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We present 10Be exposure ages from moraines in the Delta River Valley, a reference locality for Pleistocene
glaciation in the northern Alaska Range. The ages are from material deposited during the Delta and Donnelly
glaciations, which have been correlated with MIS 6 and 2, respectively. 10Be chronology indicates that at least
part of the Delta moraine stabilized during MIS 4/3, and that the Donnelly moraine stabilized ∼17 ka. These
ages correlate with other dates from the Alaska Range and other regions in Alaska, suggesting synchronicity
across Beringia during pulses of late Pleistocene glaciation. Several sample types were collected: boulders,
single clasts, and gravel samples (amalgamated small clasts) from around boulders as well as from surfaces
devoid of boulders. Comparing 10Be ages of these sample types reveals the influence of pre/post-depositional
processes, including boulder erosion, boulder exhumation, and moraine surface lowering. These processes
occur continuously but seem to accelerate during and immediately after successive glacial episodes. The
result is a multi-peak age distribution indicating that once a moraine persists through subsequent glaciations
the chronological significance of cosmogenic ages derived from samples collected on that moraine
diminishes significantly. The absence of Holocene ages implies relatively minor exhumation and/or
weathering since 12 ka.

© 2010 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Deposition of moraine sequences by valley glaciers offers the
opportunity to study climatic patterns at a temporal scale of 103–
105 yr. Moraine morphology changes over time because of surface
processes; generally, sharp crests and unweathered boulders charac-
terize young moraines and subdued relief, well-developed soils, and
weathered boulders characterize old moraines (Benn and Evans,
1997; Putkonen and Swanson, 2003). The relative changes in these
parameters combined with morphostratigraphic relationships pro-
vide guidelines that enable the qualitative temporal ordering of
moraines and the reconstruction of glacial advance and retreat events
(e.g. Sharp and Birman, 1963; Sharp, 1969, 1972). However, spatial
relations between moraines are not always simple. Major glaciations
remove moraines previously deposited during less extensive ice
advances, and therefore erase part of the glacial record. Thus, it is
important to datemoraines accurately in order to establish the correct
stratigraphy and chronology.
).

ashington. Published by Elsevier I
Improvements in dating technologies have significantly increased
geologists' ability to refine glacial patterns (e.g. Narama et al., 2007;
Lakeman et al., 2008; Thackray et al., 2008; Davis et al., 2009; Owen
et al., 2009a). Specifically, the use of cosmogenic exposure dating
has enabled researchers to date glacial features that otherwise could
not be dated (Phillips et al., 1990; Gosse and Phillips, 2001; Bierman,
2007) and moraine chronologies based on exposure dating now
exist from many mountainous locations around the world (e.g.
Phillips et al., 1990; Owen et al., 2002, 2006, 2009b; Putkonen and
Swanson, 2003; Benson et al., 2004; Smith et al., 2005, 2008;
Matmon et al., 2006; Fabel et al., 2006; Schäfer et al., 2006; Meriaux
et al., 2009). In the right settings, cosmogenic exposure ages
constrain the timing of glacier retreat and the subsequent
stabilization of the moraine (e.g., Phillips et al., 1990; Zreda et al.,
1994; Gosse et al., 1995; Gosse and Phillips, 2001; Briner et al.,
2005; Gillespie et al., 2008). The time gap between deposition and
stabilization of the moraine is the result of surface processes, such as
boulder erosion and exhumation and moraine-crest flattening, that
operate on the moraine after ice retreat. The duration of this period
is not well-constrained. However, it may last several thousands of
years. Thus, in the absence of isotope inheritance, moraine ages
based on cosmogenic exposure dating are thought to provide
minimum constraints on the age of deposition.
nc. All rights reserved.
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Despite its advantages, the use of cosmogenic isotopes in glacial
geochronology involves the understanding and consideration of pre-
and post-deposition processes that influence cosmogenic exposure
ages. For example, the inclusion of sediment that was exposed prior to
its deposition in the moraine can yield exposure ages older than the
actual age of the moraine complicating the interpretation of moraine
age (e.g. Marsella et al., 2000; Balco et al., 2002; Owen et al., 2006;
Dortch et al., 2010). A more common complication results from post-
depositional processes. Freeze and thaw cycles and chemical
weathering lead to alteration of surface boulders, loss of cosmogeni-
cally dosed material, and yield exposure ages younger than the age of
the moraine. Similarly, degradation of moraine crests leads to exhu-
mation of newmaterial at the moraine surface, which yields exposure
ages younger than the age of moraine deposition (Hallet and
Putkonen, 1994). The rate of surface modification depends on several
factors of which climate is an important one. Thus, climatic cycles are
followed by changes in the rate of weathering and erosion of moraines.
Several studies deal with such influences and provide possible solu-
tions (e.g. Briner et al., 2002; Putkonen and Swanson, 2003; Benson
et al., 2004; Putkonen et al., 2008; Briner, 2009; Meriaux et al., 2009).

As a glacial period comes to an end, relative warming and sea-level
rise are followed by more frequent freeze–thaw cycles, increased
rainfall, and partial melting of permafrost. These processes generate
more sediment and enable faster and more efficient transport of
material off moraines. These processes operate on all exposed
moraines, including those deposited by preceding glaciations.
Increased bioturbation that follows these climatic changes enhances
the production of sediment (Zazula et al., 2007). Thus, we hypothesize
that increased erosion and exhumation of moraines, and by inference,
partial resetting of exposure ages, are expected to occur in a moraine
at the waning stages of glacial periods, and perhaps into interglacial
periods.

