Mountains to increased moisture availability after 21 ka induced by
retreat of North American ice sheets. Thus, there is growing
evidence that precipitation controls on glacier mass balance were
significant and that regional-scale climate change was important in
determining the timing of the start of ice retreat in the Uinta
Mountains and other ranges of the Rocky Mountains.

If the presence of Lake Bonneville significantly impacted glacier
mass balance in the southern and western valleys of the Uinta
Mountains, thereby sustaining glacier maxima there later than in
the northern and eastern valleys, it may have done so in a variety of
ways. For example, reduced glacier ablation may have been caused
by decreased melt-season temperatures or increased cloudiness in
adjacent areas, similar to effects seen near the modern Great Lakes
(Changnon and Jones, 1972). In addition, the presence of a large lake
in the Bonneville basin may have induced ‘‘lake-effect’’ precipita-
tion, enhancing snow accumulation in areas downwind of the lake
(Zielinski and McCoy, 1987), including the Wasatch and Uinta
Mountains. In addition to the 400-m, west-to-east rise in glacier
ELAs across the Uinta Mountains (Munroe and Mickelson, 2002),
this potential impact is supported by several observations: first,
modern winter precipitation patterns in the Wasatch and Uinta
Mountains (Fig. 2; PRISM reconstruction, http://www.prism.
oregonstate.edu) reveal that the southwestern Uinta Mountains
receive almost the same amount of precipitation as the western
Wasatch Mountains, indicating that although the Wasatch Moun-
tains are a clear topographic barrier, they do not induce a precipi-
tation-shadow on the leeward Uinta Mountains. Second, the Great
Salt Lake – which has a surface area of about one-tenth that of Lake
Bonneville – provides winter lake effect precipitation that falls in
the Wasatch and western Uinta Mountains (Carpenter, 1993), also
suggesting substantial west-to-east moisture advection across the
Wasatch Mountains. Third, numerical modeling of regional-scale
atmospheric circulation and lake-atmosphere feedbacks during the
Lake Bonneville highstand shows that the presence of the lake had
a greater impact on precipitation than on temperature in adjacent
regions (Hostetler et al., 1994). Finally, region-wide glacier recon-
structions (Leonard, 2007) and numerical glacier modeling exper-
iments (McCoy and Williams, 1985; Laabs et al., 2006; Refsnider
et al., 2008) show that LGM ice extents in the Wasatch and western
Uinta Mountains can be simulated only by greater-than-modern
precipitation even with temperature depressions of 6–9 �C. Thus,
we suggest that glaciers in the southern and western Uinta
Mountains persisted at or near their maxima later than those in
eastern valleys because they were closer to Lake Bonneville, a local
source of significant moisture.

Although this and other recently developed glacial chronologies
for the Rocky Mountains are suggestive of significant precipitation
controls on ice extent near the end of the local LGM, some paleo-
climatic studies characterize the local LGM as very cold, as much as
15 �C colder than modern, and relatively dry in this region (e.g.,
Porter et al., 1983; Murray and Locke, 1989). Perhaps the most
robust, quantitative estimates of paleotemperature during the local
LGM are from Kaufman (2003), who estimates a temperature
depression of 7–13 �C from 24 to 12 cal. ka based on radiocarbon
dating and amino-acid paleothermometry of fossil mollusks in
deposits of Lake Bonneville. Numerical glacier modeling experi-
ments in the Wasatch and western Uinta Mountains (Laabs et al.,
2006; Refsnider et al., 2008) suggest that temperature depressions
of more than 9 �C would have been accompanied by less-than-
modern precipitation in this area. However, it is unclear whether
the paleotemperature estimates of Kaufman (2003) reflect uniform
depression of mean-annual temperature, or perhaps greater
depressions of summer temperature that could reduce evapo-
transpiration over Lake Bonneville and glacier melting in neigh-
boring mountain ranges. Therefore, more precise limits on
temperature and precipitation in this region near the end of the
local LGM are needed. We favor the explanation that the relatively
large temperature depressions estimated by Kaufman (2003) per-
sisted during the global LGM while the southern branch of the polar
jet was located south of the Lake Bonneville basin. Subsequent
retreat of North American ice sheets and the accompanying
northward shift of the jet resulted in increased precipitation,
allowing Lake Bonneville to rise and glaciers to persist at or read-
vance to their maximum extents in the southwestern Uinta
Mountains until about 16 ka.

