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Abstract Evidence from lake sediments and glacier

forefields from two hydrologically isolated lake

basins is used to reconstruct Holocene glacier and

climate history at Hallet and Greyling Lakes in the

central Chugach Mountains of south-central Alaska.

Glacial landform mapping, lichenometry, and equi-

librium-line altitude reconstructions, along with

changes in sedimentary biogenic-silica content, bulk

density, and grain-size distribution indicate a

dynamic history of Holocene climate variability.

The evidence suggests a warm early Holocene from

10 to 6 ka, followed by the onset of Neoglaciation in

the two drainage basins, beginning between 4.5 and

4.0 ka. During the past 2 ka, the glacial landforms

and lacustrine sediments from the two valleys record

a remarkably similar history of glaciation, with two

primary advances, one during the first millennium

AD, from *500 to 800 AD, and the second during

the Little Ice Age (LIA) from *1400 to 1900 AD.

During the LIA, the reconstructed equilibrium-line

altitude in the region was no more than 83 ± 44 m

(n = 21) lower than the modern, which is based on

the extent of glaciers during 1978. Differences

between the summer temperature inferred from the

biogenic-silica content and the evidence for glacial

advances and retreats suggest a period of increased

winter precipitation from 1300 to 1500 AD, and

reduced winter precipitation from 1800 to 1900 AD,

likely associated with variability in the strength of the

Aleutian Low.
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Introduction

Because all paleoclimatic indicators are imperfect

approximations of reality, a multiproxy approach to

climate reconstruction is needed to overcome the

inherent limitations of individual proxies (e.g.,

Osborn et al. 2007). This study focuses on the

sedimentological and biological characteristics of

sediment deposited in two glacier-fed lakes, in

conjunction with the glacial history of their catch-

ments. In addition to a combined terrestrial-lacustrine

approach, by studying two nearby, but hydrologically

isolated lakes that experience the same regional

This is one of fourteen papers published in a special issue

dedicated to reconstructing late Holocene climate change from

Arctic lake sediments. The special issue is a contribution to the

International Polar Year and was edited by Darrell Kaufman.

N. P. McKay � D. S. Kaufman (&)

Department of Geology, Northern Arizona University,

Flagstaff, AZ 86011, USA

e-mail: Darrell.Kaufman@nau.edu

Present Address:
N. P. McKay

Department of Geosciences, University of Arizona,

Tucson, AZ 85721, USA

123

J Paleolimnol (2009) 41:143–159

DOI 10.1007/s10933-008-9260-0



climatic phenomena, but unique microclimates, we

can better distinguish the effects of regional from

local climate variability.

Although several studies have used lacustrine

sediment records to infer Holocene climate variability

in southern Alaska, few high-resolution (e.g., Loso

et al. 2006; Loso this volume) or quantitative esti-

mates (e.g., Hu et al. 2001; McKay et al. 2008) that

extend through the past 2 ka have been developed for

the region. The glacial history of the past 2 ka in

southern Alaska is better known; evidence from the

forefields of numerous glaciers in the Wrangell,

St. Elias, Kenai, and Chugach mountain ranges was

recently summarized by Wiles et al. (2008). Previous

multiproxy, glacier-lake investigations have been

reported for south Alaska (e.g., Levy et al. 2004;

Daigle and Kaufman 2008), but these are relatively

low-resolution records. Here, we use glacial-landform

mapping, lichenometry, and equilibrium-line altitude

reconstructions, along with changes in sedimentary

biogenic-silica content, bulk density, organic-matter

content, grain-size distribution and sedimentation rate

to develop a high-resolution record of regional

climate for the past 2 ka, and a lower-resolution

record for the entire Holocene.

Study area

Hallet and Greyling Lakes are located along the crest

of the northeastern Chugach Mountains, about 50 km

north of Valdez and within the drainage of the

Copper River (Fig. 1). The lakes were chosen for this

study because they are among the few in the region

accessible by floatplane, and because they afford an

opportunity for a paired-lake study of relatively

similar glacier-fed systems.

Hallet and Greyling Lakes are situated in a

transitional climate regime between the maritime

region of Prince William Sound to the south and the

continental regime of interior Alaska to the north

(Papineau 2001). Winter atmospheric circulation in

the region is dominated by the Aleutian Low-pressure

system, a regional-scale low-pressure center that is

most developed during the winter. The strength and

position of the Aleutian Low control winter temper-

ature and precipitation, whereby a deepened Aleutian

Low corresponds to warmer and wetter winters in

south-central Alaska (Rodionov et al. 2005).

Hallet Lake (61.5� N, 146.2� W, 1128 m asl)

occupies a glacial valley dammed by debris ava-

lanches (Fig. 2). The lake covers 0.6 km2, and has

relatively simple bathymetry, with fan deltas located

at the mouths of the two major inflows, and an

otherwise flat lake bottom, 41 m deep at its deepest

Fig. 1 Study area in the northeast Chugach Range, south-

central Alaska. Area of the shaded relief map is shown as the

black rectangle in regional map. Locations of other proxy

climate records include: Farewell Lake (Hu et al. 2001),

Iceberg Lake (Loso et al. 2006; Loso this volume), Mica Lake

(Schiff et al. this volume), Jellybean Lake (Anderson et al.

2005) and Mt. Logan/Eclipse ice field (Fisher et al. 2004).

Long-term glacier mass-balance records include: Wolverine

and Gulkana Glaciers (Dyurgerov et al. 2002). White rectan-

gles are map areas shown in Fig. 3

Fig. 2 Bathymetric maps of (a) Hallet Lake, and (b) Greyling

Lake. Core sites for this study are indicated by white crosses.

Topographic contours in m asl
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point (Fig. 2a). The drainage basin is 9.4 km2,

including seven cirque glaciers that range from 0.1

to 0.7 km2, based on aerial photographs taken in 1978.

Greyling Lake (61.4� N, 145.7� W) is located

30 km east of Hallet Lake, also near the crest of the

range at 1015 m asl. The lake is elongate, approxi-

mately 2 km long, with three distinct sub-basins

(Fig. 2b). It covers 0.7 km2, is 36 m deep at its

deepest point, and its drainage area covers 10 km2,

including four cirque glaciers that range from 0.3 to

1 km2. Greyling Lake is fed by the outlet of Upper

Greyling Lake (informal name), which is located

about 0.3 km up valley.