Alaska is one of few accessible locations in the Arctic that was not
covered by a continental ice sheet during Pleistocene glaciations.
Therefore, glaciated mountain ranges in Alaska provide an opportunity
to use moraine sequences to reconstruct late Quaternary climatic
variations at high northern latitudes. Mountain glaciers that originated
in the Alaska Range advanced unhindered to the north during glacial
periods and deposited a complex sequence of moraines that constitute
dominant landforms in the foothills of the northern Alaska Range
(Wahrhaftig, 1958; Péwé, 1975; Ten Brink and Waythomas, 1985;
Thorson, 1986). The ages of late Pleistocenemoraines in and around the
Alaska Range are primarily based on tephrostratigraphy, radiocarbon
dating, and 10Be cosmogenic exposure dating (Porter et al., 1983;
Hamilton, 1994; Kaufman and Manley, 2004; Kaufman et al., 2004;
Briner and Kaufman, 2008; Young et al., 2009). Although these ages
indicate that glaciers advanced during global periods of maximum ice
volume (N140 ka, 55–60 ka and 11–21 ka), detailed chronologies exist
from only a few valleys (Briner and Kaufman, 2008).

Our study area is the Delta River Valley (Fig. 1), a reference locality
for glaciation in the northern Alaska Range (Péwé, 1975). We sampled
boulders, single large clasts, and gravel from moraine surfaces to
elucidate pre- and post-depositional processes that affect moraine
exposure age distribution. These processes include on one hand long
pre-depositional exposure that results in the overestimation of the
moraine age, and on the other hand post-depositional boulder
weathering and erosion and moraine exhumation, which result in
the underestimation of the moraine age. Cosmogenic 10Be exposure
ages (hereafter referred to as 10Be ages) of the moraine sequences
deposited during the Delta and Donnelly glaciations, indicate that at
least part of the Delta moraine stabilized during MIS 4/3, and that the
Donnellymoraine stabilized ∼17 ka. Our results confirm correlation of
the Donnelly glaciation with marine oxygen isotope stage 2 (MIS 2;
Martinson et al., 1987), but contrast with the previous correlation of
the Delta moraine to MIS 6 (Péwé, 1975; Hamilton, 1994; Begét and
Keskinen, 2003). The results suggest that the bulk of moraine
weathering and erosion likely occurs, within the limits of 10Be
exposure age dating resolution, during and immediately after glacial
periods that occurred subsequent to moraine deposition. These
erosional periods reset the cosmogenic exposure clock over parts
of the moraine and result in multiple exposure ages that diminish
the chronological significance of the moraine.

Methods

We collected 28 samples from the Donnelly Dome area (Table 1,
Fig. 1) on two different occasions (August, 2004; June, 2005). Samples
included chips from the top surface of boulders located on moraine
crests (n=9), single large clasts (n=5), and gravel samples adjacent
to boulders (n=6) and not adjacent to boulders (n=10). Gravel
samples included tens to hundreds of angular clasts, 1–2 cm in
diameter, collected from the moraine surface at crests of hummocks
and ridges (Fig. 2). Two gravel samples (DDDL-4G and DDDL-4Q)
were collected from locally derived colluvium that accumulated on a
bedrock bench on the eastern slope of Donnelly Dome; the elevation
of the bench corresponds with the top of the nearby Delta moraine
and may have been carved during the Delta glaciation. Hence, the
colluvium is younger than the Delta moraine and accumulated during
later glaciations. By comparing 10Be concentrations in boulders and
other sediment types at the same location, we aim to elucidate the
geomorphic processes operating on these surfaces and evaluate their
effects on 10Be accumulation.

Our sampling strategy was dictated by previous mapping of
Quaternary glacial features in the Donnelly Dome area (Péwé and
Holmes, 1964). Thus, we a priori associated each sample with either the
Donnelly or Delta glaciation. Fifteen samples are from theDeltamoraine
(6 boulders, 2 single large clasts, and 7 gravel samples). Eleven samples
are from the Donnelly moraine (3 boulders and 8 gravel samples). Two
samples, one a well-rounded single large quartzite cobble and the
other an amalgamation of tens of small rounded pebbles, were collected
from the top of the alluvial sequence that fills the Ober Creek valley.
This alluvial sequence is not directly related to either the Delta or
Donnelly moraines; however, it may result from the deposition of
recycled moraine material. Thus, the ages of these two samples
are expected to correlate with an interglacial period.

Post-depositional processes acting on geomorphic surfaces affect
the accumulation of 10Be in surface samples and result in under-
estimated exposure ages. Periglacial processes mix dosed surface and
less-dosed subsurface material (cryoturbation) and erosion of
moraine crests removes well-dosed material from moraine surfaces.
Boulder erosion removes the most heavily dosed outer surface of the
boulder. These processes ultimately result in the exposure of material
that has not been continuously exposed over the entire life of the
moraine. In an attempt to avoid such “young” samples, we did not
sample boulders that showed obvious indications of recent rotation
and spalling; rather, we sampled boulders with smooth, presumably
glacially molded, surfaces.

