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Physical and geochemical proxy analyses of sediment cores from Harding Lake in central Alaska are used
to reconstruct paleoenvironmental change and millennial scale ﬂuctuations in lake level for the last
w31,000 years. We analyzed a composite 422 cm core from the lake depocenter (42.1 m water depth)
and identiﬁed 4 distinct lithologic units based on variability in dry bulk density, organic matter, biogenic
silica, carbon to nitrogen mass ratios (C/N), organic matter carbon isotopes (d13C), pollen, and elemental
abundances via scanning X-ray ﬂuorescence, with age control provided by 16 Accelerator Mass Spectrometry radiocarbon dates and 210Pb dating. In addition, we analyzed a transect of cores from 7.1 m,
10.75 m, 15.91 m, and 38.05 m water depths to identify lake level ﬂuctuations and to characterize
sediment compositional changes as a function of water depth. Organic matter content and magnetic
susceptibility values in surface sediments from all transect cores show a strong correlation with water
depth. Interpretation of four lithologic units with well-dated contacts produced a record of water-depth
variations that is consistent with independent climate records from eastern Beringia. Basal coarsegrained sediments (quartz pebble diamicton) were deposited prior to 30,700 calendar years before
present (yr BP), possibly from ﬂuvial reworking or deﬂation during a period of severe aridity. Unit 1
sediments were deposited between 30,700 and 15,700 yr BP and are characterized by a low organic
matter content, a high magnetic susceptibility, and low biogenic silica concentrations resulting from very
low lake levels, low terrestrial and in-lake productivity and a high ﬂux of clastic sediment. An abrupt
increase in organic matter and biogenic silica concentration marks the transition into Unit 2 sediments,
which were deposited between 15,700 and 9,400 yr BP when lake levels were higher and variable
(relative to Unit 1). The transition to full interglacial conditions at 9,400 yr BP marks the beginning of
Unit 3. Here an abrupt increase in the sedimentation rate, organic matter and biogenic silica concentration occurs (along with a corresponding decrease to low magnetic susceptibility). These high values
persist until 8,700 yr BP, signifying a rapid rise to higher lake levels (in comparison to Units 1 and 2). Unit
4 sediments were deposited between 8,700 yr BP to 2010 AD and generally contain high concentrations
of organic matter and biogenic silica with low magnetic susceptibility, suggesting that lake levels were
relatively high and stable during the middle to late Holocene.
Ó 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The Tanana valley in the interior of Alaska, encompassing the
broad unglaciated lowland of eastern Beringia (Péwé, 1975)
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remained ice-free during the Last Glacial Maximum (LGM; 26,500e
19,000 calendar years before present [yr BP]). Regionally, glaciers
were restricted to the Alaska Range to the south and the YukonTanana Uplands to the north (Coulter et al., 1965). Evidence suggests much colder, drier, and windier conditions than at present
occurred during the LGM (Hopkins, 1982). However, these observations from interior Alaska, based on investigation of loess (Muhs
et al., 2003), frozen silt and permafrost (Hamilton et al., 1988), lake
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sediments (Nakao and Ager, 1985), and an alluvial basin (Matthews,
1974) are poorly resolved, discontinuous, and beset by chronological problems. For example, analysis of drilled cores from Harding
Lake (analyzed at sub-millennial scale resolution for pollen and
radiocarbon dated using bulk sediments) reveal an age reversal at
the core bottom but suggest lacustrine sediments span the last
26,500  400 14C years (Nakao and Ager, 1985). Several lake records
with basal ages of w15,000 yr BP from this region (Ager, 1975, 1983;
Abbott et al., 2000; Bigelow and Edwards, 2001; Carlson and
Finney, 2004) indicate substantial climatic change during the
Lateglacial period with increases in temperature and effective
moisture (precipitation minus evaporation). Cosmogenic exposure
(CE) dating of moraines has yielded several late Pleistocene glacial
records indicating the LGM glacial maxima occurred between
16,000 and 17,000 yr BP on the north slope of the Alaska Range
(Young et al., 2009; Matmon et al., 2010) and between 21,000 and
23,000 yr BP in the Yukon-Tanana Uplands (Briner et al., 2005).
While helpful, these records of moraine stabilization offer only
‘snap-shot’ views of paleoclimate and are of limited utility in documenting paleoclimatic conditions between dated glacier advances. Given the lack of continuous, well-dated paleoclimate
records spanning the LGM in interior Alaska and the need for records against which to compare paleoclimate model simulations
(eg. Otto-Bliesner et al., 2006), additional work is necessary to
investigate the timing and magnitude of late Quaternary climatic
change and the resulting paleoenvironmental effects in central
Alaska.
In this study, we present a w31,000 year record of paleoenvironmental change inferred from analyses of overlapping
sediment cores from Harding Lake. We analyzed multiple physical
and geochemical proxies (including dry bulk density, organic
matter, biogenic silica, carbon to nitrogen mass ratios (C/N), bulk
sediment organic matter carbon isotopes (d13C), pollen, and
elemental abundances via scanning X-ray ﬂuorescence), using
Accelerator Mass Spectrometry (AMS) radiocarbon and a surface
210
Pb proﬁle to establish age control. The Harding Lake sedimentary record continuously spans the period prior to the LGM
through to the present. In addition, we analyzed a depth transect
of cores from 7.1 m, 10.75 m, 15.91 m, and 38.05 m water depths to
track lake-level ﬂuctuations and to characterize shallow water
sediments. We compare the Harding Lake record to other regional
glacial and lacustrine records to examine the timing of paleoenvironmental responses to insolation forcing and the climatic
effects of the exposure and later submergence of the Bering and
Chukchi continental shelves during the late Pleistocene and
earliest Holocene.
2. Study site and regional setting
Harding Lake (64.42 N, 146.85 W; 217 m ASL) is located in the
interior of central Alaska in the Tanana valley, approximately 60 km
southeast of Fairbanks (Fig. 1). The maximum and mean water
depths are 43 m and 16 m, respectively. The lake has a surface area
of 9.88 km2 and a watershed area of roughly 20 km2 (LaPerriere,
2003). Harding Lake is oligotrophic and usually dimictic, with
overturning and mixing occurring in the spring and fall (LaPerriere,
2003). Infrequently spring overturn events do not occur, leading to
meromixis during these years. Water quality data collected in
March 2010 from core site D-10 (Fig. 1) reveal thermal and chemical
stratiﬁcation of the water column (Fig. 2). Surface lake water had a
temperature of 0.5 C, a speciﬁc conductivity of 0.102 mS/cm, a pH of
7.13, and dissolved oxygen of 12.95 mg/L. The oxygen (d18O) and
hydrogen (dD) isotopic values of lake water collected in July, 1996
were
12.59& and
116.91& (VSMOW), respectively. Water
isotope data from several lakes and rivers in the Tanana Valley
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(Wooller et al., 2012) show that Harding Lake water isotopic values
plot along the regional evaporation line, indicating that water loss
via evaporation is a considerable ﬂux in the lake hydrologic budget.
Surface inﬂow to the lake periodically occurs from the outﬂow
of Little Harding Lake (0.18 km2 lake surface area, 2.88 km2
watershed area) to the southwest and a small stream on the
northeastern shore. Harding is a topographically closed-basin lake
with respect to surface outﬂow. Lake levels are primarily controlled
by variations in the balance between evaporation and precipitation
falling directly on the lake surface, because of the small watershed
size (relative to the lake surface area) and the lack of a surface
outﬂow. Variability in lake levels have been noted in the recent
past; for example, low lake levels in the 1930’s and early 1970’s
were followed by higher lake levels in late 1970’s and early 1980’s
(LaPerriere, 2003). During times of low lake level, the shallow shelf
at the northern edge of Harding Lake is exposed. Review of historical aerial photos shows a relatively higher lake level in 1978 and
relatively lower lake levels in 1996 and 2003. Quantitative assessments of historical lake level changes are not available; however,
frequent exposure and submergence of the shelf along the northern
shore suggests ﬂuctuations on the scale of a few meters.
Harding Lake is located at the southern edge of the YukonTanana Uplands Physiographic Province, which is characterized
by rounded, gentle relief ridges and broad interﬂuves (Wahrhaftig,
1965). Tributary streams in the southern portion ﬂow south into the
Tanana River, including the Salcha River located north of Harding
Lake. Bedrock geology in the watershed consists of medium to high
grade pelitic schist (Wilson et al., 1998) with few exposures. The
majority of the landscape and low-relief hills to the south and east
of Harding Lake are mantled with loess (Blackwell, 1965). Extensive
sand dune and loess deposits exist throughout the Tanana River
Valley in the Fairbanks area (Péwé, 1975) along with discontinuous
permafrost (Jorgenson et al., 2008). Blackwell (1965) attributed the
origin of Harding Lake to aggradation of Tanana River during the
Delta Glaciation (penultimate) and damming of a tributary ﬂowing
south from the Yukon-Tanana Uplands. The formation of several
other lakes abutting the Yukon-Tanana Uplands, including Birch
Lake, Quartz Lake, and Chisholm Lake, are hypothesized to result
from the same process. Nakao et al. (1981) conducted a gravimetric
survey from the surface of Harding and Little Harding Lake and
suggested that a fault valley and trough exists underneath the area.
They concluded the lake formed as a result of tectonic activity and
faulting, and the subsequent damming of a small tributary resulting
from aggradation of the Tanana River (Nakao et al., 1981).
The regional climate is classiﬁed as Interior (Sub-Arctic), with
maximum summer temperatures above 30  C and minimum winter
temperatures below 40  C (Stafford et al., 2000). Climate data
from Fairbanks International Airport (Fig. 2; 64.818 N, 146.863 W;
135 m ASL; 1948e2010 AD) reveal average winter (Januarye
FebruaryeMarch) and summer (JuneeJulyeAugust) temperatures
of 18  C and 15.2  C, respectively. The Interior is bounded by the
Brooks Range to the north and Alaska Range to the south, which
produce signiﬁcant orographic barriers to moisture transport
leading to annual precipitation values ranging from 200 to 400 mm
(Stafford et al., 2000). Numerous studies suggest the location and
strength of the Aleutian Low and Siberian/Beaufort High pressure
cells have a strong inﬂuence on atmospheric circulation and temperature and precipitation patterns in interior Alaska (Mock et al.,
1998; Cassano et al., 2011). Speciﬁcally, warmer temperatures
occur when the Aleutian Low is strong and located over the Aleutian Islands, a scenario that produces a southerly air mass trajectory
(Cassano et al., 2011). Colder temperatures result when low pressure systems are positioned to the southwest of the Aleutian
Islands and over the Canadian Archipelago, along with an area of
high pressure centered over eastern Siberia (Siberian High).
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Fig. 1. A) Regional site location map of Alaska and the surrounding area. B) Shaded relief map of the Harding Lake area with sites mentioned in the text. Dashed lines are major roads
and solid lines are major rivers. C) Bathymetric map of Harding Lake showing 10 m depth contours and core sites (modiﬁed from Nakao and Ager, 1985).

