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Glaciated alpine landscapes are sensitive to changes in climate. Shifts in temperature and precipitation can
cause significant changes to glacier size and terminus position, the production and delivery of organic mass,
and in the hydrologic energy related to the transport of water and sediment through proglacial
environments. A sediment core representing a 12,900-yr record collected from Swiftcurrent Lake, located
on the eastern side of Glacier National Park, Montana, was analyzed to assess variability in Holocene and
latest Pleistocene environment. The spectral signature of total organic carbon content (%TOC) since ~7.6 ka
matches that of solar forcing over 70–500 yr timescales. Periodic inputs of dolomite to the lake reflect an
increased footprint of Grinnell Glacier, and occur during periods when sediment sinks are reduced, glacial
erosion is increased, and hydrologic energy is increased. Grain size, carbon/nitrogen (C/N) ratios, and %TOC
broadly define the termination of the Younger Dryas chronozone at Swiftcurrent Lake, as well as major
Holocene climate transitions. Variability in core parameters is linked to other records of temperature and
aridity in the northern Rocky Mountains over the late Pleistocene and Holocene.

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

Understanding controls on past climate variability is key to
assessing potential future environmental change. The influence of
solar forcing on climate during the Holocene has been increasingly
documented in climate records (Lean and Rind, 1998); variability in
solar strength has been tied to changes in North Atlantic climate
through drift-ice proxies (e.g., Bond et al., 2001), changes in aridity/
wetness inferred from microfossils (e.g., Magny et al, 2008; Plunkett
and Swindles, 2008), changes in seasonal sedimentation resulting
from monsoon shifts (e.g., Xiao et al., 2002; Xiao et al., 2006) and
variability in the thickness of carbonate deposition due to tempera-
ture changes (e.g., Brauer et al., 2008). Oxygen isotope ratios, gypsum
and biogenic silica abundance, and Mg/Ca ratios have also been used
to demonstrate the role of solar irradiance in driving drought cycles or
temperature variability (e.g., Yu and Ito, 1999; Hodell et al., 2001; Hu
et al., 2003).

The climate history in the northern U.S. RockyMountains is known
primarily from lacustrine paleoecological records that are widely
cGregor).
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spaced in Montana, Idaho, andWyoming (e.g., Karsian, 1995; Doerner
and Carrara, 1999; Millspaugh et al., 2000; Doerner and Carrara, 2001;
Brunelle and Whitlock, 2003; Hofmann et al., 2006; Shapley et al.,
2009; Shuman et al., 2009; Marlon et al., 2009). Modeling of western
U.S. climate provides additional information about late Pleistocene
and Holocene changes (e.g., COHMAP Members, 1988; Bartlein et al.,
1998; Diffenbaugh et al., 2006). While several alpine lacustrine
records span the Holocene in the Canadian Rocky Mountains
(Reasoner et al., 1994; Reasoner and Huber, 1999; Leonard and
Reasoner, 1999; Beierle et al., 2003), our knowledge of the timing of
major climate shifts at high elevations in the northern U.S. Rocky
Mountains is incomplete. Here we examine a ~12,900-year-long core
from Swiftcurrent Lake and explore the relationship between climate
forcing, glaciologic and geomorphic response to that forcing, and the
resulting development and transport of clastic and organic material.