Shielding of exposed rock and soil surfaces by dust, snow, or
topographic obstacles reduces the production rate of cosmogenic
isotopes and will result in an underestimated exposure age. Interior
Alaska is dry and the amount and water equivalent of snowfall is small.
To evaluate the contemporary effect of snow cover, we obtained
measurements (http://www.ncdc.noaa.gov/oa/climate/stationloca-
tor.html) from stations located near the study area. All stations indicate
a maximum annual snow cover of 33 cm in the study region. This
snow thickness (at a density of 0.2 g cm−3) is equivalent to a thickness
of 1–2 cmof rock, and the effect of such shielding (which occurs only 6–
8 months a year) on the exposure ages is b2%. Thus, in our age
calculations we make no adjustments for snow shielding. The boulders
we sampled did not show signs of weathering, thus reducing the
possibility of recent mass loss from the boulder faces. Nevertheless, we
are aware that weathering and erosion could have occurred. Boulder

http://www.ncdc.noaa.gov/oa/climate/stationlocator.html
http://www.ncdc.noaa.gov/oa/climate/stationlocator.html


Figure 1. Digital elevation model of study area showing significant landforms. A. DEM of Alaska showing the location of the Delta River outlet (open black box) in the Alaska Range.
B. A close-up DEM image of the Delta River outlet from the Alaska Range showing location of Delta and Donnelly moraines. C. Close up of specific study area. Sample locations marked
with black and white dots and names of samples.
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erosion rates have been estimated by previous studies in the Arctic
(1 to 3 mmper thousand years; e.g. Briner et al., 2005). Our calculations
show that the impact of such rates of boulder erosionon age calculations
of Holocene and late Pleistocene samples is 1–8% (Table 2). Due to
the limited influence of boulder erosion on the exposure ages, in the
following discussion we consider boulder, cobble, and clast ages
calculated with no erosion correction (Table 2).

Samples for 10Be datingwere processed at theUniversity of Vermont
and at the State University of New York at Buffalo following themethod
modified from Bierman and Caffee (2001). 10Be was measured at the
Center forAcceleratorMass Spectrometry (AMS)at Lawrence Livermore
National Laboratory (LLNL). 10Be/9Be ratios were normalized to the
LLNL KNSTD3110 standard with a value of 2.85×10−12. 10Be ages
were calculated considering a sea-level, high-latitude production rate of
4.68 10Be atoms g−1 yr1 (Nishiizumi et al., 2007). Latitude/altitude
scaling of the nucleonic production rate was done using Stone (2000).
We use Eq. (1) to calculate simple, model exposure ages (Lal, 1988):

NðtÞ =
P
λ

� �
*ð1−e−λtÞ ð1Þ

where N(t) = measured concentration (atoms g−1 quartz), P =
production rate (atoms g−1 quartz yr−1), λ=10Be decay constant
(5.1*10−7 yr−1), which is calculated from the presently-accepted
10Be half life of 1.36±0.07 Ma (Nishiizumi et al., 2007).

Results and interpretation

10Be concentrations in all samples collected from the Donnelly
Dome area range between 1.03 and 5.73×105 atoms g−1 quartz
(Table 2). Analysis of the age distribution of the entire data set
exhibits a composite peak at 12–17 ka, a minor peak around 25–30 ka,
and a broader mode of ages at 40–70 ka (Figs. 3 and 4). The period
represented by the entire data set (between 12 and 70 ka) includes
two major glaciations at MIS 4 and MIS 2.

Considering the data from the Delta and Donnelly moraines
separately, the results suggest several major episodes of sediment
deposition and/or exposure. Samples associated with the Delta
glaciation (n=15) yield 10Be concentrations between 1.10±
0.04×105 and 5.32±0.44×105 atoms g− 1 quartz (Table 2),
corresponding to ages between 12.4±1.4 ka and 70.8±7.8 ka
(Table 2, Figs. 3 and 4). Eight of the samples yielded ages that range
between ∼40 ka and ∼70 ka. The large spread in ages is difficult to
interpret and is likely due to post-depositional processes. In part, the
wide range of ages may be explained by the variety of sample types
(boulders, moraine surface gravel) and locations (e.g. moraine
hummock crests and bedrock bench on slope of Donnelly Dome).
Generally, we identify an early episode associated with the MIS 4
glaciation, about 40–70 ka, an intermediate episode around 25–30 ka,
and a latest Pleistocene episode around 12–17 ka. A single sample
(DDDL-5) corresponds with the Pleistocene–Holocene boundary.
Regardless of the wide range of ages, we note that in the Delta
moraines investigated in this study, there are no ages older than MIS
4 nor are there ages younger than 12 ka.

The two samples that were collected from the top of the Ober
Creek alluvial sequence yielded cosmogenic 10Be concentrations of
2.86±0.1×105 and 2.92±0.08×105 atoms g−1 quartz, which corre-
spond to exposure ages of 32.5±3.6 ka and 34.1±3.8 ka (Fig. 3).
These ages are between the MIS 4 and MIS 2 glaciations and may
represent reworking of glacial material during an interglacial period;



Table 1
Locations and details of cosmogenic samples from the Donnelly Dome area.

Name Location Lat Long GPS elev (masl) Type Lithology

Donnelly moraine
DDDN-1 Donnelly terminal moraine 63°47.057′ 145°44.540′ 649 ± 10 Boulder Quartz diorite
DDDN-1-SD Donnelly terminal moraine 63°47.057′ 145°44.540′ 649 ± 10 Gravel Quartz
DDDN-2 Donnelly lateral moraine 63°46.659′ 145°45.800′ 716 ± 7 Boulder Granite
DDDN-2-SD Donnelly lateral moraine 63°46.659′ 145°45.800′ 716 ± 7 Gravel Quartz
DDDN-3 Donnelly lateral moraine 63°46.418′ 145°46.441′ 736 ± 9 Boulder Quartz diorite
DDDN-3-SD Donnelly lateral moraine 63°46.418′ 145°46.441′ 736 ± 9 Gravel Quartz
DR1-1 Donnelly terminal moraine 63°46.631′ 145°45.359′ 683 ± 10 Gravel Quartz
DR1-2 Donnelly terminal moraine 63°46.633′ 145°45.401′ 681 ± 10 Gravel Quartz
DR1-3 Donnelly terminal moraine 63°46.760′ 145°45.161′ 687 ± 10 Gravel Quartz
DR1-4 Donnelly terminal moraine 63°46.784′ 145°45.157′ 669 ± 10 Gravel Quartz
DR1-5 Donnelly terminal moraine 63°46.752′ 145°45.342′ 679 ± 10 Gravel Quartz

