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ABSTRACT

We examined the hydroclimatic signal in a record of annual lamina (varve) thickness from High Arctic Lake
A, Ellesmere Island (83°00.00’N, 75°30.00'W). In this unglacierized catchment, nival melt is the dominant
source for meltwater and transport of sediment to the lake, and autumn snowfall is highly influential on
varve thickness through the amount of snow available for melt in the following year. For the period during
which climatic data are available, varve thickness in Lake A was significantly correlated (r=0.50, p<0.01)
with the cumulative snowfall from August to October (ASO) during the previous year and, to a lesser extent,
ASO mean daily temperature (r=0.39, p<0.01) at Alert, Nunavut (175 km east). The varve thickness record,
interpreted as a proxy record of ASO snowfall and, by extension, ASO temperature, indicated above-mean
conditions during five periods of the past millennium, including most of the 20th century. These results
corresponded well to other available high-resolution proxy climate records from the region, with some
discrepancies prior to AD 1500 and during the period AD 1700-1900.

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

Introduction

The northernmost part of the Canadian High Arctic has undergone
many notable recent environmental changes. Along the northern
coast of Ellesmere Island, a formerly extensive ice shelf complex was
reduced in size by 90% during the 20th century (Vincent et al., 2001)
and the largest remaining Arctic ice shelf (Ward Hunt Ice Shelf) has
had major recent fractures, which caused the drainage of an epishelf
lake in Disraeli Fiord (Mueller et al., 2003). Most recently, the Ayles
and Markham ice shelves disappeared in 2005 and 2008, respectively,
while the Ward Hunt and Serson ice shelves, as well as coastal pe-
rennial sea-ice, were greatly reduced in extent in 2008 (Copland et al.,
2007; Mueller et al., 2008; Vincent et al., 2009). Reductions in ice
cover extent and thickness at nearby Lake A have been observed since
AD 2000, and suggest that Lake A may be changing from a perennial to
a seasonal ice cover regime (Mueller et al., 2009). These physical
changes have been paralleled by a remarkable increase in aquatic
productivity at Ward Hunt Lake during the past two centuries
(Antoniades et al., 2007), and collectively, these indicators suggest
substantial environmental changes are underway in the region.

Proxy climate indicators provide one method to extend instru-
mental climate records and put observed changes in a long-term
perspective, but few annually resolved records are available from the
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Arctic (e.g., Lamoureux and Bradley, 1996; Hughen et al., 2000;
Lamoureux and Gilbert, 2004). At the northern edge of the Canadian
High Arctic, paleoenvironmental records exist for three adjacent
chemically stratified (meromictic) lakes near Taconite Inlet (Bradley
etal., 1996). This work revealed substantial changes in long-term melt
season temperatures during the past 3300 yr (Lamoureux and
Bradley, 1996). Similarly, recent work on northeastern Ellesmere
Island by Besonen et al. (2008) provided a 1000-yr record of sedi-
mentation rates and grain size and indicated general declines in both
these variables during that period.

Lake A, located 35 km east of Taconite Inlet on Ellesmere Island and
adjacent to the Ward Hunt Ice Shelf, provided the opportunity to build
upon the initial paleoclimate research in the area and extend results
across the region. Here we describe the development of a 989-yr varve
thickness record from Lake A (Fig. 1) and investigate the causes of
variability within the record. We used paleoclimatic interpretations of
the varve thickness record to examine ongoing environmental change in
the area and compared them with High Arctic counterparts to assess
regional signals during the past millennium.

Study site

Lake A (unofficial name, 83°00.00’N, 75°30.00'W) is a meromictic
lake located at ~4 m above sea level (a.sl.) in a 36-km? unglacierized
catchment on the northern coast of Ellesmere Island, Nunavut (Fig. 1).
The monimolimnion of Lake A is comprised of anoxic, relict sea water,
while the upper 10 m of the water column contains a freshwater
mixolimnion. A sharp oxycline (10-16 m) and more gradual chemocline
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Figure 1. Lake A bathymetry (in metres) and location relative to meteorological records at Alert and other paleoclimate records discussed in the text (inset map; Al= Agassiz Ice Cap,
BL = Bear Lake, C2 = Lake C2, DI= Devon Island Ice Cap, ML = Murray Lake, TL = Tuborg Lake and USL = Upper Soper Lake). Sampling locations of cores discussed in text are also shown.