Field Setting

Swiftcurrent Lake (1490 m elevation) is located east of the
Continental Divide in Glacier National Park, Montana, USA (Fig. 1).
The northeastern basin of Swiftcurrent Lake has a catchment area of
44 km2, and is fed by Swiftcurrent Creek and its tributaries. The
southwestern basin of the lake has a catchment area of 36 km2 that
c. All rights reserved.
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Figure 1.Map of the Many Glacier region of Glacier National Park, including Grinnell Glacier, Upper and Lower Grinnell Lakes, Josephine Lake, and Swiftcurrent Lake. Geologic units
fromWhipple, 1992. Location of Swiftcurrent Lake core SWF05-3A (white circle). Swiftcurrent Lake sits at 1486 m elevation, is 1.6 km long and ~0.5 kmwide, narrowing to ~0.2 km
at one point to form two lake subbasins, each between 5 and 10 m deep. Preliminary water depth measurements suggest the lake is roughly divided into a southwestern and
northeastern subbasin. The subbasins are divided by a discontinuous ridge (water depths ~2–4 m) at the narrowest portion of the lake, which coincides with a topographic drainage
divide. Water flows from southwest to northeast through the lake. There is an elevation change of 360 m between Upper and Lower Grinnell lakes, but just 20 m elevation change
between Lower Grinnell and Swiftcurrent lakes. The lake bathymetry and surficial hydrology suggest that the coring site receives little if any sediment from Swiftcurrent Creek. Inset:
Location of Glacier National Park, Montana (star). Other lake core locations in Montana referred to in the text are shown: JO=Jones Lake (Shapley et al., 2009), FL=Flathead Lake
(Hofmann et al., 2006), FO=Foy Lake (Stevens et al., 2006; Stone and Fritz, 2006), GD=Guardipee Lake (Barnosky, 1989).
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includes Grinnell Glacier (~2000 m elevation), Upper and lower
Grinnell lakes, and Lake Josephine. Swiftcurrent Lake is 1.6 km long
and ~0.5 km wide. Previous bathymetric mapping suggest the lake is
roughly split into a southwestern and northeastern subbasin (each 5–
10 m deep) that are divided by a discontinuous ridge (water depths
~3–4 m) at the narrowest portion of the lake, which coincides with a
rg/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
topographic drainage divide (U.S. Fish andWildlife Service, 1980). The
6.58-m-long core from Swiftcurrent lake (SWF05-3A; Fig. 1) was
collected from the center of the southwestern subbasin in ~8-mwater
depth. The coring site was ~200 m from the surrounding shorelines
and downvalley from any deltaic features produced by the low-
gradient inlet stream draining Josephine Lake. Core material was not

https://doi.org/10.1016/j.yqres.2010.08.005
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Figure 2. Image of Mazama ash in Swiftcurrent Lake core, including smear slide
descriptions. Depth scale is distance below lake-sediment interface. Note the 48 cm of
Mazama ash (black bar), a ~3-cm transition zone with 30–60% ash (dark gray), and ~4-
cm-long zone with b20% ash (light gray). The majority of the ash layer was 70–80% ash
(glass), 5–10% carbonate, and 10–20% clastic sediment. Diatoms were absent, or
present only at the 1–2% level.
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varved, but trace laminations existed in some sections. No sand,
gravel, or till units were encountered during coring, and the core
bottom reflected the limit of our physical capabilities.

The lake bathymetry and surficial hydrology suggests that the
coring site receives little if any sediment from Swiftcurrent Creek.
Steep hillslopes characterize the Grinnell Glacier (southern) valley;
between Mount Grinnell and lower Grinnell Lake (~2-km distance)
there is a 1-km change in elevation. The rock headwall around
Grinnell Glacier is ~500 tall, and a 460-m-tall step in the valley
between Upper and lower Grinnell lakes. The relief on the valley floor
is low, with ~10-m elevation change between lower Grinnell and
Swiftcurrent lakes. Relief in the basin diminishes toward Swiftcurrent
Lake where the valley widens. In addition to glacially produced
sediment, hillslope processes may play a role in stochastic sediment
delivery to the lakes.

Geology and glacial history

The Swiftcurrent Lake drainage basin is underlain by the Middle
Proterozoic Belt Supergroup, which is comprised primarily of
siltsones, shales, and sandstones (Fig. 1; Horodyski, 1983). Grinnell
Glacier is currently eroding the stromatolitic Siyeh limestone of the
Helena Formation. The Siyeh limestone consists of dolomitic lime-
stone and calcitic argillite (Whipple, 1992), and is the only bedrock
source of dolomite in the valley.

Lake Josephine and Swiftcurrent Lake are underlain entirely by late
Pleistocene tills 1–3 m thick (Earhart et al., 1989; Carrara, 1990;
Whipple, 1992). The presence of Glacier Peak G ash (~13.1 ka;
Mehringer et al., 1984) overlying this till in several locations in the
Park (Carrara, 1989, 1993) suggests the valley below Grinnell Glacier
was deglaciated before 13 ka. A minimum age of 11.4 14C ka BP for
deposition in Otokomi Lake, located 10 km south of and ~500 m
higher than Swiftcurrent Lake, supports this interpretation of
widespread deglaciation in the valley before 11 ka (MacLeod et al.,
2006; Carrara, 1989; 1995).