3. Methods

10) with intact sedimentewater interface was recovered from
42.1 m water depth using a UWITEC surface corer. Upon recovery,
the ﬂocculate upper portion of the sediment was extruded in the
ﬁeld at 0.5 cm intervals to a depth of 34 cm. Multiple overlapping
long cores were recovered from core sites A-10 and B-10 in 38.05 m
water (64.422 N, 146.854 W), and C-10, D-10, and E-10 in 42.1 m
water (64.419 N, 146.858 W) using a 9 cm diameter UWITEC
percussion coring system. Core F-10 (64.425 N, 146.857 W) was
recovered from 7.1 m water depth using a square rod Livingston
corer. To better characterize shallow and intermediate water depth
sediments and to track lake-level ﬂuctuations, two additional cores
were recovered from an inﬂatable raft in July, 2012 (Fig. 1). Core A12 (64.425 N, 146.856 W) was recovered from 10.75 m water
depth and core E-12 (64.424 N, 146.856 W) from 15.91 m water
depth using a square rod Livingston corer. After recovery, all long
cores were sealed in plastic, capped, wrapped with duct tape, and
transported to the Department of Geology and Planetary Science at
the University of Pittsburgh.

3.1. Sediment coring

3.2. Geochronology

Sediment cores were collected through the ice from multiple
locations on Harding Lake in March, 2010 (Fig. 1). A surface core (D-

The composite core age model was developed from 210Pb dating
of surface sediments and AMS radiocarbon analyses of 16 terrestrial

Positive precipitation anomalies (wet conditions) are associated
with a weakened Aleutian Low positioned to the west over the
Aleutian Islands. In contrast, negative precipitation anomalies (dry
conditions) typically occur when the Aleutian Low is in a more
easterly position in the Gulf of Alaska, a conﬁguration that produces
more southerly winds and less moisture delivery across the Alaska
Range into the interior (Streten, 1974). The above synoptic climate
controls are more important for winter conditions due to their
association with the Aleutian Low pressure system, which is
stronger in winter months. In contrast, summer climate is more
inﬂuenced by mid-tropospheric variations of ridges and troughs
(Streten, 1974) that control atmospheric circulation and the resultant trajectory of air masses traveling to the interior. Instrumental
weather data from Fairbanks (Fig. 2) and across interior Alaska
indicate the majority of annual precipitation occurs during summer
months, with peak values typically occurring in July and August.
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Table 1
AMS Radiocarbon dates with calibrated 2 sigma error ranges. Samples highlighted
with an asterisk are stratigraphically reversed and not included in the depth to age
model.
Sample ID Core-drive Total Material
(UCIAMS #)
depth
(cm)
Core C-10/E-10 composite
89203
C10-D1
22.5
109356
C10-D1
36.5
89204
C10-D1
46.5
89205
C10-D1
65.0
89206
C10-D1
101.0
89207
C10-D1
165.0
89208
C10-D2
195.5
89209
C10-D2
200.5
89210
E10-D2
277.5
89211
E10-D2
281.0
109357
E10-D2
302.5
109358
E10-D2
320.5
* 109359
E10-D2
351.5
89212
E10-D2
362.5
* 109360
E10-D2
383.5
89213
E10-D2
412.5
Core A-12
131490
A12-D1
73.5
Core E-12
131489
E12-D1
93.5
131489
E12-D2
118.5
116879
E12-D2
120.5

Raw age
Error Calib age (2s)
(14C yr BP) (yr) (yr BP)

Charcoal
Charcoal
Wood
Seeds
Wood
Charcoal
Charcoal
Charcoal
Charcoal
Charcoal
Charcoal
Plant material
Seeds
Wood
Plant material
Charcoal

380
1,245
1,570
2,700
4,160
6,960
8,000
8,130
8,450
8,820
10,310
10,690
8,770
13,560
10,740
25,900

30
25
40
15
45
70
100
60
80
160
160
190
370
100
310
320

319e505
1,082e1,267
1,375e1,541
2,761e2,844
4,538e4,834
7,673e7,935
8,585e9,134
8,795e9,285
9,272e9,550
9,537e10,233
11,407e12,577
12,059e13,068
8,787e11,065
16,359e16,967
11,643e13,285
29,848e31,193

Seed

12,670

380

13,854e16,526

Wood
Wood
Wood

8,650
11,820
12,175

100
300
35

9,468e10,119
13,093e14,841
13,872e14,174

12 (Table 1) were analyzed to constrain the timing of sediment
deposition and subsequent lake-level ﬂuctuations at each core site.
Fig. 2. A) Physical water quality data from the Harding Lake water column at core site
D-10 (collected in March, 2010) and B) Average monthly weather data from Fairbanks
International Airport for the period 1948e2010 AD.

macrofossils (Table 1). Freeze dried and homogenized aliquots of
the top 15 cm of surface core D-10 were analyzed for radioisotope
(210Pb, 214Pb, 137Cs and 226Ra) activities by direct gamma counting
using a high purity germanium detector (Canberra model BE-3825)
with a closed-end coaxial well located in the Department of Geology and Planetary Science at the University of Pittsburgh. Detector
efﬁciency was determined by counting a Canberra MGS-1 multigamma standard for which peak efﬁciencies have been established
using a National Institute of Standards traceable standard. Excess
210
Pb activities were calculated by subtracting the background
214
Pb activity, sourced from in-situ decay of 226Ra within the sediment matrix, from the 210Pb activity sourced from direct atmospheric deposition. Sediment ages were calculated using the
Constant Rate of Supply (CRS) method, which accounts for variability in both the sedimentation rate and dry bulk density, according to the methodology of Binford (1990). Bulk sediment
samples were disaggregated and wet-sieved to separate terrestrial
macrofossils for AMS radiocarbon measurement. Organic samples
were pre-treated using standard acidebaseeacid wash techniques
(Abbott and Stafford, 1996) and were combusted, graphitized, and
measured at the W.M. Keck Carbon Cycle AMS Laboratory, University of California, Irvine. Radiocarbon ages were calibrated to calendar years BP (1950) using CALIB 6.0 and the INTCAL09 calibration
curve (Reimer et al., 2009). Radiocarbon samples from charcoal,
wood, plant material, and seeds (Table 1) were analyzed from the
composite core. An age-depth model was created using point to
point, linear interpolation with the classical age modeling (CLAM)
code for the statistical software R (Blaauw, 2010). In addition, one
radiocarbon sample from core A-12 and three samples from core E-

