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We use °Be surface exposure dating to construct a high-resolution chronology of glacial fluctuations in
the Sierra Nevada, California. Most previous studies focused on individual glaciated valleys, whereas our
study compares chronologies developed throughout the range to identify regional patterns in the timing
of glacier response to major climate changes. Sites throughout the range indicate Last Glacial Maximum
retreat at 18.8 + 1.9 ka (2¢) that suggests rather consistent changes in atmospheric variables, e.g.,
temperature and precipitation, throughout the range. The penultimate glacial retreat occurred at ca
145 ka. Our data suggest that the Sierra Nevada landscape is dominated by glacial features deposited
during marine isotope stage (MIS) 2 and MIS 6. Deposits of previously recognized glaciations between
circa 25 and 140 Kka, e.g., MIS 4, Tenaya, early Tahoe, cannot be unequivocally identified. The timing of
Sierra Nevada glacial retreat correlates well with other regional paleoclimate proxies in the Sierra
Nevada, but differs significantly from paleoclimate proxies in other regions. Our dating results indicate
that the onset of LGM retreat occurred several thousand years earlier in the Sierra Nevada than some

glacial records in the western US.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

An understanding of the relative timing of regional climate
patterns is key to predicting future climate changes. The timing of
past changes provides insights into causes and effects of climate
over timescales beyond observational records. High-precision
records are required to establish feedbacks among terrestrial,
marine and atmospheric systems. Improved paleoclimate models
require both well-dated and spatially extensive data (Kohfeld and
Harrison, 2000) that provide reliable indicators of past terrestrial
responses to climate changes.

Geomorphic records of mountain glaciation are one of the most
ubiquitous terrestrial climate archives. Glaciers are regionally
extensive and globally distributed from low to high latitudes, e.g.,
Thackray et al. (2008). Alpine glaciers are especially important for
their sensitivity to regional climate perturbations (Oerlemans,
2005; Owen et al., 2009). Glacier mass balance is directly linked
to integrated climate variables, including melt-season temperature
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and accumulation-season precipitation (i.e., snowfall) (Porter,
2001). Changes in climate cause glacial responses, e.g., changes in
terminus position, which leave a geomorphic record of climate
change in the landscape that can be reconstructed and numerically
dated, e.g., Owen et al. (2008).

Individual glaciers do not necessarily respond to climate changes
in the same way. Glacier mass balance, and likewise position of the
glacier terminus, is controlled by temperature and precipitation, but
complicated by local atmospheric effects including cloudiness,
wind, long- and short-wave radiation balances, turbulent fluxes of
sensible and latent heat, and humidity (Huybers and Roe, 2009).
Each glacier is also subject to local variables including bed slope,
hypsometry, accumulation area, debris cover, and local shading
(Anderson et al., 2006). Several factors can result in variability in the
response among individual glaciers within the same regional
climate regime, including non-climatic factors, e.g., surging glaciers
or debris cover. Regional glacial responses rise above local back-
ground variability; such responses provide a snapshot of regional
climate and by inference associated atmospheric processes.

Existing chronologies for alpine glaciers show complex spatial
and temporal patterns (Gillespie and Molnar, 1995; Thackray et al.,
2008; Clark et al., 2009). During the global Last Glacial Maximum
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(LGM), glaciers in some mountain ranges reached their maximum
extents during times of insolation minima, e.g., westernmost Hima-
laya (Owenetal.,2008), southern Alaska (Briner and Kaufman, 2008),
Hawaii (Pigati et al., 2008), corresponding to the peak of marine
isotope stage 2 (MIS 2) at ~21 + 2 ka (Mix et al., 2001). Conversely,
other mountain glaciers advanced to maximum limits either before
the ice sheet maximum, e.g., tropical Andes (Smith et al., 2005, 2008),
arctic Alaska (Briner and Kaufman, 2008), or during times of global
deglaciation, e.g., western U.S. (Licciardi and Pierce, 2008). Also,
asynchronous local last glacial maxima are identified within
a mountain range, e.g., Yellowstone Plateau (Licciardi and Pierce,
2008), tropical Andes (Smith et al., 2005, 2008). The differences in
these glacial records are primarily credited to regional variations in
atmospheric circulation patterns, sea-surface temperatures, and
moisture sources (Munroe et al., 2006; Licciardi and Pierce, 2008).
This study shows that the timing of moraine stabilization and
abandonment of the glacial terminus for Sierra Nevada alpine
glaciers in California was similar throughout the mountain range.
We construct chronologies throughout the range in order to identify
regional patterns in past climate. Similar behavior of mountain
glaciers in the Sierra Nevada may suggest spatially consistent
changes in temperature and precipitation. Conversely, regional
variability, such as diachronous responses or spatial patterns, would
suggest changes in regional forcings, e.g., migrating moisture sour-
ces (Benson et al., 2003). We address the timing of glaciations across
the Sierra Nevada by constructing the first regionally extensive
chronology using high-precision °Be surface exposure dating of
Sierran glacial deposits of the last and penultimate glaciations.

1.1. Regional setting

The Sierra Nevada is the longest continuous mountain range in
the conterminous United States and was extensively glaciated
throughout the Quaternary. Due to its N—S orientation, length
(~700 km), and elevation (>4000 m), it forms a major orographic
barrier that separates Pacific maritime and continental climate
regimes over a broad range of latitude and longitude (36—40°N,
118—121°W). The climate of the Sierra Nevada is dominated by
winter storm tracks delivered by the Pacific jet stream, a pattern
linked to sea-surface temperatures associated with the California
Current (Yamamoto et al., 2007). A significant N—S and E—W
gradient in snowfall is present (Howat and Tulaczyk, 2005). Mean
annual precipitation at 37°N ranges from ~100 cm/yr at the crest
of the range to ~15 cm/yr at the Owens Valley floor on the
eastern side.

Climate models and paleoclimate proxy records indicate that
during the LGM the jet stream was displaced south of its current
average position in response to the cold, elevated surface of the
Laurentide Ice Sheet (Thompson et al., 1993; Bartlein et al., 1998).
These models suggest that Sierra Nevada glaciers are sensitive to
both precipitation and temperature, but that their expansion
required significant precipitation increases during the LGM
(Hostetler and Clark, 1997). During the LGM, the glacier equilibrium
line altitude (ELA) was lowered ~700 m from modern with an
elevation gradient that increased southward ~2 m/km (Burbank,
1991). Recent numerical simulations of the LGM climate suggest
that 5.6 °C of cooling, twice the precipitation (200 cm/yr), and an
ELA ~220 m higher on the east flank of the range compared to the
west flank were required to reconstruct the spatial extent of
glaciers in the central Sierra Nevada (Kessler et al., 2006).

1.2. Previous work

Previous work in the Sierra Nevada established an allostratig-
raphy for glacial deposits based, in part, on relative dating

techniques. Blackwelder (1931) created the classic nomenclature for
the Sierra Nevada consisting of four glaciations: McGee, Sherwin,
Tahoe, and Tioga (in order of decreasing age). Sharp and Birman
(1963) added two additional glaciations to the Blackwelder chro-
nology: the Mono Basin (between the Tahoe and Sherwin) and
Tenaya (between the Tahoe and Tioga). Some controversy persists
about the presence or absence of some of these glaciations, e.g.,
Burke and Birkeland (1979) for Tenaya and Mono Basin. The history
of thought and nomenclature is addressed in detail by Warhaftig and
Birman (1965), Gillespie et al. (1999), Clark et al. (2003), and Phillips
et al. (2009). Much of the debate was driven, at least in part, by the
lack of absolute dating of past advances.