(10-25m) delineate the transition between the two water masses
(Jeffries et al., 1984; Ludlam, 1996). The lake's near-perennial ice cover
(mean thickness in June 2006: 1.25 m) prevents wind-mixing within the
upper waters, which perpetuates anoxia in the monimolimnion and
enhances preservation of microlaminated sediments below the oxycline
(Tomkins et al., 2009b). The lake has a single basin with a surface area of
4.9 km? and a maximum known depth of 128 m. The lake has two main
inlets and a single outlet into Rambow Bay, which is isolated from the
Arctic Ocean by the Ward Hunt Ice Shelf.

Meteorological data are available from a weather station at Alert,
located approximately 175 km east of the study site (Environment
Canada, 2008). Local temperature records also exist from a Parks
Canada (1995-2005) and SILA Network (Centre for Northern Studies,
Laval University; 2005-present) 10-m tower weather station on Ward
Hunt Island, located 15 km northeast of Lake A. Additionally, a 3-m
weather station at Lake A provides recent temperature records
(Vincent et al., 2009). The local records indicate that July and August
are the only months with a mean temperature above the freezing
point. At Alert, the mean annual temperature is —18°C and annual
total precipitation is 154 mm (Environment Canada, 2008). Snow data
from Alert and Ward Hunt Island show that most of the annual
snowfall occurs during latter half of the year, particularly from August
to November (see Fig. 5 in Vincent et al., 2009).

Methods
Field methodology

In May and June of 2005 and 2006, 21 sediment cores (12 to 78 cm
long) were collected using Aquatic Research Instruments gravity and

percussion coring systems. The locations of the four cores used in this
study are shown in Figure 1. Coring locations were chosen based on
previous research on the lake, lake bathymetry, and inlet and outlet
positions. Most cores were collected from an area that was expected
to have the longest, undisturbed sedimentary records in the lake and
others were collected along a transect from deeper to shallower
locations. All cores were stored vertically, unfrozen, and sealed with
hydrophilic foam (2005) or gel (2006) prior to transport to the
laboratory (Tomkins et al., 2008).

Laboratory methodology

Cores were cut lengthwise, and the exposed sediment face cleaned
with a razor blade, logged, and photographed. Overlapping sediment
slabs (7.0x 1.5x 0.3 cm) were sampled from all cores for thin section
preparation following the methods of Lamoureux (1994, 2001).
Detailed analyses of sedimentary structure and composition were
conducted using transmitted light microscopy. Digital scans (2400
dpi) of the thin sections had insufficient resolution to clearly identify
all laminae and examine the sedimentology. Hence, precision
measurements (0.001 mm) of lamina couplet thickness were
recorded using a Quick-Chek QC-1000 measurement system and
dissecting microscope mounted on an Acu-Rite Absolute Zero II
measurement stage. Couplets were counted and measured three to
eight times between each pair of common marker beds, until
consistent values were achieved. The final set of measurements was
retained to create a record of lamina couplet measurements for each
core.

Core A-02-05 was sampled for wet and dry density measurements,
but no systematic changes in density were observed. The samples
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were weighed, dried for 24 hours in an oven (60°C), and weighed
again to obtain the density data. Samples from the same core were
taken for independent dating of the sedimentary record using
radioisotopes ('3’Cs and 2'°Pb). For '37Cs determinations, contiguous
3 cm? samples were collected at 0.5 cm intervals to a depth of 3 cm.
The samples were dried for 24 hours at 60°C and crushed before
radionuclide activity was measured using an ORTEC gamma counting
system. To determine supported 2'°Pb activity, 0.5 cm® samples were
extracted at progressively larger depth intervals to 8.5 cm and from
the base of the core. All samples were dried for 24 hours at 60°C and
crushed before being measured by MyCore Scientific Inc. (Deep River,
Ontario) using alpha spectroscopy.

Grain size was measured throughout core A-04-06 at contiguous
1-mm intervals. Organic material was removed from all samples
through repeated applications of hydrogen peroxide (35%) at 40°C
during a period of up to three weeks, before application of 1-2 ml of
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sodium hexametaphosphate (38 g L~!) and sodium carbonate (8 gL™1)
solution to separate aggregates prior to measurement in a Beckman
Coulter LS200 laser refraction particle size analyser. Three successive
60-second measurements were made with continuous sonication of
each sample and the third set of measurements was retained after
comparing all measurements for consistency.

Results
Sedimentary record

The most suitable cores for examination of the sedimentary record
were found between 36.5 and 53 m water depth in the northern part
of Lake A (Tomkins et al., 2009b). Diffuse sedimentary structures and
apparent missing periods of sedimentation in cores collected at distal
locations near or above the oxycline, and sand inclusions from
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Figure 2. Grain size data from the varved section of core A-04-06. Dates are given for core A-04-06 by fitting the filtered composite varve thickness record to marker beds and date
error estimates were derived from an age-depth model (Tomkins et al., 2009a). Mean varve thickness is denoted by the grey dashed line and varve thickness is plotted on a base-10

logarithmic scale.
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disturbance along relatively steep slopes in the deep basin inhibited
proper interpretation of cores from these areas.