Methods

Core SWF05-3A was collected in July 2005 using the Livingstone-
type coring technique (Wright, 1967, 1991). The core was logged,
split, photographed, described using smear slides (Rothwell, 1989;
Kelts, 2003), and subsampled at 1-cm resolution. We conducted
several analytic measurements, including x-ray diffraction (XRD),
grain size, carbon coulometry, and C/N elemental analysis. In addition,
we collected samples for 14C dating and for ash fingerprinting.

For XRD analysis, prepared samples were run on a Panalytical
X'Pert Pro MPD. Qualitative analysis was conducted at 2-cm spacing
and more frequently where dolomite was detected. Quantitative
analyses were performed every 4th cm of core using both the clay
fraction approach and the normalized relative intensity ratio (RIR)
method (Moore and Reynolds, 1997; Hiller, 2003. Quantitative
uncertainties are low (1–2%) when minerals comprise 30–70% by
volume of a sample (e.g., 50±1%), and slightly higher (~7%) for very
low (b15%) or very high (N85%) concentrations.

Samples for grain size analysis were prepared by oxidizing organic
matter with H2O2 and dissolving diatoms with an NaOH solution.
Grain size was measured using a Horiba LA-920 Grain Size Analyzer
using a refractive index of 116a001i (e.g., Sperazza et al., 2004), which
has a range of 0.2 μm–2 mm grain-size detection. Quantitative
assessment of grain size was performed every 4th cm of core.

Carbon coulometric analysis (Engleman et al., 1985) was con-
ducted using a UIC Model 5011 CO2 Coulometer. Analysis of total
carbon (TC) was conducted continuously at 1-cm spacing. Replicate
analyses were performed on 65 samples, with an average analytical
1σ uncertainty of ±0.07% C (3.8% of the TC reading). Analysis of total
inorganic carbon (TIC) was conducted on 16 samples from the top of
oi.org/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
the core, and averaged 0.13 ±0.12%. TIC was b0.45% in all samples
measured, and therefore we assume %TC≈%TOC for all samples.

C/N ratios reflect in-lake production of sedimentary organic
matter, as well as the type and origin of organic material, e.g., the
relative contributions of aquatic vs. terrestrial material (Meyers,
1994; Meyers and Teranes, 2001). Samples were run on a CE
Instruments Elemental Analyzer (EA 1112), and C and N were
measured as mass percent. C/N analyses were limited to every
~25 cm except in the lowest 0.5 m of core.

Three samples were collected for 14C analysis. Charcoal-rich layers
were identified and sieved to separate out the N63-μm portion.
Charcoal separates and one terrestrial macrofossil sample were
refrigerated in acidified deionized water before being shipped to the
LLNL-CAMS facility for dating.

Distinctive volcanic ash (tephra) units provide both correlative
and direct numerical age constraints (e.g., Sarna-Wojcicki et al.,
2000). A 48-cm-thick layer dominated by volcanic ash was identified
~4.5 m below the sediment-water interface (Fig. 2). Tephra finger-
printing using INAA on the glass fraction was conducted at
Washington State University (Borchardt et al., 1972).

Solar Forcing and Spectral Analysis

Spectral analysis is frequently used to assess periodicity in lake
core records (e.g., Stone and Fritz, 2006; Stevens et al., 2006; Patterson
et al., 2004). Spectral density is a measure of strength, or power, in the
frequency band and can be used to infer consistent variations within
the record. We used multitaper spectral processing to determine the
spectral signature of %TOC and a Holocene proxy for solar forcing, a
dendrochronologically dated 14C record of the number of sunspots
each decade over the last 11.4 ka (Solanki et al., 2004, 2005). We used
Singular Spectral Analysis (SSA) to remove the first Principal
Component (PC) from the %TOC and sunspot records, which

https://doi.org/10.1016/j.yqres.2010.08.005


Table 1
Results of radiocarbon analysis from LLNL CAMS and adjustment of 14C age to
calendrical age (CALIB 5.1).

LLNL/CAMSID
number and
material

14C yr BP 1σ cal age range
cal yr BP

2σ cal age
range cal
yr BP

Depth in
core (m)

Median
probability
age
(cal yr BP)

125098
charcoal

3160±35 3358–3441 3273–3453 2.29 3388

124257
charcoal

3945±35 4298–4506 4257–4517 3.065 4401

124258
charcoal

9760±80 11093–11258 10788–11333 5.6 11180

δ13C values were assumed to be −25‰ (Stuiver and Pollach, 1977) and the Libby half-
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eliminates trends and long-period variations (Vautard and Ghil,
1989). We used an embedding dimension of 30 and eliminated PCs 13
through 30 because they were indistinguishable from white noise.
These choices represent an even trade-off between resolution and
confidence. We ran both Blackman–Tukey and Maximum Entropy
spectral analyses using lags of 20% and 10%, respectively (Blackman
and Tukey, 1958; Haykin, 1983).