3.3. Lithostratigraphy
Sediment cores were split, described, and photographed at the
Department of Geology and Planetary Science at the University of
Pittsburgh. Notable sedimentary structures, grain-size, and Munsell
color were characterized for each core. A composite depth scale of
422 cm was created with surface core D-10, and long cores C-10
Drive 1, D-10 Drive 1, C-10 Drive 2, and E-10 Drive 2 based on
anomaly matching proxy data (Fig. 3) and visible stratigraphic
markers. Thirty, 1 cm samples (spanning the entirety of the composite record) were analyzed via smear-slide mineralogy and
described according to the lacustrine sediment classiﬁcation
scheme of Schnurrenberger et al. (2003). Dry bulk density and
weight percent organic matter values were measured on all cores at
continuous 1 cm intervals via loss-on-ignition (LOI) at 550  C for 4 h
(Heiri et al., 2001). Magnetic susceptibility was measured on all
split cores at 2 mm intervals using a Bartington MS2 Magnetic
Susceptibility Meter.
Weight percent Biogenic Silica (BSi) was measured at 2 cm intervals on 209 samples (including 20 replicates) from the composite
core using a wet-chemistry, alkaline extraction adapted from
Mortlock and Froelich (1989). Prior to analysis wet samples were
freeze-dried, homogenized to a ﬁne powder, and treated with 30%
H2O2 and 1 M HCl to remove organic matter and carbonate minerals,
respectively. BSi was extracted with a 10% Na2CO3 solution and
determined by molybdate blue spectrophotometry at 812 nm
(Mortlock and Froelich, 1989) using a Thermo Scientiﬁc Evolution 60s
UVeVisible Spectrophotometer. Replicate measurements of internal
sediment standards from Laguna de Los Anteojos (Stansell et al., 2010)
run during sample analysis produced an average error of 3.1%.
Carbon to nitrogen mass ratios (C/N) and bulk sediment organic
matter stable isotopes of carbon (d13C) were measured at 1 cm
intervals from 0 to 25 cm and at 2 cm intervals over the remainder
of the composite core at the Stable Isotope Laboratory at Idaho State
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(Faegri et al., 1989), plus heavy-liquid separation (sodium polytungstate; Elias et al., 1999) and extra sieving for silt- and sand-rich
samples. The pollen sum was typically 300 terrestrial pollen
grains, excluding spores and aquatic taxa, but lower in the inorganic basal 80 cm. Pollen reference material held at the University
Southampton was consulted when necessary. The pollen diagram
was plotted using TILIA software (Grimm, 1990).
4. Results and interpretations
4.1. Sediment core geochronology

Fig. 3. Magnetic susceptibility for cores C-10, D-10, and E-10 recovered from 42.1 m
water depth showing the anomaly match used to construct the 422 cm composite
depth scale. Gray bars indicate the major anomalies present in each core.

University. Total organic carbon (TOC), total nitrogen (TN), and
organic matter d13C measurements were obtained using an
Elemental Combustion System 4010 interfaced to a Delta V
Advantage mass spectrometer through the ConFlo IV system.
Samples were treated with 1 M HCl to remove carbonate minerals
and subsequently freeze-dried and homogenized prior to analysis.
The mass ratio of TOC to TN (C/N) was calculated to assess organic
matter sources. Values of d13C are reported as & values relative to
the VPDB scale. Replicate measurements of internal standards
yielded coefﬁcients of variation of 1.4% and 1.5% for total organic
carbon and total nitrogen, and precision better than 0.15& for the
stable isotope measurements.
Bulk sediment geochemistry was measured continuously at
1 cm intervals with 60 s count times on the split composite cores
using the ITRAX X-ray ﬂuorescence (XRF) core scanner at the Large
Lakes Observatory, University of Minnesota Duluth. The D-10 D1
core was not scanned because an earlier composite depth scale
based on ﬁeld measurements did not include this drive. As a result,
an 11 cm gap in XRF data exists in the composite depth scale (168e
179 cm) where core D-10 D1 spans the overlap between core C-10
D1 and C-10 D2. The ITRAX XRF provides a non-destructive, high
resolution and semi-quantitative record of elemental abundances
(Croudace et al., 2006). Values are reported as counts per second.
We focus our paleoenvironmental interpretation on titanium concentrations, which are typically used as proxy for detrital clastic
ﬂux (eg. Balascio and Bradley, 2012).
Pollen analysis was carried out at approximately 20 cm intervals
through the upper 350 cm and approximately 10 cm intervals
through the basal 80 cm of the composite core. We used conventional methodologies for preparation, identiﬁcation, and counting

The composite core sedimentology and depth to age model,
based on 16 AMS radiocarbon dates and the 210Pb proﬁle (as well as
linear sedimentation rates (cm/yr)) are presented in Fig. 4. Two
samples (UCIAMS # 109359 and # 109360) produced stratigraphic
age reversals and were excluded prior to generating the age model.
The ﬁrst sample (UCIAMS # 109359, at 351.5 cm) was a seed that
yielded an extremely small carbon yield (10 mg) and very large
analytical uncertainty (Table 1). The second sample (UCIAMS #
109360, at 383.5 cm) was plant material that also yielded a small
carbon yield (17 mg) and large analytical uncertainty (Table 1). Inclusion of either of these dates would necessitate rejecting other
radiocarbon measurements from much larger samples with smaller
analytical uncertainty. The exact cause of these age discrepancies is
unknown, however we hypothesize the very small Carbon yields,
which are near the threshold limit for AMS radiocarbon analysis at
UCI KCCAMS, are the most likely source of error. For example, the
inﬂuence of modern carbon contamination through sample processing (e.g. pretreatment, combustion, and graphitization) increases with decreasing sample size for radiocarbon analysis
(Santos et al., 2010). In an investigation of the effects of sample
mass on radiocarbon dates from Arctic lake sediments, Oswald et al.
(2005) found that ages for samples of >50 mg carbon from the same
macrofossil produced statistically indistinguishable ages. However,
ages for samples of <50 mg carbon were substantially younger and
had greater uncertainty, which they attributed to the combined
effects of incomplete graphitization and a larger inﬂuence from
background contamination. As a result, we consider the reported
ages of the samples at 351.5 cm and 383.5 cm (UCIAMS # 109359
and # 109360) to be too young given more robust, adjacent dates
and therefore reject both from the age model.
Sedimentation rates, calculated as sediment accumulation per
unit time (cm/year), reveal considerable temporal variability in
sediment deposition (Fig. 4). Sedimentation rates were extremely
low (0.004 cm/yr) from 30,700 yr BP to 16,800 yr BP, assuming the
reliability of our basal AMS radiocarbon age on charcoal (UCIAMS #
89213). However, our proxy data from Unit 1 sediments (see
Discussion) suggest the possibility that old organic material was
reworked into presumably younger sediments, and thus age constraints and calculated sedimentation rates prior to 16,800 yr BP
may be erroneous. Subsequently, sedimentation rates increased to
0.010 cm/yr from 16,800 yr BP to 12,700 yr BP. At 12,700 yr BP, the
sedimentation rate again increased to 0.031 cm/yr until 12,000 yr
BP. Thereafter (between 12,000 yr BP and 9,400 yr BP) sedimentation rates were lower, w0.01 cm/yr. At 9,400 yr BP, the sedimentation rate greatly increased to 0.225 cm/yr, a rate that was
maintained until 9,100 yr BP. During this interval sediment accumulated more rapidly at Harding Lake than any other time during
the late Quaternary (see results and discussion for Lithologic Unit
3). Subsequently, sedimentation rates were lower from 9,100 yr BP
to 109 yr BP, with values between w0.015 and w0.040 cm/yr.
Sedimentation rates for the upper 10 cm were calculated from 210Pb
ages and increase from 0.03 cm/yr to 0.2 cm/yr from 109 to 60 yr
BP (2010 AD), respectively.

M.S. Finkenbinder et al. / Quaternary Science Reviews 87 (2014) 98e113

103

Fig. 4. Composite core sedimentology and age-depth model developed from the AMS radiocarbon and 210Pb proﬁle generated with the CLAM code for R software (Blaauw, 2010)
with linear sedimentation rates (cm/yr). Gray squares indicate stratigraphically reversed dates that were rejected from the age model due to extremely small carbon yields and
presumed modern carbon contamination.

4.2. Composite sediment core lithologic units
Our paleoenvironmental interpretation of the Harding Lake record is based on lithologic units deﬁned using the sediment physical and geochemical data. We identiﬁed 4 lithologic units based
primarily on variations in organic matter (wt %), biogenic silica (wt
%), and magnetic susceptibility (Table 2; Figs. 5, 6) as well as 4
pollen zones (Table 3; Fig. 7). The lithologic unit boundaries do not
correspond to the changes in sedimentation rate (Fig. 4); however,
this is not expected given these calculations are based on a linear
interpolation between the radiocarbon and 210Pb ages. In addition,
the lithologic and pollen boundaries are broadly similar, but do not
correspond exactly.
4.3. Lithologic Unit 1
Unit 1 extends from the base of the composite core (422 cm) to
352 cm depth and spans the period 30,700e15,700 yr BP. The basal
7 cm (422e416 cm) consist of a dusky brown (5YR 2/2), quartz
pebble diamicton with abundant ostracod shells and a sandy silt
Table 2
Harding Lake lithologic units, transitions inferred based on changes in organic
matter (LOI 550 by wt. %), biogenic silica (wt. %), and magnetic susceptibility (SI).
Lithologic unit

Core depth (cm)

Age range (yr BP)