The uppermost sediments (0-179 mm in core A-04-06) were
microlaminated, with clearly defined lamina couplets. Below this
facies, discrete sedimentary units became more diffuse with depth in
all cores studied (Tomkins et al., 2009b). The upper facies was
composed almost entirely of silt and clay (mean grain size = 6.8 um),
with the exception of limited fine sand inputs in the upper 50 mm and
between 158 and 180 mm in core A-04-06 (Fig. 2). As described in
Tomkins et al. (2009a), lamina couplets were counted and measured
between common marker beds (designated A-M) in one 2005 core
and all 2006 cores from 36.5 to 53 m depth, and radionuclide analyses
corroborated the hypothesis that the lamina couplets were varves.

Development of the varve chronology and thickness record

In Lake A, the three cores with the longest varved sequences, best
varve clarity, common marker beds and demonstrated similarity in
varve measurements between marker beds were chosen to develop
the varve thickness chronology. Two of the cores (A-07-06 and A-09-
06) had identical mean varve thicknesses and standard deviations,
whereas core A-04-06 had slightly thicker varves and higher variance
(Table 1). Sedimentation rates were similar among the three cores to
the depth of marker bed I, but sedimentation was notably higher in
core A-04-06 between marker beds I and ] (Fig. 3). This core had
coarser sediments and more diffuse varves below marker bed J.
Although not every varve could be cross-correlated among the three
varve records, similarities in each varve record were apparent (Figs. 4
and 5). Divergence among the records was most notable in the
uppermost marker bed interval, where core A-09-06 showed opposite
trends to the other two cores, likely due to the influence of biogenic
deposits on the uppermost sediments (Tomkins et al., 2009b).

Each thickness record was filtered for anomalously thick units,
which appeared likely to be formed from geomorphic activity (e.g.,
subaqueous slumping), to produce unfiltered and filtered varve
thickness records for each core. A thickness threshold of four standard
deviations was chosen to characterize anomalously thick varves, as
this value allowed for the removal of all suspected event deposits
based on sedimentological observations. To create the filtered
thickness record for each core, the anomalous unit thicknesses were
removed from the data set; no values replaced the thickness values for
these units.

Varve counts between marker beds in each core were similar
(Table 2) but the differences in varve counts created offsets that were
cumulative with depth. As such, the three records could not be
averaged, as had been done in other studies (Lamoureux and Bradley,
1996; Hughen et al., 2000). The core with the highest number of varve
counts for each marker bed interval was identified and the thickness
measurements were retained for the final unfiltered and filtered varve
composite records (Table 2). The retained segments were compiled
into a single data set for statistical analyses prior to compiling the final
composite records.

Mann-Whitney non-parametric tests were performed on both the
unfiltered and filtered data sets and confirmed that the varve
thickness values of the segments from each core could be considered

Table 1
Descriptive statistics of the unfiltered and filtered varve thickness records from cores A-
04-06, A-07-06, and A-09-06 during their period of overlap (top of core to marker bed J).

Core Unfiltered Filtered

n Mean (mm) SD (mm) n Mean (mm)  SD (mm)
A-04-06 728 0.19 0.28 725 0.18 0.16
A-07-06 728 0.15 0.10 720 0.15 0.08
A-09-06 728 0.15 0.10 723  0.14 0.08

Topto A
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Marker bed section
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Sedimentation rate (mm-yr'1)

Figure 3. Sedimentation rates between marker beds in cores A-04-06, A-07-06, and A-
09-06 and mean sedimentation rates for all three cores. Marker bed C was not included
due to its close proximity to marker bed B and marker beds K and L in core A-04-06
were not clearly discernable.

to be from the same statistical population (p<0.05). Levene's tests
were also conducted to test the equality of variances and indicated
that the data from each of the three cores had statistically equal
variance (p<0.05). As such, the records did not require standardiza-
tion prior to amalgamation. Varve thickness measurements from each
marker bed segment were then appended to each other to form the
full unfiltered and filtered varve thickness composite records (Figs. 4
and 5). Each of the three cores contributed to these records, although
core A-09-06 was most frequently used (Table 2, Figs. 4 and 5).

As described in Tomkins et al. (2009a), varve counting error
estimates were derived for the section between each common marker
bed within the microlaminated sedimentary record, following the
methods of Sprowl (1993). Based on the age-depth model, the
estimated counting error at the earliest marker bed in the varve
thickness composite records (AD 1017) was 4 144 yr, which repre-
sented a cumulative counting error of 15% (Tomkins et al., 2009a).

