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Abstract

A continuous record of lacustrine sedimentation capturing the entire full-glacial period was obtained from Arolik
Lake in the Ahklun Mountains, southwestern Alaska. Fluctuations in magnetic susceptibility (MS), grain size,
organic-matter (OM) content, C/N ratios, �13C, and biogenic silica (BSi) record marked environmental changes
within the lake and its watershed during the last � 33 cal ka. Age control is provided by 31 14C ages on plant
macrofossils in four cores between 5.2 and 8.6 m long. Major stratigraphic units are traceable throughout the
lake subbottom in acoustical profiles, and provisional ages are derived for six prominent tephra beds, which are
correlated among the cores. During the interstadial interval between � 33 and 30 cal ka, OM and BSi contents
are relatively high with values similar to those of the Pleistocene–Holocene transition, suggesting a similar level
of aquatic productivity. During the glacial interval that followed ( � 30–15 cal ka), OM and BSi decrease in
parallel with declining summer insolation. OM and BSi values remain relatively uniform compared with the
higher variability before and after this interval, and they show no major shifts that might correlate with climate
fluctuations evidenced by the local moraine record, nor with other global climate changes. The glacial interval
includes a clay-rich unit with a depauperate diatom assemblage that records the meltwater spillover of an ice-
dammed lake. The meltwater pulse, and therefore the maximum extent of ice attained by a major outlet glacier
of the Ahklun Mountain ice cap, lasted from � 24 to 22 cal ka. The Pleistocene–Holocene transition ( � 15–11
cal ka) exhibits the most prominent shifts in OM and BSi, but rapid and dramatic fluctuations in OM and BSi
continue throughout the Holocene, indicating pronounced paleoenvrionmental changes.

Introduction

Understanding arctic climatic history is important be-
cause high-latitude areas are particularly sensitive to
global climatic changes, and because climatically in-
duced environmental changes there can instigate fur-
ther changes of global consequence (e.g., Kutzbach et
al. (1997), Overpeck et al. (1997)). Within the Arctic,
Beringia holds a high potential for obtaining records

of climate change that extend beyond the last degla-
ciation (14 ka). Unlike most other high-latitude areas,
many depositional basins in Beringia, including lakes,
escaped erosion by late Wisconsin glaciers, and thus
preserve an extensive record that captures the incep-
tion and full-glacial phases of the last glacial maxi-
mum (LGM). Nevertheless, only a few paleoenviron-
mental records from Beringia that span the LGM have
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yet been recovered (e.g., Anderson and Brubaker
(1994)).

The Ahklun Mountains, located in southwestern
Alaska, encompass an extensive array of lakes, many
situated beyond the limit of late Wisconsin glaciers
(Figure 1 ). Other than the work of Hu et al. (1995,
2002), who studied several lakes within the limit of
late Wisconsin ice, no previous research has been
published on the paleoenvironmental record from
these lakes. This study focuses on Arolik Lake in the
southwestern part of the range, where we have stud-
ied the glacial-geologic record (Briner 1998; Briner
and Kaufman 2000; Briner et al. 2001) and have de-
veloped a framework for understanding the major late
Quaternary geomorphic changes in the drainage ba-
sin. Previous work has shown that glaciers expanded
into the drainage of Arolik Lake during the LGM, and
that this event may be recognized and dated within
the sediment of Arolik Lake.

In this study, we apply a suite of complementary
proxy climatic indicators to reconstruct millennial-

scale paleoenvironmental changes during the last
� 33 ka. We focus on sediment cores from Arolik
Lake, where we obtained a continuous record of pa-
leoenvironmental change that extends back through
the LGM. Such a record has not yet been obtained
from southwestern Alaska, but is important for assess-
ing whether the climatic oscillations known in marine
and ice cores from North Atlantic region also affected
continental regions of northwestern North America.

Setting

Physiography

The Ahklun Mountains trend about 250 km northeast
to southwest in southwestern Alaska (Figure 1). The
range reaches its highest elevations in the northeast,
where summits exceed 1500 m and shelter dozens of
modern-day glaciers. In contrast, the southwestern
part of the range is rolling uplands punctuated by a

Figure 1. Study area showing extent of the Ahklun Mountains ice cap during the last glacial maximum (solid line) and location of 36Cl-dated
moraine (solid circle; Briner et al. (2001)).
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few rugged massifs and incised by broad, fault-
bounded, river valleys, including the Goodnews and
Togiak River valleys.

Arolik Lake (Figure 2) is located along the south-
western flank of the Ahklun Mountains (59° 28� N,
161° 07� W), � 100 km northwest of Dillingham on
the north side of Bristol Bay. It resides within a
trough adjacent to the Goodnews River valley, which
was excavated by glaciers into Mesozoic siliciclastic
metasedimentary rocks (Hoare and Coonrad 1961).
Arolik Lake is 3.7 km long and 0.6 km wide with a
surface area of 2.0 km2, constituting � 20% of the
total catchment area. It forms the headwaters of the
Arolik River, which flows northwestward to Kuskok-
wim Bay. The lake surface elevation is 145 m asl. The
lake comprises two subbasins: the main subbasin is
53 m deep, forming the elongate axis of the lake; a
secondary basin, 18 m deep and separated from the
main basin by a minor sill, occupies the outflow
(northwestern) end of the lake.

Arolik Lake is within the modern Transitional
Zone between maritime and continental climates, and
within the zone of discontinuous permafrost (Péwé
1975). Within the region, dwarf scrub communities
dominated by ericaceous, birch, and alder shrubs are
the primary vegetation cover.

Glacial history

During repeated Pleistocene glaciations, an ice cap
developed over the eastern part of the Ahklun Moun-
tains, and alpine glaciers expanded from isolated mas-
sifs throughout the western part of the range. Outlet
glaciers excavated an extensive network of valley
troughs and deposited moraines that confine numer-
ous lake basins, including Arolik Lake. The trough
containing Arolik Lake was last occupied by glacier
ice during the early Wisconsin, but remained just be-
yond the limit of glaciers during the LGM (Figure 1).