Ober Creek alluvial sequence
DDOC-1 Ober Creek 63°46.298′ 145°42.894′ 671 ± 7 Gravel Quartz
DDOC-2 Ober Creek 63°46.298′ 145°42.894′ 671 ± 7 Clast Quartzite

Delta moraine
DFDD3 Delta medial moraine 63°48.099′ 145°46.624′ 734 ± 5 Boulder Granite
DFDD4 Delta medial moraine 63°48.099′ 145°46.624′ 734 ± 5 Clast Quartz cobble
DDDL-1 Delta medial moraine 63°47.809′ 145°47.298′ 764 ± 6 Boulder Granite
DDDL-2 Delta eastern lateral moraine 63°51.707′ 145°37.592′ 536 ± 7 Boulder Quartz diorite
DDDL-3 Delta eastern lateral moraine 63°50.665′ 145°36.277′ 566 ± 5 Boulder Granite
DDDL-4Q Donnelly Dome eastern slope (High Delta bench) 63°46.626′ 145°46.685′ 882 ± 10 Gravel Quartz
DDDL-4G Donnelly Dome eastern slope (High Delta bench) 63°46.626′ 145°46.685′ 882 ± 10 Gravel Granite and diorite
DDDL-5 Delta medial moraine 63°48.229′ 145°46.850′ 728 ± 11 Boulder Granite
DDDL-6 High Delta bench-east of hwy 63°45.756′ 145°41.498′ 795 ± 10 Cobble Granite
DDDL-8 High Delta bench-east of hwy 63°45.988′ 145°40.865′ 748 ± 10 Boulder Granite
DR2-1 Delta intermediate ground moraine 63°51.228′ 145°43.961′ 552 ± 10 Gravel Quartz
DR2-2 Delta intermediate ground moraine 63°51.255′ 45°43.531′ 552 ± 10 Gravel Quartz
DR2-3 Delta intermediate ground moraine 63°51.352′ 145°44.489′ 560 ± 10 Gravel Quartz
DR2-4 Delta intermediate ground moraine 63°51.411′ 145°44.065′ 559 ± 10 Gravel Quartz
DR2-5 Delta intermediate ground moraine 63°51.238′ 145°43.437′ 555 ± 10 Gravel Quartz

All locations were taken using NAD 27 Alaska.
Elevation and uncertainty given in meters and measured using a hand-held Garmin 76S GPS.
Thickness of all boulder samples ranges between 3 and 5 cm.
Topographic shielding is insignificant for all samples.
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such material could contain a significant inherited component of 10Be.
However, the similarity in age between the randomly picked single
cobble sample and the amalgamated gravel sample suggests a
relatively simple exposure history and that the calculated exposure
ages actually do represent the age of sediment deposition.

Samples associated with the Donnelly glaciation (n=11) yielded
cosmogenic 10Be concentrations between 1.03±0.08×105 and 5.73±
0.50×105 atoms g−1 quartz (Table 2). These concentrations corre-
spond to ages between 11.9±1.3 ka and 67.6±7.4 ka (Table 2,
Figs. 3 and 4). Excluding the oldest sample (DR-5; 67.6±7.4 ka),
which is an outlier likely influenced by prior exposure, all other
samples (n=10) yielded ages between 11.9±1.3 ka and 23.6
±2.6 ka. Gravel samples that were collected around boulders yield
consistent ages of ∼17 ka. The source of this gravel is unknown.
However, at least in two cases (DDDN-1 and DDDN-1SD; DDDN-3
and DDDN-3SD) the similarity in isotopic concentration in the gravel
and the nearby boulder suggests a genetic relation: small pieces of
vein quartz were detached from the boulder a short time after
moraine deposition and have been sitting at the surface since.
Generally, samples associated with the Donnelly moraine yielded
concentrations that correspond to the culmination of MIS 2
glaciation with some ages at the Pleistocene–Holocene boundary.

Discussion

Considering previous mapping and understanding of the glacial
history of the Donnelly Dome area (Péwé, 1975; Hamilton, 1994;
Begét and Keskinen, 2003), we expected two sets of ages: those that
correspond to the culmination of the Delta glaciation (MIS 6, ∼135 ka)
and those that correspond to the culmination of the Donnelly
glaciation (MIS 2, ∼20–15 ka). However, exposure ages yielded a
more complex pattern.
10Be ages of samples from the Donnelly age moraines

Calculated exposure ages of the eleven samples from the Donnelly
moraine imply that post- and pre-depositional processes influence 10Be
ages. Nine exposure ages cluster between11.9±1.3 ka and18.1±2.0 ka
and correlate with MIS 2 (Fig. 4). Two samples, one boulder and
one gravel sample, yielded older ages of 24 ka and 68 ka, respec-
tively. The older one implies the influence of inheritance on the
exposure ages. The younger one may also be influenced by inher-
itance. However, its age corresponds to earlier stages of the last
glacial maximum (LGM) and may actually represent a real exposure
age. Excluding these two samples, the age distribution in samples
from the Donnelly age moraine implies a stabilization processes
that may have lasted several thousand years; most of the moraine
material was deposited at the culmination of MIS 2 glaciation
(∼17 ka), but the conditions along the northern slope of the Alaska
Range did not allow stabilization until the end of the Pleistocene. A
similar pattern is found on the southern slope of the Alaska Range
(Fig. 4; Matmon et al., 2006). There, in all the moraines that were
dated to LGM by exposure ages of boulders, gravel samples yielded
exposure ages of 11–13 ka, suggesting a similar stabilization period
to that of the Donnelly moraine. In contrast, in all moraines dated to
the Pleistocene–Holocene boundary (11–13 ka), boulders yielded
exposure ages similar to those of gravel samples, implying the rapid
stabilization of the moraine. Similar to the northern slope, Holocene
exposure ages were not found along the southern slope.