The meteorological signal in the varve thickness composite record

Seasonal mean temperatures (AD 1995-2007) at Ward Hunt
Island (WHI) are highly and significantly (p<0.01) correlated to those
from Alert and are, on average, 1.3°C lower (Vincent et al., 2009).
Snowfall records were not available from WHI for comparison with
the Alert data, but both locations are located near sea level on the
leeward side of the British Empire Range of northern Ellesmere Island,
which influences air masses reaching the area from the south (Hardy,
1996), and should therefore show similarities in their snowfall trends.

The filtered varve thickness composite record was compared to
Alert temperature (AD 1950-2005) and precipitation (AD 1951-
1999) records to examine the climate signals recorded in the
sedimentary record. The composite record was transformed using a
base-10 logarithm to ensure normal data distribution for Pearson's
correlation analysis. No summer temperature records had statistically
significant relationships with the varve thickness series. For example,
summer mean daily temperature (June-August) was not correlated
with varve thickness (r=—0.05, n=55, p=0.73). By contrast,
previous year cumulative August to October (ASO) daily snowfall
had a statistically significant correlation (r=0.50, n=48, p<0.01)
with log-normalized varve thickness (Fig. 6). Previous year cumula-
tive August daily snowfall also correlated significantly with varve
thickness (r=0.41, n=48, p<0.01), as did previous year ASO mean
temperature (r=0.39, n=54, p<0.01; Fig. 6).
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Figure 4. Unfiltered varve-thickness records from cores (a) A-04-06, (b) A-07-06, and (c) A-09-06 and (d) the unfiltered composite varve-thickness record that incorporates varve-
thickness values from all three cores (indicated by 04, 07, and 09), plotted on a base-10 logarithmic scale. Dashed lines indicate marker beds, thin black lines indicate mean varve-

thickness for each core and thick black lines indicate 25-yr unweighted moving means.

Discussion
Development of the varve chronology

No standard method exists for developing lacustrine varve chronol-
ogies. Most studies incorporate multiple cores into the final chronology
to account for differences in sedimentation in different parts of a lake
(e.g., Lamoureux and Bradley, 1996; Hughen et al., 2000), but varying
methodologies are used to create multi-core composites of varve
thickness. Lakes with low sedimentation rates have a greater possibility
of missing varves compared to lakes with high sedimentation rates and
it is possible for cores to be missing years of sedimentation (Sprowl,
1993; Lamoureux and Bradley, 1996; Lamoureux and Gilbert, 2004).
Additionally, altered stream inflow and sediment dispersal within a lake
may influence the varve thickness record by creating variability among
cores from different areas of a lake (e.g., Lamoureux, 1999). The
development of a composite varve chronology is therefore preferred
whenever possible (Lamoureux, 2001).

In the High Arctic, several approaches have been used to develop
composite varve-thickness records. At Donard Lake, Baffin Island,
Moore et al. (2001) identified the core with the thickest, clearest
varves and combined a floating varve thickness record with a surface
core to develop a full varve chronology. Smith et al. (2004) developed
a stacked mean varve-thickness record from Lake Tuborg, Ellesmere

Island, by taking the mean of varve-thickness measurement from
three cores. Hughen et al. (2000) standardized three varve-thickness
chronologies from Upper Soper Lake, Baffin Lake, applied a correction
for changes in porosity through the profiles and averaged the three
chronologies for a final varve thickness record. At Lake C2, Ellesmere
Island, Lamoureux and Bradley (1996) measured each varve among
three different cores, used a non-parametric method of standardizing
three varve thickness records by applying a linear detrending
function, and then averaged the standardized values to create a
varve-thickness index. Lamoureux and Bradley (1996) developed a
filtered version of the index by removing anomalously thick units that
were suspected to originate from geomorphic activity (e.g., subaque-
ous slumping) rather than hydroclimatic influences on sedimentation.
Each of these methods strived to account for differences in
sedimentation among cores that showed substantial chronological
similarity but, in the case of Lake Tuborg and Upper Soper Lake, could
not be reconciled on an annual basis.

