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ABSTRACT. The timing of clastic sedimentation in two
glacial-fed lakes with contrasting watersheds was monitored
using sequencing sediment traps for two consecutive years
at Allison Lake (Chugach Range, Alaska) and four months
at Shainin Lake (Brooks Range, Alaska). Shainin Lake is a
weakly stratified lake fed by distant glaciers, whereas Allison
Lake is more strongly stratified and fed predominantly by
proximal glaciers. At Shainin Lake, sediment accumulation
started in late June and reached its maximum in mid-August,
just before lake mixing and during a period of low river
discharge. The grain size of the sediment reaching the
sediment trap in Shainin Lake was homogenous throughout
the summer. At Allison Lake, pulsed sedimentation of
coarse particles during late summer and early fall storms
were superimposed on the fine-grained sedimentation pattern
similar to that observed at Shainin Lake. These storms
triggered underflows that were observed in the thermal
structure of the lake and deposited abundant sediment.
The sequencing sediment traps reveal a lag between fluvial
discharge and sediment deposition at both lakes, implying
limitations to interpreting intra-annual sedimentary features
in terms of inflow discharge.
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Introduction

Due to their high sedimentation rates and sensitivity
to temperature and hydrological changes, glacially
fed arctic and alpine lakes provide long, high-
resolution records that are central to regional
and global paleoenvironmental reconstructions
(Ojala et al. 2012). Inter-decadal to inter-annual
variability of clastic fluxes into these lakes,
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measured from sediment density, varve thickness
and sediment texture (grain-size distribution), have
been variously interpreted as a combination of
variable fluvial transport resulting from spring
snow melt, summer rain and summer glacial melt,
which are modified by internal lake processes
(Hodder et al. 2007). The structure of rhythmic
but non-varved clastic lake sediments from a
glaciated watershed has also been related to summer
rainstorms (Schiefer et al. 2011), whereas low-
frequency changes in the accumulation rate of
sediment in glacially fed lakes are often interpreted
as changes in glacier size (proximity) and activity
(Smith 1981; Leonard 1997; Bakke et al. 2005;
Larsen ef al. 2011).

Understanding the hydroclimatic and geomor-
phic controls on sediment transport and limnologic
controls on deposition in glacier-fed lakes is
important for improving paleoclimatic inferences
from lake sediments. However, in situ sediment-flux
measurements in glaciated watersheds are scarce,
and instead, hydroclimatologic reconstructions
from varved and non-varved clastic sediments
are generally based on statistical correlations
between sediment properties and instrumental
climate data (Hughen er al. 2000; Bird et al
2009; Cuven et al. 2010; Lapointe et al. 2012).
While these correlations may provide the basis
for calibration-in-time climate reconstructions,
the physical mechanisms of sediment transport
and delivery that govern the correlations often
remain unknown. A processed-based approach
is needed to test the inferred relations between
sediment deposition and hydrological events within
a watershed (e.g. Hodder et al. 2007; Cockburn
and Lamoureux 2008). Sediment traps installed
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Table 1. Physical characteristics of Shainin and Allison lakes and
their watersheds

Shainin Allison
Lake Lake
Lake area (km?) 4.5 1.7
Lake maximum depth (m) 25 55
Lake surface elevation (m a.s.l.) 840 410
Watershed area (km?) 143.2 13.2
Lake:watershed ratio 0.03 0.13
Total glacier area (km?)! 1.70 2.18
Glacier:watershed ratio 0.01 0.17
Water depth above the trap (m) 23.0 33.0
Distance of the trap from inflow (km) 1.75 1.30

'Based on 2010 Landsat images.

within lakes, combined with fluvial and physical
limnology monitoring, allow examination of the
processes that govern sediment transport and
accumulation in lakes (Hawley and Eddie 2007;
Cockburn and Lamoureux 2008; Orwin et al. 2010),
including how hydrological events are transmitted
and preserved within lacustrine sediment sequences
(Hodder et al. 2007).