The ‘Arolik Lake glaciation’ is named for the mo-
raine that encloses Arolik Lake on its northwestern
end (Briner and Kaufman 2000). Cosmogenic expo-
sure dating (Briner et al. 2001) of a nearby, correla-
tive moraine indicates that the advance culminated
60.3±3.2 ka. The Arolik Lake moraine was deposited
by a distributary lobe of an outlet glacier that flowed
down the Goodnews River valley, the principal ice
drainage route for the southwestern sector of the Ah-
klun Mountains ice cap during Pleistocene glacial
phases. During the Arolik Lake glaciation, the Good-
news River valley outlet glacier overtopped low
drainage divides along its northwestern margin and
splayed northwestward into the Arolik Lake valley
and other adjacent troughs.

Figure 2. Arolik Lake area showing (A) Goodnews River valley with major end moraines (dark lines), ice-dammed lakes (black), modern
lakes (gray), overflow path (arrow), and location of 14C date (solid circle; Manley et al. (2001)); and (B) bathymetry of Arolik Lake with
core sites (solid circles) and acoustic-profile transect (Figure 3). See Figure 1 for map location.
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During the late Wisconsin ‘Klak Creek glaciation’
thinner and less-extensive ice was constrained within
the Goodnews River valley (Briner and Kaufman
2000). Instead of flowing across the low drainage di-
vides along its northwestern margin, the outlet glacier
impounded rivers tributary to the Goodnews River,
forming an extensive network of ice-marginal lakes.
Briner and Kaufman (2000) described one of these
lakes, which was dammed by the Goodnews River
valley outlet glacier when it reached the position of
the G3 moraine (the third major end moraine down
the Goodnews River valley mapped by Manley et al.
(2001); Figure 2A). On the basis of the mapping and
relative-age study of Manley et al. (2001), Briner and
Kaufman (2000) attributed the lake and the G3 mo-
raine to the LGM. Our new lake cores and 14C chro-
nology, however, now show that the LGM limit in the
Goodnews River is instead represented by the G4 mo-
raine, consistent with some, but not all, of the rela-
tive-weathering characteristics of this moraine (Man-
ley et al. 2001).

Methods

The subbottom stratigraphy of Arolik Lake was sur-
veyed using an EdgeTech Geostar acoustic profiling
system operating between 4 and 24 kHz. The results
guided selection of core sites and allowed correlation
of prominent stratigraphic units throughout the lake.
Cores were recovered using a percussion corer oper-
ated from a floating platform. Four cores, each 7.5 cm
in diameter and up to � 8.6 m long, were taken from
water depths of up to � 40 m. Two cores (AL-2 and
AL-4) were taken from near the center of the north-
ern, secondary basin, distal to the inflow, one core
(AL-3) from the slope separating the two main basins,
and one (AL-6) from the deep main basin (Fig-
ure 2B). The cores were split, photographed, de-
scribed, and sampled for variety of physical,
geochemical, and biological analyses in the labora-
tory:

(1) Magnetic susceptibility (MS) was measured on
all four unsplit cores at 2 cm resolution using a Sap-
phire Instruments loop detector. Refrigerated cores
were brought to room temperature before analysis.
Three replicate measurements were averaged to de-
rive the MS at each interval.

(2) Grain size was analyzed using a Coulter LS230
laser diffraction particle-size analyzer. Three of the
cores (AL-2, AL-3, and AL-4) were sampled at 5 cm

intervals: 0.2–0.4 g of sediment was pretreated by
heating in 5 ml of 30% H2O2 to remove organics,
heated in 10 ml 1 M NaOH to remove diatoms that
otherwise would distort the grain-size distribution of
the mineral fraction, then shaken in Na hexameta-
phosphate to disaggregate the sediment for1 h prior
to analysis.

(3) Organic-matter and inorganic-carbon content,
and bulk density were measured on 1 cm3 of sediment
sampled at 5 cm intervals on all cores. Each sample
was dried at 90°C for 6 h, then weighed to measure
dry bulk density. Organic-matter (OM) content was
approximated by weight loss on ignition (LOI) by
combusting samples at 550°C for 2 h. Samples were
subsequently heated at 1000°C for 2 h and reweighed
to estimate total inorganic carbon (IC) content.

(4) Organic carbon, nitrogen, and 13C/12C ratios
were analyzed on acid pre-treated samples by a Finni-
gan Delta Plus mass spectrometer. Isotope results are
reported in �-notation �� � ��Rsample/
Rstandard� � 1�*1000, where R � 13C/12C) expressed
relative to the international standard Peedee Belem-
nite (VPDB). Analytical precision for bulk organic
�13C is better than ±0.1‰.

(5) For biogenic-silica (BSi) analysis, sediment
was freeze-dried and ground to powder. BSi was ex-
tracted from � 100 mg of sediment with 10%
Na2CO3 and the concentration determined with a
spectrophotometer (Spectronic Genesys5) following
the procedure of Mortlock and Froelich (1989).

(6) Diatom assemblages were determined using
standard procedures (Battarbee et al. 2001), with400
diatom valves identified and enumerated for each
sample.

(7) Thirty-nine radiocarbon (14C) ages were ob-
tained from the four cores, plus one from a living
aquatic plant. Most of the samples (31), including all
23 from AL-4, comprised macrofossils derived from
sediment intervals typically 2 cm thick (Table 1).
Macrofossils were hand-picked from the150 µm frac-
tion; they included a mixture of detrital wood, seeds,
insects, and mosses, although some were composed
entirely of wood. Core AL-4 yielded the most mac-
rofossils. Because macrofossils were sparse in other
cores, we dated organic fractions derived from bulk
sediment, including six humic acid and two humin
extracts, all processed at the University of Colorado’s
INSTAAR Laboratory. In addition, three samples
were prepared using a standard pollen preparation
procedure (Faegri et al. 1992) to yield a concentra-
tion of finely disseminated pollen, charcoal, and uni-
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Table 1. AMS 14C ages, Arolik Lake.