In the past two decades, new geochronologic data and tech-
niques have improved our understanding of the timing of Sierra
Nevada glaciations. Radiometrically calibrated proxy records from
Owens and Searles Lakes (Bischoff et al., 1997; Menking et al., 1997;
Bischoff and Cummins, 2001) and Devils Hole (Winograd et al.,
2006) provide high-resolution Late Pleistocene paleoenvir-
onmental records. These proxies yield some constraints on the
timing of glaciations and water-balance records. However, surface
exposure dating of moraines using cosmogenic nuclides, e.g., 1°Be
and 38Cl (Gosse and Phillips, 2001), allowed for the first direct
dating of Sierra Nevada glacial deposits (Phillips et al., 1990, 1996;
James et al., 2002; Benn et al., 2006; Schaefer et al., 2006; Phillips
et al., 2009) rather than bounding ages, e.g., Gillespie (1982),
Bursik and Gillespie (1993), Clark and Gillespie (1997), or proxies.

Phillips et al. (1990) was the first to apply surface exposure
dating to Sierra Nevada glacial deposits. Early studies using 3°Cl
suggested multiple glacial advances correlating with Heinrich
events 2, 3, and 5 in the northern Atlantic (Phillips et al., 1996).
Recently, Phillips et al. (2009) refined the 3¢Cl chronology at Bishop
Creek (Fig. 1) using updated production parameterizations. This
study concluded that deposits previously mapped as individual
advances were, in fact, compound features deposited during MIS 2
and 6. Their data also suggested correlation between Sierra Nevada
glaciations and northern Atlantic proxy records, for example, Tioga
4 advances were suggested to be synchronous with the peak of
Heinrich event 1. The authors also address the inherent uncer-
tainties associated with 36Cl dating methods, which could affect
these correlations.

Few previous studies have used 1°Be to address the timing of
Sierra Nevada glaciations. James et al. (2002) first applied '°Be
dating methods to glacial deposits in Bear Valley in the northern
Sierra Nevada (Fig. 1). This work broadly correlated fluctuations in
glaciers on the western side of the range to those deduced from 36l
results on the eastern side. Benn et al. (2006) dated an LGM
moraine using °Be while investigating the relationship among
glaciation, sediment transport, and alluvial and lacustrine deposi-
tion in the Owens Valley (Whitney Portal site, Fig. 1). Schaefer et al.
(2006) dated a LGM moraine in Bloody Canyon (Fig. 1), and
compared the age to other mid-latitude sites in the northern and
southern hemispheres. Those results suggested synchronous
interhemispheric response of mid-latitude glaciers to termination
of the LGM. These previous studies from individual glaciers permit
an initial overview of the spatial and temporal patterns of glaciation
in the Sierra Nevada. They have not, however, been reevaluated
with updated age calculation parameters, e.g., production rate, half-
life, and scaling scheme.

1.3. 19Be surface exposure dating

Recent improvements in chemistry (Merchel et al., 2008;
Schaefer et al., 2009), accelerator mass spectrometry (AMS) tech-
niques (Schaefer et al., 2009; Rood et al., 2010), and AMS reference
standards (Nishiizumi et al., 2007) have improved the precision and
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Fig. 1. Map of the Sierra Nevada showing elevation, LGM glacier extent, and study sites.
Sites (from north to south): BV = Bear Valley, WF = Woodfords, S] = Sonora Junction,
BC = Buckeye Creek, RC = Robinson Creek, GC = Green Creek, LC = Lundy Canyon,
BL = Bloody Canyon, BI = Bishop Creek, WP = Whitney Portal, and NF = Soda Springs.

accuracy of 19Be analyses. Our ability to interpret accurate exposure
ages has benefited from refinements of '°Be production rates (Balco
et al., 2009), half-life (Chmeleff et al., 2010; Korschinek et al., 2010),
standardized age calculators (Balco et al., 2008), and spatial scaling
schemes for cosmic ray flux and temporal variations due to changes
in the geomagnetic field, e.g., Dunai (2001), Lifton et al. (2005),
Desilets et al. (2006). Although disagreement still exists over °Be
production rates, and the accuracy of ages are limited by both
inheritance and erosion, these improvements have established '°Be
as the first tool available that allows us to compare detailed glacial
chronologies with high confidence, e.g., Schaefer et al. (2009).

2. Methods
2.1. Mapping

Following the previous work of Clark (1967), Sharp (1972),
Bursik (1989), and Ramelli et al. (1999), we mapped glacial
moraines and outwash terraces in the Sonora Pass—Sonora Junction
area (Fig. 2), the Bridgeport Basin, the Mono Basin, and in the
Woodfords area (Fig. 1). Mapping was based on interpretation of
stereoscopic pairs of black-and-white aerial photographs, high-
resolution color orthoimagery (U.S. Department of Agriculture
National Agriculture Imagery Program), and field observations.
High-resolution color maps for each additional site and the indi-
vidual boulder ages on each moraine are included in the supple-
mental materials (Figs. S1, S5, S7, S9, and S14). For simplicity, the

moraine nomenclature used by the original authors was retained.
The glacial moraines and outwash terraces on which we focused
our chronologic efforts were selected for their level of preservation,
clear allostratigraphic relationships, and displacement across
range-front faults for an accompanying neotectonic study (Rood
et al,, 2011). For surface exposure dating of LGM deposits, we
sampled the outermost moraine from each sequence, which we
interpret to indicate the timing of initial deglaciation.

2.2. Surface exposure dating

2.2.1. °Be ages

Information regarding field sampling methods, chemical pro-
cessing, and AMS analyses is included in the supplemental data.
The high precision of the measurements are the result of low
background carrier and process blanks, low boron corrections, and
high ion source beam currents. Exposure-age calculations were
made with the CRONUS-Earth online exposure age calculator,
Version 2.2 (hess.ess.washington.edu/math/) (Balco et al., 2008).
Corrections for topographic shielding, surface geometry, and
sample thickness corrections are <4%. Corrections for snow cover
should be minimal (possibly 1-2%; Phillips et al., 2009) and are not
applied. Individual surface boulder ages were not corrected for
inheritance (discussed in Section 4.1.1).

Model exposure ages are calculated both with and without
a correction for erosion. Given no a priori knowledge of each
boulder’s erosion rate, a range of rates is used. For zero erosion,
model ages can be interpreted as minimum exposure ages. Erosion-
corrected ages are calculated using maximum and preferred
erosion rates of 3.1 m/Myr (Small et al, 1997) and 0.6 m/Myr,
respectively. The ages presented in the data discussion and figures
are calculated using our preferred erosion rate of 0.6 m/Myr (dis-
cussed further in Section 4.1.1).

Sample information, '°Be concentrations, and model exposure
ages are summarized in Table 1. 1°Be concentrations and model
exposure ages of individual boulder samples are reported with 1o
analytical (internal) uncertainties (for the depth profile, the
extrapolated surface °Be concentration was assigned a 5% uncer-
tainty), which do not incorporate errors in sample thickness
corrections, topographic shielding, and scaling. Age calculations
using five different scaling schemes (Stone, 2000, after Lal, 1991;
Dunai, 2001; Lifton et al.,, 2005; Desilets et al., 2006) are pre-
sented in the supplemental data (Table S1). Ages presented in the
data discussion and figures are calculated using a constant
production-rate model and a scaling scheme for spallation from
Stone (2000) that is modified after Lal (1991). '°Be data from James
et al. (2002), Benn et al. (2006), Schaefer et al. (2006), and Amos
et al. (2010) are recalculated using the same set of preferred
inputs, e.g., erosion rate of 0.6 m/Myr.