Due to the extreme thinness of the varves in Lake A (mean
thickness in core A-04-06: 0.2 mm) and resultant difficulties in
correlating each varve between distinct marker beds, a new approach
was developed to construct the Lake A varve-thickness composite
record that incorporated components from several methodologies
used in past studies. The use of multiple cores allowed for the
identification of anomalous deposits and missing sections, while
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Figure 5. Filtered varve thickness records from cores (a) A-04-06, (b) A-07-06, and (c) A-09-06 and (d) the filtered composite varve thickness record that incorporates varve
thickness values from all three records (indicated by 04, 07, and 09), plotted on a base-10 logarithmic scale. Dashed lines indicate marker beds, thin black lines indicate mean varve

thickness for each core, and black lines indicate 25-yr unweighted moving means.

statistical analyses ensured that the varve thicknesses from each core
segment used to develop the composite records could be amalgam-
ated without introducing error through localized differences in
sedimentation.

Table 2
Varve counts between marker beds in cores A-04-06, A-07-06, and A-09-06. Diffuse
sedimentation between marker beds ] and M in core A-04-06 prevented accurate varve
counts for these sections. Bolded numbers indicate the highest varve count between a
given marker bed interval and those counts used to develop the composite varve
record.

Marker bed sections Varve counts

A-04-06 A-07-06 A-09-06
Top to A 103 115 79
AtoB 62 61 65
BtoD 48 51 44
DtoE 58 55) 61
EtoF 131 123 132
Fto G 139 138 131
GtoH 67 75 74
Htol 87 99 104
Ito] 33 39 54
Jto K - 49 51
KtoL = 93 103
Lto M = 34 39

The hydroclimatic record from Lake A

A growing number of studies in non-glacial High Arctic catchments
has demonstrated the importance of snow available for melt, often
quantified as snow water equivalence (SWE), on influencing sediment
transport processes, and a lesser role for melt season temperature
influence (e.g., Braun et al., 2000; Forbes and Lamoureux, 2005;
Lamoureux et al., 2006b; Cockburn and Lamoureux, 2008). Similar to
other unglacierized High Arctic catchments (Lewkowicz and Wolfe,
1994; Forbes and Lamoureux, 2005; Cockburn and Lamoureux, 2008),
snowmelt dominates sediment transport to Lake A. Suspended
sediment concentrations in such catchments have been found to
coincide with or lead maximum stream discharge (e.g., Lewkowicz
and Wolfe, 1994; Cockburn and Lamoureux, 2008), which highlights
the strong relationship between discharge magnitude and sediment
transport in catchments with ample sediment supply. The magnitude
and duration of peak discharge is controlled by snow availability and
melt intensity (Cockburn and Lamoureux, 2008) and, as such, snow-
pack exhaustion can limit the amount of meltwater and sediment
transport to a lake (Braun et al., 2000; Forbes and Lamoureux, 2005).

Most sediment transport occurs over only days to weeks during
the relatively brief High Arctic melt season (Hardy, 1996), but
catchment SWE rather than melt season temperatures and associated
runoff intensity is the key hydroclimatic determinant of seasonal
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Figure 6. Comparison of the Lake A filtered varve thickness composite record with (a) August and combined August, September, and October (ASO) cumulative daily snowfall
records (lagged 1 yr) and (b) the ASO mean daily temperature record (lagged 1 yr) from Alert, Nunavut.

suspended sediment transport to lakes in non-glacial catchments
(Lamoureux et al., 2006b; Cockburn and Lamoureux, 2008). Sediment
supply and interannual variations in runoff accessibility to sediment
sources potentially further complicate downstream sediment yields
and suggest that a direct relationship between melt season tempera-
tures and varve sedimentation cannot be assumed in a non-glacial
lake (Lamoureux et al., 2006a; Cockburn and Lamoureux, 2008).
Based on these studies, Lake A varve thickness was expected to be
a function of the amount of snow available to melt, and to a lesser
extent melt energy and sediment supply. No process studies have
been conducted at Lake A to provide detailed information on nival
melt processes and the relationship between stream discharge and
suspended sediment transport, but such research was undertaken at
nearby Lake C2 (Hardy, 1996; Retelle and Child, 1996). Discharge and
suspended sediment transport were closely related in this catchment
(Hardy, 1996) and the amount of energy available for snowmelt and,
to a lesser extent, glacier ablation in the catchment was related to the
warmest air mass to reach the area in summer (Hardy, 1996; Hardy
et al, 1996). Although nival melt is important at both Lake A and Lake
C2, catchment relief at Lake C2 is substantially greater (up to 1200 m)
and a small glacier also influences sediment transport to the lake

(Bradley et al., 1996). The extent of the relationship between snow-
pack and varve thickness was not explored at Lake C2 (Hardy, 1996),
leaving uncertain its influence on sedimentation in the lake.