Depth Sample 14C age Calibrated age Lab-ID
(cm) type* (yr BP) (cal yr BP)† (NRSL)

Lake surface aquatic plant 1.0763±0.0043 (fraction modern) 10541
Core AL-4
3–5 mixed macrofossils 2390±65 2525±180 11363
11 wood 2590±85 2660±115 11364
64–66 wood 2800±45 2900±50 11365
111–112 leaves+other macros 5295±30 6080±90 86531††

136–138 mixed macrofossils 6150±55 7060±115 11366
158–159 moss 7515±35 8295±75 86532††

182 wood 8310±65 9310±160 11367
200–201 wood 8905±35 10,040±125 86533††

246–248 mixed macrofossils 9960±95 11,395±165 11368
253–255 wood (small sample) 10,550±230 12,505±395 79689††

277–278 single twig 11,850±40 13,845±185 79690††

319–321 mixed macrofossils 10,970±75 13,010±120 11369
330–333 moss (small sample) 7160±210 7965±210 81525††

362–363 large wood 13875±50 16650±235 81526††

362–364 moss 13,650±110 16,390±260 81527††

366–368 mixed macrofossils 9880±55 11,250±50 11544
392–393 mixed macrofossils 12,490±80 14,855±565 81528††

422–424 mixed macrofossils 13,190±65 15,860±230 11545
480–482 mixed macrofossils 15,890±75 18,975±305 11546
691–693 mixed macrofossils 20,530±130 24,000±1000 11370
745–749 mixed macrofossils 24,800±140 28,000±1000 11547
798–800 mixed macrofossils 28,500±220 32,000±1000 11371
849–851 mixed macrofossils 30,730±260 33,000±1000 11372
Core AL-3
49 wood 6180±45 7100±100 10542
88 wood 8850±55 9970±180 10543
90–91 humins 9700±95 11,010±190 10938
139–141 mixed macrofossils 10,700±60 12,780±140 10544
181–183 mixed macrofossils 8130±80 9130±120 11542
202–203 humic acids 14,600±85 17,490±270 10545
207–209 mixed macrofossils 11,250±60 13,250±110 11543
279 wood 16,500±85 19,670±320 10546
350–351 humic acids 25,700±210 28,000±1000 10547
397–398 humic acids 24,900±200 27,000±1000 10548
530–531 humic acids 28,900±280 32,000±1000 10549
616–617 humic acids 29,800±450 33,000±1000 10550
617–619 mixed macrofossils 22,150±230 25,000±1000 26592**

620–621 humin 34,300±410 35,000±1000 10939
692–693 humic acids 32,700±600 35,000±1000 10551
Core AL-2
203–204 pollen concentrate 20,500±150 24,000±1000 11073
400–403 pollen concentrate 2,5900±140 28,000±1000 11061
507–508 pollen concentrate 16,050±95 19,160±320 11062
Core AL-6
558 wood 12,440±65 14,820±570 11548

*Mixed macrofossils=various proportions of mosses, sedges, and seeds, leaves, wood frags, and insects; pollen concentrate=finely dissemi-
nated pollen, charcoal, and unidentified humified organic matter.
†Calibrated ages according to Stuiver et al. (1998) presented as the midpoint±one-half of the 1� range; ages older than 20 14C ka were
calibrated using a graphical interpretation of Figure 1A in Kitagawa and van der Plicht (1998) and an assumed uncertainty of ±1000 yr.
**NSF-University of Arizona Laboratory (AA).
††Lawrence Livermore National Laboratory, Center for Accelerator Mass Spectrometry (CAMS).
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dentified humified organic matter. 14C ages <20 ka
were calibrated using the mid-point±one half of the
1� range of all calibrated-year intercepts specified by
CALIB (Stuiver et al. 1998). Calibrated-year ages for
samples20 ka were estimated graphically using the
U/Th calibration of Kitagawa and van der Plicht
(1998). All ages are reported in calibrated years.

Results

Litho- and acoustic stratigraphy

Numerous subbottom acoustic images indicate a total
sediment thickness in Arolik Lake of20 m in the deep-
est basin. The profiles show a consistent succession
of sub-parallel acoustic stratigraphic units with no
evidence for mass movements. Five units were iden-
tified (Figure 3); they thicken in the basins and thin
over the sills and toward the lake margins. (1) The
oldest strata observed consist of well-layered acous-
tic reflectors, up to 9 m thick, that were not penetrated
by our cores. (2) The basal unit is overlain by a 2- to
5-m-thick homogenous interval, the top of which was
recovered at the base of the longest cores. (3) The
homogenous interval is followed by 1–2 m of acous-
tically layered strata that we correlate with the clay-
rich unit penetrated by three cores (see below). (4)

Overlaying the acoustically layered unit is at least 2
m, and, in places, as much as 5 m of acoustically ho-
mogenous strata capped by (5) a 2- to 3-m-thick unit
that exhibits strong acoustic reflectors related to Ho-
locene tephra beds near the top of the cores.

Three core sites were selected to sample a range
of sedimentation rates. Core AL-6 was from the main,
proximal basin, where thickening of seismic reflectors
indicates that sedimentation rates are highest. Core
AL-3 was from the sill separating the proximal and
distal basins, where sedimentation rates are lowest.
Cores AL-2 and AL-4 were from the secondary, dis-
tal basin, with intermediate sedimentation rates.
These two cores also contained the highest concen-
tration of vegetation macrofossils. Core AL-4 re-
ceived the most attention analytically. Results from
the other cores are presented to demonstrate the con-
sistency and integrity of the stratigraphic record.

Sediment recovered in the four cores is dominated
by silty mud varying from weakly to strongly lami-
nated (0.2- to 0.5-cm-thick laminations) (Figure 4 ).
Laminations are defined by slight variations in par-
ticle size and by variations in color. The cores con-
tain interbeds of mud and detrital organic material
and at least six prominent tephra layers. The tephras
appear as distinct beds of angular, very fine to me-
dium sand-sized pumice grains, glass shards, and pri-
mary minerals. A distinctive � 1-m-thick unit of

Figure 3. Arolik Lake subbottom acoustic stratigraphy. Main panel shows transect A–A� (Figure 2B); panel on right is from near core site
AL-4. The 8.6-m-long magnetic susceptibility (MS) record from core AL-4 (Figure 4) is plotted along side the acoustic profile. Note the
thicker acoustic-stratigraphic units at the core site; correlations between major units shown by dotted lines with arrows. Depth scale for both
profiles is inferred using a travel velocity of 5000 ft s−1.
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weakly bedded clay ( � 50% clay and � 20% fine
silt) containing angular granules (and one large peb-
ble) is found in the three longest cores. The clay-rich
unit is traceable throughout the lake in the acoustic
stratigraphy.