2.2.2. 35Cl ages

In order to directly compare the 38Cl and °Be chronologies in
the Sierra Nevada, we recalculate ages for the Bishop Creek dataset
of Phillips et al. (2009) using the same input parameters as !°Be age
calculations, e.g., erosion rate, scaling scheme. 3°Cl ages are calcu-
lated using the online CRONUS 36Cl Exposure Age Calculator (www.
cronuscalculators.nmt.edu/cl-36/) using the Phillips et al. (2001)
36C1 production rate parameterization.

2.2.3. Interpretation of landform exposure ages

For each moraine or outwash terrace, results for all samples are
plotted together as a probability density function (PDF) diagram.
Each sample is assigned a PDF defined by a Gaussian distribution
with a mean and standard deviation from the age and 1¢ analytical
error. This approach allows testing whether analytical uncertainty,
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Fig. 2. Geomorphic map of the Sonora Junction (S]) site (modified after Clark, 1967) showing glacial deposits, sample locations, and '°Be ages.

derived from the normally distributed AMS counting statistics
(Guilderson et al., 2003), is sufficient to explain the spread in the
data. A cumulative probability density function is calculated by
summing individual PDFs for all boulders from each deposit. Visual
inspection of the cumulative PDF permits ready identification of
groups and outliers in age distributions; peaks with a larger area
under the curve are more likely to be the moraine stabilization age.
Obvious outliers are identified in the cumulative PDF and excluded.
A few old outlying ages are attributed to pre-depositional inheri-
tance, whereas more frequent young outliers are interpreted to
result from post-depositional exhumation, boulder erosion, or
rotation.

Some deposits show a peak in the cumulative PDF that indicates
a tight grouping of ages. In order to quantify the significance of the
age peak, a reduced y? (x&) statistic is calculated for the group
within each PDF (Balco et al., 2009; Schaefer et al., 2009). The x&
tests whether assigned age errors (i.e., analytical uncertainties)
explain the observed scatter in the group. From the ¥ statistic, we
calculate the probability (P) that the assigned age errors yield the
observed amount of scatter or more. We chose a cutoff of P > 0.05 to
indicate that the age errors alone explain the scatter in the dataset.

3. Results

A compilation of new and published '°Be and 3®Cl surface
exposure ages (n = 229) for the Sierra Nevada (Table 1) reveals
moraine age estimates that we group as high, moderate, or low
confidence based on the summary statistics (x& value and P) for
each moraine or outwash surface (Table 2). Below we present
examples for each confidence level from the Sonora Junction site
(Figs. 2 and 3). Maps, field descriptions, PDF diagrams, and age
interpretations for deposits in the remaining sites are included in
the supplemental materials (Figs. S1—S29).

3.1. Examples from the Sonora junction site

The largest Pleistocene glaciers of the eastern slope of the Sierra
Nevada occupied the West Walker River drainage near Sonora Pass
(Sonora Junction site, Fig. 1). Previous work in the region indicates
that at least four suites of glacial deposits are present (Clark, 1967;
Clark et al., 2003), including Tioga, Tenaya, Tahoe, and Sherwin.
Granitoid boulders of Fremont Lake granodiorite, Cathedral Peak
granite, and Sonora Bridge quartz monzonite lithologies (Clark,
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Table 1 (continued)

Preferred exposure
age (ky)¢ erosion

Maximum exposure
age (ky)! erosion

Minimum

Standard

[19Be]

Shielding

Thickness (cm)

Elevation

Longitude
(m)

(DD)

Latitude
(DD)

Sample name

exposure age (ky)©

erosion rate: 0

correction? (103 atoms g~ ')°

or depth (cm)

rate: 0.6 m/Myr

rate: 3.1 m/Myr

This is a copy.

n/a

n/a

n/a

07KNSTD

2184+6.3

0.999

2260 280

-119.4408

38.3820
Lundy Canyon Sherwin moraine

SJPT06-14
LCSHO7-1

41.5+0.8
893 +2.2
52.7+1.2

456+1.0

40.6 +0.8
85.4+2.0

51.3+1.1

KNSTD
KNSTD
KNSTD

07
07
07

1091.0 +20.8

0.991

2561

-119.1848
-119.1845
-119.1843
-119.1820
-119.1802
-119.1801

38.0208
38.0204
38.0206
38.0214

113.1+3.7

59.7+1.5

2248.8+52.2

0.971

2567
2560
2516

LCSHO7-2

1373.2+294

0.991

LCSHO7-3

50.8+1.7 457+13

446+13

KNSTD
KNSTD
KNSTD

07

11733 +£334
1871.3+434

2376.9 +53.1

0.991

LCSHO7-4

93.5+2.9 76.9+1.9

133.6 +4.5

740+ 1.8

07

0.991

2480

38.0220
38.0217

LCSHO7-5

101.1+24

96.1 +2.2

07

0.991

2480

LCSHO7-6

Woodfords Tioga outwash terrace

WFTI08-1

19.6 0.5
20.7 +0.5
21.8+0.5

20.44+0.5
21.6+0.6
229+0.6

19.4+05
20.5+0.5
21.6+0.5

07KNSTD
07KNSTD
07KNSTD

2994 +7.2

0.994
0.993

1691

-119.8199
-119.8210
-119.8212

38.7759
38.7746
38.7746

3224+79

1712
1713

WFTI08-2

3320+79

0.993

WFTIO8-3

Woodfords Tahoe outwash terrace

WFTA08-1

195.5+6.4 130.8+2.6

1225423

07KNSTD
07KNSTD
07KNSTD

1773.8 +31.7

0.985

1663
1725
1789

-119.8171
-119.8158
-119.8216

38.7721

D.H. Rood et al. / Quaternary Science Reviews 30 (2011) 646—661

123.9+2.0
69.8+14

179.5+4.7
829+20

1164 +1.8
674+13

1789.5 + 26.6

0.991

38.7724
38.7710

WFTAO08-2
WFTA08-3

1100.9 +21.1

0.995

¢ Ratio of the production rate at the shielded site to that for a 27t surface at the same location calculated using the CRONUS-Earth Geometric Shielding Calculator Version 1.1.

b Calculated using KNSTD or 07KNSTD '°Be measurement standard and calibration (Nishiizumi et al, 2007).

¢ Model exposure age assuming no inheritance, zero erosion, density 2.7 g/cm?, and standard atmosphere calculated using the CRONUS-Earth '°Be - 26Al exposure age calculator (Balco et al., 2008) Version 2.2 using a constant

production rate model and scaling scheme for spallation of Lal (1991) / Stone (2000). This version of the CRONUS calculator (constants: 2.2-dev) uses a reference spallogenic '°Be production rate of 4.49 + 0.39 atoms g~ yr~! (+

10, SLHL) and muonogenic production after Heisinger et al. (2002a, b). The quoted uncertainty is the 1¢ internal error, which reflects measurement uncertainty only.

d Exposure age calculated using the same method, except using an erosion rate of 3.1 m/Myr (Small et al., 1997).

€ Exposure age calculated using the same method, except using an erosion rate of 0.6 m/Myr.