Other Arctic varve thickness records, particularly from proglacial
or ice-contact lakes, have been correlated to spring or summer tem-
peratures (e.g., Hughen et al., 2000; Moore et al., 2001; Francus et al.,
2002; Smith et al., 2004; Hambley and Lamoureux, 2005). Converse-
ly, the Lake A varve thickness record suggests a dominant hydrocli-
matic influence of the snowpack on sediment transport during the
following summer. The varve record contains precipitation and
temperature signals relating to the period of highest snowfall each
year (August to October). Snowfall during these three months
provides, on average, 41% of the annual total snowfall (Environment
Canada, 2008). The influence of ASO mean daily temperature in the
previous year likely reflects the influence of relatively warm autumn
storm systems that generate snowfall along the northern Ellesmere
Island coast; however, ASO cumulative daily snowfall and mean daily
temperature are not significantly correlated (r=0.26, n=48,
p=0.08).

Sanagak Lake, Nunavut, located 1500 km southwest of Lake A, also
contained an SWE signal in its varve thickness record due to the
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positive relationship between SWE, stream discharge and sediment
transport in its main inflowing river (Forbes and Lamoureux, 2005;
Lamoureux et al., 2006b). Additionally, at Bear Lake, Devon Island,
located 900 km south of Lake A, the varve record corresponded most
strongly with autumn snowfall at regional weather stations, and less
strongly with autumn temperatures (Lamoureux and Gilbert, 2004).
Relatively warm weather systems are common in Baffin Bay during
autumn and provide snowfall to eastern Devon Island that, in
subsequent summers, strongly influences varve formation in Bear
Lake (Lamoureux and Gilbert, 2004). While sedimentation processes
are likely markedly different in proglacial Bear Lake, Lake A records a
similar signal, although not necessarily influenced by the same storm
system pattern. The northern coast of Ellesmere Island is isolated from
relatively warm southern weather systems in Baffin Bay due to the
presence of the British Empire Range (Hardy, 1996). However, low
pressure systems in the Atlantic, displaced northward during
relatively warm periods from June to September, can move into the
Arctic Ocean, strengthen along the Siberian coastline and bring
precipitation to the Queen Elizabeth Islands, most notably to areas
southwest of northern Ellesmere Island (Bradley and England, 1979).

Variations in melt season temperatures affect nival melt rates and
thus sediment transport, but given the multitude of influences on
sediment transport in non-glacial catchments, the importance of
temperature may fluctuate over time (Lamoureux and Gilbert, 2004).
Additionally, other influences on varve thickness, such as biogenic
deposits, sediment supply, sediment supply, and past discharge
history can change over time and, thus, affect the strength of
hydroclimatic signals within a varve record (Menounos et al. 2005;
Menounos and Clague, 2008; Tomkins et al., 2009b). The full range of
environmental influences on the Lake A sedimentary record cannot
therefore be assessed with the available data, but portions of the
variance seen in the varve thickness record can be examined through
linkages with instrumental climate records.

Climate variability during the past millennium recorded in Lake A

The filtered varve thickness composite record, interpreted pri-
marily as an autumn (ASO) snowfall record, showed notable
variability during the past millennium. Above mean ASO snowfall
was inferred during most of the period between AD 1000 and the
early 1300s (Fig. 7). The grain size record showed relatively coarse
sedimentation during this period, including several fine sand deposits
during the 1000s and 1100s (Fig. 2). Collectively, these results
suggested above mean flow competency within the streams carrying
sediment to Lake A. Above-mean varve thickness coinciding with
coarser grain sizes may indicate an above-mean winter snowpack that
would prolong the peak melt season and allow for more sediment
influx than in years with below-mean snow covers (Francus et al.,
2002; Forbes and Lamoureux, 2005). Conversely, the early 1200s and
most of the period AD 1300-1450 were characterized by below-mean
ASO snowfall. These intervals are interpreted to represent dry periods
that restricted sediment transport to the lake through reduced
meltwater production, which are also evident through finer sedi-
mentary grain sizes.

Above-mean snowfall was inferred from AD 1450-1675 and the
unfiltered varve record showed increased frequency of anomalously
thick varves during this time (Fig. 4). Grain size was also relatively
fine in this interval, which suggests below-mean runoff intensity
(Fig. 2). The early 1700s and late 1800s were characterized by low
autumn snowfall and few anomalously thick units. A period of above-
mean ASO snowfall is interpreted to have occurred from the late
1700s to mid-1800s (Fig. 7). This period corresponds to Little Ice Age
conditions in the Arctic when many glaciers reached their maximum
extents (Bradley, 1990), although some regional variability in
temperatures is apparent after AD 1800 (Overpeck et al., 1997). Fine
sand was present in Lake A during the late 1700s to early 1800s, when