Assessment of spectral strength is dependent on the assumption
that the ages of the time series is well-known. Our age model for the
period after 7.6 ka is better constrained than for the older portion of
the record (see Age Model section), and we therefore conducted
spectral analyses on the entire %TOC record, the most recent 7.6 ka,
and on the period prior to 7.6 ka.
life value of 5568 yr was used to calculate ages. Radiocarbon ages were converted to
calendrical age using CALIB5.1.0 (after Stuiver and Reimer, 1993) using the Intcal04.14c
calibration data set. Calibrated ages are shown as the full range of the 2-sigma age range
calculated by CALIB.
Results

Age model

Tephra analysis demonstrated a similarity coefficient of 0.98+
with the Mazama ash profile (Borchardt et al., 1972), with an age of
7630±150 a (Zdanowicz et al., 1999). We quantified core composi-
tion across the Mazama ash unit (Fig. 2). The 48-cm-long ash layer
was 70–80% ash (glass), 5–10% carbonate, and 10–20% clastic
sediment. A 3-cm long transition zone comprised of 30–60% ash
was present atop this unit, and ash percentages decreased to less than
30% within another 4 cm. We assume 48 cm of ash was deposited
‘instantaneously’ in time, and remove it from the age model (e.g.,
Beierle et al., 2003).

The age/depth relationship for SWF05-3A is shown in Figure 3a,
and includes three calibrated radiocarbon ages (Table 1), the Mazama
ash age of 7630 a, and an assumed age of−55 a (relative to AD 1950)
for the top of the core. We use an age model with a linear fit between
known ages, resulting in sedimentation rates ranging from 0.29 to
Figure 3. (a) Depth of three radiocarbon samples and Mazama ash in the Swiftcurrent
Lake core. The black lines show the best-fit second-order polynomial model and the
piecewise linear model of age (gray). The polynomial fit is well outside the Mazama ash
age, with a model age N400 yr older than the known ash age. (b) Sedimentation rates
assuming a polynomial age distribution of core sediment (black) and a piecewise linear
fit (gray). Uncertainties in calendar ages are shown as age error bars; uncertainties are
within the symbol size for most data.

rg/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
0.76 mm a−1 and an extrapolated age of 12.87 ka for the core-bottom
(gray line, Fig. 3b). Although this model imposes step changes in the
continuous sedimentation process, we feel that it is a reasonable
reflection of our known ages and their associated uncertainties. The
second-order polynomial age model (Fig. 3a, black line) falls near
radiocarbon uncertainties, but we rejected this model as it over-
estimated by N400 yr the well-constrained Mazama ash age. We have
high confidence in the age model between the Mazama ash and the
core top because there are four age controls. The core below
the Mazama ash represents ~5200 yr, based on the single 14C age of
11.18±80 cal yr BP. The time represented between the oldest
radiocarbon date and the core bottom is 1690 yr.
Analytical results

Figure 4 shows major minerals, percent carbon and nitrogen, grain
size, magnetic susceptibility, core density and sunspot number as a
function of age, with the 48-cm Mazama ash layer removed. Major
minerals (Fig. 4a) found throughout the core include quartz, illite, and
chlorite; dolomite was identified at several locations in the core using
both quantitative and qualitative measurements (Fig. 4b). With the
exception of carbonates found in the Mazama ash layer, the dolomite
grains have uneven margins and are rarely rhombohedral, suggesting
they are detrital rather than authigenic. Illite comprises 6–13% of the
inorganic material throughout the core. Quartz and illite percentages
range between 35% and 55% and are anti-correlated.

Dolomite is present in fewer than 10% of N350 qualitative XRD
samples. When present, dolomite is less than 2% by volume; this is
equivalent to TIC of less than 0.26% in the sample, supporting our
assumption that %TOC≈%TC.

TOC content varies from 0.75 to 5.25%, with most of the samples
containing between 2 and 4% TOC (Fig. 4c). Nitrogen varies from 0.07
to 0.43%. The ratio of organic carbon to nitrogen (C/N) varies between
7.7 and 13 (Fig. 4d), typical of alpine lake sediment sourced primarily
by algal material with some terrestrial carbon contribution (e.g., Fuji,
1988; Meyers and Horie, 1993).