1967) were sampled along crests of the right-lateral and terminal
moraine complexes of two different ice lobes (Fig. 2). Using the
method of Anderson et al. (1996), an outwash surface (Tahoe
outwash of Clark, 1967) directly outside of and graded to the Tahoe
moraines was sampled using a depth profile collected ~4 km NNE
of Sonora Junction.

3.1.1. High confidence age estimates (P > 0.05)

3.1.1.1. Boulder ages. A x& value near 1 and high P is interpreted to
indicate that the spread of the '°Be concentrations is well described
by the analytical uncertainty, which implies that geologic uncer-
tainties are minimal (i.e., moraine-crest stabilization was rapid and
pre- or post-depositional processes are insignificant). In this case,
we take the unweighted arithmetic mean and 1¢ standard deviation
as the best-estimate of true depositional age with relatively high
confidence. High confidence deposits include: the Sonora Junction
Tioga moraines, Lundy Canyon Tioga outwash terrace, Buckeye
Creek Tahoe outwash terrace, Sonora Junction Tahoe outwash
terrace, Soda Springs Tioga moraine (Amos et al., 2010), Bloody
Canyon Tioga 3 moraine (Schaefer et al., 2006), Bear Valley early
Tioga moraine (James et al., 2002), Bishop Creek Tioga 3 moraine
(Phillips et al., 2009), Bishop Creek Tahoe 1 moraine (Phillips et al.,
2009), and Bishop Creek Tahoe 2 moraine (Phillips et al., 2009).

Ages from the outermost Tioga moraine of the northern lobe at
Sonora Junction (SJTIR06-, Table 1) range from 19 to 20 ka. All the
data (n = 6) cluster tightly (Fig. 3A) with a mean age of
19.4 + 0.3 ka. A x& value of 0.4 and P equal to 0.82 for this dataset
indicates that the scatter can be explained by analytical uncertainty
alone (Table 2). The outermost Tioga moraine of the southern lobe
at Sonora Junction (SJTI05-, Table 1) yields ages ranging from 16 to
22 ka, of which the two oldest and one youngest age are considered
outliers (Fig. 3B). The remaining data (n = 6: Table 2) define a peak
with a mean age of 19.2 + 0.6 ka (x& = 1.4, P = 0.21).

3.1.1.2. Depth profile. Thirteen samples were analyzed from a 3-
m-deep depth profile on the Tahoe outwash terrace at Sonora Junc-
tion (SJPTO6, Table 1). The overall exponential decrease in °Be
concentration with depth (Fig. 4) suggests that the terrace is a single
depositional unit. The shallowest two samples (at 40 and 60 cm) are
omitted from the fit as outliers that probably resulted from bio-
turbation in the soil A-horizon (Perg et al., 2001). Nine samples from
0.8 to 2.4 mdepth are well described by a best-fit exponential function
using an effective attenuation length for production by high-energy
spallation of 160 g/cm? (Gosse and Phillips, 2001), sediment density of
2 g/cm?, and an inheritance value of 8.8 x 10% atoms gram ™! ( ~3% of
the surface concentration). This non-linear function was fit to the data
by minimizing the sum of the squares of the errors between the
measured '°Be concentrations and predicted values, and, in turn, the
best-fit result was solved for the surface concentration. The preferred
exposure age uses an erosion rate of 3.1 m/Myr, similar to weathered
boulder and bedrock erosion rates (discussed further in Section 4.1.1).
The lack of a thick soil Av horizon suggests insignificant inflation of the
terrace surface. We did not measure the sediment density in the field,
and thus assume a density of 2 g cm~> based on measurements in
similar sediments in published studies, e.g., Kirby et al. (2006). The
deepest two samples (at 260 and 280 cm) do not fit the single expo-
nential function and are omitted from the fit because they suggest
a significant contribution from production by muons that were not
considered in the fit calculations. Results give a best-fit age (corrected
for inheritance) of 149 + 11 ka.

3.1.2. Moderate confidence age estimates (P < 0.05)

A group of samples with a moderate & value and P < 0.05
indicates that the scatter is not explained by analytical uncer-
tainties alone, such that an additional source of uncertainty is
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Table 2
Summary statistics and best-estimate or minimum surface exposure ages for Sierra Nevada glacial deposits
Mean age (ky)* n Reduced 2 P Oldest age (ky)* Best-estimate depositional Confidence ~ Minimum age (ky)* Reference Figure
age (ky)*
10ge
Robinson Creek Tahoe moraine (RCTAO5)
1214+7.8 5 4.9 <0.01 1525+2.6 152.5+2.6 low n/a this study S4
Sonora Junction Tioga moraine (southern lobe) (SJTI05)
19.2+0.6 6 14 0.21 22.0+0.6 19.2+0.6 high n/a this study 3B
Buckeye Creek Tahoe outwash terrace (BCTA06)
1483 +£2.2 4 0.5 0.72 1674+ 4.4 1483 +£2.2 high n/a this study S2
Sonora Junction Tenaya moraine (SJTE06)
203 +28 8 37 <001 241+06 203 +28 moderate n/a this study 3C
Sonora Junction Tahoe moraine (SJTA06)
77.6 £25.1 10 332 <0.01 1145+3.0 n/a low 114.5+3.0 this study 3D
Sonora Junction Tioga moraine (northern lobe) (SJTIR06)
194+03 6 04 0.82 199+1.0 19.4+0.3 high n/a this study 3A
Virginia Creek Tahoe moraine (VCTAO6)
53.4+43.0 8 2750 <0.01 1503+29 1503 +£2.9 low n/a this study S8
Lundy Canyon Tioga outwash terrace (LCTIO-07)
17.7+1.0 5 1.2 0.29 182+ 1.0 17.7+1.0 high n/a this study S13
Buckeye Creek Tioga outwash terrace (BCTI07)
20.0+0.7 4 2.8 0.04 21.0+1.0 20.0+0.7 moderate n/a this study S3
Lundy Canyon Mono Basin moraine (LCMBO07)
41.1+41 4 15 <0.01 458+1.1 458 +1.1 low n/a this study S11
Green Creek Tahoe moraine (GCTA07)
62.6 £66.0 6 3850 <0.01 190.2+43 190.2 +43 low n/a this study S6
Lundy Canyon Tioga moraine (LCTIO7)
179+1.6 5 16 <001 198+1.0 179+1.6 moderate n/a this study S12
Sonora Junction Tahoe outwash terrace depth profile (SJPT06)
n/a 9 n/a n/a n/a 149.1 +£10.5 high n/a this study 4
Lundy Canyon Sherwin moraine (LCSHO7)
67.9 £24.8 6 369 <0.01 101.1+24 n/a low 101.1+24 this study S10
Woodfords Tioga outwash terrace (WFTIO8)
207 +1.1 3 4.8 <001 21.8+05 207 +1.1 moderate n/a this study S16
Woodfords Tahoe outwash terrace (WFTA08)
108.2 +33.4 3 444 <0.01 130.8+2.6 n/a low 130.8 £2.6 this study S15
Soda Springs Tioga moraine
183+1.0 5 1.3 0.26 19.0+ 1.0 183+ 1.0 high n/a Amos et al. (2010) S20
Whitney Portal Tioga moraine
189+1.1 6 4.7 <001 202+0.9 189+1.1 moderate n/a Benn et al. (2006) S18
Bear Valley early Tioga moraine
20.5+1.8 2 14 0.23 21.8+1.6 205+ 1.8 high n/a James et al. (2002) S17
Bloody Canyon Tioga 3 moraine
;EA +1.6 4 1.7 0.16 205+1.3 184+1.6 high n/a Schaefer et al. (2006) S19
Cl
Bishop Creek Tahoe 1 moraine
143.6 +7.5 6 1.9 0.09 168.5+5.8 1436 +7.5 high n/a Phillips et al. (2009) S21
Bishop Creek Tahoe 2 moraine
1344+6.5 10 15 0.14 145.2+6.3 1344+6.5 high n/a Phillips et al. (2009) S22
Bishop Creek Tahoe 3 moraine
100.2 + 6.6 6 2.7 0.02 1274+43 100.2 £ 6.6 moderate n/a Phillips et al. (2009) S23
Bishop Creek Tahoe 4 moraine
91.7 £22.1 22 75 <0.01 131.0+43 n/a low 131.0+43 Phillips et al. (2009) S24
Bishop Creek Tahoe 5 moraine
81.4+44.2 3 225 <0.01 1323+4.6 n/a low 1323 +4.6 Phillips et al. (2009) S25
Bishop Creek Tahoe 6 moraine
96.7 +£40.1 5 854 <0.01 1293+42 n/a low 1293 +4.2 Phillips et al. (2009) S26
Bishop Creek Tioga 1 moraine
222+1.7 6 5 <0.01 329+12 222+1.7 moderate n/a Phillips et al. (2009) S27
Bishop Creek Tioga 3 moraine
18.5+0.8 1 16 0.09 20.0 £ 0.6 18.5+0.8 high n/a Phillips et al. (2009) S28
Bishop Creek Tioga 4 moraine
154+1.1 25 46 <001 224407 154+1.1 low n/a Phillips et al. (2009)  S29