several anomalously thick deposits were also notable (Fig. 4). Hence,
while melt energy may have been relatively low during this period
due to regionally cold conditions (Overpeck et al., 1997), coarse
sediment deposits may indicate infrequent high melt years that
resulted in sand transport and above-mean varve thickness. Relatively
thick varves were observed during the same period in Nicolay Lake,
Cornwall Island, and were interpreted to be caused by major summer
rainfall, although increased runoff ratios due to reduced soil moisture
storage could have also produced similar sediment yield signals
(Lamoureux, 2000). Additionally, paleoecological records from some
High Arctic ponds began to show changes in diatom species
abundances and assemblages by the mid-1800s that have continued
until the present (e.g., Douglas et al., 1994; Antoniades et al., 2005).
Below-mean snow cover on regional lakes by the mid-1800s may
have influenced interannual ice cover variability and increased light
penetration into the water column, which altered species assemblages
(Smol and Douglas, 2007).

While the highest ASO snowfall levels of the millennium were
inferred during the early 1900s (Fig. 7), they are of comparable
magnitude to conditions inferred during the 1100s. Relatively
consistent sand inputs to the sedimentary record were evident after
the late 1800s and they largely paralleled the inferred snowfall record
for the 1900s. Above-mean snowfall, coupled with higher inferred
regional temperatures during the first half of the 1900s (Overpeck
et al., 1997; Tomkins et al., 2009a) creates a complex hydroclimate
signal within the sedimentary record. Whether the variability in the
grain size record is attributable to increased streamflow intensity
during the first half of the 1900s or changed sediment sources remains
unknown, but snowfall runoff magnitude likely also influenced the
amount of sand that reached the lake during the 20th century.
Additionally, sedimentary pellets deposited in Lake A sediments
(Tomkins et al., 2009a) and a whole lake thermal model (Vincent
et al., 2008) suggest reduced ice cover during the 1930s to 1940s.
Instrumental temperature and precipitation records indicate that this
period had above-mean temperatures during all seasons and above-
mean summer precipitation in areas from 55 to 85°N (Serreze et al.,
2000). Vincent et al. (2001) also suggested that this period was likely
a time of enhanced ice shelf break-up along the northern Ellesmere
Island coast. The post-1950 period was characterized by below-mean
snowfall that in recent years has approached long-term mean levels.

Regional comparisons

The Lake A sedimentary record contained two complementary
climate records. The varve thickness record can be interpreted from
the perspective of ASO snowfall, while a record of ice-rafted
sedimentary pellet frequency (Tomkins et al., 2009a) acts as an
independent record of summer temperature from the same location.
The two records were generally in agreement, with discrepancies
most notable from AD 1000 to 1200 and during the 1700s and 1800s,
possibly due to the lower temporal resolution of the sedimentary
pellet record (Fig. 7). The two records corroborated each other during
many periods likely due to the influence of snow cover on ice growth,
as increased snow cover insulates lake ice when wind scouring is
minimal and reduces ice growth in winter (Adams et al., 1989;
Williams and Stefan, 2006). As such, winter ice thickening is reduced
when snowfall is high, resulting in a thinner ice cover that is more
susceptible to melt during the following summer.

Autumn snowfall was the most significant climatic influence on
varve formation at Bear Lake, Devon Island (Lamoureux and Gilbert,
2004). The Lake A and Bear Lake varve thickness records correspond
well to each other. The records showed below-mean snowfall during
the early 1700s and last half of the 1800s and above-mean snowfall
during the late-1200s, late-1300s, early 1600s, and much of the 1900s,
with generally decreasing snowfall levels after mid-century (Fig. 7).
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Figure 7. Comparison of regional paleoclimate records including (a) Devon Island Ice Cap 6'®0 (annual and 25-yr unweighted moving mean) and percent melt records (5-yr means;
core A77, Fisher and Koerner, 1994; Fisher et al., 1995), (b) Agassiz Ice Cap 6'®0 (annual and 25-year unweighted moving average) and percent melt records (5-yr means; 1973 core,
Fisher et al., 1983), (c¢) Lake C2 filtered varve thickness index (25-yr unweighted moving mean, Lamoureux and Bradley, 1996), (d) Bear Lake varve thickness (25-yr unweighted
moving mean, Lamoureux and Gilbert, 2004), (e) Lake A filtered varve thickness composite (25-yr unweighted moving mean), and (f) Lake A mean annual ice-rafted pellet
frequency (Tombkins et al., 2009b). Data for (a) and (b) was obtained from the IGBP PAGES/World Data Center for Paleoclimatology, NOAA/NGDC Paleoclimatology Program (http://

www.ncdc.noaa.gov/paleo/data.html).