4
3
2
1

193e0
262e193
352e262
422e352

8,700e2010 AD
9,400e8,700
15,700e9,400
30,700e15,700

matrix. The upper portion (416e352 cm) gradually transitions to
pale brown (5YR 5/2) to pale yellowish brown (10YR 6/2), homogenous silt and ﬁne sand with occasional rusty laminae and
ostracod shells at the base. Smear-slide analysis of several samples
shows very few diatom frustules or sponge spicules and a large
proportion of mineral matter. Diatoms in this unit are often fragmented and appear to have been partially dissolved. Unit 1 sediments are characterized by relatively coarse grain size (silt to ﬁne
sand), along with high and variable magnetic susceptibility (19  4
SI) and dry bulk density values (1.1  0.1 g/cm3). Organic matter
(4  1%) and biogenic silica (1  0.3%) contents are very low while
titanium (6300  1300 cps) concentrations are relatively high. The
organic matter and biogenic silica content in Unit 1 gradually increases and peaks at 383 cm and 380 cm, respectively, and subsequently decreases gradually until the Unit 2 boundary (Fig. 5).
Organic matter d13C values ( 27  0.7&) are high and exhibit
considerable variability. C/N ratios are on average low (10  0.9)
during this interval. Pollen zone 1 spans the entirety of lithologic
Unit 1 and is predominated by herb taxa including Cyperaceae,
Poaceae, and Artemisia (Fig. 7). Salix and Betula are a minor
component of the pollen assemblage. Pre-Quaternary pollen and
spores are present in low amounts, indicating possible reworking of
older sediments into the lake basin. The aquatic taxa Myriophyllum
and Pediastrum (Fig. 7) are also consistently present.
4.4. Lithologic Unit 2
Unit 2 extends from 352 cm to 262 cm depth and spans the
period 15,700e9,400 yr BP. The contact with Unit 1 sediments is
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Fig. 5. Harding Lake composite core proxy data plotted against depth. Lithologic units are deﬁned primarily by variability in organic matter, biogenic silica, and magnetic
susceptibility.

gradual, and the lower portion (352e272 cm) consists of dusky
brown (5YR 2/2) to pale brown (5YR 5/2) silt, homogenous at the
base and increasingly laminated towards 261 cm. The upper
portion (272e262 cm) consists of dark yellowish brown (10YR 4/2),
dusky yellowish brown (10YR 2/2), and dusky brown (5YR 2/2)
laminated silt. Smear slide analysis shows a higher proportion and
increased diversity in diatom frustules and sponge spicules
compared to Unit 1. Unit 2 sediments are characterized by
decreasing grain size (silt), along with intermediate magnetic susceptibility (10  3 SI) and titanium (5400  500 cps) values
compared to Units 1 and 3e4. Dry bulk density (0.9  0.9 g/cm3)
abruptly decreases then increases at the base of Unit 2, and subsequently decreases again up core (Fig. 5). Organic matter values
(7  1%) are higher compared to Unit 1 and increase at the base of
Unit 2 then rapidly decrease (Fig. 5). The organic matter content
gradually increases up core with minor variability to 12,300 yr BP
then steadily decreases to 9400 yr BP, with minor variability at the
top of Unit 2. Biogenic silica values (3  1%) are also higher than
Unit 1, and gradually increase and peak between 13,900 and
12,700 yr BP then gradually decrease to 9400 yr BP, with some
variability during this interval (Fig. 5). Organic matter d13C values

( 27  0.4&) are similar to Unit 1 and ﬂuctuate substantially. C/N
ratios (10  1) initially decline and gradually increase up section
through Unit 2 (Fig. 5). Pollen zone 1 persists until 341 cm
(14,600 yr BP), and thereafter pollen zone 2 begins and is marked
by a fourfold increase in pollen concentration (not shown). It is
characterized by the Betula rise, a regional feature, and subsequent
high Betula values (>50%). Salix is a minor component (<10%) of the
pollen assemblage during this interval. There is a corresponding
decline in herb taxa (Fig. 7), but Cyperaceae values remain
moderately high, possibly reﬂecting local vegetation associated
with the lake basin.
4.5. Lithologic Unit 3
Unit 3 extends from 262 cm to 193 cm and spans the period
9,400e8,700 yr BP. Sediments consist of dark yellowish brown
(10YR 4/2), dusky yellowish brown (10YR 2/2), and dusky brown
(5YR 2/2) laminated silt. The contact between Unit 2 sediments is
gradational. Smear slide analysis shows the highest proportion and
diversity in diatom frustules and sponge spicules for the entire
record. Unit 3 sediments are characterized by silty sediments with

Fig. 6. Harding Lake composite core proxy data plotted against age in yr BP. Data also plotted against core depth (cm) for Unit 1 sediments spanning the Last Glacial Maximum.
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Table 3
Harding Lake pollen zones.
Pollen zone

Core depth (cm)

Age range (yr BP)

Dominant taxa

3
2
1

200e0
341e200
422e341

9,100epresent
14,600e9,100
30,700e14,600

Betula, Alnus, and Picea
Betula
Herb

an abrupt and sustained increase in organic matter (13  3%) and
biogenic silica (7  3%) concentration, and a corresponding
decrease in dry bulk density (0.6  0.1 g/cm3) (Fig. 5). Biogenic silica
content peaks and attains the highest value (13%) for the entire
Holocene at 9,200 yr BP. In addition, the organic matter content
peaks (18%) at 9,200 yr BP, reaching a level that matches late Holocene values. Magnetic susceptibility (3  2 SI), titanium
(4300  800 cps), and dry bulk density (0.6  0.1 g/cc) are much
lower in comparison to Units 1 and 2 (Fig. 5). Organic matter d13C
values ( 28  0.2&) abruptly decrease and are the most negative
for the entire record. C/N ratios (10  0.4) are generally low, stable,
and comparable to Unit 1 and 2 sediments, although with much
less variability (Fig. 5). We suggest the abrupt and sustained
decrease in d13C and low C/N values is a result of increased aquatic
productivity and loading of dissolved relatively depleted d13C carbon to the lake from the watershed. This interval overlaps with the
time of highest sedimentation (0.225 cm/yr) throughout the entire
record and indicates a major change within the lake and the surrounding landscape. Given that sedimentation rates increase
through this interval and titanium values decrease, likely caused by
dilution from organic matter, we interpret the increase in organic
matter and biogenic silica content as a result of increased in-lake
productivity. The main components of the pollen spectra retain
the features of pollen zone 2.
4.6. Lithologic Unit 4
Unit 4 extends from 193 cm to the top of the composite core
(0 cm) and spans the period 8,700 yr BP to 2010 AD. The contact
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between Unit 3 sediments is gradational. The lower portion (193e
168 cm) consists of consists of dark yellowish brown (10YR 4/2),
dusky yellowish brown (10YR 2/2), and dusky brown (5YR 2/2)
laminated silt. The middle portion (168e110 cm) consists of dark
yellowish brown (10YR 4/2) laminated silt with occasional dusky
brown (5YR 2/2) 1 cm thick bands. The upper portion consists of
dark yellowish brown (10YR 4/2) to brownish black (5YR 2/1) homogenous silt with occasional faint laminae and banding. Smear
slide analysis shows a high proportion and diversity in diatom
frustules and sponge spicules throughout this interval. Unit 4
sediments are characterized by ﬁne-grained sediments (silt), along
with moderately high and variable organic matter (13  3%) and
biogenic silica (6  2%) concentrations with slightly different trends
(Fig. 5). Biogenic silica gradually increases up section and peaks at
values >10% between 120 and 70 cm (5,500 and 3,100 yr BP) with
substantial variability (Fig. 5). Generally low values of biogenic
silica are found between 70 and w26 cm (3,100e600 yr BP) with a
generally rising trend up core to w10% near the core top (Fig. 5). In
contrast, organic matter steadily increases and peaks at 18% at a
depth of 91 cm (4,100 yr BP), exhibiting minimal variability. Above
this, organic matter decreases up core with values generally <15%
until 23 cm (450 yr BP) (Fig. 5). Organic matter values increase to
the highest levels of the entire record (23%) near the core top (over
last 450 yr) with substantial variability. Organic matter d13C
( 26  0.7&) gradually increases up core from 28& and
approach values of 25& between 70 and w25 cm (3,100e600 yr
BP) and near the core top at 5 cm (Fig. 5). C/N ratios (12  1)
gradually increase up section from the base of Unit 4 to high values
(w14) with substantial variability (w2) from 110 to 74 cm (5,100e
3,300 yr BP) (Fig. 5). The highest C/N ratios are found near the core
top between 19 and 13 cm and peak at values >15. Magnetic susceptibility (3  1 SI), titanium (4800  1000 cps), and dry bulk
density (0.5  0.1 g/cm3) values steadily increase and peak by
7,100 yr BP and gradually decrease up section to the core top
(Fig. 5). Sedimentation rates (w0.015ew0.04 cm/yr) were generally stable and low throughout Unit 4 until w109 yr BP and
thereafter gradually increase towards the core top to 0.2 cm/yr,

Fig. 7. Harding Lake frequencies (percentages) of major pollen and spore taxa plotted against age in yr BP.
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indicating stability in landscape and climatic conditions. Pollen
zone 3 begins about 9,100 yr BP and covers the uppermost part of
the record. High Betula (>75%) pollen predominates, and values of
Picea and Alnus increase between 8,600 and 7,500 yr BP. Isoetes
predominates the aquatic taxa and Myriophyllum is absent.

bottom and gradually decreases towards the top. Radiocarbon
analysis of a seed at 73e74 cm constrains the onset of lacustrine
sedimentation at the core site (11.48 m below modern level;
BML) to 15,050 yr BP (Table 1; 13,910e16,520 yr BP error range).
No other terrestrial macrofossils were found in core A-12 for
radiocarbon dating.