Here we report results from sequencing sediment
traps from two contrasting glacier-fed lakes in
Alaska (Table 1). The lakes were originally selected
for paleo-environmental reconstructions from lake
sediments (Arnold and Kaufman 2012; Ceperley
2014). In addition to sediment coring and sub-
bottom imagery, sediment traps were installed in
both lakes to better understand the timing and
mechanisms of sediment delivery to the floor of
each lake. At Shainin Lake, the trap was installed
near the depocenter of the lake, where seismic
profiles and sediment cores show that accumulation
rates are the highest. At Allison Lake, the distal
location of the trap was chosen to better understand
the timing of the sedimentation where the annual
laminations (varves) are best preserved. The more
proximal sites at Allison Lake are dominated by
erosive turbidities that compromise the integrity of
the sediment sequence. Although the two lakes were
not at first selected for a comparative study, the
data from the sequencing sediment traps highlight
common and dissimilar mechanisms responsible
for sedimentation in two contrasting glacier-fed
lakes.

Shainin Lake is an arctic lake located on the north
slope of the Brooks Range. Small distant glaciers
that occupy approximately 1% of the watershed
area feed the lake. The second site, Allison Lake
is located in the subarctic Chugach Range. Glaciers
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cover approximately 18% of the area of steep slopes
of the Allison Lake watershed. At Allison Lake,
the closest glacier is located 2.2 km upstream of
the lake, whereas at Shainin Lake the glaciers are
more than 20 km upstream. Combined with lake
level, local and regional discharge, meteorological
and grain-size data, we examine the timing of
sediment accumulation in these lakes. Using lake
temperature data acquired continuously during the
trap deployment, we also explore the role of
underflows on sediment fluxes near the bottom of
the lakes.

Study sites
Shainin Lake

Shainin Lake (68.3° N, 151.1° W; 840 m a.s.l.) is a
moraine-dammed lake located along the northern
front of the central Brooks Range, Alaska (Fig.
1). The relatively shallow lake is fed by two main
tributaries, Kayak Creek and Alapah River, which
are confluent 6 km to the south (upvalley) of Shainin
Lake. The primary inflow river cuts through a large
emerged delta at the lake inlet.

The headwaters of Shainin Lake are located 25
km to the south, along the primary topographic
divide of the central Brooks Range. The highest
tributaries support two extant cirque glaciers, each
<1 km?. Aerial imagery taken in 2007 shows that
the largest glacier, West Alapah Glacier, covers
about 0.9 km? of the 143.2 km? watershed. East
Alapah Glacier, located approximately 1 km to the
northwest, is half the size. Together the two cirque
glaciers cover less than 1% of the surface area
of the watershed. Despite their limited extent, the
Alapah glaciers have a significant influence on the
sedimentology of Shainin Lake as evidenced by
the turbid water of Shainin Lake visible in aerial
photographs and satellite images taken in multiple
years. This turbidity results most likely from both
the contemporary release of sediments in glacial
runoff and from the fluvial erosion of inherited
glacial sediment stored within the watershed during
periods of high flow.

The climate of the central Brooks Range is
polar (Fig. 2). The mean annual temperature at
nearby (37 km east and 972 m a.s.l.) Anaktuvuk
Pass station for the 1953-1973 period is —11.2°C
and the annual average precipitation is 251 mm
for the same period (National Climatic Center
[NCDC], http://www.ncdc.noaa.gov, 1 September
2014). Precipitation mostly occurs as rain during
the summer months and typically peaks in August
(Fig. 2). Although the inflow and outflows to
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Fig. 1. (a) Location of the two watersheds. (b) Allison Lake and its catchment. (c) Shainin Lake and its catchment. (d) Allison Lake
bathymetric map. (e) Shainin Lake and its catchment. Note that the figures have different scales.
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Fig. 2. Climographs for (a—c) Valdez weather station (509686) and (d) Anaktuvuk Pass (PAKP). Data from NCDC
(http://www.ncdc.noaa.gov). (e) Atigun River discharge (USGS station 15905100, http://waterdata.usgs.gov/nwis/rt station?).

Shainin Lake are not gauged, the level of Shainin
Lake closely resembles the discharge of the Atigun
River (USGS station 15905100), located 69 km
east of Shainin Lake. Like Alapah Creek, the
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Atigun River drains a major valley on the north
side of the central Brooks Range. The discharge
of the Atigun River is characterized by a sharp
spring peak that typically occurs around mid June
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Fig. 3. Linescan images of sediments from (a) Shainin Lake and (b) Allison Lake. Scale is centimeters.

(Fig. 2). This spring freshet event is followed by
smaller, rain-driven discharge events throughout the
summer until early September. After September the
temperature drops below freezing and precipitation
occurs as Snow.