2 The quoted uncertainty is the 1o error. See text for details.

present in the dataset, e.g., erosion, inheritance, spalling, tumbling,
exhumation. If the scatter is moderate, then the geologic uncer-
tainty may be relatively minor. For example, if the 0.05 > P> 0.01 or
the mean and standard deviation of the group overlaps with the
oldest age within error, then we take the mean and standard
deviation of ages to describe the best-estimate depositional age
with moderate confidence. Moderate confidence age estimates
include: the Buckeye Creek Tioga outwash terrace, Sonora Junction

Tenaya moraine, Lundy Canyon Tioga moraine, Woodfords Tioga
moraine, Whitney Portal Tioga moraine (Benn et al., 2006), Bishop
Creek Tioga 1 moraine (Phillips et al., 2009), and Bishop Creek
Tahoe 3 moraine from Phillips et al. (2009).

The 9 ages from the Tenaya moraine at Sonora Junction (SJTE6-,
Table 1) are scattered between 3 and 24 ka. Even omitting the
youngest age does not create a clear peak in the remaining age
distribution (Fig. 3C). The mean age for these samples (n = 8) is
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Sonora Mean Ag: 19; 1 B Sonora Mean Agz 1961 1
Junction: Red. X2 0.4 Junction: Red 2 14
Tioga Probability  0.82 Tioga Probability  0.21
- moraine Oldest Age 20 1 > moraine Oldest Age 22 +1
@ (N. lobe) % (S. lobe)
[}
(] (m]
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Fig. 3. A) Probability density function for '°Be boulder ages from the Sonora Junction Tioga moraine (northern lobe) (SJTIR06) with summary statistics. Black curves are individual
sample PDFs defined by the age and 1¢ analytical error. A cumulative probability density function (grey curve) is calculated by summing individual PDFs for all boulders from each
deposit. B) Probability density function and summary statistics for '°Be boulder ages from the Sonora Junction Tioga moraine (southern lobe) (SJTI05). C) Probability density function
and summary statistics for boulder '°Be ages from the Sonora Junction Tenaya moraine (SJTE06). D) Probability density function and summary statistics for '°Be boulder ages from

the Sonora Junction Tahoe moraine (SJTA06).

20.3 + 2.8 ka (x4 = 37, P < 0.01). Regardless of the high x value, the
average and the oldest age of 24.1 0.6 ka overlap within error. Hence,
we use the average of 20.3 + 2.8 ka to estimate the depositional age.

3.1.3. Low confidence age estimates (P << 0.01)

Some deposits have a large range of ages that results in a very
high x& value and very low P (<<0.01). These data are interpreted
to indicate poor preservation that results in highly uncertain ages
for these deposits. Relying on results of numerical models, we
interpret the oldest age in a distribution to best-estimate the true
depositional age (Putkonen and Swanson, 2003; Putkonen and
O’Neal, 2006) because post-depositional processes can lead to
erroneously young ages. For these deposits, the oldest age with its
analytical uncertainty is quoted as the depositional age. In some
extreme cases, the oldest apparent age is considered a minimum
depositional age. Low confidence age results include: the Green
Creek Tahoe moraine, Lundy Canyon Mono Basin moraine, Lundy
Canyon Sherwin moraine, Robinson Creek Tahoe moraine, Sonora
Junction Tahoe moraine, Virginia Creek Tahoe moraine, Woodfords

Tahoe outwash terrace, Bishop Creek Tahoe 4 moraine (Phillips
et al,, 2009), Bishop Creek Tahoe 5 moraine (Phillips et al., 2009),
Bishop Creek Tahoe 6 moraine (Phillips et al., 2009), and Bishop
Creek Tioga 4 moraine (Phillips et al., 2009). Low confidence ages
occur mostly in older moraines where geologic uncertainty has the
time to become significant.

The Tahoe moraine at Sonora Junction (SJTA06-, Table 1) has
a scattered age distribution ranging from 51 to 115 ka with no clear
peak in the cumulative PDF (Fig. 3D). A simple arithmetic mean of
the entire dataset (n = 10) gives a mean age of 78 + 25 ka. Due to
the high y& value (332) and low P (<0.01), the oldest age of
115 + 3 ka is taken as a minimum depositional age.

3.2. Timing of Sierra Nevada glaciations

The dated LGM deposits in the Sierra Nevada of either the high
and moderate confidence age results (y& = 1.0; P = 0.43; n = 13) or
only high confidence results (x3 = 1.1; P=0.38; n = 7) give arithmetic
mean ages of 19.4 + 2.6 and 18.8 & 1.9 (20¢), respectively (Fig. 5), and
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Fig. 4. Sonora Junction Tahoe outwash terrace '°Be depth profile. Model profile
calculated using an effective attenuation length for spallation of 160 g cm~2 (Gosse and
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weighted averages of 19.3 + 0.4 and 19.1 & 0.5 (20) ka, respectively.
The ¥& values near 1 and high P indicate that the data, within the
quoted errors, are consistent with a normally distributed parent
population defined by the arithmetic mean and standard deviation
for each group. All deposits overlap with the mean within their 2¢
errors, including those dated with 1°Be and 3°Cl. When viewed from
south to north (left to right, Fig. S31) and considering results from
east and west of the range crest, both the consistent ages and lack of
a statistically significant latitudinal spatial trend in the moderate
confidence data or only high confidence data suggest a similar age
for glacial retreat throughout the range at 18.8 & 1.9 ka.

Arithmetic mean ages for penultimate glacial deposits (Fig. 6)
were calculated from either both high and moderate confidence
age results or only high confidence results. The moderate
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Fig. 5. Arithmetic means and statistics of dated LGM glacial deposits in the Sierra Nevada
calculated from high and moderate confidence age results. Sites are organized from south
to north (left to right) within each confidence group. Solid black horizontal line is mean of
high confidence data. Dashed black horizontal line is mean of all data. Note that data
include results from east and west of the range crest and from '°Be and 3°Cl.