4.7. Core F-10 sediments
4.9. Core E-12 sediments
Core F-10 was recovered in 7.1 m water depth, is 32.5 cm in
length, and spans the sedimentewater interface (Fig. 8). The upper 8 cm consist of dark yellowish brown (10 YR 4/2) to pale
yellowish brown (10YR 6/2) homogenous silt to ﬁne sand. The
remainder of the sediment between 8 and 32.5 cm consists of
grayish brown (5YR 3/2) homogenous silt to ﬁne sand interrupted
by grayish brown sand layers. The medium to coarse grained sand
layers are from 13 to 15.5 cm and 20 to 20.5 cm, with erosive
contacts and load structures immediately below the sand. Smear
slide analysis of select samples shows diatom frustules in the
upper portion (0e13 cm) while the basal sediments consist
entirely of mineral sediment with no diatoms. Dry bulk density
(1  0.3 g/cm3) is generally high throughout and gradually decreases up core. Organic matter (7  3%) is low at the core bottom
and generally increases towards the core top. Magnetic susceptibility (49  82 SI) is very high at the core bottom and gradually
decreases towards the top. No terrestrial macrofossils were found
for radiocarbon dating of core F-10.
4.8. Core A-12 sediments
Core A-12 was recovered in 10.75 m water depth, is 55 cm in
length, and starts 20 cm below the sedimentewater interface
(Fig. 8). The upper portion (20e74 cm) consists of dark yellowish
brown (10YR 4/2) homogenous to faintly banded silt to ﬁnd sand
and the basal 1 cm (74e75 cm) consists of medium sand. Smear
slide analysis of select samples shows diatom frustules in the
upper portion (20e74 cm) of the sediments. Dry bulk density
(0.6  0.2 g/cm3) values gradually decrease up core while organic
matter (10  2%) values generally increase towards the core top.
Magnetic susceptibility (14  13 SI) is very high at the core

Core E-12 was recovered in 15.91 m water depth, is 108 cm in
length, and starts 20 cm below the sedimentewater interface
(Fig. 8). The upper portion (20e110 cm) consists of moderate
yellowish brown (10YR 5/4) to dark yellowish brown (10YR 4/2)
homogenous to faintly banded silt. The middle portion (110e
118 cm) consists of disturbed, moderate yellowish brown (10YR 5/
4) to dark yellowish brown (10YR 4/2) silt to ﬁne sand sediment
with a clear erosional unconformity. The basal sediments (118e
128 cm) consist of dark yellowish brown (10YR 4/2) silt and ﬁne to
medium sand with organic rich layers from 118 to 123 cm. Smear
slide analysis of select samples shows diatom frustules in the upper
90 cm (20e110 cm) while the basal sediments largely consist of
mineral matter. Dry bulk density (0.8  0.3 g/cm3) values generally
decrease up core, aside from the unconformity interval resulting
from erosion and re-working (Fig. 8). Organic matter (8  2%)
values generally increase and magnetic susceptibility (57  40 SI)
values generally decrease towards the core top, again aside from
the unconformity interval (Fig. 8). Radiocarbon analysis was conducted on three samples from core E-12 (Table 1). A sample of wood
from 120 to 121 cm constrains the onset of lacustrine sedimentation at the core site (17.11 m BML) to 14,020 yr BP (13,870e14,170 yr
BP error range). An additional sample of wood from 118 to 119 cm
has a median age of 13,720 yr BP (13,110e14,830 yr BP error range)
and provides further evidence of the initial major rise in lake level.
The median ages of these samples are in stratigraphic order;
however the calibrated error ranges overlap. A sample of wood
from 93 to 94 cm, located stratigraphically above the erosional
unconformity in the E-12 core, constrains the subsequent rise in
lake level (16.84 m BML) to before 9,660 yr BP (9,470e10,120 yr BP
error range).

Fig. 8. Harding Lake cores F-10, A-12, and E-12 proxy data plotted versus depth. Dashed lines indicate radiocarbon samples, reported as the calibrated 2 sigma error range in
thousands of years (ka) before present.
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5. Discussion
The speciﬁc climatic controls on lake level at multi-centennial to
millennial timescales at Harding Lake are poorly understood,
though must be related to changes in regional effective moisture
(precipitation minus evaporation). Sediment proxies from Harding
Lake show that variability in organic matter content and magnetic
susceptibility are coeval with many regional hydroclimate transitions evidenced from other paleoproxy datasets. Scatterplot analysis of organic matter content and magnetic susceptibility (Fig. 9A)
demonstrates clustering of the lithologic units into distinct groups.
Unit 1 (30,700e15,700 yr BP) sediments, characterized by the
lowest organic matter content and highest magnetic susceptibility
during the entire record, correspond to the interval when most
small, shallow lakes in central Alaska were dry (eg. Ager, 1983;
Abbott et al., 2000; Bigelow and Edwards, 2001; Carlson and
Finney, 2004; Wooller et al., 2012). Unit 2 (15,700e9,400 yr BP)
sediments, characterized by intermediate organic matter content
and magnetic susceptibility, parallel the initial formation of lacustrine sediment in many lakes in central Alaska, indicating rising and
ﬂuctuating water levels (eg. Abbott et al., 2000). In contrast, Unit 3
and 4 (9,400 yr BP to present) sediments, characterized by high
organic matter content and low magnetic susceptibility, were
deposited during the Holocene when regional lake levels were
rising and near overﬂow levels (eg. Bigelow, 1997; Abbott et al.,
2000; Bigelow and Edwards, 2001; Carlson and Finney, 2004;
Finney et al., 2012; Wooller et al., 2012). However, variability in
organic matter content and magnetic susceptibility may also in part
reﬂect changes in soil stabilization within Harding Lake’s watershed associated with vegetation shifts. For example, Hu et al. (1993)
suggested that shrub tundra conditions between 12,000 and 10,500
14
C yr BP (w13,900 to w12,500 yr BP) at Wien Lake (central Alaska)
were accompanied by intensive soil erosion, inferred from high
allogenic metal and low sediment organic content. The relatively
sparse vegetative cover during this time likely promoted weathering and erosion of bare mineral soils in the surrounding watershed. The subsequent transition to shrub and boreal forest
beginning at 10,500 14C yr BP (w12,500 yr BP) was marked by lower
allogenic metal and higher sediment organic content, which Hu
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et al. (1993) attributed to the buildup of humic compounds and
stabilization of watershed soils. Additional lake studies from
northwestern (Hu et al., 1996) and southwestern (Hu et al., 2001)
Alaska revealed similar vegetation-landscape development associated with the tundra to boreal forest transition during the late
Pleistocene and early Holocene.
Scatterplot analysis of organic matter content and magnetic
susceptibility from the upper portion (10e20 cm) of cores collected
along a depth transect (Fig. 9B) conﬁrms the aforementioned
relationship and provides semi-quantitative constraints on lakelevels. For example, core top sediments from deep water cores B10 and C-10 recovered from 38.05 to 42.1 m BML, and characterized
by high organic matter content and low magnetic susceptibility
(Fig. 9B), indicate that modern deep water sediments are most
similar to middle to late-Holocene sediments from the composite
core. In addition, surface sediments from shallow water cores F-10,
A-12, and E-12 recovered from 7.1, 10.75, and 15.91 m BML and
characterized by intermediate organic matter content and magnetic susceptibility (Fig. 9B), indicate that modern shallow to intermediate water sediments are most similar to Lateglacial
sediments. Although a minor component of the down-core variability in organic matter content and magnetic susceptibility may
be related to vegetation-landscape development (described above),
the substantial variation in sediment properties along a water
depth transect in the modern system suggests that vegetationlandscape changes were likely a small inﬂuence. We therefore
assert that water depth is the dominant control at multi-centennial
to millennial timescales on organic matter content and magnetic
susceptibility. The lack of ﬁne sediment deposition in water levels
shallower than 7 m indicates that wave base erosion occurs to this
depth in the modern lake.
Pompeani et al. (2012) used scatterplot analysis for Rantin Lake
sediments in the Yukon (Canada) to distinguish deep versus
shallow water sediment properties. In addition, Edwards et al.
(2000) used a similar model in their investigation of Birch Lake
using surface sediments along a water depth transect, where trends
in sediment properties (aquatic pollen proportion along with
organic matter and magnetic susceptibility) reﬂected similar lakelevel changes as determined from transect based lake-level