14C chronology

On the basis of 14C dating and stratigraphic correla-
tions, three of the four cores (AL-2, AL-3, and AL-4)
penetrated sediments � 30 ka or older. Of these three
cores, the chronology from AL-4 is based on more
macrofossil samples than other cores (Figure 5; Ta-
ble 1); we therefore focus our discussion and conclu-
sions on this core. Of the 23 14C ages from core AL-4,

Figure 4. Lithostratigraphy, 14C ages, and magnetic susceptibility (MS), organic-matter (OM) and inorganic-carbon (IC) (based on loss on
ignition (LOI)), and bulk density for all cores, particle-size distribution for cores AL-2, AL-3, and AL-4, and biogenic silica (BSi) for core
AL-4.
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six were rejected because they fall off the uniform
trend defined by the other ages. The rejected ages are
younger than expected, probably due to contamina-
tion by an unknown source and because some were
too small for an accurate analysis (cf. Oswald et al.
(2002)). We rejected the younger ages because they
result in tephras ages that are too young compared
with correlative tephras in core AL-3 (see below) and
in a core taken from Nimgun Lake, 24 km northeast
of Arolik Lake (DSK, unpublished data). One of the
rejected ages was taken from 10 cm below a promi-

nent, 25-cm-thick tephra bed that we provisionally
correlate with the major, well-dated eruption of
Aniakchak Volcano at 3.6 ka (Waythomas and Neal
1998), suggesting that the associated 14C age is at
least 700 yr too young.

We attribute the � 2 ka age at the top of core AL-4
to losing the upper few decimeters of the core top
(common with percussion coring equipment), rather
than to a hardwater effect. The absence of carbon-rich
lithologies in the drainage indicates that a hardwater
effect is unlikely. A date on a single fragment of wood

Figure 4. Continued.
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from 362 to 363 cm depth overlaps with a date on a
mix of macrofossils, including aquatic material, from
the same level (Table 1). In addition, living aquatic
plants dredged from Arolik Lake yielded 14C activity

of the post-bomb era (Table 1), further indicating the
lack of a significant hardwater effect.

To derive an age model for AL-4, we subdivided
the core into three intervals and fit separate trend lines

Figure 4. Continued.
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to each (Figure 5). The four 14C ages from the lowest
segment were fit with a second-order polynomial
(R2=0.991), indicating decreasing sedimentation rates
upward through this interval. The middle segment,
including twelve 14C ages and one correlated tephra
age, was also fit with a second-order polynomial
(R2=0.994). This segment was extrapolated down-
ward through the clay-rich layer, where the trend line
meets the top of the lower segment, and was extended
upward to the base of the 3.6±0.1 ka Aniakchak (?)
tephra at 55 cm. The upper segment extends from the
top of the tephra (27 cm), assumed to have been de-
posited instantaneously, through two additional 14C
ages, and was fit with a linear trend (R2=0.980). The
average sedimentation rate in AL-4 is 0.27 mm yr−1.
Despite the relatively good fit of the model to the
data, we recognize that each calibrated 14C age has

an associated error of ±100–300 yr (more for ages20
ka), and therefore, our modeled ages have uncertain-
ties of at least a few hundred years.

Core AL-3 yielded macrofossils for seven 14C ages
(Table 1). The ages were fit with a power function
(R2=0.967) after excluding one aberrant result (Fig-
ure 5). The overall sedimentation rate is similar to
that of nearby core AL-4, and the rate apparently de-
creases upward. The accuracy of the macrofossil ages
is supported by tephrostratigraphic correlations with
core AL-4 (see below). Ages on macrofossils are con-
sistently younger than the ages on humic and humin
extracts. The difference in age between macrofossils
and the organic extracts increases systematically with
age. At � 90 cm depth, macrofossils date to � 10 ka,
whereas the age on the humin fraction is � 1000 yr
older. At 620 cm depth, macrofossils date to � 25 ka,

Figure 4. Continued.
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� 10,000 yr younger than the humic acid fraction
from the same sediment. Elsewhere in the Arctic, ages
of macrofossils are younger than those of bulk sedi-
ment and organic extracts from lake sediment (e.g.,
Abbott and Stafford (1996) and Miller et al. (1999)).
Our data show further evidence of potential errors as-
sociated with ages on these organic fractions.

No age model was derived for core AL-2 because
the core lacked dateable quantities of macrofossils.
By comparison with AL-4, this core probably pene-
trated sediment as old as � 40 ka. Our attempt to date
concentrated disseminated organic matter from pollen
preparations on core AL-2 was unsuccessful. Al-
though we cannot compare these pollen-preparation
ages with macrofossils ages, the lowest sample (507
cm) yielded the youngest of the three ages, whereas
stratigraphic correlation with AL-4 indicates that the
other two ages are unexpectedly old.

Magnetic susceptibility and tephra correlations

Magnetic susceptibility (MS) provides a non-destruc-
tive, quantitative measure reflecting a combination of
sediment properties (density, mineralogy, organic
content; e.g., Thompson and Oldfield (1986)). We use
MS to correlate cores within and among lakes. MS
profiles exhibit major fluctuations in all cores (Fig-
ure 4). Prominent peaks in MS coincide with tephra
layers. A systematic analysis of the tephras has not
been completed, but inspection under binocular mi-

croscope indicates that MS is related to proportion of
mafic minerals, and the abundance of microlitic glass.
MS is moderately high through the prominent tephra
near the top of the core (Aniakchak ?). The highest
values are associated with the � 15.1 ka, mafic,
� 5-cm-thick, sandy tephra, although MS values are
somewhat lower for the correlative unit in AL-6. The
lowest MS was consistently measured in the clay-rich
intervals of each core, suggesting a change in source
material, or a dilution effect.