The start of ice retreat at 22–20 ka in the northern and eastern
glacial valleys of the Uintas was approximately synchronous with
that in the central Colorado Plateau and in the Middle Rocky
Mountains of Colorado and Wyoming. Marchetti et al. (2005)
report a set of cosmogenic 3He exposure ages of terminal moraines
near Boulder Mountain (Utah) that range from 23.1�1.3 ka to
20.0�1.4 ka. Gosse et al. (1995) report several cosmogenic 10Be
exposure ages from terminal moraines in the Wind River Moun-
tains; the average of these ages is 21.0 ka. The oldest cosmogenic-
exposure age from the youngest recessional moraine dated by
Gosse et al. (1995) is 19.1�1.1 ka, suggesting that ice retreat was
underway by this time. In Colorado, Benson et al. (2005) document
cosmogenic 36Cl exposure ages of moraine boulders with mean
ages of 18.4 ka in north-central mountain ranges and of 18.9 ka in
the San Juan Mountains (southwestern Colorado). In central Colo-
rado, Brugger (2007) report cosmogenic 10Be exposure ages of
terminal moraines that range from 21.4�1.7 to 16.5� 2.1 ka, and
Guido et al. (2007) find that ice retreat in the Animas River valley
(San Juan Mountains, southwestern Colorado) was underway by
19.4�1.5 ka. The cause of ice retreat in the northern and eastern
Uinta Mountains and elsewhere in the western U.S. during or near
the end of the global LGM (w21 ka) is difficult to identify. As sug-
gested by Licciardi et al. (2004), glaciers in northern ranges may
have become moisture starved due to the presence of the Lauren-
tide ice sheet, or the regional-scale warming of the North Atlantic
region at this time may have had far-reaching effects in the western
U.S.

5. Summary

Based on 74 cosmogenic 10Be surface-exposure ages, the last
glaciation in the Uinta Mountains (the Smiths Fork Glaciation)
culminated during MIS 2. Radiocarbon-age limits on glacially
derived lacustrine sediment in Bear Lake (beyond the glacial limit
in the Bear River drainage) suggest the onset of glaciation occurred
at 26 cal. ka and that the Smiths Fork Glacial Maximum occurred by
20 cal. ka (Rosenbaum and Heil, in press). If our interpretations of
cosmogenic-exposure ages of moraine boulders in seven valleys are
accurate, then the start of deglaciation in the Uinta Mountains
occurred at about 22–20 ka in northern and eastern valleys, and at
18–16.5 ka in southern and western valleys. Glaciers in the
northern and eastern Uinta Mountains began retreating in phase

http://www.prism.oregonstate.edu
http://www.prism.oregonstate.edu
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with glaciers in the Wind River Range to the north and with glaciers
in other locations to the east and southeast. The start of ice retreat
in western and southern valleys of the Uinta Mountains was
delayed until after the global LGM and was approximately
synchronous with that in the northern Rocky Mountains and with
the hydrologic fall of Lake Bonneville from the Provo shoreline. As
noted by Licciardi et al. (2004) and Thackray et al. (2004), regional-
scale variability in the timing of deglaciation could reflect differ-
ences in the availability of moisture. Within the Uinta Mountains,
glaciers nearest to Lake Bonneville persisted at or readvanced to
their maxima at 16 ka due to enhanced precipitation driven by
northward migration of the polar jet and associated storm tracks
(e.g., Benson and Thompson, 1987), amplified by a pluvial lake
effect (Munroe and Mickelson, 2002; Munroe et al., 2006). In
contrast, glaciers located farther from the lake retreated earlier,
although the cause of their retreat is unclear.

Despite the range-wide approach to cosmogenic-exposure
dating of moraines described here, challenges of interpreting
cosmogenic-exposure age distributions from moraines somewhat
limit our ability to infer the latest Pleistocene glacial history of the
Uinta Mountains. Additional cosmogenic-exposure dating of ice-
proximal and recessional moraines in these mountains further
development of the glacial chronology in the Wasatch Mountains
(e.g., Laabs et al., 2007b), and more precise limits on latest Pleis-
tocene temperatures in the region would further improve this
chronology and support the development of more sophisticated
paleoclimate reconstructions.
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