Methods

Glacial history

Glacial landform mapping and lichenometry

The series of prominent late Holocene moraines

formed in the forefields of extant glaciers at the head

of both Greyling and Hallet Lake valleys were

mapped during July 2006. Twenty-six lichen stations

(13 in each valley) were established on clearly defined

moraines (Fig. 3) to estimate the timing of the

multiple moraine-forming intervals. The age of each

landform was calculated by applying the length of the

long axis of the largest, approximately circular

Rhizocarpon lichen to an empirically derived growth

curve; if the largest lichen was[20% larger than the

second largest, then it was assumed to be inherited

from an older surface and was rejected. Because a

lichen growth curve has not yet been developed for the

Chugach Range, we relied on the existing curve for

the Wrangell–St. Elias Mountains, which was recently

updated by Solomina and Calkin (2003), and is also

based on the single-largest circular lichen:

t ¼ �1018:4þ 30:095D linear phaseð Þ ð1Þ

t ¼ 38:813� 10ð0:022408DÞ great periodð Þ ð2Þ

where t = age in years before the measurement

(2006 AD), and D = lichen diameter in mm. Equation

(2) represents the initial phase of non-linear growth,

which encompasses the interval of most lichen ages

measured in the field area. The age uncertainty is

estimated to be ±20% (Solomina and Calkin 2003).

Equilibrium-line altitudes

The accumulation area ratio (AAR) method (Meier and

Post 1962) was used to estimate the equilibrium-line

altitudes (ELA) for 25 ‘‘modern’’ glaciers (16 near

Greyling Lake and nine near Hallet Lake) in the study

area, and to reconstruct the ELA for the maximum LIA

ice extent of each glacier. The reconstructed ELAs

were used to estimate ELA lowering (DELA) (the

difference between the ELA for ‘‘modern’’ and the

ELA reconstructed for the LIA) for each glacier in

the study area. Several studies from southern Alaska

have found that ELA lowering was less than expected

compared to the presumed temperature lowering

during the LIA (Levy et al. 2004; Kathan 2006; Daigle

Fig. 3 Reconstructed glacier extents during the past 500 years

in the headwaters of (a) Hallet Lake, and (b) Greyling Lake.

Four-digit numbers = ages in year AD. Ice extents were

delimited based on: 2006 = field mapping; 1978 = 1:63,360-

scale aerial photographs; 1950 = USGS topographic maps; all

others = glacial moraines and lichenometric ages. Black

triangles = lichen stations (data listed in Table 1). Black

squares = landforms with lichens older than the Little Ice Age.

Contour intervals in m asl. Map areas shown in Fig. 1
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and Kaufman 2008). In other words, assuming that the

ELA is directly related to summer temperature, and

that elevation changes in temperatures are determined

by the lapse rate, then a typical 1�C cooling should

correspond to a lowering of ELA of about 150 m. To

evaluate whether ELA was lowered significantly less

than expected during the LIA in the study area, a

realistic estimate of the maximum DELA was calcu-

lated for each glacier. Only glaciers with well-defined

moraines formed during the LIA were selected for

ELA reconstruction.

The ELAs of the ‘‘modern’’ glaciers were deter-

mined using three-dimensional models of the glacier

surfaces created in ArcGIS v 9.1. The models were

created using glacier extents derived from 1:63,360-

scale aerial photographs taken in 1978, and a 30 m

USGS digital elevation model (DEM) of the region

based on the same photographs. Because the glaciers

in the study area retreated throughout the second half

of the 20th century (indicated by USGS topographic

maps, aerial photographs, and field-mapped extents),

the 1978 glaciers were most likely not in equilibrium

with climate, and the AAR is expected to be lower

than for the equilibrium state. To estimate AAR for

the ‘‘modern’’ glaciers, we examined mass-balance

data for the two glaciers in southern Alaska with

long-term records, Gulkana and Wolverine Glaciers

(Fig. 1). The mass-balance data indicate an average

AAR of 0.58 (Gulkana Glacier = 0.56, Wolverine

Glacier = 0.59) from 1966 to 1978 (Dyurgerov et al.

2002). Although these records are from glaciers

located *200 km from the study area, they show

regional synchronicity and consistency in AAR, and

probably serve as a fair estimate of AAR for the

glaciers in this study because they bracket the study

area both geographically and climatically. Therefore,

a conservative, but realistic, AAR estimate of 0.55

was chosen for the ‘‘modern’’ glaciers, resulting in a

more conservative maximum DELA estimate.

The maximum LIA extent was determined by

photo-interpretative mapping of glaciogeomorphic

evidence, and field checked at five sites within the

headwater tributaries of Greyling and Hallet Lakes.

The large LIA terminal moraines attest to the relative

stability of these former glaciers. These extents were

combined with the 1978 USGS DEM to model the

LIA glacier surfaces. Consequently, the LIA glacier

surface models underestimate the height of the LIA

glacier surfaces; however, this is appropriate for

maximum DELA estimates, because underestimating

the height of the glacier surface in AAR reconstruc-

tions results in underestimating the LIA ELAs and a

more conservative maximum DELA estimate.

Following the same logic, an AAR of 0.65 was

chosen for the reconstructed LIA glaciers, because

this value is generally the maximum for stable alpine

glaciers (Dyurgerov et al. 2002).

Lake sediments

Core recovery

The bathymetries of both Hallet and Greyling Lakes

were mapped prior to coring using a GPS-integrated

sonar depth recorder. Sediment cores were recovered

using a percussion corer operated from a floating

platform, and shorter surface cores were taken with a

gravity corer. Three percussion cores were collected

from each lake. More information about the suite of

cores is presented by McKay (2007). In this study, we

focus on the longest and best-dated cores from the

lakes. Percussion core HT01 was recovered from near

the center of the lake with a water depth of 40.5 m,

along with its companion surface core HT01B.

Percussion core GY05 and surface core GY05A were

recovered from the central sub-basin of Greyling

Lake, which is semi-isolated from the primary

inflows (Fig. 2).

Geochronology

A total of 20 radiocarbon (14C) ages were analyzed

from cores HT01 (11) and GY05 (9). Sediment

samples between 0.5 and 2.0 cm thick were

wet-sieved to isolate macrofossils. Eight samples were

composed of woody and other terrestrial plant frag-

ments. The other 12 samples comprised a mixture of

terrestrial and aquatic plant material and chitin, which

was concentrated within the 120–250 lm size fraction.