The tephra beds and their associated MS spikes
form prominent markers that can be used to correlate
among the four cores (Figure 6), and further support
the stratigraphic consistency of the sedimentary se-
quence across the lake. The correlations show system-
atic differences in the sedimentation rates among the
core sites, consistent with their 14C chronologies. The
modeled ages of the six correlated tephra beds and the
top of the clay-rich unit differ by an average of 2%
between cores AL-3 and AL-4 (Table 2). The slightly
younger ages in AL-3 might be attributed to the less-
accurate 14C age model for that core. Regardless, the
overall similarity in tephra-correlated ages lends con-
fidence to the integrity of the chronological control.

Grain size and bulk density

Grain-size changes in Arolik Lake probably reflect
changes in provenance of sediment sources (e.g., an
influx of tephra or an inflow of glacial meltwater), the

Figure 5. Age models for cores (A) AL-3 and (B) AL-4. Models discussed in text. Ages are midpoints ± one half of 1� ranges (error bars)
for the calibrated ages (data listed in Table 1). Ages shown as open symbols were excluded from calculations.
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Figure 6. Correlations among cores based on magnetic susceptibility (MS) profiles. Major MS peaks coincide with mafic- and microlite-rich
tephra layers of unknown sources.
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proximity of the sediment source to the core site (e.g.,
migration of inflow channel, or the dynamics of the
depositional environment (e.g., lake-level fluctua-
tions)). Overall, sediment grain size in Arolik Lake is
dominated by medium silt (Figure 4). The most prom-
inent shift in grain size is the � 1-m-thick, clay-rich
interval in the three oldest cores. Percent clay doubles
between consecutive samples across the lower bound-
ary of this interval, and is reduced by one half across
the upper contact; coarse silt and sand are nearly ab-
sent. Other abrupt changes in grain size are associ-
ated with tephra beds. These typically contain a
higher proportion of sand grains, although some are
finer and not all tephra layers are represented by the
5-cm-sample interval. In addition to these abrupt
changes, all cores exhibit a gradual upward coarsen-
ing of grain size. In core AL-4, the proportion of
grains4 µm (medium silt and coarser) increases from
� 60% in the bottom � 1.5 m to � 75% in the up-
per 2.5 m, while fine silt and clay decrease by � 15%
from bottom to top.

Down-core changes in bulk density reflect changes
in sedimentology and compaction. Dry sediment bulk
density ranges from 0.3 to 1.5 g cm−3 and averages
� 0.8 g cm−3 (Figure 4). Values generally increase
with depth, although the clay-rich interval, and some
tephra, exhibit the highest bulk densities.

Loss on ignition (inorganic carbon and organic
matter)

Changes in inorganic carbon (IC) content reflect
changes in sediment sources and possibly endogenic
production. IC content is low in Arolik Lake sedi-
ment, averaging � 1.2% (Figure 4). Holocene sedi-
ment contains a slightly higher proportion of IC com-

pared to Pleistocene sediment, but is too low to draw
paleoenvironmental inferences.

Organic-matter (OM) content reflects a number of
factors, including aquatic productivity, input of detri-
tus from terrestrial vegetation, and the flux of mineral
matter to the lake (e.g., Engstrom and Wright (1984)
and Meyers and Ishiwatari (1993)). OM content
ranges from 2 to 10% in Arolik Lake sediment (Fig-
ure 4). Overall, OM varies slightly among the cores
and is highest (average=5%) in AL-4. Tephra layers
contain the least OM; Holocene sediment contains the
most (6–7%), with a relatively rapid increase near the
Pleistocene–Holocene transition. In cores AL-3 and
AL-4, OM content is lowest ( � 3%) in the interval
between the base of the clay-rich interval upward to
tephra E, dated at � 18.6 ka in AL-4. The interval
below the clay-rich unit exhibits an intermediate
amount of OM (4–5%). In core AL-2, however, most
of the sediment below the clay-rich interval contains
little OM (3–4%). Only the lowest 50 cm of this core
attains OM values comparable to the Holocene sedi-
ment.

Biogenic silica

Biogenic silica (BSi) content is a measure of the
abundance of diatoms preserved in lake sediment,
which are commonly the main primary producers in
lakes (Wetzel 1983). Down-core variation in BSi re-
flects a number of factors, including physical and
chemical properties of the water column, nutrient and
light availability, as well as dilution by organic and
mineral matter (e.g., Colman et al. (1995)). In AL-4,
the only core analyzed, BSi content is relatively high
( � 5–21%) (Figures 4 and 7). It decreases from 33 to
24 ka, and shows several fluctuations during the early
portion of this period. BSi is uniformly low ( � 2.5%)
in the clay-rich unit between 24 and 22 ka. It then in-
creases to 5% by 21.0 ka, followed by a more gradual
increase to � 10% by 15.0 ka. During the last gla-
cial-interglacial transition (15–10 ka), BSi fluctua-
tions are most pronounced. During the Holocene, it is
consistently high (17% with the exception of two
samples) and is marked by continued fluctuations.

Carbon and nitrogen

The elemental and isotopic composition of organic
matter is useful in distinguishing aquatic from terres-
trial sources (e.g., Meyers and Ishiwatari (1993)). The
C/N of AL-4 samples (the only core analyzed) ranges

Table 2. Prominent stratigraphic markers and their modeled ages,
Arolik Lake cores AL-3 and AL-4.

Marker AL-3 AL-4

Depth Age Depth Age

(cm) (ka) (cm) (ka)

Tephra A 10 3.3 55 3.4

Tephra B 35 6.1 110 6.1

Tephra C 135 12.1 255 12.4

Tephra D 200 14.7 330 15.1

Tephra E 300 18.1 440 18.6

Top of clay 400 20.9 570 21.8

Tephra F 530 24.0 700 24.6
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from � 9 to 14 (Figure 7). C/N is relatively high
(12–14) but variable in sediment older than � 22 ka.
The ratios decrease sharply at � 22 ka, just above the
top of the clay-rich layer, and attain their lowest and
least variable values during the subsequent � 5000 yr
interval. C/N fluctuates markedly between 250 and
300 cm, just prior to the Holocene, and are moder-
ately variable during the Holocene, averaging � 11.

The �13C of the organic matter ranges from about
−30.0 to −25.5‰. Values generally increase from the
base of the core to the top of the clay-rich layer, then
decrease to their minimum value � 14 ka (280 cm).
From this minimum, �13C values increase upward by

more than 4‰, reaching their highest values at the top
of the core.