Fig. 9. A) Scatterplot of organic matter content (LOI 550) versus magnetic susceptibility (SI) for the Harding Lake composite core plotted by lithologic unit and B) surface sediments
from core F-10, (7.1 m BML), A-12 (10.75 m BML), E-12 (15.91 m BML), B-10 (38.05 m BML), and C-10 (42.1 m BML). We utilize this conceptual model (i.e. changes in organic matter
content and magnetic susceptibility) to interpret relative lake-level changes. Shallow water sediments are characterized by high magnetic susceptibility and low organic matter.
Intermediate water depths are characterized by moderate magnetic susceptibility and organic matter content (eg. Unit 2 corresponds to core F-10, A-12, and E-12 sediment
properties from 7 to 16 m water depths). Deep water sediments are characterized by low magnetic susceptibility and high organic matter content (eg. Unit 3-4 sediments
correspond to core B-10 and C-10 sediment properties from 38 to 42 m water depths).
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reconstructions (Abbott et al., 2000). Edwards et al. (2000) also
collected surface sediment samples from modern lakes in interior
Alaska and used pollen analysis to investigate the relationship between aquatic taxa and water depth. Notably, a higher diversity of
aquatic taxa was found at shallower (<5 m) water depths, with
little to no aquatic taxa found at depths >20 m. Core transect data
also demonstrate that a substantial lake-level rise and ﬂuctuating
water levels occurred during the Lateglacial period. The basal
radiocarbon age from core A-12 suggests the initial rise in lake level
to <11.5 m BML occurred w13,900e16,500 yr BP. This sample
(UCIAMS # 131490) has large analytical uncertainty, and the basal
radiocarbon ages from core E-12 better constrain the lake level rise
(to <17.1 m BML) at w14,000 yr BP. The erosional unconformity in
core E-12 above the basal sediments (Fig. 8) represents a period of
non-deposition at this core site or erosion of previously deposited
sediments during a time of lower or ﬂuctuating lake levels after
w14,000 yr BP. The subsequent rise in lake-level to <16.8 m BML is
constrained by the uppermost radiocarbon age of 9,660 yr BP from
core E-12 in ﬁne-grained lacustrine sediment located above the
erosional unconformity. There is no evidence that lake level dropped below the E-12 core site after this time. Accordingly, we
combine the organic matter to magnetic susceptibility conceptual
model with core-transect data to infer semi-quantitative changes in
lake-level at Harding Lake (Fig. 10A) and compare these results with
paleoclimate datasets from eastern Beringia. We do not account for
the depth of wave base erosion in our lake level curve (Fig. 10A) and

therefore our lake level constraints are semi-quantitative. However,
we surmise the wave base erosion depth was of a lower magnitude
during the period of rapid lake level change (during the Lateglacial)
when the lake surface area was presumably smaller.
5.1. Pre-Last Glacial Maximum (>30,700 yr BP)
The presence of coarse sediments (pebble diamicton), low
concentrations of organic matter and biogenic silica, and high and
variable magnetic susceptibility, titanium, and dry bulk density
indicate the basal 7 cm of Unit 1 are the lake bottom substrate
(Fig. 6). The lack of ﬁner grained lacustrine sediments further indicates that prior to 30,700 yr BP the lake was either seasonally
desiccated or dry for a long period of time, with any previously
deposited sediment removed by deﬂation or ﬂuvial reworking. The
occurrence of these coarse sediments is consistent with the conclusions of Blackwell (1965) that Harding Lake was formed by
aggradation of Tanana River through deposition of braided stream
sediments and subsequent damming of the proto Salcha River
draining from the north. Blackwell (1965) suggested the lake basin
formed during the Delta Glaciation (penultimate), which has
recently been dated by cosmogenic exposure ages to late Marine
Isotope Stage (MIS) 4 or early MIS3, approximately 60,000e
50,000 yr BP (Kaufman et al., 2011). If this age assignment is correct,
the absence of lacustrine sediments dating to this time indicates
generally unstable and variable climatic conditions with signiﬁcant