The 14C ages were calibrated and the median proba-

bility age was calculated using CALIB v 5.02 (Stuiver

and Reimer 1993). The top 10 cm of surface core

HT01-B were analyzed using a combination of
239?240Pu and 137Cs activities, and a constant-rate-of-

supply (CRS) model using excess 210Pb activities

(Appleby and Oldfield 1978). The 239?240Pu activity,

obtained at 0.5 cm resolution to 10 cm depth, was

measured using inductively coupled plasma mass
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spectrometry. 210Pb measurements were obtained at

0.5 cm resolution to 7 cm depth and measured by

gamma spectrometry (Appleby 2001). Major-element

geochemistry and shared morphology imaged with a

scanning electron microscope were used to correlate a

tephra at 180 cm depth in core HT01 with a tephra at

67 cm in core GY05 (McKay 2007). A 14C age from

178.5 cm depth in core HT01 was then used to infer the

age of the correlative tephra in core GY05. Smoothed

cubic-spline functions were used to model the age-

depth relations and the associated 95% confidence

intervals (Heegaard et al. 2005). Maximum k-values

(k = n - 1) were used for both age models to

maximize the flexibility of the splines without over-

interpreting changes in sedimentation rate. All ages are

presented in calendar years prior to 1950 AD (cal BP).

Sedimentological and biological analyses

Magnetic susceptibility was measured at 0.5 cm

intervals on the split core faces using a Bartington

MS2 surface meter. Grain-size distributions were

measured using a Coulter LS 230 laser diffraction

particle-size analyzer. A total of 83 samples were

taken from cores HT01 and GY05, and pretreated

before analysis: The 0.2–0.4 g samples were heated

overnight at 50�C with 10 ml of 30% H2O2 to remove

organics, and heated for 4 h at 80�C with 10 ml of

NaOH to dissolve biogenic silica. The pretreated

samples were deflocculated by adding 10–15 ml of

hexametaphosphate and shaking for 0.5 h before

analysis. The mass-percent of the [1 mm size

fraction was determined for 42, 5-cm-thick sections

of core HT01 using a 1 mm sieve.

Percent organic matter (OM) and dry bulk density

(DBD) were measured on 1 cm3 samples taken at

2.5 cm intervals from cores HT01 and GY05. The top

10 cm of surface core HT01B was sampled at 0.5 cm

intervals to develop a higher-resolution record for

comparison to instrumental climate records. Samples

were dried overnight at 70�C, allowed to cool to room

temperature, and weighed to determine bulk density.

The samples were then heated to 550�C for 5 h,

cooled to room temperature in a desiccating chamber,

and weighed to determine loss-on-ignition, which

was used to approximate mass-percent OM.

Biogenic silica (BSi) was measured at 1 cm inter-

vals over the top 2 m of core HT01, and at 5 cm

intervals over the bottom 2.5 m of the core. Each

sample was 0.5 cm thick, and taken from the core axis.

The top 9 cm of surface cores HT01B and GY02A

were sampled at 0.25 cm intervals to develop a high-

resolution record for comparison to instrumental

climate records. Samples were dried and ground to

powder; large samples (*200 mg) were used for

analysis because of the low BSi content in the

sediment, and to reduce the effects of sample hetero-

geneity. The samples were pretreated to remove

organic material (shaken overnight with 5 ml of 30%

H2O2) and carbonate (shaken for 1 h with 5 ml of 1 M

HCl). BSi was extracted with 40 ml of 10% Na2CO3

(4 h at 85�C), and concentrations were determined

using molybdate-blue reduction and spectrophotome-

try, following Mortlock and Froelich (1989). A large

reference sample taken from core HT01 was homog-

enized and run twice with each batch; the results were

used to account for minor batch effects.

Glacial history

Hallet Lake valley

Lichen diameters were measured at 13 sites (Fig. 3a) in

the forefields of glaciers that discharge to Hallet Lake.

Maximum lichen thalli sizes for individual landforms

ranged from 15 to 68 mm, corresponding to ages

ranging from 1920 ± 20 to 980 ± 200 AD (Table 1).

With the exception of station 13 located high on the

largest lateral moraine of glacier HTG1 (Fig. 3a;

Table 1), the lichenometric ages indicate that all of the

prominent, bouldery moraines in the southern end of

the valley stabilized after *1500 AD. Moraines

deposited by glaciers on the west side of the valley

record a restricted LIA advance (Fig. 3a), and lichen

ages (1870–1920 AD) indicate that the moraines

stabilized more recently. Also, in contrast to the

moraine sequence in the southern part of the valley,

older moraines are preserved beyond the maximum

LIA extent in these cirques (Fig. 3a). These moraines

are degraded, with lower crests and smaller, weathered,

and more rounded boulders than the LIA moraines in

the valley, but appear significantly younger than the

rounded, vegetated moraines at the mouth of Hallet

Valley, which are attributed to Wisconsinan advances

in the region. Despite the presence of large lichens on

the landforms (120–150 mm), an accurate age could

not be obtained because of the non-circular growth
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patterns of the lichens, and the decreased certainty of

ages for lichen thalli larger than 100 mm, calculated

using the available growth curve for the Wrangell–St.

Elias Mountains (Solomina and Calkin 2003). The

single control point for lichens larger than 100 mm in

this growth curve is the 130-mm-diameter lichen on a

surface dated by 14C to 2870 cal BP (Denton and

Karlén 1973; Solomina and Calkin 2003). This age is

therefore adopted as a best estimate for these land-

forms. Moraines with similar lichen sizes and

weathering features were mapped in all four cirques

in the western part of the watershed (Fig. 3a). In

cirques 6 and 7, they occur beyond the maximum LIA

moraines, and in cirque 8 they form the moraines

closest to the cirque headwall. This cirque lacks both

modern glaciers and glacial deposits indicative of a

LIA advance (Fig. 3a).