Diatoms

We analyzed a few sediment intervals (in AL-2) for
diatom assemblages to interpret the paleoenviron-
mental changes associated with the major lithostrati-
graphic transition associated with the clay-rich inter-
val. One of the two samples from the clay-rich
interval (AL-2, 316 cm) had too few diatoms (only
four valves were found along three transects of the
coverslip) for environmental inferences. The second

Figure 7. Comparison between proxy environmental indicators in Arolik Lake sediment compared with �18O of Greenland ice and June
insolation for the last 34 ka. Paleoproductivity indices from AL-4 include: �13C and C/N composition of organic matter, and the weight
percent of organic matter (OM) and biogenic silica (BSi) content. Time scale for AL-4 is based on age model shown in Figure 5B. Time scale
for the Greenland ice core (GISP) from Meese et al. (1994); available from World Data Center-A for Paleoclimatology, National Geophysical
Data Center, Boulder, Colorado). Insolation from Berger and Loutre (1991).
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sample from the clay-rich interval (AL-2, 340 cm)
also contained a low concentration of diatoms, al-
though sufficient to analyze. In addition to the much
lower concentration of valves, the most striking dif-
ference between the diatom assemblage of the clay-
rich sample compared to samples from above and
below this interval is its lower proportion of plank-
tonic taxa (Table 3). This reduction in planktonic
forms is primarily driven by the decline in Cyclotella
spp. (mostly C. tripartita, C. rossii, and C. comensis),
which are largely replaced by small benthic Fragi-
laria spp. (F. brevistriata, F. pseudoconstruens, F.
pinnata).

Discussion

Glacial-lake overflow into Arolik Lake during the
last glacial maximum

Our glacial-geologic mapping shows that an ice-mar-
ginal lake formed within the unnamed basin adjacent
to Arolik Lake as the Goodnews River valley outlet
glacier expanded to the G4 moraine (Figure 2A). The
ice-dammed lake attained a surface area of � 2 km2

before reaching its threshold at � 156 m asl ( � 500
ft) and spilling northwestward into Arolik Lake. Evi-
dence for the former ice-dammed lake includes: (1)
rhythmically laminated, inorganic mud exposed in a
river bank at the bottom of the unknown tributary
valley; (2) a large kame delta bordering the G4 mo-
raine at � 156 m asl; (3) a series of wave-cut shore-
line scarps that rim the valley walls up to � 156 m;
and (4) an overflow notch at the basin threshold, also
at � 156 m. In addition, the overflow from the ice-
dammed lake is recorded as an abrupt change in the
sediment within Arolik Lake.

We interpret the interval of clay-rich sediment to
represent the overflow of this ice-dammed lake dur-

ing the LGM, and the granules and pebble to record
ice-rafted detritus. The clay-dominated grain size
probably resulted from the settling of silt-sized par-
ticles in the ice-dammed lake prior to spillover into
Arolik Lake. The interpretation of this unit is sup-
ported by the almost complete absence of diatoms in
one of the samples from this interval, and a reduction
in planktonic species in the other (Table 3). Restricted
ice-free conditions, which have been used to explain
the dominance of benthic diatoms as well as sparse
diatom floras in deep high-arctic lakes (reviewed in
Douglas and Smol (1999)), may be responsible for
the strong shifts in the Arolik Lake diatom assem-
blage. The sparse and benthic-dominated diatom as-
semblage might also have been promoted by de-
creased light availability and increased sedimentation
rates. These are consistent with the high clay content
of the sediment, which probably records a turbid wa-
ter column. Such an environment would reduce the
competitiveness of planktonic diatoms, as they would
have to remain buoyant in a more restricted photic
zone. The relatively high abundance of the small
benthic Fragilaria in the Holocene sample (i.e. 100
cm) is difficult to explain at present. Regardless,
changes in the diatom flora support the suggestion
that glacier meltwater entered Arolik Lake during the
deposition of the clay-rich sediment. BSi content is
lower in the clay-rich interval than anywhere in AL-4,
consistent with the sparse diatom counts in indicating
low aquatic productivity, or perhaps dilution by rapid
clay deposition, or both. The low OM content with
relatively high C/N suggests that, of the little organic
matter that was deposited during the period of glacial
inflow, much of it was derived from terrestrial rather
than aquatic sources.

The 14C age of the clay-rich unit closely dates the
maximum ice extent in the Goodnews River valley.
The age of the base of this interval is well constrained
by a 14C age of � 24 ka at 693–691 cm, 10 cm be-

Table 3. Principal diatom genera (% relative abundance), Arolik Lake core AL-2.

Depth Achnanthes Aulacoseira Cyclotella Cymbella Navicula Small benthic Total

(cm) Fragilaria plankton

100 11.0 9.8 42.5 2.0 4.6 18.2 55.1

129 2.7 1.4 71.3 3.6 4.8 8.4 72.9

316* - - - - - - - - - - - - - - - - - - - - - - - - - - - very sparse diatom flora - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

340* 12.8 10.1 18.3 4.7 6.4 30.6 28.4

428 11.7 2.0 54.4 1.4 13.8 5.3 57.0

452 11.2 5.1 62.7 1.0 11.7 1.0 67.8

*Sample from clay-rich interval.
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low the interval. The closest 14C age to the top of the
clay is 95 cm above it, at 481 cm (Figure 5). Extrap-
olating the second-order polynomial fit to the top of
the clay-rich interval yields an age of � 22 ka. Thus
the outlet glacier in the Goodnews River valley
reached its LGM limit � 24 ka; the glacier stabilized
long enough to construct the prominent G4 moraine,
then retreated � 22 ka when meltwater overflow
ceased.

This age can be compared with a previously pub-
lished 36Cl age on a moraine formed by another out-
let glacier of the Ahklun Mountain ice cap located
� 45 km to the northeast and traceable to the Good-
news River valley moraine (Figure 1; Briner and
Kaufman (2000)). The 36Cl age of 19.6±1.4 ka (n=4
boulder samples) (Briner et al. 2001) overlaps at ±2�
with the 14C-modeled age at the top of the clay-rich
interval in AL-4, which marks the cessation of melt-
water overflow. If the surface-exposure age is
younger, it might indicate a lag between deglaciation
and moraine stabilization, or abandonment of the ice-
dammed-lake overflow prior to complete retreat of ice
from the G4 moraine. Alternatively, the Cl production
rates used to calculate the exposure ages might be
slightly high. Regardless, once the glacier retreated,
it restabilized � 20 km upvalley where it deposited
the G3 moraine (Figure 1). The age of this moraine is
constrained by a close minimum-limiting 14C age of
19,950±250 yr (Manley et al. 2001).