Fig. 10. A) Lake-level curve for Harding Lake inferred from core-transect data and sediment physical and geochemical properties. The dashed line between 14,000 and 9,400 yr BP
represents uncertainty in the reconstruction due to lower (>16.8 m below modern level; BML) or ﬂuctuating lake-levels during this time. B) Comparison with a lake-level
reconstruction for Birch Lake, Alaska determined from seismic proﬁles and core transects (Abbott et al., 2000). C) July insolation (watts/m2) for 65 North (Berger and Loutre,
1991). D) Relative sea level data (Peltier and Fairbanks, 2006) and the ice-equivalent eustatic sea level history (smooth black line) (Waelbroeck et al., 2002).
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aridity during MIS3 in central Alaska, which may have caused
multiple transgression/regression events that eroded sediment
from the basin. Alternatively, previously deposited sediments may
have been subsequently removed via ﬂuvial erosion or deﬂation
when lake levels were lower.
The existence of loess deposits stratigraphically above palaeosols dating to 32,000e30,000 14C yr BP (36,500e34,700 yr BP) at
Halfway House, Gold Hill, and Birch Hill near Fairbanks (Muhs et al.,
2003) indicates this was a time of extremely arid and windy conditions. Pollen data from Isabella Basin demonstrate high percentages of Cyperaceae and Artemisia and low percentages of Alnus
and Picea after w32,000 14C yr BP until the Holocene (Matthews,
1974). Matthews (1974) interpreted these data to represent arctic
climatic conditions in central Alaska, similar to that of the present
day tundra in northern Alaska. Pollen and grain size data are
available from a previous investigation of Harding Lake sediments
(Nakao and Ager, 1985). While relatively coarse sediments (sand to
granule) are recorded prior to 26,500  460 14C yr BP (31,000 yr BP),
pollen data are interpreted to show a vegetational mosaic characterized by Picea, Betula, Ericales, Cyperaceae and Sphagnum. Nakao
and Ager (1985) suggest these proxies represent middle Wisconsian Interstadial conditions and a cool, wet climate; however, the
use of bulk sediment radiocarbon dating, the presence of an age
reversal in this interval, and the use of conventional drilling techniques to recover sediments may compromise their interpretation.
5.2. The global Last Glacial Maximum (30,700e15,700 yr BP)
The portion of Unit 1 stratigraphically above the coarse basal
sediment is characterized by decreasing grain size (silt to ﬁne sand)
with high and variable dry bulk density and generally constant titanium content (Fig. 6), and an extremely low sedimentation rate
(Fig. 4), assuming reliability of our basal radiocarbon age on ﬁne
(<250 mm) charcoal. Sediments are homogenous with occasional
rusty banding, and there is no evidence of unconformities (eg. mud
cracks, erosional surfaces, etc.) that would indicate discontinuous
sedimentation. We suggest these sediments were deposited in a
nearly perennially frozen, shallow lake with a very short ice free
summer season. Low organic matter and biogenic silica concentration imply that terrestrial vegetation was scarce in the vicinity
and that in-lake productivity levels were low, due to cold and
potentially turbid waters. High magnetic susceptibility and low
organic matter content, combined with the absence of glacial age
sediments in cores from shallower water depths, suggest very
shallow lake levels (Fig. 10A). The general absence of terrestrial
macrofossils in Unit 1 sediments further indicate the surrounding
landscape had sparse vegetation. The predominance of herb taxa
(Cyperaceae, Poaceae, and Artemisia) during the LGM (Fig. 7) suggests a tundra environment with cold and dry conditions relative to
today. The aquatic taxa Myriophyllum and Pediastrum (Fig. 7) are
consistently present and together indicate shallow water conditions (eg. Edwards et al., 2000), which is coherent with low organic
matter content and high magnetic susceptibility values in Unit 1
and the absence of LGM age sediments in shallow water cores. The
high magnetic susceptibility and titanium values resulted from a
high concentration of ﬁne-grained clastic-rich sediments, which
likely originated from wind-blown loess or intensive erosion of
watershed soils. Age control during this interval rests on the basal
charcoal sample at 412.5 cm (UCIAMS # 89213) and a linear interpolation to the next age at 362.5 cm. While the analytical uncertainty of the basal sample is generally low considering its age
(Table 1), the question remains whether the organic material
formed and subsequently deposited contemporaneously with the
enclosing sediments. We believe the charcoal sample was formed
and deposited simultaneously with the surrounding sediments
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because charcoal is extremely friable and easily disintegrates with
minimal physical erosion. Given that Unit 1 sediments above the
coarse basal gravel lack any convincing evidence of unconformities
(explained above), we infer these sediments represent temporally
continuous sedimentation from w30,700 to 15,700 yr BP. Alternatively, it is possible that the basal charcoal material could be
reworked from older sediments, and therefore the timing of initiation of lacustrine sedimentation may be younger than its reported
radiocarbon age. This scenario is consistent with the presence of
only tundra type vegetation in Unit 1 sediments, which typify LGM
conditions in interior Alaska, but continuous records dating the
onset of tundra vegetation are lacking.
The proxy data from Harding Lake are consistent with evidence
from central Alaska showing extremely arid conditions during the
LGM. A revised model for loess deposition indicates that loess
production and windiness increased during the LGM in central
Alaska while accumulation decreased because of a lack of vegetative cover (Muhs et al., 2003). AMS radiocarbon and 10Be dates from
loess deposits near Fairbanks (Halfway House, Gold Hill, and Birch
Hills; Muhs et al., 2003) also suggest minimal loess deposition
occurred during the global LGM because of the presence of sparse
herb-tundra vegetation and minimal ground surface roughness.
Nakao and Ager (1985) report the predominance of herb taxa from
Harding Lake and suggest that climate was extremely cold and dry
between 26,500  460 and 13,690  500 14C yr BP (31,000e
16,500 yr BP). An unconformity in the sedimentary record from
Burial Lake in northwest Alaska indicates a signiﬁcant drop in lake
level and a hiatus in deposition between 34,800 and 23,200 yr BP
(Abbott et al., 2010). Core transect data from Birch Lake in the
Tanana Valley indicate lake levels were 18 m lower prior to
15,000 yr BP (Fig. 10B; Abbott et al., 2000). Evidence from elsewhere in the unglaciated interior of Alaska show that most small
lakes were dry prior to the Lateglacial (15,000 yr BP) (eg. Ager,
1983; Bigelow, 1997; Bigelow and Edwards, 2001; Carlson and
Finney, 2004; Wooller et al., 2012).
Collectively, these proxy records demonstrate an extremely dry
climate in central Alaska during the global LGM that is, in part,
attributed to changes in atmospheric circulation and exposure of
the Bering Land Bridge. In climate model simulations for the LGM
(18,000 yr BP), the winter jet-stream is split into a northern and
southern component by the high-altitude dome of the Laurentide
Ice Sheet (COHMAP Members, 1988). Simultaneously, an anticyclonic circulation (‘glacial anti-cyclone’) developed at the surface with enhanced easterly winds at the southern margin and
southerly winds at the western margin of the ice sheet (Bartlein
et al., 1991). The climatic effects of changing circulation were
spatially variable and complicated, but likely produced windy and
dry conditions downwind of the Laurentide Ice Sheet. Eustatic sea
level lowering of 120 m (Fig. 10D; Peltier and Fairbanks, 2006)
resulted in exposure of the Bering and Chukchi continental shelves
(Hopkins, 1982), forming the land bridge and increasing the
transport distance of moisture from the North Paciﬁc Ocean and
Bering Sea (eg. Briner and Kaufman, 2000) to interior Alaska. The
substantial increase in distance from oceanic moisture sources
caused the climate of interior regions to become even more continental and dry.
Several recently published glacial records using cosmogenic
exposure dates from moraines further document climatic conditions during the LGM. Evidence from Ramshorn Creek valley in the
Yukon-Tanana Uplands shows the LGM maxima (Salcha moraine)
occurred between 23,000 and 21,000 yr BP during the northern
hemisphere summer insolation minima (Fig. 10C), while a recessional moraine located w3.5 km up-valley (Ramshorn moraine)
dates to between 19,000 and 18,000 yr BP (Briner et al., 2005). A
cosmogenic exposure chronology from Fish Lake valley in the
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northeast Alaska Range shows the LGM maxima may have occurred
by 22,400  600 yr BP (Young et al., 2009); however this age is
based on only one date. Young et al. (2009) report a clustering of
younger ages that suggest the Fish Lake glacier remained near the
LGM maxima until w16,500 yr BP. Evidence from the Delta River
valley, the type section for late Pleistocene (Wisconsinan) glaciation
in the northeast Alaska Range, dates the Donnelly moraine to
17,300  600 yr BP (Matmon et al., 2010). These cosmogenic
exposure chronologies suggest that regional glaciers persisted at or
near their LGM maxima until near the Lateglacial transition,
implying that climatic conditions remained favorable (likely colder)
for positive glacier mass balance until 17,000e16,000 yr BP. Glacier
mass balance is controlled by both temperature and precipitation
conditions, and while the LGM climate of interior Alaska is
considered extremely dry (Hopkins, 1982), glacial maxima during
the LGM likely resulted from colder temperatures. Therefore, the
timing of alpine glacier retreat during the Lateglacial (beginning
around w16,000e17,000 yr BP) likely indicates the initiation of
warmer conditions.
Although our age control is limited during the LGM, proxy data
from Harding Lake permit critical testing of an LGM (21,000 yr BP)
climate model simulation that indicate annual temperatures up to
4  C warmer than present in central Alaska (Otto-Bliesner et al.,
2006). Likewise, the conclusions from Otto-Bliesner et al. (2006)
are broadly supported by a pollen based LGM climate reconstruction (Bartlein et al., 2011) that relies on several pollen records
constrained with bulk sediment radiocarbon dates. The anomalously warmer temperatures are hypothetically explained by the
aforementioned changes in atmospheric circulation associated
with the increasing size and altitude of the Laurentide Ice Sheet (eg.
COHMAP Members, 1988). Otto-Bliesner et al. (2006) suggest the
strong pressure gradient between the high pressure cell over the
Laurentide Ice Sheet centered near Hudson Bay and a low pressure
region in the North Paciﬁc (Aleutian low) resulted in stronger
southerly surface winds on the western margin of the ice sheet.
Model simulations indicate the enhanced winds produced poleward advection of warmer air into Alaska, especially during winter
(COHMAP Members, 1988). Although our age control is limited,
evidence of very low aquatic (biogenic silica) and terrestrial
(organic matter, absence of macrofossils) productivity throughout
LGM age sediments at Harding Lake indicate generally dry and cold
conditions with a short ice free (growing) season. Accordingly,
proxy evidence from Harding Lake contradict the climate model
simulation conclusions of Otto-Bliesner et al. (2006) and pollen
based climate reconstructions of Bartlein et al. (2011). This
apparent discrepancy may result from contrasting seasonal inﬂuences, whereby lacustrine proxies are responding to summer,
growing season conditions. Mean annual temperatures in interior
Alaska during the LGM, on the other hand, may be more inﬂuenced
by winter season temperature variability.
5.3. The Lateglacial and early Holocene (15,700e9,400 yr BP)
The abrupt increase in organic matter and biogenic silica concentration at 15,700 yr BP marks the transition into the Lateglacial
and indicates wetter conditions at Harding Lake. A corresponding
decrease in dry bulk density, magnetic susceptibility, and titanium
values further suggests a decrease in windiness and ameliorating
climatic conditions (Fig. 6). The intermediate organic matter and
biogenic silica content of Unit 2 sediments suggests that although
aquatic and terrestrial productivity levels were higher than before,
they were still lower than modern levels. These results combined
with a subtle increase in the sedimentation rate as well as lower
magnetic susceptibility and titanium values imply that lake levels
were higher relative to Unit 1. Rising and high Betula (>50%) pollen