Greyling Lake valley

Lichens were measured on 13 landforms in the

Greyling Lake valley (Fig. 3b). The maximum diam-

eter of lichen thalli on individual landforms ranged

from 8 to 46 mm, corresponding to ages ranging from

1950 ± 10 to 1590 ± 80 AD (Table 1). The lichen

ages suggest that all of the bouldery moraines near

Upper Greyling Lake are associated with LIA glacier

advances. The LIA moraine sequence records a

Table 1 Summary of

lichen sizes on moraines in

Hallet and Greyling Lake

valleys

a Based on the lichen

growth curve for the

Wrangell–St. Elias

Mountains revised by

Solimina and Calkin (2003)
b Ages calculated using the

linear growth curve of

Solomina and Calkin (2003)

Lichen

station

(Fig. 3)

Latitude

(�N)

Longitude

(�W)

Maximum

thallus

diameter

(mm)

Age

(year

before

2006)a

Age

(year

AD)a

Hallet Lake valley

1 61.48031 146.23224 42 340 1670

2 61.48063 146.23138 38 280 1730

3 61.47974 146.28105 24 140 1870

4 61.48000 146.24053 31 200 1810

5 61.47714 146.22375 47 440 1570

6 61.47687 146.22279 43 360 1650

7 61.48023 146.21613 32 210 1800

8b 61.48097 146.21360 51 520 1490

9 61.48182 146.21289 43 360 1650

10 61.48207 146.21211 20 110 1900

11b 61.48505 146.20679 68 1030 980

12 61.48679 146.24397 15 90 1920

13 61.48947 146.24955 24 140 1870

Greyling Lake valley

1 61.37254 145.74860 25 140 1870

2 61.37335 145.74854 46 420 1590

3 61.37055 145.74991 8 60 1950

4 61.36983 145.74675 33 220 1790

5 61.37018 145.74470 18 100 1910

6 61.36873 145.74618 40 310 1700

7 61.36848 145.74363 32 210 1800

8 61.37058 145.74206 32 210 1800

9 61.37052 145.74143 17 100 1910

10 61.37049 145.74030 44 380 1630

11 61.36838 145.73821 17 100 1910

12 61.36902 145.74020 34 230 1780

13 61.37104 145.73427 38 280 1730
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complex history of advance and retreat from the

multiple cirques: the west tongue of glacier GYG1

experienced limited advance compared with the other

glaciers in the valley, but was the only glacier to

preserve a record of several moraines deposited

progressively down-valley during the LIA (Fig. 3b).

Lichenometric ages suggest the glacier underwent

several episodes of advances and standstills from

1630 to 1800 AD, when it reached its full extent,

coalescing with the glacier emanating from the east

near Upper Greyling Lake. The moraine record

indicates that the east tongue of glacier GYG1, and

the other glaciers in the valley (which are larger than

the west tongue of GYG1) reached their LIA maxi-

mum extents earlier, between 1590 and 1730 AD

(Fig. 3b). Recessional moraines record the pauses

during the retreat of these larger glaciers, and suggest

that most of the recession from the LIA maximum

extents occurred during the past 100 years.

Equilibrium-line altitudes

ELAs for the study areas ranged from 1410 to 1650 m

for the ‘‘modern’’ glaciers, and 1280 to 1610 m for the

reconstructed maximum LIA glaciers. The calculated

ELAs for both the ‘‘modern’’ and LIA reconstructions

tend to rise to the west (3 m km-1, p = 0.009). The

average maximum ELA lowering (DELA) was

86 ± 61 m (n = 7) near Hallet Lake, and

82 ± 38 m (n = 14) near Greyling Lake. Because

the DELA values are essentially equal, all 21 glaciers

are used to estimate the maximum DELA for the area

(83 ± 44 m, n = 21). The number of LIA glaciers is

fewer than for ‘‘modern’’ glaciers because some of the

glaciers coalesced during the LIA.

Lake sediments1

Geochronology

Hallet and Greyling Lakes age-depth models

Downcore changes in 239?240Pu and 137Cs activities

in the surface core from Hallet Lake (HT01-B) are

concordant and show a well-defined peak at 3.25 cm

(Fig. 4b, inset; details in McKay 2007). We correlate

this peak with the peak discharge from atmospheric

atomic bomb testing in 1963 AD (Ketterer et al.

2004). The 210Pb activity in core HT01-B is low, with

relatively high analytical errors and a reversal from

3 to 6 cm (Fig. 4a). The low activity is typical of

sediment in glacier-fed lakes, especially at high

Fig. 4 Age-depth models for cores analyzed in this study,

including (a) HT01 from Hallet Lake, and (b) GY05 from

Greyling Lake. Inset in (a) shows the activity profiles of
239?240Pu, 210Pb, and 137Cs (data listed in McKay 2007). The

tephra age in GY05 is based on correlation with a dated tephra

in HT01. Depths have been adjusted to account for loss

of sediment at the top of the core and, in core GY05,

instantaneous sedimentation from 240 to 250 cm and 320 to

330 cm. The cubic spline and 95% confidence intervals were

developed following the procedure of Heegaard et al. (2005)

using maximum k values for flexible curves. Ages below

250 cm in core GY05 are not well known; we estimate the

basal age at 15 ka. Error bars are 2r ranges for the calibrated
14C ages, and are smaller than the plot symbol in most cases

(data listed in Table 2)

1 Downcore data presented in this study are available on-line

at the World Data Center for Paleoclimatology (ftp://ftp.ncdc.

noaa.gov/pub/data/paleo/paleolimnology/northamerica/usa/alaska/

chugach2008.txt).
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latitudes, where low 210Pb flux imposes a significant

limitation (Wolfe et al. 2004). Despite this, the

constant-rate-of-supply (CRS) model indicates an

average sedimentation rate of 0.082 cm yr-1, which

is similar to the rate inferred from the 239?240Pu and
137Cs peaks (0.076 cm yr-1). To account for the

reversal in 210Pb activity, the model invokes a

15-year period of high sedimentation rate (*4 times

higher than the rest of the 20th century) that is not

supported by any sedimentological or climatological

evidence. Also, the concentrations of BSi and OM do

not decrease during this interval, as would be

expected with a major change in clastic sedimenta-

tion rate. Because of this, and in light of the low

activities and relatively large errors, we are hesitant

to adopt ages directly from the CRS model. Instead,

we use the average sedimentation rate inferred from

the 239?240Pu and 137Cs peaks to determine ages for

the top 10 cm of the core, and use the average rate

derived from the 210Pb CRS model as supporting

evidence (see McKay (2007) for further discussion on

the age of recent sediment).