Glaciers around the globe reached their maximum
extent sometime around 25–15 ka, but the age of the
LGM varies from place to place. Only in a few places
is the age of the local LGM known within narrow
limits, especially in Alaska (Hamilton 1994). Differ-
ences in the timing of the local LGM reflect the mod-
ulation of large-scale forcing by regional-scale fea-
tures of the climate system. In the Goodnews River
valley, the principal outlet glacier emanating from the
Ahklun Mountain ice cap expanded to its LGM limit
as summer insolation at this latitude reached its mini-
mum; it retreated as insolation increased slightly (Fig-
ure 7). The synchroneity between summer insolation
and ice extent suggests that the mass balance of the
outlet glacier responded sensitively to summer tem-
perature, or to other changes in the climate system
related to insolation forcing. For example, anticy-
clonic circulation over the Laurentide ice sheet may
have driven southeasterly moisture into eastern Ber-
ingia during the full glacial (Bartlein et al. 1998),
providing the additional moisture for the outlet gla-
cier in the Goodnews River valley to attain its LGM

position. On the other hand, BSi and OM in AL-4
show that paleoproductivity declined to its lowest lev-
els as the glacier reached its LGM position, indicat-
ing that temperature reduction, not moisture increase,
drove the positive glacier mass balance that lead to
the LGM expansion. In contrast, the readvance of lo-
cal (cirque-sourced) alpine glaciers 18–16 ka indi-
cates that moisture availability rather than tempera-
ture reduction drove subsequent, short-lived positive
mass-balance changes in the southwestern Ahklun
Mountains (Briner and Kaufman 2000).

Long-term trends in the sediment record

Variations in our multi-proxy records in four cores
from Arolik Lake show consistent overall trends that
reflect major paleoenvironmental changes. OM and
BSi in sediments from other lakes studied previously
in southwestern Alaska fluctuated in concert with glo-
bal climatic changes and appear to respond to climatic
variations interpreted based on pollen data (Hu et al.
2002). In Arolik Lake sediment, these indices of pro-
ductivity show important similarities and differences
compared with other records of paleoclimatic change,
including oxygen isotopes in Greenland ice (GISP2;
Meese et al. (1994)), and with insolation forcing
(Berger and Loutre 1991) (Figure 7).

We focus this discussion on core AL-4, where the
sedimentation rate is relatively high and the geochro-
nology most reliable, and subdivide the record into
four broad intervals (Figure 7): (1) late interstadial
( � 33–30 ka; 860–770 cm); (2) full glacial ( � 30–15
ka; 770–330 cm); (3) transitional ( � 15–11 ka; 330–
220 cm); and (4) interglacial (=Holocene; 11–2 ka;
220–0 cm).

Late interstadial

During the first half of the late interstadial interval,
which correlates with the end of the middle Wiscon-
sin interstadial (marine oxygen-isotope stage 3), OM
and BSi content reach peaks similar to those of the
transitional interval that followed the LGM. These
proxies record relatively high aquatic productivity, as
indicated by the high BSi content (up to 25%) with
fluctuations that largely parallel those of OM. In ad-
dition, �13C values are relatively depleted through
this interval, and the C/N ratios are moderate (except
for two samples), suggesting an aquatic source, or
mixed aquatic and terrestrial sources (cf. Naidu et al.
(2000) and Anderson et al. (2001)). Overall, these
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measures of aquatic productivity decrease through the
late interstadial interval, consistent with declining
summer insolation at this latitude. Superposed on the
overall decrease are three prominent peaks in BSi.
Although two of the peaks are represented by only
one sample, their rapidity and frequency are reminis-
cent of Dansgaard–Oesschger (D–O) events recorded
in Greenland (Dansgaard et al. 1993) and inferred
from other terrestrial (Grimm et al. 1993), marine
(Behl and Kennett 1996), and lacustrine (Prokopenko
et al. 2001) records. The geochronology and sample
resolution are not accurate enough, however, to relate
specific peaks in BSi and OM to specific D–O events,
nor to other rapid paleoenvironmental changes docu-
mented during the middle Wisconsin elsewhere in
Beringia (recently reviewed by Anderson and Lozh-
kin (2001)).

The lower section of AL-4 captured only a brief
interval of the last interstadial and probably did not
extend to the thermal maximum of the middle Wis-
consin. Nonetheless, indications of relative warmth
late during the middle Wisconsin at Arolik Lake are
consistent with other paleoenvironmental records in
eastern Beringia (the Boutellier Interval of Hopkins
(1982)). For example, peat and organic silt of the up-
per unit of the Etolin complex (middle Wisconsin)
exposed in coastal bluffs of the Nushagak lowland,
130 km southeast of Arolik Lake, indicate that con-
ditions were cooler than modern (Lea et al. 1991), but
warmer and more mesic than those of the of the full
glacial interval. This is consistent with the OM and
BSi values from 33 to 30 ka in AL-4, which are con-
siderably higher than during the subsequent glacial
interval, but overall are about 30% lower than Ho-
locene values.

Full glacial

The glacial interval is marked by the lowest OM
(<4%) and BSi (<10%) values. This interval includes
the clay-rich unit deposited by the spillover of the
glacial-dammed lake during the local LGM. Rela-
tively high C/N and �13C values suggest an increased
proportion of organic matter from terrestrial sources
during the deposition of the overflow mud. Follow-
ing the cessation of meltwater input, C/N decreases,
suggesting an increase in aquatic-derived organic
matter. Above the clay-rich unit, grain size generally
coarsens, with less clay and fine silt, and more sand
and coarse silt. This coarsening might reflect in-
creased input of eolian material, consistent with other

evidence for increased aridity, windiness, and active
sandar area in Beringia (Hopkins 1982), and locally
in the Goodnews River valley. The sediment is still
finer, however, than in overlying units, suggesting
that far-travelled dust might be an important compo-
nent of clastic material during the last glacial inter-
val. As temperature warmed following the LGM, the
active layer deepened, possibly increasing the flux of
solifluction-delivered, coarse sediment to the lake
shores; although overall sedimentation rate did not
increase.