Shainin Lake is dimictic, with weak summer
stratification. At nearby Toolik Lake, ice cover
typically spans from late November until early June
(Environmental Data Center Team, http://toolik.
alaska.edu/edc/abiotic_monitoring/data_query.php,
23 Jul., 2015). The sediments of Shainin Lake are
predominately laminated on scales of centimeters
to millimeters (Fig. 3). These laminations are
neither rhythmic nor annually deposited (Ceperley
2014).

Allison Lake

Allison Lake (61.05° N, 146.35°W; 410 m a.s.l.) is
situated in a deep glacier-carved trough about 9 km
south of Valdez, Alaska (Fig. 1). Allison Glacier
(informal name) is located 2.2 km upvalley from
the lake and feeds a broad outwash plain, which
borders Allison Lake on the south.

Valdez experiences a maritime climate. From
1960 to 2013 the mean annual temperature at
Valdez, elevation 10 m a.s.l., was 3.9°C, mean
annual precipitation was 175 cm, and mean
annual snowfall was 724 cm (Fig. 2) (NCDC,
http://www.ncdc.noaa.gov, 1 September 2014).
Precipitation peaks in September, with an average
monthly total of 24.5 cm. The hydrograph of the
Allison Lake outlet is strongly bimodal, with peak
flows during the spring snowmelt and late summer
rainfall events (K. Pendergast, R&M Consultants,
Inc., unpub.). Allison Lake is dimictic, with
stronger summer stratification than Lake Shainin. In
2010, a sensor recording lake surface temperature
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indicated that the lake was ice covered from mid
November to mid June. The sediment accumulating
in Allison Lake is rhythmically laminated (Fig. 2),
and profiles of short-lived radionuclides indicate
that the layers are formed annually (Arnold and
Kaufman 2012). The varves are typically composed
of one or multiple coarse-grained sub-laminations
terminated by a clay cap, a structure typical of
glacier varves (Ashley 1995).

Methods

The sediment fluxes arriving near the bottom of the
lakes were measured using programmable sequenc-
ing sediment traps. We used the sequencing sedi-
ment traps described by Muzzi and Eadie (2002),
which feature a motorized carousel of 23, 60 mL
polyethylene sample bottles (Fig. 4) positioned at
the base of a 1.6 m high collection tube with a 20-
cm-diameter opening (8:1 aspect ratio above the
collection funnel). The traps are a total of2.1 m high
and were anchored so that the top of the trap was
2.5 m above the bottom of the lakes. Temperature
loggers installed on the mooring line recorded water
temperature at 2 h intervals at the top of the trap,
midway through the water column, and 2 m below
the surface. One trap was positioned at the deepest
point of Shainin Lake, and one each at the distal
and proximal ends of Allison Lake (Fig. 1).

At Shainin Lake, the sediment trap was deployed
from the ice surface in late April 2013. Sediment
collection started on 5 May and continued with a
new bottle rotation every five day until 19 Aug.,
when the trap was retrieved. A logger inside the
trap registered the timing of the rotations. A water-
level logger was installed 2 m below the lake
surface on the same line. Water-level changes
were reconstructed by adjusting for barometric

© 2015 Swedish Society for Anthropology and Geography
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Fig. 4. Sediment trap designed by Muzzi and Eadie (2002) and
used in the study.

pressure recorded at Toolik Field Station at 2
h time increments. In addition, daily discharge
measurements of the Atigun River (USGS station
15905100), located 69 km east of Shainin Lake,
were used for comparison with water-level data.

At Allison Lake, sediment traps were deployed
during two consecutive years (2009—2011). One
trap was anchored near the delta slope of the main
inflow and a second trap in a distal location, at
water depths of 42 m and 32 m, respectively. Both
traps were deployed in early August 2009 and
were programmed to expose collection bottles over
10-30 days intervals (Supplementary Information
Table S1). However, due to malfunction of its motor,
the proximal trap stopped capturing sediment in
May 2010 and continued to malfunction following
redeployment. The malfunction also occurred
during the 2009 deployment, and therefore we do
not use any data from the proximal trap. The distal
trap captured samples continuously throughout
both deployment years and was retrieved in
July 2011. Daily discharge from the outflow
of Allison Lake is used in the analysis (K.
Pendergast, R&M Consultants, Inc., unpub.). The
instrumental meteorological data come from the
nearby station WSO located in Valdez (NCDC,
http://www.ncdc.noaa.gov).