An age-depth model for core HT01 was developed

using all eleven calibrated 14C ages (Table 2), one
239?240Pu age (3.25 cm = 1963), and the surface age

(0 cm = 2006) obtained from the companion surface

core (HT01B) (Fig. 4a). Two organic samples were

analyzed in duplicate to assess any potential offset in

Table 2 Radiocarbon ages and complementary data

Lab IDa Top depth

(cm)b
Bottom

depth (cm)b
Material

typec

14C age

(BP)

± Cal age (BP)d

(median

probability)

2r range ±

Core HT01

29497 10 11 TPF 190 15 175 140

29498 10 11 APF, TPF 120 15 110 130

29499 81.5 82 TPF 810 20 715 40

33138 135 137 \120 lm 1465 25 1350 40

29500 177 178 TPF 1975 15 1920 50

31584 177 178 \120 lm 1990 20 1940 50

29501 236 236.5 WS 2480 15 2585 120

33139 299 301 \120 lm 3395 25 3645 60

33140 329 331 \120 lm 3485 45 3760 110

31585 363 365 \120 lm 4360 30 4920 90

33141 435 440 WS 6875 15 7695 40

Core GY05

33142 100 102 \120 lm 3975 30 5010 150

31587 130 130 WS 3800 15 4465 70

31588 149 149 WS 4435 15 4190 150

33143 190 192 \120 lm 8115 20 9030 60

41390 207 209 \120 lm 9080 60 10,240 160

33144 230 232 \120 lm 11,350 35 13,225 80

134208e 240 242 \120 lm 11,140 100 13,046 160

33145 260 262 \120 lm 15,840 310 19,085 500

33146 282 284 \120 lm 12,830 630 15,085 1660

a Analyses performed at the Keck Carbon Cycle AMS Facility at UC Irvine
b Depths adjusted for loss of 1 cm from the surface sediment and zones of instantaneous sedimentation from 240 to 250 cm and 320

to 330 cm
c TPF, terrestrial plant fragments; APF, aquatic plant fragments; WS, woody stems; \120 lm, chitin and detrital terrestrial and

aquatic plant fragments between 250 and 120 lm
d The 14C ages were calibrated using CALIB v 5.02 (Stuiver and Reimer 1993)
e The Center for Accelerator Mass Spectrometry at the Lawrence Livermore National Laboratory
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the 14C ages of terrestrial plant material compared with

the mixture of aquatic and terrestrial. The resulting

ages overlap within 1r in both cases. A distinctive 0.5-

cm-thick, clay-rich layer was used as a marker to tie

together core HT01 and the associated surface core

HT01-B. The correlation indicates that 2.3 cm of

sediment was lost from the top of core HT01, and

depths in the age model were adjusted accordingly. On

the basis of this age model, the sedimentation rate from

7.8 to 4 ka averaged*0.03 cm yr-1 before increasing

to *0.09 cm yr-1 from 4 ka through the present. The

age at the base of the core (7.8 ka) probably approx-

imates the timing of the emplacement of the debris

avalanches that dam the lake.

Nine 14C ages and the correlated tephra age

(1926 ± 24 cal BP based on the pooled mean of the

duplicate ages from 177 cm depth, 2 cm above the

tephra) were used to develop the age model for core

GY05 (Fig. 4b; Table 2). A series of clay-rich layers

correlated from core GY05 across to surface core

GY05A indicate that 1 cm of sediment was lost from

the top of core GY05. Two 14C ages were not included

in the age model: the age from 100 cm was rejected

because it fell off the well-defined nearly linear trend

set by the four ages nearest to it in the core. The age

from 250 cm was rejected because it suggested that

the bottom was deposited [19 ka, which is unlikely

considering previous studies have shown that the

Chugach Range was occupied by extensive ice at that

time (Hamilton and Thorson 1983). The age model is

not well constrained over the lower 1 m of the core

where sediment probably accumulated rapidly in an

ice-proximal glaciolacustrine setting. On the basis of

visual extrapolation, we assign an age of about 15 ka

to the base of the core, which is consistent with the

deglacial age near Matanuska Glacier, 130 km north-

west of Greyling Lake (Yu et al. 2008). Like Hallet

Lake, the sedimentation rate at Greyling Lake was

low (*0.01 cm yr-1) following deglaciation to 4 ka,

increasing to *0.03 cm yr-1 from 4 ka to the

present.

Sedimentological and biological analyses

Hallet Lake

Core HT01 is dominated by silty mud, and is weakly

laminated to bedded throughout the core (0.1–2-cm-

thick laminations) (Fig. 5a). The laminations are

defined by changes in color, and in places by slight

changes in texture. The sedimentary sequence includes

three main units: (Unit I) The bottom of the core, from

450 to 340 cm (7.8–4.3 ka), consists of dark-gray

(10YR 2/1) silty mud, with abundant angular rock

fragments. (Unit II) Laminated, dark-gray (10YR 2/1)

mud with few rock fragments is present from 340 to

160 cm (4.3–1.6 ka). (Unit III) Above 160 cm, the

laminations thin, and the sediment color varies from

light gray (10YR 3/1) to light tan (10YR 4/6).

Magnetic susceptibility (MS) is low (*30 9 10-6

SI), with minimal variability punctuated by a large

peak (*250 9 10-6 SI) corresponding to the single

tephra layer at 180 cm (1926 cal BP = 24 AD). The

sediment matrix is fine grained (median grain size

typically\4 lm) with no significant downcore trends.

The mass percent of particles[1 mm is highest below

340 cm, consistent with the visible lithostratigraphy.

OM is generally low, varying from 2.5% to 7.3%. OM

is highest near the base of the core and is inversely

related to bulk density. BSi ranges from 4 to

100 mg BSi g-1 dry sediment. BSi is very high at

the base of the core (25–100 mg g-1). It decreases at

390 cm depth (5.5 ka), then again at 350 cm (4.5 ka).

BSi remains low with minor variability (4–20 mg g-1)

above 350 cm. DBD ranges from 0.7 to 1.5 g cm-3,

generally increasing towards the top of the core, with

pronounced low-frequency variability.

Greyling Lake

Core GY05 consists of three main stratigraphic units

(Fig. 5b): Unit I, the basal unit from 350 to 230 cm

(15 (?)–12.5 ka) is composed of gray (5GY 3/1) silty

mud, which is generally not laminated, although a

zone with well-defined laminae (0.5–1-cm-thick) is

located from 350 to 330 cm. Two large rock clasts

(7 and 10 cm long by 7 cm wide) were recovered in

this unit, from about 250 to 330 cm. Unit II from 230

to 130 cm (12.5–4 ka) is grayish-green (5GY 6/3)

organic-rich silty clay, with a sharp contact at the

base, and a gradational contact at the top. Unit III

from 130 to 0 cm (4–0 ka) is thinly bedded, gray to

dark-gray clayey mud. MS is generally low through-

out the core (*20 9 10-6 SI); its first-order trend is

consistent with the core lithology, with the lowest

values (*5 9 10-6 SI) in organic-rich unit II. Down-

core changes in grain size can be subdivided into

three zones, consistent with the lithostratigraphic

J Paleolimnol (2009) 41:143–159 151

123



units; generally the sediment matrix fines towards the

surface, except during the last 4 ka when it coarsened

slightly. OM ranges from 2.1% to 9.7%, is highest in

unit II, and lower in units I and III. DBD ranges from

0.5 to 1.5 g cm-3, and shows the opposite trend as

OM. BSi was analyzed in the top 10 cm of the

surface sediment, and at several depths deeper in core

GY05, but was generally undetectable relative to

background concentration.