The proxy environmental indicators are more uni-
form during the full glacial interval than over any
other section of the core. OM and BSi decrease in
parallel with the decline in summer insolation during
this interval. The low productivity at Arolik Lake is
consistent with the low temperature represented by
�18O of Greenland ice, but no major shifts that might
be correlated with Heinrich events 1, 2, or 3 are ex-
hibited in Arolik Lake sediment.

Pleistocene–Holocene transition

The transitional interval is characterized by overall
increases in OM and BSi; both constituents approxi-
mately double over this � 4000 yr period. The tran-
sition is not smooth, but is marked by abrupt (centen-
nial-scale) fluctuations. These changes are not the
result of dilution by tephra; of the two prominent te-
phras in this interval, only tephra D (15.1 ka) was
sampled, and only for OM (Figure 7). The prominent
peaks in OM and BSi between � 14 and 13 ka are
associated with dramatic decreases in C/N and �13C,
suggesting an increase in the proportion of aquatically
derived organic matter. OM and BSi then decrease
abruptly between 13 and 12 ka, and C/N and �13C in-
crease, signaling a decline in aquatic productivity. By
11 ka, OM and BSi reach values on par with their
Holocene averages. Our low-resolution sampling in-
dicates generally synchronous changes in measures of
productivity in Arolik Lake sediment with �18O in
Greenland ice. Arolik Lake appears to have responded
quickly and sensitively to climatically driven changes
during the Pleistocene–Holocene transition; similar
responses have been document elsewhere in Alaska
(e.g., Mann et al. (2001) and Hu et al. (2002)) and
globally. Assessing the extent to which the paleoen-
vironmental changes archived in Arolik Lake lead or
lag other proxy climate records awaits the results of
more detailed analyses across this interval. The pres-
ence of a tephra layer (tephra C), which was depos-
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ited early during the Younger Dryas (12.4 ka), should
serve as an important stratigraphic marker, at least
regionally.

Holocene

Sediment deposited during the present interglacial
(Holocene) interval is characterized by overall high
OM (average=8%) and BSi (23%) contents, generally
twice that of the preceding glacial interval. OM and
BSi fluctuate considerably. C/N ratios fluctuate be-
tween 10 and 12, with no trend, suggesting a mixture
of terrestrial and aquatic OM. The steady increase in
�13C during this interval, suggests a progressive
change in carbon cycling in the system, or an increase
in lake productivity (Brenner 1999). Sediments
coarsen and exhibit less-distinct layering. These ob-
servations are consistent with an increase in the input
of solifluction-driven colluvium from adjacent hills-
lopes as the depth and duration of summer thaw in-
creased, and as permafrost became discontinuous dur-
ing the Holocene. Aquatic productivity would have
intensified in response to increased input of nutrients
associated with increased temperature and expended
vegetation cover (e.g., Horiuchi et al. (2000)).

The Holocene interval also includes by far the
thickest tephra layer that fell at Arolik Lake during
the past 33,000 yr (and longer, based on the lower
part of AL-2). As expected, OM and BSi reach their
minima in the tephra. The tephra fall does not appear
to have had a long-lasting impact on the aquatic pro-
ductivity, as OM and BSi recover to their pre-erup-
tion values immediately above the tephra (note the
interruption in the �13C and C/N trends, however)

The rapid and dramatic changes in OM and espe-
cially BSi in Arolik Lake sediment during the Ho-
locene contrast markedly with the oxygen-isotope
record from Greenland ice, which shows relatively
little variability during the Holocene compared to the
Pleistocene. The high variability in Arolik Lake sedi-
ment indicates considerable fluctuations in organic
productivity, or perhaps inorganic sediment input,
similar to that of the interstadial and transitional in-
tervals. Our chronology and sample resolution are
presently inadequate to address whether some of this
variability corresponds to Holocene climatic changes
documented elsewhere in the Arctic (e.g., Bond et al.
(2001)).

Conclusion

The � 33,000 yr record from Arolik Lake affords a
long-term perspective on paleoenvironmental change
in southwestern Alaska. It is one of a few such
records in northwestern North America that span from
the end of the last interstadial to the present. The sta-
bility of paleoproductivity indicators (especially OM
and BSi) during the glacial period ( � 30–15 ka) sug-
gests that, either these indicators remained insensi-
tive, despite climatic change during this interval, or
that few environmental changes took place. Climate
did change during this interval, however: the sedi-
mentological data show a dramatic shift as the Good-
news River valley filled with ice from the ice-cap
outlet glacier, which dammed an ice-marginal lake
that overflowed into Arolik Lake. This overflow, and
the maximum extent of glacier ice that it records, took
place in step with the summer insolation minimum at
60° N latitude, indicating that glaciers in southwest-
ern Alaska responded to large-scale forcing. A (re)ad-
vance of local alpine glaciers between 18 and 16 ka
(Briner and Kaufman 2000; Briner et al. 2001) and
the series of end moraines in the Goodnews River
valley (upvalley from the G4 moraine) shows that
climate continued to fluctuate in this region, although
the amount of OM and BSi in Arolik Lake sediment
did not.

In contrast to the glacial interval, the preceding in-
terstadial and the subsequent Holocene periods ex-
hibit much greater variability, either because environ-
mental changes were more frequent and dramatic, or
because the proxy indicators were more sensitive to
change during these intervals. We speculate that the
flux of water, sediment, and dissolved constituents
increased as the active layer deepened, and as runoff
and subsurface flow increased under warmer condi-
tions. Superposed on the overall increased aquatic
productivity, the lacustrine system seems to have re-
sponded more sensitively to climatically driven pale-
oenvironmental change during the interstadial and the
Holocene. The rapid and dramatic fluctuations in OM
and BSi throughout the Holocene, and the relatively
minor changes during the glacial interval, contrasts
markedly with paleoclimatic records from down-
stream of the Laurentide ice sheet that exhibit the op-
posite pattern.
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