Figure 2. Examples of sampled features. A. Erratic boulder (N1 m c-axis) on flat crest of early Wisconsin Delta moraine. B. Clasts coating the surface around boulders on top of late
Wisconsin Donnelly moraine. C. Well rounded cobbles from alluvial sequence exposed along the bank of Ober Creek (samples DDOC1 and DDOC2).
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The absence of ages younger than 12 ka may be interpreted in two
ways. On one hand, this absence may suggest that conditions during
the Holocene were not severe enough to catalyze significant erosion
and thus the exhumation of the moraine and its boulders. Alter-
natively, assuming steady state and constant erosion, cosmogenic
isotope concentrations may be interpreted as a Holocene-averaged
maximum moraine exhumation rate of 56±6 mm per thousand
years. Although the truth most likely lies somewhere in between
these end member scenarios, the cluster (n=6) of ages around 17 ka,
which is the expected age of the Donnelly moraine, suggests that the
actual Holocene exhumation rate is much slower than the above
calculated maximum rate.

10Be ages in samples from the Delta age moraine

The relative consistency in ages of the Donnelly moraine samples
contrasts with the wide spread in ages of samples from the Delta
moraine. However, the spread in ages of the Delta moraine samples
appears not to be random. We interpret the largest mode (40–70 ka)
as the time of moraine deposition. The other age groups (25–30 ka
and 12–17 ka) are the result of post-depositional processes
that affected the exposure ages of sediment on the moraine. It is
interesting that the middle age group correlates with the exposure
ages of the Ober Creek alluvium samples and the younger age group
correlates with the ages from the Donnelly age moraine. It is possible
that during the interstadial period (MIS 3), moraine sediment was re-
transported by alluvial processes that also deposited material in the
Ober Creek sequence. These processes resulted in exhumation of
the moraine and the exposure of new material. Although the older
Delta moraine was not over-ridden by ice during the MIS 2 glaciation,
it may have been affected by the climatic conditions at the waning
stages of the glacial period. These climatic conditions may have
resulted in significant boulder erosion and the exhumation of gravel at
the moraine surface during that time. The four youngest samples
(12.4±1.4 ka to 18.4±2.0 ka) from the Delta moraine correlate with
MIS 2 and may be the result of rapid weathering, exhumation, and
exposure of boulders and clasts.

The four anomalously young ages are derived from either boulder
samples situated close to the perimeter of the Delta moraine (DDDL-1
and DDDL-5) or from gravel samples collected from locations that
may have been situated slightly above the ice limit on Donnelly Dome.
Specifically, the ages of samples DDDL-4Q and DDDL-4G can be
explained by rapid freeze–thaw weathering of exposed bedrock
perched above the ice and the consequential exposure of previously
shielded rock fragments at the final stages of MIS 2. After the MIS 2
glacier retreat, these fragments were not washed off the slopes of
Donnelly Dome andwere continuously exposed, providingMIS 2 ages.

The ages of the other eleven samples from Delta age deposits
can be divided into two groups: 1) those that overlap MIS 4 (between
41.5±4.5 ka and 70.8±7.8 ka; n=8) and 2) those that correlate with
MIS 3 (between 25.7±2.8 ka and 28.9±3.28 ka; n=3). This large
range of exposure ages may be the result of moraine crest
degradation, random exposure of buried boulders, and inherited
cosmogenic nuclides. Taken together, the ages from the Delta moraine
samples indicate that initial exposure could have occurred as early as
70 ka. However, instability of the moraine caused the exposure
of buried boulders, a process that most likely was intensified during
MIS 2.

The absence of ages older than 70 ka in the study area is consistent
with a glaciation that postdates MIS 6, as demonstrated elsewhere in
Alaska (Briner and Kaufman, 2008). Alternatively, the measured 10Be
concentrations may be the result of intensive erosion that modified
the boulders, and thus the cosmogenic record, such that older
glaciations are undetectable; in that case, cosmogenic isotope
concentrations in samples collected from Delta moraines have little
chronological significance. Similar to the Donnelly moraine, the



Table 2
10Be concentrations and exposure ages of Donnelly Dome samples.

Name 10Be (105 atoms g−1 quartz) Normalized 10Be (105 atoms g−1 quartz) Age (ε = 0) (ka) Age (ε = 1 mm ky−1) (ka) Age (ε = 3 mm ky−1) (ka)

Donnelly moraine
DDDN-1 1.55 ± 0.05 0.81 ± 0.03 17.4 ± 1.9 17.6 ± 1.9 18.2 ± 2.0
DDDN-1-SD 1.50 ± 0.05 0.80 ± 0.03 17.2 ± 1.9 17.5 ± 1.9 18.0 ± 2.0
DDDN-2 2.17 ± 0.07 1.10 ± 0.03 23.6 ± 2.6 24.1 ± 2.7 25.1 ± 2.8
DDDN-2-SD 1.56 ± 0.05 0.78 ± 0.03 16.8 ± 1.9 17.1 ± 1.9 17.5 ± 1.9
DDDN-3 1.67 ± 0.06 0.84 ± 0.03 18.1 ± 2.0 18.4 ± 2.0 18.9 ± 2.1
DDDN-3-SD 1.60 ± 0.05 0.79 ± 0.03 17.0 ± 1.9 17.2 ± 1.9 17.7 ± 2.0
DR1-1 1.13 ± 0.10 0.62 ± 0.06 13.2 ± 1.5 13.4 ± 1.5 13.7 ± 1.5
DR1-2 1.44 ± 0.12 0.78 ± 0.07 16.8 ± 1.9 17.0 ± 1.9 17.5 ± 1.9
DR1-3 1.03 ± 0.08 0.56 ± 0.05 11.9 ± 1.3 12.0 ± 1.3 12.2 ± 1.4
DR1-4 1.11 ± 0.10 0.61 ± 0.06 13.1 ± 1.5 13.3 ± 1.5 13.6 ± 1.5
DR1-5 5.73 ± 0.50 3.11 ± 0.30 67.6 ± 7.4 71.6 ± 7.9 82.0 ± 9.0