Sediment bulk density, organic-matter content,

and glacier variability

The strong similarity between century-scale variations

in the OM of sediment at Hallet and Greyling Lakes

(Fig. 6) suggests that the glacier-lake systems respond

to regional climate variability on multiple timescales.

OM, determined by loss-on-ignition (LOI), has

been widely used to infer glacier variability, and

Fig. 5 Lithostratigraphy,

magnetic susceptibility, dry

bulk density, organic-matter

content, and median grain

size for cores (a) HT01 and

(b) GY05 from Hallet and

Greyling Lakes,

respectively. Biogenic-

silica content and particles

[1 mm for core HT01 from

Hallet Lake are also shown

in (a). Smoothed line for

bulk density and organic

matter are 5-point running

means. All data listed in

McKay (2007). Age scale

based on models shown in

Fig. 4
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environmental and climatic change, especially at

high-latitude and glacier-fed lakes (e.g., Willemse

and Törnquist 1999; Kaplan et al. 2002; Nesje et al.

2004). OM is primarily controlled by the flux of

organic material deposited, the clastic sedimentation

rate and DBD. In proglacial lakes, the clastic

sedimentation rate is primarily controlled by the

activity of the glaciers, and is often more variable than

the contribution of organic material, thereby driving

the OM concentrations (Nesje et al. 2004).

On multi-decadal timescales, DBD of sediment

deposited in proglacial lakes is often controlled by the

amount of glacially derived sediment, which is related

to the size and activity of glaciers in the headwaters

(e.g., Leonard 1985; Noon et al. 2000; Bakke et al.

2005). Because sediment younger than about 4 ka

from both Hallet and Greyling Lakes is dominantly

glacial and minerogenic (94–98%), the fluctuations in

DBD (0.5–1.5 g cm-3) on centennial and longer

timescales are most likely attributable to changes in

glacier activity. Once again, because the concentra-

tion of organic matter and the DBD of the sediments

are inversely related to glacier activity, their quotient

(OM) is probably most sensitive to glacier size.

OM and DBD are both indicative of glacier

activity, but they are not independent variables. They

are related mathematically: DBD is directly propor-

tional to the mass of dry sediment, which is used to

calculate LOI. They are also related physically:

increased OM reduces DBD because the density of

organic material is low, and because it provides

flocculation nuclei and affects sediment packing.

Finally, at Hallet and Greyling Lakes, OM and DBD

are related mechanistically, because both DBD and

OM are driven, in part, by glacier activity in the

headwaters. These interrelations are evident in the

similarities between OM and DBD at both lakes

(Fig. 5). Despite their overall similarities, the records

contain notable differences, reinforcing the impor-

tance of a multiproxy approach.

Holocene climate variability and glacial

history at Hallet and Greyling Lakes

Early Holocene warmth

From 10 to 6 ka, sediment deposited in Hallet and

Greyling Lakes was characterized by low accumula-

tion rates, elevated OM, and low DBD (Fig. 5). These

characteristics are consistent with general warmth,

increased productivity, and diminished, if not entirely

ablated, glaciers in the lake valleys. This is generally

consistent with evidence of 2–3�C warming in Alaska

during the early Holocene (Kaufman et al. 2004). BSi

in Hallet Lake is nearly an order of magnitude higher

(60–100 mg g-1) from the base of the core (7.8 ka)

to 5.6 ka than for the rest of the sediment sequence

(4–20 mg g-1). Although some of this difference is

attributable to lower sedimentation rates and bulk

density (average BSi flux is only 2–3 times higher),

the dramatic shift highlights the non-linear BSi-

climate relation discussed by McKay et al. (2008).

Neoglaciation

The onset of Neoglaciation in the region is clearly

recorded in the sediment sequences. At Greyling Lake,

OM began to decrease, and DBD began to increase ca.

4 ka (Fig. 5b), consistent with a three-fold increase in

the sedimentation rate at the same time (Fig. 4). This

shift is also manifest in the lithostratigraphy of core

GY05 as the gradational contact from the massive

organic-rich sediment of Unit II to the laminated

minerogenic sediment of Unit III at 130 cm (Fig. 5b).

From 4 ka to present, OM (DBD) in Greyling Lake

generally decreases (increases), with the lowest

(highest) values during the LIA. This is consistent

with the glacial geomorphology, which indicates that

no Holocene moraines older than the LIA were

preserved in Greyling Lake valley.

At Hallet Lake, OM begins to decrease ca. 4.5 ka,

at which time the BSi values reach a stable low value

that is generally maintained through the present. Like

Greyling Lake, the age model for Hallet Lake

Fig. 6 Organic matter content (OM) in sediment cores from

Hallet and Greyling Lakes over the past 8 ka. The data have

been smoothed using a Gaussian-weighted low pass filter. Ages

are based on models shown in Fig. 4
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indicates a three-fold increase in sedimentation rate

after 4 ka (Fig. 4a). However, the DBD begins to

increase much earlier, rapidly rising from 5.5 to

4.0 ka to a maximum at *2.5 ka and remaining

generally high to the present. We suggest that the

onset of Neoglaciation in both of the lake valleys

occurred between 4.5 and 4.0 ka, and is manifested in

OM and sedimentation-rate changes in both sediment

records. The onset of Neoglaciation at Hallet and

Greyling Lakes appears to have begun somewhat

earlier than elsewhere in southern Alaska; there is

evidence of Neoglacial advances in the Kenai

Mountains beginning at 3.6 ka (Wiles and Calkin

1994), advances in the Ahklun Mountains at 3.1 ka

(Levy et al. 2004), and dramatic cooling and

increased storminess around the Gulf of Alaska ca.

3.5 ka (Calkin et al. 2001).

The early increase in DBD at Hallet Lake may be

best described as a transitional period; however, the

differences in the Hallet and Greyling Lake DBD

records may be due to distinct patterns of glacier

fluctuations in the valleys during Neoglaciation. The

only Neoglacial moraines preserved beyond the

maximum LIA extent in either valley are in the three

cirques on the west side of the Hallet Lake valley

(Fig. 3). The ages of these moraines are not well

constrained, but are estimated based on lichen size at

ca. 2.9 ka. The formation of these moraines may

correlate with the DBD peak in Hallet Lake at

2.5 ka. The differences between the glaciolacustrine

sequences at Hallet and Greyling Lakes might also be

attributed to the presence of Upper Greyling Lake,

which serves as a sediment trap in Greyling Lake

valley. In contrast, Hallet Lake is directly connected

to the discharge of glaciers in its catchment.