and a corresponding decline in herb taxa beginning shortly before
14,600 yr BP (Fig. 7) further suggests that climatic conditions were
warmer and wetter compared to the LGM. Comparison with other
AMS dated lake records from interior Alaska show the Betula rise
occurred between 13,500 and 14,000 yr BP at Jan Lake (Carlson and
Finney, 2004) and Birch Lake (Bigelow, 1997), and thus suggest the
Betula rise occurred contemporaneously or slightly earlier at Harding Lake. Collectively, proxy and core-transect evidence indicates
a rapid lake level rise beginning at 15,700 yr BP reaching above
17 m BML by w14,000 yr BP (Fig. 10A). The presence of an erosional
unconformity in core E 12 demonstrates that lake level ﬂuctuated
or dropped after the initial rise. Regardless, the preservation of
lacustrine sediment above this interval provides evidence that
lake-levels did not drop below 17 m BML again for any sustained
time.
The proxy data from Harding Lake support existing evidence for
signiﬁcant climatic change during the Lateglacial in Alaska. For
example, a pollen based reconstruction for eastern Beringia (Viau
et al., 2008) indicates rising mean annual temperatures beginning
around 16,000 yr BP and peak Lateglacial mean annual temperatures by 12,000 yr BP. The onset of inferred warming at Harding
Lake occurred during a time of increasing summer insolation
(Fig. 10C; Berger and Loutre, 1991) and rapid deglaciation in the
Alaska Range (eg. Young et al., 2009). Notably, the Lateglacial
transition at Harding Lake also corresponds to a rapid 18 m lake
level rise at Birch Lake at w15,000 yr BP (Fig. 10B; Abbott et al.,
2000), suggesting that climate was substantially wetter than
before. This assertion is supported by evidence that numerous
small lakes began accumulating lacustrine sediment between
15,000 and 13,000 yr BP in lowland central Alaska (eg. Ager, 1983;
Bigelow, 1997; Carlson and Finney, 2004) as well as evidence for
deglaciation and warmer temperatures in the lower Fish Lake valley (located in the northeastern Alaska Range) by 15,000e14,000 yr
BP (Young et al., 2009).
Marine sediments from the southeastern Bering Sea (HLY050251JPC) do not contain detectable amounts of C37 alkenones prior to
w16,700 yr BP (Cassie et al., 2010), implying perennial sea ice cover
during the LGM. Alkenone derived sea surface temperature estimates and diatom assemblage data indicate warming sea surface
temperatures and a transition from sea-ice to open water species
during the Lateglacial period (Cassie et al., 2010). In general, the
available evidence from Harding Lake and comparison with other
paleoproxy records shows the Lateglacial was a time of wetter and
warmer conditions, compared to the LGM, in central Alaska.
5.4. The early to middle-Holocene (9,400e8,700 yr BP)
The abrupt increase in organic matter and biogenic silica content (Fig. 6) along with the highest sedimentation rates (0.225 cm/
yr) of the entire record (Fig. 4), and the simultaneous decline in
magnetic susceptibility and titanium content indicate that considerable climatic and environmental changes occurred at Harding
Lake at 9,400 yr BP. We suggest the abrupt change in the sediment
physical and geochemical data signiﬁes rapidly rising and much
higher lake levels between 9,400 and 8,700 yr BP. This interpretation is consistent with the accumulation of lacustrine sediment
above the erosional unconformity in core E-12 by 9,660 yr BP. The
marked increase in organic matter and biogenic silica can be
attributed to a further increase in precipitation and rising lake
levels, along with an increase in the length of the summer ice-free
season from warmer temperatures associated with the summer
insolation maxima (Berger and Loutre, 1991). The increase in
biogenic silica is likely also caused, in part, by increased availability
of nutrients and autochthonous organic sediment ﬂux. Continued
predominance of Betula (>50%) pollen, along with a concomitant
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decline in herb taxa and subtle increase in Sphagnum and Isoetes at
9,100 yr BP (Fig. 7), further demonstrate increasingly wet conditions and higher lake levels. The corresponding decrease in titanium and magnetic susceptibility represents the ﬁnal transition to
interglacial climatic conditions, wherein a generally stable climate
characteristic of the Holocene prevailed.
The Harding Lake sediment signal at 9,400 yr BP is explainable
in the context of numerous other terrestrial records from central
Alaska that demonstrate an increase in precipitation and potentially warmer conditions. Sedimentary evidence from Birch Lake
shows rising lake levels to near the overﬂow level between 10,000
and 9,000 yr BP (Fig. 10B; Abbott et al., 2000). Rising lake-levels also
occurred at this time at Marcella Lake in the southwest Yukon
(Anderson et al., 2005) and after 9,500 yr BP at Dune Lake (Finney
et al., 2012). In addition, this period broadly corresponds with the
early Holocene peak in summer insolation (Fig. 10C; Berger and
Loutre, 1991) as well as rising sea levels (Fig. 10D) and the ﬁnal
submergence of the Bering land bridge (Elias et al., 1996), which
would have reduced the transport distance of warm, moist North
Paciﬁc air masses traveling towards interior Alaska. Nevertheless,
the gradual change in insolation forcing and eustatic sea level rise
during this interval precludes a direct linkage between these
forcings and the sediment anomaly. We therefore suggest the rapid
changes in sedimentation at Harding Lake likely reﬂect an abrupt
(and probably temporary) change in atmospheric circulation,
possibly associated with further retreat of the Laurentide Ice Sheet.
5.5. The middle to late-Holocene (8,700 yr BP to present, 2010 AD)
Proxy evidence from Harding Lake suggests that water levels
were generally high (Fig. 10A) for the remainder of the Holocene.
The decline in sedimentation rates to lower and stable Holocene
levels (0.015e0.04 cm/yr), along with the subtle increase and peak
in magnetic susceptibility and titanium by 7,100 yr BP implies that
lake levels were higher and that shoreline reworking provided a
source of minerogenic sediments to the lake depocenter. The
remainder of Holocene sediment is characterized by low and
declining magnetic susceptibility and titanium values. The
appearance of Alnus and Picea between 8,600 and 7500 yr BP
(Fig. 7), and later increases in Alnus by 7,000 yr BP and Picea by
5,600 yr BP, respectively, indicate development of coniferous forest
quite similar to present and further imply warm and wet conditions. Isoetes predominates the aquatic taxa and Myriophyllum is
absent, consistent with deeper water at the depocenter (eg.
Edwards et al., 2000). The higher organic matter content and
generally low and declining magnetic susceptibility (Fig. 6) values
suggest relatively high lake levels through the middle to late Holocene. Substantially lower magnetic susceptibility values suggest
that sediment composition in this interval is relatively insensitive
to further low magnitude lake-level changes (Fig. 9A). A gradual
trend toward higher C/N ratios indicates organic matter increasingly originated from terrestrial sources during the middle to late
Holocene (Fig. 6). In addition, organic matter d13C values gradually
increase (Fig. 6) becoming more enriched, and combined with
higher organic matter content, suggest increasing levels of aquatic
productivity within Harding Lake. Notably, biogenic silica concentrations peak during the mid-Holocene between 5,500 and 3,100 yr
BP and ﬂuctuate at millennial time scales (Fig. 6). Given that
magnetic susceptibility and titanium values are generally stable
and decreasing throughout the Holocene (with minimal evidence
of diatom dissolution), we attribute the variability in biogenic silica
content to ﬂuctuations in aquatic productivity.
Unchanging to overﬂowing lake levels persisted from w6,000 yr
BP to the present at Birch Lake (Fig. 9B; Abbott et al., 2000), suggesting the middle to late Holocene climate of central Alaska was
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generally moist and stable. Core transect data from Jan Lake in the
middle Tanana Valley suggest rising lake levels from 9,000 yr BP to
the present, indicating a trend towards wetter conditions through
the Holocene (Barber and Finney, 2000). Historical observations
from Harding Lake demonstrate lake level ﬂuctuations on the order
of several meters since the 1930’s (LaPerriere, 2003), with periodic
exposure of the shallow shelf along the northern shore. Given the
substantial water depth of the depocenter at Harding Lake (>42 m),
this deep core site appears relatively insensitive to recent lowmagnitude lake level ﬂuctuations.
6. Conclusions
A multi-proxy geochemical investigation of sediments from
Harding Lake in interior Alaska reveal millennial scale changes in
lake level, vegetation patterns, and paleoclimate over the last
31,000 yr BP. Detailed analysis of core sedimentology along with
AMS radiocarbon dates on terrestrial macrofossils from a depocenter core (42 m water depth) collectively indicate Harding Lake
persisted as a shallow, low productivity lake during the LGM, a
known period of extreme aridity. The general absence of terrestrial
macrofossils for radiocarbon dating and low organic matter and
biogenic silica content suggest sparse terrestrial vegetation in the
vicinity and low in-lake productivity. Pollen data show a predominance of herb taxa during this time that is likely indicative of
tundra conditions. An increase in organic matter and biogenic silica
content at 15,700 yr BP marks the transition into the Lateglacial and
indicates rising lake levels at Harding Lake and variable hydroclimatic conditions thereafter until 9,400 yr BP. Core transect data
conﬁrm a substantial lake-level rise with the onset of lacustrine
sedimentation at 17.1 m BML by w14,000 yr BP and lower or
ﬂuctuating lake-levels thereafter until 9,400 yr BP. Combined with
evidence for a decrease in windiness (lower magnetic susceptibility
and titanium) and expansion of Betula forest at 14,600 yr BP, the
proxy data indicate wetter and potentially warmer conditions. A
rapid increase in sedimentation rate and rising organic matter and
biogenic silica content with a simultaneous decline in magnetic
susceptibility and titanium values indicate that considerable environmental changes occurred at Harding Lake between 9,400 and
8,700 yr BP. Core transect data and composite core proxy evidence
suggests rapidly rising and much higher lake levels than at any
previous time during the record. The increase in organic matter and
biogenic silica is attributed to a further increase in the length of the
summer ice-free season and high nutrient loads, while declining
titanium and magnetic susceptibility resulted from the ﬁnal transition to interglacial climatic conditions. High Betula pollen and a
minor component of Sphagnum and Isoetes indicate wetter conditions and higher lake-levels. This period of rapid environmental
change broadly corresponds to the submergence of the Bering land
bridge and early Holocene maxima in summer insolation; however
the abruptness of this transition precludes a direct linkage from
insolation forcing and sea level rise. We alternatively suggest the
rapid changes in sedimentation at Harding Lake beginning at
9,400 yr BP likely reﬂect an abrupt change in atmospheric circulation, possibly associated with further retreat of the Laurentide Ice
Sheet and wetter conditions in interior Alaska. A return to stable
and lower sedimentation rates by 8,700 yr BP, along with higher
organic matter and low magnetic susceptibility, suggest generally
high and stable lake levels over the middle to late-Holocene with
conditions similar to the modern lake. Increases in Alnus by 7,000 yr
BP and Picea by 5,600 yr BP, combined with continued predominance of Betula through the Holocene, indicate substantial expansion of forest around Harding Lake.
The use of AMS radiocarbon dating of terrestrial macrofossils
and higher resolution proxy analysis relative to a previous study of
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Harding Lake sediments provide a better understanding of both the
timing and magnitude of late-Quaternary climate variability in
interior Alaska. Analysis of both a depocenter core and transect of
cores from varying depths demonstrate that lake level reconstructions using a combination of methods are more robust
than a single core approach, and provide quantitative information
regarding past hydroclimate variability. Further, deep lake basins in
the unglaciated interior of Alaska preserve older sedimentary records than small, shallow lakes and therefore provide an important
terrestrial archive to investigate paleoenvironmental change across
the LGM to Holocene transition.
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