The trapped sediment was rinsed from the
collection bottles, centrifuged prior to decanting,
then air-dried and weighed. The organic-matter
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content of the sediment recovered in surface
sediment from both lakes is negligible (<5% based
on loss on ignition at 550°C) and no adjustment
was made in the flux calculations. The first sample
of Shainin Lake (1-5 May) was discarded because
it contained excess sediment that was inadvertently
collected during failed attempts to anchor the trap.

Grain-size analysis was performed on the second
year of Allison Lake samples and on all samples
from Shainin Lake. The air-dried samples were
treated with 30% H,O, to remove any organic
matter and were subsequently deflocculated using
Na-hexametaphosphate. Grain size was measured
by laser diffraction using a LS-230 Beckman-
Coulter analyzer, with 30 s of ultrasonic dispersion
before each run. Very low sediment fluxes under
ice cover precluded textural analyses of the winter
samples. All of the time-series data collected in
this study are presented in the Supplementary
Information (Table S2).

Results
Shainin Lake

The extent to which 2013 was representative of the
climatology at Shainin Lake is uncertain because
over half of the instrumental weather data at
Anaktuvuk Pass station are missing for 2013. The
shape of the hydrograph of the Atigun River for
that year (Fig. 2) is similar to the hydrographs
of the two other years recorded at that station.
Notably, in 2013, peak flow occurred late, on 17
Jun., compared with 25 May and 11 Jun. in 2010
and 2011, respectively. A total of 9.2 mg cm 2
of sediment was collected in the trap during the
105 days of exposure (average = 0.09 mg cm >
d™"). Although this value almost certainly includes
the peak in sedimentation rate, it is nonetheless
a minimum value for the annual sediment flux at
the center of Shainin Lake. The sediment collected
by our sampler in Shainin Lake is markedly fine
grained (following pretreatment by deflocculent),
with little change during the study period (Fig. 5)
other than a slight decrease in the median and Dyg
as the season advanced. The median is consistently
finer than 10 um, with Dy, between 19 and 25 pm.

2013 snowmelt period. Water level in Shainin
Lake began rising on 1 Jun. following a few days
of above-freezing temperature (Fig. 5). A few days
later, diurnal temperature oscillations at the lake
surface indicate that the lake became ice free. After
a brief decline in water level during the first week
of June related to subzero temperatures and a pause
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Fig. 5. Shainin Lake (a) sediment flux; (b) grain size, including median and coarse fraction (Dyy); (c) lake water temperature; depths
are distance from the lake floor; and (d) discharge, showing Atigun River (USGS station 15905100) and water level at Shainin Lake

above 20 Apr., 2013 level.

in snow melt, the lake level rose constantly from
8 to 17 Jun. On 17 Jun., Shainin Lake reached
its maximum water level while the Atigun River
registered its annual peak flow. Despite the highest
inflow discharge, the period between 5 May and
19 Jun. accounts for only slightly more than 1% of
the total sediment flux collected by the trap during
the period of deployment. The first significant
accumulation of sediment in the trap occurred one
week after peak flow.

2013 summer precipitation and glacial melt.
Apart from small precipitation-driven events,
Shainin Lake water level and the Atigun River
discharge stabilized after the initial spring freshet
(Fig. 5). In contrast, the amount of trapped sediment
increased during that same period to reach a
maximum accumulation rate of 0.5 mg cm™2 d!
during the second week of August. The lake
remained weakly stratified throughout the summer
until mixing occurred on 19 Aug., the day we
retrieved the trap. Interestingly, the temperature of
the lake at 2.5 m above the bottom increased during
the summer, following a pattern similar to the mid-
depth and near-surface temperature. This whole-
lake warming might have resulted from the passage
of diffuse flows throughout the water column, or
from weak mixing, but our data are not sufficient to
confirm either possibility.
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Allison Lake