Ober Creek alluvial sequence
DDOC-1 2.86 ± 0.10 1.51 ± 0.05 32.5 ± 3.6 33.5 ± 3.7 35.4 ± 3.9
DDOC-2 2.92 ± 0.08 1.58 ± 0.04 34.1 ± 3.8 35.0 ± 3.9 37.2 ± 4.1

Delta moraine
DFDD3 3.63 ± 0.17 1.84 ± 0.09 39.7 ± 4.4 41.1 ± 4.5 44.1 ± 4.9
DFDD4 2.63 ± 0.12 1.33 ± 0.06 28.6 ± 3.2 29.3 ± 3.2 30.8 ± 3.4
DDDL-1 1.74 ± 0.07 0.85 ± 0.03 18.2 ± 2.0 18.4 ± 2.0 19.0 ± 2.1
DDDL-2 4.43 ± 0.14 2.64 ± 0.08 57.2 ± 6.3 60.1 ± 6.6 67.1 ± 7.4
DDDL-3 4.42 ± 0.14 2.56 ± 0.08 55.5 ± 6.1 58.1 ± 6.4 64.7 ± 7.1
DDDL-4Q 1.71 ± 0.05 0.75 ± 0.02 16.0 ± 1.8 16.2 ± 1.8 16.7 ± 1.8
DDDL-4G 1.71 ± 0.06 0.75 ± 0.02 16.0 ± 1.8 16.2 ± 1.8 16.7 ± 1.8
DDDL-5 1.10 ± 0.04 0.58 ± 0.02 12.4 ± 1.4 12.5 ± 1.4 12.8 ± 1.4
DDDL-6 4.41 ± 0.12 2.14 ± 0.06 46.3 ± 5.1 48.1 ± 5.3 52.4 ± 5.8
DDDL-8 2.60 ± 0.09 1.31 ± 0.04 28.2 ± 3.1 28.9 ± 3.2 30.3 ± 3.3
DR2-1 3.86 ± 0.33 2.36 ± 0.22 51.2 ± 5.6 53.4 ± 5.9 58.8 ± 6.5
DR2-2 5.32 ± 0.44 3.26 ± 0.30 70.8 ± 7.8 75.3 ± 8.3 86.9 ± 9.6
DR2-3 3.33 ± 0.29 2.03 ± 0.19 43.8 ± 4.8 45.4 ± 5.0 49.2 ± 5.4
DR2-4 4.32 ± 0.37 2.63 ± 0.25 57.0 ± 6.3 59.8 ± 6.6 66.8 ± 7.4
DR2-5 1.95 ± 0.17 1.19 ± 0.11 25.7 ± 2.8 26.2 ± 2.9 27.4 ± 3.0

Ages used in discussion are simple ages without considering erosion (ε= 0). Ages calculated with erosion consider ρ (density of sampled material) = 2.65 g cm−3, ε erosion rate in
cm yr−1, and Λ (attenuation depth) = 165 g cm−2. The analytic precision of the samples (considering AMS) is 3–5% (1σ).
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absence of any samples with exposure ages younger than ∼12 ka
suggests conditions during the Holocene that did not cause significant
moraine exhumation.

The effect of glaciations on the exposure age of morainal sediments

Generally, an age agreement between a boulder sample and its
associated surrounding gravel sample indicates rapid moraine
stabilization soon after boulder deposition (Matmon et al., 2006;
Briner, 2009). A disagreement between these ages implies that
surface disturbance continued long after boulders were deposited.
Comparison of ages derived from boulders with those derived from
nearby gravel suggests the effects of post-depositional processes
such as moraine degradation and boulder erosion on exposure ages.
On the Donnelly age moraine, boulders (n=4) yielded a relatively
clustered MIS 2 ages that range between 17.6±1.9 ka and 24.1±
2.7 ka. Gravel samples that were collected immediately around
boulders yielded consistent ages of ∼17 ka (n=3), similar to the
boulders (Fig. 4, Table 2). Only gravel samples that were not
associated with boulders yielded younger ages that correspond with
the Pleistocene–Holocene boundary (n=3). These ages may be the
result of weathering of the MIS 2 moraine during the Younger Dryas.
Thus, boulders suggest an MIS 2 age whereas gravel samples indicate
the process of boulder weathering and erosion, overall exhumation
of the moraine crest, and the accumulation of rock fragments of
different ages at the surface. The exposure age of one gravel sample
(DR1-5; 67.6±7.4 ka) clearly points at the influence of inheritance
on exposure ages. There is no unique explanation for the high
concentration of 10Be measured in this sample but the similarity in
age to samples collected from the nearby Delta age moraine suggests
that the material collected in samples DR1-5 may have been
reworked from the Delta moraine.
A similar pattern, indicating the long-term influence of moraine
degradation and the continuous exposure of boulders on 10Be ages,
can be seen from the age distribution of boulder samples collected
from the Delta moraine (Fig. 4B, Table 2). In these samples, boulders
range between 60.1±6.6 ka and 12.5±1.4 ka. Sediment samples
(cobbles and clasts) are also widely distributed in age (70.8±7.8 ka
and 16.0±1.8 ka). Whereas the oldest ages of 40–70 ka (n=8) may
represent the age of the moraine, other ages correspond to the MIS 3
interstadial period (n=3) and the final stages of the MIS 2 glaciation
(12–18 ka (n=4)).