Fig. 6. Arithmetic means and statistics of dated penultimate glacial deposits in the
Sierra Nevada calculated from high and moderate confidence age results. High confi-
dence sites are organized from south to north (left to right). Solid black horizontal line
is mean of high confidence data. Note that data include results from east and west of
the range crest and from '°Be and 36Cl.

confidence site at Bishop Creek (BI-Ta3) is considered an outlier
because its age does not overlap the mean of all sites (n = 5) at the
20 level. However, the four high confidence sites overlap within 2¢
error of the mean (x& = 2.2; P = 0.09; n = 4). Results for deposits
dated with °Be match those from 36Cl within 2¢ error. These data
indicate glacial retreat at 144 + 14 ka (20).

4. Discussion
4.1. Surface exposure dating

4.11. Uncertainties in '°Be ages

The accuracy of surface exposure ages is limited by uncer-
tainties in geologic processes, e.g., inheritance and erosion, and
cosmogenic nuclide production parameters. The assumption of
zero inheritance in glacial deposits is supported by recent '°Be
measurements on historic moraines, which indicate <100 years of
prior exposure for many boulders in the rapidly eroding Southern
Alps of New Zealand (Schaefer et al., 2009). This New Zealand
example, however, has very high uplift rates, short catchments,
and rapidly moving glaciers, and the assumption of zero inheri-
tance may not be valid everywhere. The assumption of zero
inheritance does seem to apply in many locations, especially in
regions like New Zealand and the eastern Sierra Nevada where
glaciers debouch on flat plains so that the moraine record is
spread out and inter-moraine contamination is less likely. We
acknowledge that inheritance is an unquantifiable uncertainty in
our analysis. Variable boulder inheritance is evidenced in our data,
but samples with significant inheritance are identified as outliers
in PDFs and omitted from depositional age interpretations. For our
high confidence deposits, inheritance does not appear to
contribute significant errors to our exposure ages (Putkonen and
Swanson, 2003).

Model exposure ages are also sensitive to erosion of moraine
boulders. For surface boulder samples, 3.1 m/Myr is considered
areasonable maximum because it falls in the range of previous studies
of erosion rates estimated from weathered boulders and bedrock
exposures in the Sierra Nevada (Small et al., 1997; Nichols et al., 2006).
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We expect these Sierra Nevada examples are eroding faster than our
samples for which minimal surface erosion was a selection criterion.
An erosion rate of 0.6 m/Myr is preferred because it allows for
~1-—1.5 cmof total boulder erosion over 18—25 Ky, which is consistent
with (1) geologic observations of surface roughness on some sampled
boulders, and (2) previous studies of boulder erosion in the Sierra
Nevada and similar environments, e.g., Bierman and Gillespie (1991),
Benedict (1993), Phillips et al. (1997).

For the Sonora Junction depth profile, the preferred exposure age
uses an erosion rate of 3.1 m/Myr, similar to weathered boulder and
bedrock erosion rates. This rate is chosen because (1) we predict that
the erosion rate for the terrace tread (composed of unconsolidated
sand and gravel) is higher than the boulder erosion rate and (2) it
allows for a maximum of 50 cm of total erosion of the terrace tread.
Evidence for <50 cm of total erosion of the terrace tread is supported
by results from a coeval outwash surface at Buckeye Creek (BCTAO6-,
Table 1) where cosmogenic ages scale with boulder height; boulders
>50 cm tall giving consistent age results, whereas boulders <50 cm
above the modern surface give anomalously young ages (Fig. S30).
We interpret this age pattern to indicate that the small boulders have
been exhumed from the subsurface by tread erosion not exceeding
50 cm and that this value is also an appropriate estimate for the
maximum erosion of the Sonora Junction surface. The true uncer-
tainties on the model exposure age, however, may be under-
estimated, because we are unable to quantify the uncertainty on the
erosion rate, e.g., Hein et al. (2009).

We calculate exposure ages for samples using a range of erosion
rates (Table 1). For LGM deposits, ages are insensitive to this range of
erosion rates. Our preferred ages change <5% (<1 ky) when the full
range of erosion rates between zero and 3.1 m/Myr is considered. This
restricted change indicates that results for LGM deposits are insen-
sitive to erosion rate uncertainties. However, ages for penultimate
glacial deposits are more sensitive to this range of erosion rates.
Boulder ages assuming zero erosion are <10% (<15 ky) younger than
our preferred estimates. Although ages could be up to 50% (75 ky)
older if the 3.1 m/My erosion rate were applied, we consider this
unlikely. For example, a boulder eroding at 3.1 m/My for 150 ky would
have lost ~50 cm of rock, but we never find field evidence for this
magnitude of erosion. The age calculated from the Sonora Junction
depth profile could be up to 30% (36 ky) younger if erosion were zero
on the surface, but our estimates of total erosion from a similarly-
aged surface at Buckeye Creek (Fig. S30) makes this unlikely. Uncer-
tainties in the erosion rate limit the accuracy of our age estimates for
deposits of the penultimate glaciation. However, we consider our
preferred ages for penultimate deposits as reasonable estimates.

Uncertainties in the 1°Be production parameters also limit the
accuracy of our age calculations. Balco et al. (2009) suggest that
samples calculated using a regionally calibrated production rate
from New England could be 6—12% older than those calculated
using the global reference rate. Putnam et al. (2010) make a similar
argument for production rates in New Zealand. These differences in
production rates are not accepted as globally applicable, but instead
are currently applied only to two specific regions. At this time,
however, a debate persists on whether regional variations in
production rates exist or whether the widely used global produc-
tion value is too high. We, therefore, use the globally calibrated
values with a 5% uncertainty (Table S1; Balco et al., 2008). The
global reference dataset is dominated by mid-latitude, high-
elevation calibration sites, several of which are in the western US,
including the Sierra Nevada, and therefore appear appropriate to
our sites. Moreover, a recent calibration study in the western US
(Lake Bonneville shorelines, Utah; Lifton et al.,, 2009) indicates
a spallogenic production rate consistent with the previous global
estimates used in our age calculations (Balco et al., 2008). With
refinements to regional or global production rates, absolute ages

could change systematically. A 6—12% reduction in the production
rate, however, would not affect our major conclusions (in fact, it
would make the initial LGM retreat less correlated with the Hein-
rich event 1 discussed in Section 4.2.3), nor would it change relative
ages or patterns in the timing of retreat.

Uncertainties also exist concerning the spatial scaling and
temporal variations of the cosmic ray flux. We compare results
using five different scaling schemes (Stone, 2000, after Lal, 1991;
Dunai, 2001; Lifton et al., 2005; Desilets et al., 2006) (Table S1) in
order to get a sense for how these uncertainties affect our age
calculations. Differences among results for various schemes are
<5% (<1 ky) for LGM and <15% (<25 ky) for penultimate glacial
deposits. This comparison suggests that uncertainties in the scaling
are only potentially significant for older (Tahoe) ages and do not
affect our relative ages.