The meteorological data from Valdez indicate that
precipitation amount was nearly normal in 2009
and slightly below normal in 2010. Temperature
during the study period was typical of the longer-
term climate (Fig. 2). In 2009-2010, a total of
79.1 mg cm? of sediment was collected in the
trap during the 361 days of exposure at the distal
end of Allison Lake (average = 0.22 mg cm™
d™). In 20102011, over a period of 351 days, a
total of 90.7 mg cm™2 accumulated in the sediment
trap (0.26 mg cm 2 d!). The annual sediment flux
to the site averaged 87.3 mg cm™ yr~!. During
the two years of observation at Allison Lake,
late-summer storms were the dominant triggers
to sediment delivery to the trap. These storms
generated strong turbidity flows characterized by
short-lived episodes of higher temperatures near the
bottom of the lake than at mid-depth. The median
grain size of sediment (following treatment with
deflocculent) sampled during these three events
ranges between 9 and 16 pm, with Dy between 22
and 59 um (Fig. 6). The coarseness of the sediment
delivered during these events distinguishes them
from the fine-grained ambient sediment deposited
during the rest of the late summer and early fall.

2009 summer precipitation and glacial melt. The
distal sediment trap was first installed into Allison

© 2015 Swedish Society for Anthropology and Geography
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Fig. 6. Allison Lake (a) sediment flux; (b) grain size, including median and coarse fraction (Dg); (c) lake water temperature; depths
are distance from the lake floor, black triangles mark short-lived warm-water events ascribed to underflow currents and red triangles
mark mid-depth temperature anomalies ascribed to interflow currents; and (d) outflow discharge of Allison Lake.

Lake on 5 Aug.,, 2009. On 16 Aug., a major
precipitation event coinciding with late-summer
high temperatures and hence a rain-on-ice and rain-
on-bare ground (snow-free) resulted in the highest
discharge for that sampling year (Fig. 6). On that
same day, the water temperature at 2.5 m above
the lake bottom increased almost 1°C, suggesting
the passage of a turbid underflow, displacing the
colder water upward. A few days later, on 20 Aug.,
and again on 10 Sep., temperature perturbations
were clearly noticeable at mid-depth, suggesting
the passage of strong interflows. During the four-
month period from mid-August until mid-October,
80% of the annual sediment flux reached the trap.
Notably, 29% of the annual sediment deposition
occurred between 4 and 23 Aug., a period during
which annual maximum discharge was reached
and rain fell on the exposed glacier ice and on
exposed glacial deposits. This likely mobilized a
large amount of sediment and caused turbid lake
inflows, presumably recorded as the passage of
an underflow and interflows during that period.
Maximum daily air temperature remained above
freezing until the beginning of November and
discharge of the outflow stream remained above
1.7 m? s7! until mid October.

2010 winter and spring.  Following the decline in
discharge and air temperature after mid-October,

© 2015 Swedish Society for Anthropology and Geography

sediment flux was negligible for three months. In
April, snowmelt and outflow discharge increased
as temperatures rose above freezing. During that
period, only a small amount of sediment reached
the trap. Despite a sharp rise in snow-melt-driven
discharge culminating on 1 Jun., sediment flux to
the trap remained low until the end of the sampling
period on 20 Jul.

2010 summer precipitation and glacial melt. The
trap was recovered then re-installed in Allison Lake
on 4 Aug., 2010, following a strong rainstorm that
precluded an earlier re-deployment. On the day of
the trap deployment, discharge attained its peak for
that sampling year, reaching over 3.7 m> s™! (Fig. 6).
On that same day, the near-bottom temperature of
the lake reached 4.8°C while a temperature of 4.2°C
was recorded at 15 m, pointing toward the passage
ofadense underflow for a few hours. During the first
10 days of the sampling interval, at the tail of the
high-discharge event, 46% of the annual sediment
flux had reached the sediment trap. A second rain-
on-ice event, from 26 Sep. to 4 Oct., 2010, increased
discharge sharply and resulted in another underflow
on 26 Sep., once again characterized by an inversion
of temperature near the bottom of the water column.
That late-fall storm was associated with 20% of the
annual sediment flux of trapped sediment. Together,
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the period from 5 Aug. to 2 Nov. accounted for 94%
of the total sediment flux for that sampling year.

2011 winter and spring. Unlike the previous
sampling year when winter and spring accounted
for nearly 20% of the annual sediment flux,
the 2011 winter and following spring freshet,
which culminated on 28 May, 2011, generated
no significant sediment flux in the sediment trap.
The last sample bottle closed on 19 Jul., prior to
retrieving the trap.