In spite of the similarity in the general patterns of age distribution
mentioned above, it is worth noting one important difference. In the
Donnelly age samples, boulders yielded a relatively restricted MIS 2
age (three ages ∼17 ka and one age at ∼24 ka). Gravel samples that
were collected immediately around boulders yielded consistent ages
of ∼17 ka, similar to their associated boulders, while gravel samples
that were not associated with boulders yielded ages that correspond
with the Pleistocene–Holocene boundary. On the other hand, both
boulder and gravel samples from the Delta age moraine present a
large range of ages (Fig. 3). We explain this difference as a result of the
total age of the moraine. While enough time has passed to allow
exhumation of buried boulders and sufficient boulder erosion on the
Delta moraine, resulting in a large age range of both boulders and
gravel, the Donnellymoraine is younger, and buried boulders have not
yet been exposed. The Delta and Donnelly moraines may exhibit two
discrete temporal stages of moraine evolution. The Donnelly moraine
exhibits an initial stage of moraine erosion whereas the Delta moraine
is at a more mature and advanced erosional stage.

The influence of subsequent glacial periods on the erosion of
moraines can be shown by examining other locations dated with
cosmogenic isotopes. One end member example, which includes
late glacial and LGM moraines, is in the southern slope of the



Figure 3. Exposure ages of all samples collected in the Donnelly Dome area. Other samples— large single clasts and gravel samples. Middle vertical section in graph includes samples
DDOC-1 and DDOC-2, which were collected from the Ober Creek alluvial section. The 12–18 ka period is marked between the two lower horizontal lines. The 40–70 ka period is
marked between the two upper horizontal lines.
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Alaska Range (Fig. 4D). In this location, several moraines, all
deposited during MIS 2 were dated using cosmogenic isotopes
(Matmon et al., 2006). As most of the moraines in this location
were deposited ∼12 ka, exposure ages calculated from boulder and
gravel samples cluster at ∼12 ka, indicating insignificant post-
depositional effects. As there were no major glaciations after 12 ka,
this observation is understandable: there were no subsequent
Figure 4. Age probability distribution plots using Isoplot (www.bgc.org/isoplot_etc/Isoplot
samples). B. Samples from early Wisconsin Delta age moraine. C. Samples from late Wiscon
Alaska Range (Matmon et al., 2006). Notice the different scales of plot D.
glacial cycles that could enhance the weathering and erosion of the
late glacial moraines.

The other end member is illustrated using two examples. In the
Himalaya Mountains, five sets of moraines, ranging in age between
N430 ka and ∼8 ka were dated by Owen et al. (2006) using cos-
mogenic exposure ages of exposed boulders. Several important
observations are apparent in this study: 1) the range of exposure
Ex3ReadMe.pdf). A. All samples from Donnelly Dome area (excluding the 2 Ober Creek
sin Donnelly age moraine. D. Samples from dated moraines on the southern side of the

http://www.bgc.org/isoplot_etc/IsoplotEx3ReadMe.pdf
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ages increases with the age of the moraine, 2) in each moraine
sequence, exposure ages can be correlated to subsequent glacia-
tions (although this correlation is coarse due to low age resolution),
and 3) inheritance in the sampled boulders is insignificant, a
phenomena mainly expressed in the younger moraines. Owen et al.
(2006) call on post-depositional boulder erosion and moraine
exhumation to explain their broad age distribution. To this expla-
nation, we add the argument, which is supported by the data
presented in the present study, that most of erosion and exhu-
mation occur during, or immediately after, glaciations that follow
moraine deposition.

The second example is from the northern Cascade Mountains.
Porter and Swanson (2008) present N70 cosmogenic 36Cl exposure
ages of boulders that were collected from seven moraines. Four
moraines yielded clustered ages that correspond with MIS 2. One
moraine, assigned an age of ∼70 ka, yielded a wide age range that
also included ages that correspond to MIS 2. Although in a very
different climatic setting, the cosmogenic exposure age distribution
of samples collected from MIS 2 and MIS 4 moraines in the Cascade
Mountains is similar to that found in the Delta area. Two much
older moraines (N100 ka) yielded clustered age ranges. It is pos-
sible that in the climatic conditions of the Cascade Mountains, most
boulders on the oldest moraines have been completely weathered
over the 105 yr time scale and only boulders composed of the very
resistant lithologies are present, thus presenting a restricted and
old age range.

Glacial history of the Alaska Range and elsewhere in Alaska

Despite a widely scattered set of ages, we are still able to draw
broad conclusions regarding glacial chronology in the Donnelly Dome
area: (1) at least some part of Delta moraine complex stabilized near
MIS 4/3 boundary, and (2) Donnelly moraine stabilized several
thousand years following peak MIS 2 glaciation. These new 10Be ages
from the north-central Alaska Range, which yield the first direct
moraine chronology from the reference locality of the Donnelly and
Delta glaciations, are comparable to other glacial chronologies in the
Delta River valley and elsewhere in Alaska. The MIS 4 age assignment
of Delta drift might indicate that the Delta glaciation occurred during
MIS 4, which is in conflict with the finding of Old Crow Tephra (∼140
±10 ka) overlying Delta age outwash, and Sheep Creek tephra
reworked into alluvium thought to be associated with the Delta
moraine (Begét and Keskinen, 2003). However, new work has shown
that the Sheep Creek tephra is actually multiple tephras and at some
locations may be as young as 80 ka (Westgate et al., 2008).