First millennium AD cooling and glacier

advances

BSi-inferred summer temperatures at Hallet Lake

from *100 to 500 AD were 1�C warmer than the

long-term (2 ka) average (3.1�C), before decreasing

rapidly to *2�C by 600 AD (Fig. 7) (McKay et al.

2008). Following this cooling, summer temperatures

remained below the 2 ka average, slowly rising to

*3�C by 800 AD. This is broadly consistent with

regional (e.g., Hu et al. 2001) and hemispheric (e.g.,

Moberg et al. 2005) proxy records. The cooling

from *480 to 600 AD also coincides with glacial

advance in southern Alaska. Glacier forefields in the

Chugach Range, as well as the Kenai and St. Elias

Mountains, show evidence of first millennium AD

(FMA) advances (Wiles et al. 2008). Radiocarbon

ages from glacially overrun trees suggest that the

main interval of advance was between 590 and

650 AD; an age of 430 AD is the earliest evidence of

glacial expansion for the coastal mountain ranges

(Wiles et al. 2008). The DBD record from Hallet

Lake is also consistent with FMA advances in the

valley; DBD is low from *1 to 400 AD before

peaking at *700 AD, and remains high until

*850 AD. OM is also consistent with glacial

expansion at the time, decreasing markedly from

400 to 600 AD. No glaciogeomorphic evidence of

FMA advances has been found in Hallet or Greyling

Lake valleys, suggesting that the landforms were

subsequently overrun by LIA advances.

Medieval Period

After *600 AD, BSI-inferred summer temperature

gradually increased from *2 to 3�C through

*1100 AD, before rapidly increasing to *4�C by

1300 AD, and remained above average until

*1500 AD (Fig. 7) (McKay et al. 2008). While the

temperature reconstruction from Hallet Lake suggests

warming throughout the period, summer temperature

did not reach its maximum until 1300–1500 AD. The

Medieval Warm Period (MWP) is classically consid-

ered to have occurred significantly earlier, from

*950 to 1200 AD (Brázdil et al. 2005); however,

many studies have highlighted the spatial and tem-

poral heterogeneity of the warm period (e.g., Hughes

and Diaz 1994; Jones and Mann 2004; Osborn and

Briffa 2006). The warming between 1300 and

1500 AD in Hallet Lake is consistent with a period

of general warmth observed in proxy records

throughout the Northern Hemisphere.

In southern Alaska, only a few studies have

presented well-constrained evidence for the timing

and magnitude of the MWP (Hu et al. 2001; Loso

et al. 2006; Loso this volume; Wiles et al. 2008).

Tree-ring chronologies from recently uncovered

subfossil wood in glacial forefields in the Chugach

and Kenai Mountains (Fig. 1) suggest continuous

forest growth from *900 to 1200 AD in areas that

were covered with ice during the FMA and the LIA

(Wiles et al. 2008). The quantitative temperature
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Fig. 7 Comparison of regional and hemispheric proxy tem-

perature and precipitation records for the last 2 ka. (a) Summer

(JJA) temperature based on biogenic-silica (BSi) content at

Hallet Lake (McKay et al. 2008). Horizontal line indicates the

mean of the last 2 ka. Thin curves are confidence intervals

determined as the dynamic RMSEP(boot). (b) Isotope-inferred

temperature from Farewell Lake, northwestern Alaska Range

(Hu et al. 2001). (c) Varve-thickness-inferred summer temper-

ature from Iceberg Lake, eastern Chugach Range (Loso this

volume). (d) Multi-proxy Northern Hemisphere temperature

reconstruction (Moberg et al. 2005). (e) Organic matter content

(OM) of sediment from Hallet (solid line) and Greyling

(dashed line) Lakes (this study). (f) Dry bulk density (DBD) of

sediment from Hallet Lake (solid line) and Greyling Lake

(dashed line) (this study). (g) Lichenometric age ranges for

moraines in Hallet and Greyling Lake valleys (this study). (h)

Periods of increased (?) and decreased (-) winter precipita-

tion, inferred from the combination of summer temperature at

Hallet Lake and evidence for glacier expansion at Hallet and

Greyling Lakes (this study). See text for details. (i) Oxygen

isotope (d18O) variations in CaCO3 from Jellybean Lake

sediments (Anderson et al. 2005). (j) d18O variations in the

Eclipse ice core from Mount Logan (Fisher et al. 2004). (k)

Tree-ring-inferred Pacific Decadal Oscillation index (PDO)

(MacDonald and Case 2005). Dark shaded intervals are well-

constrained periods of expanded mountain glaciers in southern

Alaska, poorly constrained periods are lightly shaded and

denoted with a question mark (Wiles et al. 2008). For all

records, gray curves are raw time series, and black curves are

low-pass filtered series. Site locations shown in Fig. 1
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reconstruction from Farewell Lake, in the foothills of

the northwestern Alaska Range (Fig. 1) (Hu et al.

2001), indicates a period of increased temperature

(*0.5�C cooler than modern) from *800 to

1500 AD. The 1600 year varve sequence from Ice-

berg Lake in the eastern Chugach Mountains (Fig. 1)

contains a period of increased varve thickness from

1000 to 1300 AD (Loso et al. 2006; Loso this

volume). Tree-ring series from coastal Alaska sug-

gest general warmth from 900 to 1100 AD, as well as

shorter periods of warm temperature centered on

1300 and 1450 AD (Barclay et al. 2003; D’Arrigo

et al. 2006). The period of warmth inferred from the

Hallet Lake BSi record from 1300 to 1500 AD is

generally consistent with other records in the region,

but the cooler summer temperature between 900 and

1200 AD is not consistent with other records of

warm-season temperature from the area. Fluctuations

in DBD and OM at Hallet Lake suggest that glaciers

retracted from *850 to 1050 AD, consistent with

evidence of glacial recession in the coastal ranges

(Wiles et al. 2008).

Little Ice Age

The LIA in southern Alaska has been divided into

three phases (early, middle, and late) based on glacial

evidence and tree-ring chronologies (Wiles et al.