Discussion
Trap efficiency
The extent to which the sediment caught in the
traps precisely records sedimentation on the lake
bottom is uncertain. The collection efficiency of
sediment traps depends on their design, the physical
conditions in the water, and the characteristics of the
particles, mainly the settling velocity. Theoretically,
the design of the traps used in this study, with the 8:1
aspect ratio above the collection tube, allows a fairly
constant relative efficiency for currents velocities
<12 cm s7!; whereas, under-trapping is expected
when currents are higher, with efficiencies of 75—
95% between 12 and 30 cm s~! (Baker et al. 1988;
Buesseler et al. 2007). All sediment traps tend to
have a bias toward more rapidly settling particles
versus those that settle more slowly, and the higher
the relative advective flow velocity, the less likely
the trapped sediment will accurately represent the
in situ flux in terms of the total mass and grain
size (Buesseler et al. 2007). These biases, which
have not been specifically studied in small lakes
with high deposition rates, limit the interpretation
of the sediment fluxes measured by the traps, and
the ability to extrapolate across the lake floor.
Sediment trap efficiency can be evaluated by
comparing the sediment accumulation rate in the
traps with the rate estimated from sediment cores
taken nearby the traps themselves. At Allison
Lake, during two years of deployment, the annual
sediment flux in the trap averaged 87.1 mg cm™
yr !, This translates to about 1 mm yr~' based on a
dry bulk density of 1.18 g cm™, which we measured
in a surface core from this location. This compares
with measured varve thicknesses that average 4.4
4+ 2.3 mm (£lo) over the past 80 years. The
amount of sediment captured in the trap therefore
seems to under-represent the actual fluxes at the
lake floor by a factor of at least 50% and likely
higher. Without surface cores taken at the time of
the retrieval of the sediment traps, this difference
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cannot be calculated more accurately. The short
period of trap deployment at Shainin Lake (105
days) and the absence of chronological control
on the surface sediments preclude an accurate
assessment of sedimentation rate based on surface
cores at this site.

Shainin Lake

The area of glacial cover in the catchment of
Shainin Lake is only 1% of the basin area, and
summer glacier melt is unlikely to have a significant
impact on the hydrograph of Alapah River where
it flows into Shainin Lake. The Alapah River
channel pattern is meandering rather than a typical
braided outwash plain, such as the one that feeds
Allison Lake. However, the glaciers in Shainin
Lake catchment supply sediment by direct glacial
processes such as bed erosion, sub-glacial and intra-
glacial sediment evacuation. Glacial sediments
stored within the watershed most likely constitute
another source of sediments available for fluvial
transport during periods of high flow. Other studies
in glacier-fed watersheds of Alaska have shown that
the spring freshet contributes significantly to fluvial
sediment transport (Riihimaki 2005; M. Loso, pers.
com.), and we hence expect that the high-discharge
spring freshet should have transported sediment to
Shainin Lake. However, the 2013 spring peak flow
resulted in insignificant sediment deposition during
the first three weeks of June, but instead sediment
deposition peaked while discharge of the Atigun
River reached the lowest flow of the study period
(Fig. 5). Over the study period, an inverse relation
between discharge and sediment deposition was
observed, somewhat similar to the pattern reported
by Smith et al. (1982) at Hector Lake, a deep
glacier-fed lake where sedimentation peaks in late
summer when river discharge is moderate.

Relying solely on sediment trap data, we cannot
determine if the absence of sediment deposition
during the spring freshet is related to a delay
between sediment delivery and sediment deposition
or to a sediment-poor peak flow during snow melt.
Assuming that sediment transport at Shainin Lake
is positively related to river discharge throughout
the spring and the summer, sediment aggregation
could explain the observed pattern of late summer
sediment deposition. Given the cohesiveness of
fine glacial sediments, the physical, chemical and
biological aggregation of particles (flocculation)
is expected to occur in both lakes. Laboratory
experiments have shown that physical aggregation
of clay particles, or more specifically the formation

© 2015 Swedish Society for Anthropology and Geography
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of larger particles due to the physical collision of
smaller ones, increases their fall velocity (Samadi-
Boroujeni et al. 2005; Fathi-Moghadam et al.
2011) and becomes more prevalent as sediment
concentration increases. This physical aggregation,
which occurs toward the end of the season when
the particle concentration reaches a threshold
level, was previously suggested as the primary
mechanism for flocculation in glacier-fed lakes
(O’Brien and Pietraszek-Mattner 1998; Hodder
2009). Alternatively, Shainin Lake watershed might
be a sediment-limited system, or the inflow
channels might be protected by snow cover during
peak runoff. In either case, the spring freshet would
not mobilize significant quantities of sediment, and
the observed timing of sediment delivery to Shainin
Lake would reflect the timing of glacial melt rather
than the intensity of fluvial discharge.