Our 10Be ages may be reconciled with the tephra-based age
assignments of Delta age deposits in several ways. We recognize three
possibilities: 1) the drift associated with the Delta glaciation
comprises drift of different ages; the drift just down-valley of the
Donnelly terminal moraine was deposited during MIS 4, whereas the
extensive terminal moraine near Delta Junction may have been
deposited during MIS 6; 2) all Delta drift was deposited during MIS 4,
and the correlation between the alluvium beneath the Old Crow
Tephra and the Delta moraine is incorrect; or 3) all Delta drift was
deposited during MIS 6 and our 10Be ages are influenced by post-
depositional exhumation. Because of the close correspondence in age
between our 10Be ages and those from pre-MIS 2 moraines elsewhere
in the region (see below), we favor scenarios 1 or 2.

In the Nenana River valley, ∼140 kmwest of the Delta River Valley,
Dortch (2006) obtained 10Be ages from landforms created during the
Healy glaciation indicating that it culminated 54.6±3.5 ka (all studies
referred to in this discussion used the same 10Be production rate,
AMS standards, and 10Be half life). This age assignment is similar to
our seven oldest 10Be ages from the Delta deposits, which average
55.6±8.9 ka. These 50–60 ka ages are also similar to other locations
where pre-MIS 2 drift has been dated: 53–58 ka in the western Alaska
Range (Briner et al., 2005), 54–56 ka in the Ahklun Mountains,
southwestern Alaska (Briner et al., 2001), and 52–55 ka in the Yukon
Territory (Ward et al., 2007). Collectively, there is strong evidence
that the penultimate glaciation in the Delta River valley and
throughout Beringia culminated near the onset of MIS 3.

The age assignment of the Donnelly moraine at 17.3±0.6 ka,
which marks the culmination of MIS 2 glaciation in the Delta River
Valley, postdates the global peak in MIS 2 ice volume by ∼5000 years.
However, the finding that alpine glaciers remained near their MIS 2
maximum positions until ∼17 ka is not rare. Rather, MIS 2 terminal
moraine ages of ∼17–19 ka are widespread globally (Schäfer et al.,
2006) as well as in Alaska (Briner and Kaufman, 2008). In the Fish
Lake valley, a north-flowing drainage in the northern Alaska Range
∼70 km east of the Delta River valley, Young et al. (2009) used 10Be
dating of moraine boulders to assign an age of ∼17 ka to the terminal
MIS 2 moraine. Because exposure dating of moraines constrains the
timing of moraine stabilization, it is difficult to know whether these
ages indicate that themaximum glacier extent was achieved just prior
to ∼17 ka in the northern Alaska Range, or rather that peak glaciation
was reached during the global ice volume maximum 20–22 ka, but
that glaciers remained near their termini for several thousand years
before retreating. In any case, this first direct age control in the type
locality for the Donnelly and Delta glaciations reveals synchronicity
across Beringia during pulses of late Pleistocene glaciation.

Our new moraine chronosequence, combined with emerging late
Pleistocene glacial chronologies from across Beringia, point to a
coherent pattern of maximum late Pleistocene glaciation occurring
during MIS 4/3, followed by less extensive glaciation during the latest
Pleistocene (Briner and Kaufman, 2008). This pattern reveals that
climate conditions in Beringia were less favorable for glacier growth
during the global LGM than during earlier stadials within the late
Pleistocene, similar to other arctic regions (e.g., Svendson et al., 2004).
In Beringia, limited glacier expansion during the LGM has been
attributed to increased aridity due to an expanded continental shelf as
eustatic sea level lowered, which is compatible with relatively modest
lowering of equilibrium line altitudes (e.g., Balascio et al., 2005). In
addition, recent modeling results depict relatively mild temperatures
in Alaska during the LGM (Otto-Bliesner et al., 2006). On the other
hand, slightly higher eustatic sea level duringMIS 4/3may have led to
less arid conditions across Beringia more favorable for glacier growth.
In any case, despite a poor understanding of the climate conditions in
Beringia during the late Pleistocene, glacial chronologies are generally
coherent in depicting more extensive glaciation during MIS 4/3 than
during MIS 2.

Conclusions

The influence of pre- and post-depositional processes is revealed
by comparing exposure ages of several sample types: boulders, single
large clasts, and gravel samples. The results produce evidence that
moraine exhumation, boulder exposure, and boulder erosion occur
because of intensified weathering and erosion during glacial episodes,
mostly during MIS 2 and the Younger Dryas. These major phases of
erosion can be explained by rapid freeze–thawweathering of exposed
bedrock and sediment from previous glaciations, perched above the
ice and the consequential exposure of shielded rock fragments. The
absence of ages younger than 12 ka suggests that exhumation and
weathering of moraines and boulders was insignificant during the
Holocene in the study area.

Cosmogenic 10Be exposure ages of boulders and clasts from
moraines in the Delta River valley provide the first direct age control
in the reference locality for late Quaternary glaciation in the northern
Alaska Range. The results indicate that at least part of the Delta
moraine stabilized during MIS 4/3. This age assignment agrees with
several other recently published ages for the penultimate glaciation
across Beringia, but contradicts the accepted correlation of the Delta
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glaciation with MIS 6 (Péwé, 1975). Our 10Be chronology also
indicates that the Donnelly moraine stabilized ∼17 ka, similar to the
stabilization age of other moraines in the Alaska Range.
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