1999; Barclay et al. 2003). An increase in DBD and a

decrease in OM in both Hallet and Greyling Lakes

around *1050–1200 AD (Fig. 7) suggest that the

glaciers in the lake valleys expanded during the early

phase of the LIA. This is consistent with evidence of

glacier expansion from 1180 to 1300 AD at several

glaciers in the coastal ranges (Wiles et al. 2008). No

terminal moraines from this advance are preserved in

Hallet or Greyling Lake valleys, which is typical for

this advance in southern Alaska (Wiles et al. 2008);

however, a lichenometric age of 980 ± 200 AD from

high on a lateral moraine in Hallet Lake valley

(Fig. 3a) may be associated with this advance. DBD

was low, and OM was high, from *1250 to

1350 AD, suggesting that the glaciers retreated as

summer temperatures increased during the interval

(Fig. 7) (McKay et al. 2008).

At both lakes, DBD increased from *1350 to

1400 AD, and remained high until 1750 AD. At

Greyling Lake, DBD remained high through the

present. OM at the lakes decreased during the same

interval, reaching a minimum at Hallet Lake at

*1700 AD, and at *1800 AD at Greyling Lake.

This is consistent with the glacial geomorphic

evidence, which indicates that the largest LIA

terminal moraines in Hallet and Greyling Lake

valleys stabilized between 1550 and 1800 AD. Sum-

mer temperatures at Hallet Lake remained near the

2 ka average until *1700 AD (Fig. 7) (McKay et al.

2008). This suggests that the glacier advance asso-

ciated with the middle phase of the LIA, which was

the largest Holocene advance for most of the glaciers

in the study area, began while the summer temper-

atures were fairly warm. This suggests a significant

increase in winter precipitation during the interval.

Evidence for increased winter precipitation in the

region is supported by the peak in oxygen-isotope

ratios in diatoms from Mica Lake during this interval

(Schiff et al. this volume). A tree-ring-based recon-

struction of the Pacific Decadal Oscillation (PDO)

indicates that North Pacific sea surface temperatures

were generally warm from 1350 to 1550 AD, which

is also consistent with a deepened Aleutian Low and

enhanced winter precipitation in southern Alaska

(Fig. 7) (MacDonald and Case 2005). The winter-

precipitation-sensitive isotopic records from the

Eclipse ice core and Jellybean Lake sediments do

not show this increase (Fisher et al. 2004).

By 1800 AD, BSi-inferred summer temperature

was nearly 1�C below the 2 ka average. The 19th

century was the coldest sustained interval in the BSi-

inferred summer temperature reconstruction (McKay

et al. 2008), and is consistent with several dendro-

climate studies from southern Alaska (Barclay et al.

2003; Davi et al. 2003; Wilson et al. 2007). DBD in

Hallet Lake decreased, and OM increased, from

*1750 AD to the present, although part of this trend

may be due to differential compaction near the top of

the core; at Greyling Lake OM increased slightly, and

DBD did not decrease during this interval. Reces-

sional moraines dating to this interval suggest that the

glaciers at the south ends of Hallet and Greyling Lake

valleys stabilized during the late LIA, but glaciers

were less extensive than during the middle LIA

advances, despite the cooler summer temperatures,

suggesting a reduction in winter precipitation.

The relatively limited lowering of ELA (DELA)

during the maximum LIA is also consistent with the

inference that snowfall was reduced. In this study,

glacier geometry (the AAR method) was used to
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estimate ELAs based on the mapped glacier extents.

For ‘‘modern’’ glaciers, the calculated ELAs are

therefore controlled by the integrated effects of

climate over the few decades prior to 1978. At Hallet

Lake, the period from 1950 to 1978 AD was on

average 1.5�C warmer than during the maximum LIA

cooling (McKay et al. 2008). Assuming that the ELA

is strictly a function of summer temperature, and

applying a regional environmental lapse rate of

7�C km-1 (McKay 2007), suggest that ELA should

have lowered by *210 m to account for the 1.5�C

cooling. The maximum ELA lowering calculated

using the maximum LIA glacier extents and the AAR

method is, however, only 83 m. This DELA is a

realistic maximum estimate, and is relatively insen-

sitive to changes in AAR; to achieve the hypothetical

lowering of *210 m, the ‘‘modern’’ AAR would

have to be B0.05. Evidence for reduced winter

precipitation during the LIA has been identified in

other glacial records from southern Alaska (Levy

et al. 2004; Kathan 2006; Daigle and Kaufman 2008).

Oxygen isotopes from the Eclipse ice core and

Jellybean Lake sediments suggest a weakened Aleu-

tian Low after 1800 AD (Fisher et al. 2004;

Anderson et al. 2005). Oxygen isotopes in diatoms

from Mica Lake also indicate that the Aleutian Low

was generally weaker during the mid 19th century,

then strengthened through the 20th century (Schiff

et al. this volume).

Summary and conclusions

By integrating glaciogeomorphic and paleolimnolog-

ical evidence from nearby, but hydrologically

isolated drainage basins, we are able to infer multiple

aspects of Holocene glacier and climate variability in

the northeast Chugach Mountains:

(1) The early Holocene (from 10 to 6 ka) was

generally warm, with diminished or entirely

ablated glaciers in the cirques that presently

contain glaciers in the headwaters of Hallet and

Greyling Lakes.

(2) Moraine sequences and glaciolacustrine sedi-

ment indicate that the history of Neoglaciation

was somewhat different in the Hallet and

Greyling Lake valleys; however, nearly syn-

chronous changes in OM and sedimentation rate

in the two lakes suggest that Neoglaciation in

the region began between 4.5 and 4.0 ka.

(3) Increased DBD and decreased OM of sediment

in both lakes suggest that glaciers advanced

during the first millennium AD, consistent with

cooler summer temperatures inferred from BSi

concentration at Hallet Lake (McKay et al.

2008). No glaciogeomorphic evidence of these

advances was found, however, suggesting that

the older moraines were subsequently overrun

during the LIA.

(4) Lichenometric ages of large terminal moraines

in both valleys and high DBD in Hallet and

Greyling Lake sediments suggest that the LIA

maximum advance occurred during the middle

phase of the LIA, from 1550 to 1750 AD. The

large glaciers, coupled with nearly average BSi-

inferred summer temperatures during the inter-

val suggest that increased winter precipitation

drove the glacial expansion.

(5) The late phase of the LIA was the coldest of the

past 2 ka, and is recorded by end moraines in

most glacier forefields. Given the relatively

limited glacier expansion and the cold summer

temperatures, winter precipitation, driven by the

strength of the Aleutian Low, was most likely

reduced during this interval.
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