Although Canadian Arctic ice core records of %0 and melt per-
centage are dominantly a function of melt season temperature
(Koerner, 1977), they are also influenced by accumulation and thus
snowfall. Relatively high summer precipitation has been inferred on
Devon Island during AD 1550-1620, the late-1800s and most of the

1900s and cold, dry conditions were suggested during the late-1600s
to early 1700s and late-1700s to early 1800s (Alt, 1985). The Lake A
varve thickness record suggests similar trends, with the exception of
the late-1700s to early 1800s. The Devon Island Ice Cap record
suggests that the coldest Little Ice Age conditions occurred during ca.
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AD 1680-1730 and 1820-1860 (Koerner, 1977; Bradley, 1990),
coincident with below-mean snowfall at Lake A. The Agassiz Ice Cap
also suggests relatively cold conditions from ca. AD 1650-1900 and
warm periods during the 1100s, late 1400s, and early 1500s (Fisher
and Koerner, 1994; Fisher et al., 1995). These results generally
correspond with above-mean ASO snowfall at Lake A during the
inferred warm periods and below-mean snowfall during the cold
periods (Fig. 7).

The inferred upper air summer temperature record at Lake C2
(Hardy et al., 1996) was similar to the Lake A sedimentary pellet signal
(Tomkins et al., 2009a) and corresponded well with variability seen in
the Lake A varve thickness record during much of the 1500s, 1600s,
and 1900s (Lamoureux and Bradley, 1996; Fig. 7). Additionally, a June
temperature reconstruction from Upper Soper Lake, Baffin Island,
showed relative warmth during the 1500s, 1600s, and 1900s (Hughen
et al., 2000) that broadly coincided with inferred warm summers and
above mean autumn snowfall during these centuries at Lake A.

The Lower Murray Lake, Ellesmere Island, varve thickness record
was not directly correlated to instrumental weather records but was
inferred to represent melt season temperatures (Besonen et al., 2008).
This record showed some correspondence to the Lake A varve record,
most notably during times of relatively thick varve sedimentation
(early 1100s to mid-1300s, 1500s, and 1900s). The grain size records
from the two lakes both showed generally decreasing trends after the
coarsest sediments were deposited early in the records (1100s and
1200s; Fig. 2). Besonen et al. (2008) interpreted this time as a warm
period with increased runoff. The Lake A varve thickness and grain
size records suggested above mean winter snowpack and extended
melt seasons during at least the first half of the 1100s and most of the
1200s.

Conclusions

The approach used to develop the Lake A chronology and varve
thickness record provides a new method for studies of varved Arctic
sediments that builds upon previous methods. While a standard
methodology for developing varve chronologies from High Arctic
lakes may not be feasible considering the range of local environments
studied and differences in sedimentation, common methodologies
would aid in interpretation and comparison of varve records. The use
of multiple sediment cores to develop varve thickness records
remains an important strategy (Lamoureux, 2001), as multi-core
studies have shown notable differences in sedimentation and varve
clarity within the same lake that might result in errors if a single core
is used (e.g., Lamoureux and Bradley, 1996; Zolitschka, 1996;
Lamoureux and Gilbert, 2004; Tomkins et al., 2009a,b).

Several possible environmental influences affect sedimentation in
Lake A and result in substantial unresolved variance in the varve
thickness record, but the extent of their influences over time remains
unknown. Despite these controls, the varves contain a quantifiable
climate signal that demonstrates the influence of snowfall on runoff
magnitude and hence sediment transport and varve thickness in the
following year in this unglacierized catchment. Several other records
in the Arctic show this signal, but most varve records have
predominant melt season temperature signals, particularly in gla-
cier-fed lakes. Lake A's varve record captures the most important
period of snowfall on the northern Ellesmere Island coast each year
and shows similarities to records developed from other studies
conducted in unglacierized Arctic catchments where the amount of
snow available for melt and runoff intensity are identified as more
important influences on sediment transport to lakes than melt energy.

The Lake A varve thickness record corresponds well with the only
other long-term, high-resolution proxy record of autumn snowfall in the
Arctic, and both records appear to capture precipitation and temper-
ature signals from different autumn air masses bringing snowfall to the
Queen Elizabeth Islands. Similar to other proxy records in the High

Arctic, the Lake A varve thickness and sedimentary pellet records
indicate above mean melt season temperatures and autumn snowfall
during portions of the 20th century, during which many significant
environmental changes have been observed along the northern coast of
Ellesmere Island. Continued joint comparison of Arctic proxy temper-
ature and precipitation records will be important for providing a more
complete view of recent and past climate variability in this changing
region.
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