It is also possible that the fine sediment
intermittently stuck to the funnel walls of the
trap and fell into the collection bottles after
a sufficient amount had accumulated to induce
slumping. Although such a mechanism may have
introduced some short-term delay in the delivery of
the sediments to the trap bottle, we do not believe
that it is the primary control on the timing of
sediment accumulation in the trap bottles.

Allison Lake

The timing of deposition observed at Allison
Lake shares an important similarity with that
observed at Shainin Lake; during the two
years of monitoring, the spring freshet, which
corresponds to annual peak flow or near annual
peak flow conditions, resulted in very low or
insignificant sediment accumulation. At Allison
Lake, sedimentation was also mostly observed
during the late summer, but contrary to Shainin
Lake, these late-summer pulses appear to be
driven by short-lived, high-discharge events that
trigger sediment-rich underflows. The late-summer
rainstorms responsible for these sediment-rich
underflows occurred when the glacier hydrologic
system was well developed and ample sediment
sources were potentially available within the glacier
and at its margins (Rothlisberger and Lang 1987;
Rithimaki et al. 2005). Our estimate of underflow
occurrences at Allison Lake is conservative; with
loggers positioned 2.5 m above the lake bottom,
bottom-hugging turbidity flows might not have been
recorded. Additionally, the distal position of the
trap at Allison Lake may have caused an additional
underestimation of the occurrence of underflows.
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The accumulation of fine-grained sediments
during periods of low discharge at Allison Lake
exhibit the same pattern observed at Shainin Lake,
with an increase in sedimentation toward the end of
the ice-free season. This shows that the formation of
the clay cap, which constitutes a fundamental unit of
a varve couplet, occurs before the onset of lake ice.

At neither lake does the pattern of lake-
sediment deposition documented in this study agree
with the timing of sediment transport observed
in rivers of other glacierized watersheds. For
example, during three years of observation of the
outflow of Bench Glacier (1999-2002), located
30 km east of Allison Glacier, the spring freshet
was associated with a sharp increase in stream
sediment concentration (Riithimaki et al. 2005).
Furthermore, sediment transported by the glacial
stream was approximately proportional to discharge
throughout the melt season, although an annual
clockwise pattern of hysteresis was observed, with
lower concentrations progressing from the spring
to late summer despite similar discharge levels.
Other studies of glacial-fed rivers have concluded
that, where sediment is available, the quantity
transported by outflow streams corresponds directly
to meltwater discharge with hysteresis patterns
related to changing sediment availability thorough
the melt season (Hammer and Smith 1983; Fenn
1987; Gregory 1987; Fountain 1996). In the absence
of fluvial sediment transport data, the timing of
sediment deposition at both lakes may result from a
sediment-limited system during spring snow melt.

Conclusions

This study demonstrates that monitoring a few
physical processes in a lake and its catchment
can provide key insights into the controls on
sedimentation. At Shainin Lake, it demonstrates an
important lag between fluvial sediment transport
to the lake and deposition of fine-grained
sediments (<10 wum) in the trap. At Allison Lake,
where sediment deposition was monitored during
two consecutive years, the bulk of the annual
sedimentation in the distal part of the lake occurred
during late fall storms that induced turbidity
currents. The remaining part of the annual flux,
composed of fine-grained sediments, did not settle
under lake ice but rather during the late summer
and early fall. To better understand the causes
responsible for the absence of sediment deposition
during spring freshet, fluvial sediment monitoring
and sediment trap experiments should be combined.

717



DAVID FORTIN ET AL.

Our results also indicate that a varve sequence
such as the one at Allison Lake can be difficult to
interpret in terms of annual climate. Over the two
years of monitoring, sediment accumulation seems
to reflect the occurrence of late summer and early
fall storminess rather than summer temperature,
discharge or annual precipitation. The potentially
erosive nature of turbidity currents in some parts of
the lake bottom also point toward caution when
interpreting a sediment record such as the one
from Allison Lake (Lambert and Giovanoli 1988;
Schiefer et al. 2006).
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