4.1.2. Comparison of '°Be and 3°Cl chronologies

Uncertainties in the 36Cl production parameterizations yield
errors that limit the accuracy of ages and make detailed paleoclimate
correlations challenging. Previous studies in the Sierra Nevada
mostly used 36Cl in whole rock samples, e.g., Phillips et al. (2009)).
Production parameterization for whole rock >6Cl ages are compli-
cated by multiple production reactions, e.g., production of 3°Cl by
low energy neutrons (Gosse and Phillips, 2001). Such complications
have resulted in published *®Cl production rate estimates that differ
by up to 50% (Schimmelpfennig et al., 2009). For Sierra Nevada
moraines, Phillips et al. (2009) showed that, compared to calcula-
tions using the production parameterizations of Phillips et al. (2001),
ages based on Stone et al. (1996a,b) and Swanson and Caffee (2001)
parameterizations are 11 + 6% and 30 + 6% younger, respectively.
19Be measurements in quartz provide a method that is less sensitive
to non-spallation production pathways, bulk rock chemistry, and
related analytical constraints. Given the large differences in results
from different 36Cl parameterization methods, it should be easy to
detect significant differences between °Be and 36Cl that would
suggest errors in production parameterizations.

When we compare results from age-equivalent moraines in
multiple valleys, our '°Be results are consistent with 3°Cl ages
calculated using either Phillips et al. (2001) or Stone et al. (1996a,
1996b) parameterizations within error. A bias toward slightly
younger ages from °Cl may indicate slightly overestimated 36l
production rates. Our '°Be chronology appears, however, incon-
sistent with Swanson and Caffee (2001) and suggests that 36Cl
production rates are too high for the Swanson and Caffee (2001)
parameterization.

4.1.3. Comparison of Tahoe moraine and outwash chronologies

In Patagonia, Hein et al. (2009) found that flat outwash terraces
were quite stable in comparison to steep-sided moraines where
degradation led to exhumation of moraine boulders. We obtain
high confidence ages from an old outwash terrace, e.g., Buckeye
Creek Tahoe outwash, of the penultimate glaciation and lower
confidence ages from an age-equivalent moraine, e.g., Robinson
Creek Tahoe moraine, which supports the suggestion that outwash
surfaces are more stable and can yield more reliable ages than old
moraines. However, general agreement exists between at least the
oldest moraine boulders, e.g., Robinson Creek Tahoe moraine, and
the majority of outwash terrace ages on the Buckeye Creek Tahoe
outwash. The reasonable consistency between the Tahoe-age
outwash and moraine deposits reinforces the contention that these
Sierran moraines can be relatively stable over the long-term. In
contrast, in Patagonia, Hein et al. (2009) found moraine boulders
were apparently significantly younger (~100 ky) than adjacent
outwash where degradation of moraines was clearly playing
a significant role.
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4.2. Comparison to paleoclimate records

4.2.1. Regional proxy records

Our chronology shows good correlation to several regional
terrestrial proxy records and marine sea-surface temperature
estimates (Fig. 7). The Owens Lake record is a regional proxy in the
southern Sierra Nevada for glacial rock-flour input into a lacustrine
system (Bischoff et al., 1997) based on the age model of Litwin et al.
(1999). Dated Sierra Nevada glacial deposits generally correspond
with rock-flour maxima during both the last and penultimate
glaciations (Fig. 7). Data from Devils Hole is a regional terrestrial
paleotemperature record for the southwest United States
(Winograd et al., 1997). Based on a comparison of our data with the
Devils Hole record, the penultimate Sierra Nevada glaciation
reached its maximum at the end of the coldest period of MIS 6.
Santa Barbara Basin marine sediment alkenone data from ODP site
1014 give reconstructed Pacific sea-surface temperatures
(Yamamoto et al., 2007). Initial LGM glacial retreat in the Sierra
occurred apparently after a 10-ky-long period of rapid warming to
near modern sea-surface temperature. In contrast, the penultimate
glaciation appears to correlate with a prolonged Pacific sea-surface
temperature minimum that occurred during MIS 6.

A significant difference between these proxy records and our
glacial chronology is that we do not observe glacial deposits dating
to between ~25—140 ka. Although results for individual boulders
fall within this range, the ages of the deposits within which they

occur cannot be judged with any confidence. Increased rock-flour
input into Owens Lake and decreased temperatures in the Devils
Hole record during this interval, especially between 65 and 80 ka
(Fig. 7), would suggest the presence of Sierra Nevada glaciers
during this period, but no coeval moraines or outwash surfaces
were dated in this study. The lack of deposits in this age range may
indicate that the moraine record is incomplete because of obliter-
ative overlap (Gibbons et al., 1984), consistent with the results of
Phillips et al. (2009).

4.2.2. Significance of patterns in western US alpine glaciation
Previous studies suggest that alpine glacier systems are more
likely to be in phase with global patterns if they were (1) less
affected by local effects, e.g., the anticyclonic winds of the Lau-
rentide Ice Sheet (Licciardi and Pierce, 2008) (2) more directly
connected to the constant moisture sources, e.g., Pacific westerlies
(Licciardi et al., 2004), and/or (3) more sensitive to temperature
(versus precipitation) because of their continental climate
(Hostetler and Clark, 1997; Benson et al., 2005). Complex spatial
and temporal patterns in glacial response are evident in the
western US, and regional differences are often attributed to atmo-
spheric effects related to the Laurentide Ice Sheet. Atmospheric
models for LGM climate (Hostetler and Clark, 1997) predict anti-
cyclonic winds off the Laurentide Ice Sheet, which would have
affected mountain glaciers proximal to the southern margin of the
ice sheet. This anticyclonic circulation would weaken the dominant
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westerlies and bring dry air from the east that would reduce
precipitation in parts of the region. The glacial chronologies in parts
of the western US, e.g., Grand Teton or Yellowstone Plateau, suggest
that reduced precipitation strongly affected regional ice dynamics;
glacial maxima and retreat were delayed well after the peak of the
LGM when the Laurentide Ice Sheet was retreating (15—18 Kka,
Licciardi et al., 2004; Licciardi and Pierce, 2008).

High pressure over the Laurentide Ice Sheet would also force the
polar jet stream and storm tracks southward into the Great Basin
(Thompson et al., 1993). Such a shift predicts a drier-than-average
climate in the north and wetter conditions in the south. Dia-
chronous lake highstands in the Great Basin are thought to indicate
a northward sweep of the jet stream caused by the collapse of the
Laurentide Ice Sheet (Benson and Thompson, 1987; Oviatt, 1997).
These atmospheric patterns would drive changes in water balance,
e.g., the extent of lakes, and, in turn, may affect local glacier
behavior. For example, Lake Bonneville was a local moisture source
for alpine glaciers in the Uinta Mountains whose local maxima and
retreat occurred after the LGM (~16—18 ka, Munroe et al., 2006).
Thus, local and regional climate variables, including migrating
moisture sources, can cause phase offsets in some glacial systems.

Asynchronous local glacial responses within a mountain range
are attributed to spatially variable regional climate forcings. In the
northern Rocky Mountains, Licciardi and Pierce (2008) found that
the retreat from the Pinedale maximum position varied from 18.8
to 16.5 ka on the Yellowstone Plateau, ~4—6 ky after glaciers
retreated from their maximum position in the adjacent Wind River
Range. Differences within the Yellowstone—Teton system may be
linked to the spatial pattern of ice accumulation, i.e., southwest-
ward propagation of ice buildup, and to differences in internal ice
dynamics, whereas differences between Yellowstone and Wind
River ranges are related to atmospheric patterns, i.e., the influence
of glacial anticyclones.

4.2.3. Comparison to timing and spatial patterns in the western US

Our data permit a broadly synchronous LGM retreat throughout
the Sierra Nevada at 18.8 + 1.9 ka (2¢), which corresponds well
with the peak of MIS 2 (discussed further in Section 4.2.4). Our
chronology matches patterns of LGM glaciers for some parts of the
western United States. Detailed records of glacial fluctuations in the
Colorado Rockies (Benson et al., 2005), Wind River Range (Gosse
et al., 1995; Licciardi and Pierce, 2008), and Wallowa Mountains
(Licciardi et al., 2004) indicate similar retreat from maximum
positions attained near the peak of MIS 2.

Our Sierran results differ from several other glacial chronologies
in the western United States, e.g., Yellowstone and Tetons (Licciardi
and Pierce, 2008) and Uintas (Munroe et al., 2006); in these regions,
the LGM retreat appears younger (~17 ka) by several ky and
apparently correlates with the Heinrich event 1 in the northern
Atlantic. Direct comparison of our results to published ages from the
Cascades is difficult, because they were calculated using the 36Cl
production rates of Swanson and Caffee (2001). Hence, based on the
discussion in Section 4.1.2, the calculated Cascadian MIS 2 ages could
be ~30% younger. Porter and Swanson (2008) report an age for
Leavenworth Il moraines that is younger than MIS 2 (about 16—17 ka,
likely corresponding to Heinrich event 1). They give a mean age for
the Leavenworth I moraine group of 19.1 3.0 ka (24.7 & 1.1 ka oldest
age), but it is difficult to resolve within these errors whether they
correspond with MIS 2, Heinrich event 1, or neither.

Our results indicate less complexity in the regional behavior of
glaciers in the Sierra Nevada than is observed at many sites in the
western US. The similar pattern of LGM retreat across the 400-km
length of the Sierra Nevada suggests these glaciers were not
complicated by the Laurentide Ice Sheet, lake, or continentality
effects. The regionally consistent pattern among glaciers over

a broad latitude range (36—40°N) suggests consistent climate
conditions during the LGM. This similarity in the timing of glacial
retreat suggests that a constant regional moisture source, i.e.,
the Pacific jet stream, sustained Sierra Nevada glaciers during the
LGM. For example, we do not recognize any pattern in the
response of glaciers that would indicate northward migration of
the jet stream inferred from diachronous lake records in the Great
Basin (Benson and Thompson, 1987; Oviatt, 1997; Fig. S31). We
speculate that the jet stream did not move significantly north of
40°N until after ~19 ka with the collapse of the Laurentide Ice
Sheet.

4.2.4. Comparison to other global and local proxy records

Our Sierran chronology correlates well to some regional and
global proxy data, including insolation and global ice volume
(Fig. 7). The LGM retreat occurred closely after a minimum in the
June insolation for 30°N (Berger and Loutre, 1991), but the corre-
lation for the penultimate glaciation is not clear. When compared to
global ice volume proxy from marine sediments, the initiation of
Sierra Nevada glacial retreats correspond well to global ice volume
maxima, and fall within the peaks of MIS 2 and 6 (SPECMAP benthic
3180 curve of Martinson et al., 1987).

Significant differences also exist between our Sierra Nevada
chronology and other proxy records. As discussed in Section 4.2.1,
no deposits clearly correlate with MIS 4, even though most climate
records suggest favorable conditions for glacial activity during this
period. Our chronology differs from some regions, e.g., some ranges
in Asia (Gillespie and Molnar, 1995; Owen et al., 2008), where MIS 4
moraines are prominent. However, our findings are consistent with
other mountain ranges where the landscape is dominated by glacial
deposits coeval with MIS 2 and MIS 6, e.g., Yellowstone (Licciardi
and Pierce, 2008).

Another difference is that the timing of initial LGM retreat in the
Sierra Nevada does not appear to correspond well to air-tempera-
ture records in Greenland (GISP2 ice core, Grootes and Stuiver,
1997): a pattern that was identified previously by Schaefer et al.
(2006). Such mismatches are difficult to assess, however, when
comparisons are made of a discontinuous time series (dated glacial
retreat) with a continuous time series (ice core records). Glacial
retreats during Heinrich event 1 (~ 17 ka), in contrast, appear to be
well documented elsewhere and are interpreted to correspond
with the local LGM, e.g., Licciardi and Pierce (2008) and Munroe
et al. (2006). Whereas isotopic records from Greenland suggest
that major post-LGM warming did not initiate until the Bolling
interval at 14.7 ka, north Atlantic sediment cores show ice rafting
events beginning with Heinrich event 1 at ~16.8 ka (Hemming,
2004). Phillips et al. (2009) suggest a correspondence between
Tioga 4 retreat between 16.9 and 15.8 ka in the Sierra Nevada and
Heinrich event 1 in the northern Atlantic. Although they suggest
that the Tioga glaciation corresponds with MIS 2 (defined by the
authors as 28—14.5 ka), they cite an absence of evidence for glacial
events from between 26 and 17.7 ka. Our reevaluation and recal-
culation of the Bishop Creek *°Cl data, and comparison to our '°Be
dataset, improves the resolution with which we can examine
correlations with global or regional paleoclimate events, but our
study is limited because it focuses on only a few moraines in each
catchment, i.e., we did not date inset moraines. Therefore, to the
extent that older LGM (pre-Heinrich event 1) events exist else-
where (Gosse et al., 1995; Licciardi et al., 2004; Benson et al., 2005;
Licciardi and Pierce, 2008), then our data shed little light on
whether the Sierra was affected by Heinrich event 1. Our results,
however, do not suggest that a correlation is likely between initial
LGM retreat of Sierra Nevada glaciers and the peak of warming in
Greenland during Heinrich event 1 at 16.8 ka (Hemming, 2004).
However, our data could permit such a correlation if one interprets
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Heinrich event 1 to include both Heinrich event 1a and 1b between
18 and 15.5 ka (Bard et al., 2000; Denton et al., 2010). Regardless,
our data indicate that onset of retreat after the local LGM in the
Sierra Nevada was not synchronous with retreat in many ranges of
the western US, and preceeded some by several ky.

5. Conclusions

We address the timing and spatial patterns of glaciation in the
Sierra Nevada by constructing the first regionally extensive and
high-precision chronology using 115 new °Be surface exposure
dates from Sierran glacial deposits of the last and penultimate
glaciations. A compilation of new and published °Be and 36cl
surface exposure ages (n = 229) for the Sierra Nevada indicate that
Sierra Nevada glaciers retreated from LGM positions at 18.8 4 1.9 ka
(20, high confidence sites only). Data from multiple high-resolution
chronologies throughout the range permit synchronous retreat of
glaciers on the east and west sides of the range, and along the full
~400 km N-S strike. The similarity in glacial response suggests
regionally consistent climate changes throughout Sierra Nevada
during the LGM. The penultimate glaciation occurred at ca 145 ka
(144 4 14 ka, 20, high confidence sites only). The Sierra Nevada
landscape is dominated by deposits coeval with MIS 2 and MIS 6;
glacial deposits dating to between 25 and 140 ka are not observed,
including any associated with MIS 4. Furthermore, °Be and
361 chronologies agree within error for Phillips et al.’s (2001) 36l
production parameterization, but suggest overestimation of 3°Cl
production rates by Swanson and Caffee (2001). Our glacial chro-
nology correlates well with regional paleoclimate records, but
indicates initial retreat from local LGM positions several thousand
years before many ranges of the western US and likely preceeding
warming during the Heinrich event 1.
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