Mean grain size varies from 2.5 to 20 μm, with an average of 7 μm
for the core (Fig. 4e). Median grain size ranges from 1.5 to 13.2 μm.
The peak in mean and median grain size at ~7.5 ka is associated with
residual ash in the core, although five individual samples below the
ash layer demonstrate increasing grain size beginning 8.25 ka. There
are three distinct peaks in grain size between 3.8 and 1.3 ka.

Magnetic susceptibility (MS) in the core ranges from 5 to 20×10−6

SI (Fig. 4f). Core density increases abruptly from 1.2 to 1.4 g/cm3

around 9.25 ka, and increases to 1.6 g/cm3 toward the core bottom
(Fig. 4 g).

https://doi.org/10.1016/j.yqres.2010.08.005
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Spectral analysis

Blackman–Tukey spectral analysis of %TOC and solar strength
(Fig. 4 g; Solanki (2005)) data from 7.6 ka to present show several
major correlative and significant peaks (Fig. 5a). Much of the
spectrum shows coherence at the 80%–90% level (Fig. 5b), with the
greatest energy (strongest periodicities) at frequencies between
0.002 and 0.0145 a−1 (500–70 yr). We ignore coherence of the
records at ages less than 70 yr because of substantially reduced
spectral power in this range as well as the proximity to the Nyquist
frequency. Figure 5c shows the results of the Maximum Entropy
power spectrum, which tends to concentrate power in narrower
bands compared to B–T analysis. Importantly, the Maximum Entropy
shows coherent spectral power peaks at the same frequencies as the
B–T analysis. The phase spectrum shows positive values at most of the
coherent peaks, implying sunspots lead %TOC (Fig. 5c, inset). Formost of
the significant peaks in coherence with corresponding peaks in %TOC
and sunspot energy, the phase lag is 30–50 yr. Our Nyquist frequency,
based on the age model and sampling interval, is 0.02 yr−1, or ~50 yr.

We note that the ~200-yr cycle is close to the 207-yr De Vries
periodicity (Wagner et al., 2001). The spectral analyses show that
the %TOC record has significant coherence with the sunspot record
at the Gleissberg periodicity (~88 yr) (Yousef, 2006). There are
parts of the power spectra where one record has a split peak so
peaks do not correspond but there is still a significant coherence
between the signals. For example, the %TOC peak at a frequency of
0.014 (~72 yr) corresponds at the 80% significance level with a split
peak in the solar record between 0.0135 and 0.0145 (~68 and
76 yr). Spectral analyses performed across the entire 12.9 ka record
showed diminished spectral energy and coherence; analyses
performed on the record between 7.6 and 12.9 ka demonstrate
oi.org/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
insignificant coherence between the %TOC and sunspot records. It
is not clear if this is because there is no statistically significant
relationship between %TOC and solar strength from the latest
Pleistocene to early Holocene, or if our single radiocarbon
age control at 11.18 ka is insufficient to constrain the timing of
variability in this period.

Discussion

Solar forcing of %TOC record

The striking correlation of the spectral power signature of %TOC
and sunspot number (solar strength) leads to the hypothesis that
organic carbon in Swiftcurrent Lake reflects solar output. The high
degree of statistical certainty at well-known sunspot periodicities
(Fig. 5) further supports this interpretation. While we did conduct
spectral analyses over the entire period of record, the %TOC-solar
irradiance relationship is clear only in the most recent 7600 yr.
Notably, the general character of both the %TOC and sunspot record
(Fig. 4a, g) between 7.6 and ~11.3 ka are marked by very large swings
in %TOC over 50–250 yr timescales and are at odds with the rest of the
records. External forces that could have an effect on the %TOC signal
include variability in solar insolation (e.g., COHMAP Members, 1988;
Berger and Loutre, 1991), remnants of the Laurentide Ice sheet
influencing atmospheric circulation (e.g., Bartlein et al., 1998), and
strong orographic gradients between lowland and alpine environ-
ments. Variability in sedimentation rates and %TOC could also be
affected by post-glacial landscape stabilization in the early Holocene;
coupled with the single radiocarbon date prior to 7.6 ka, is plausible
that our age model is simply not sufficiently constrained in this
window to show the %TOC/sunspot relationship.

image of Figure�4
https://doi.org/10.1016/j.yqres.2010.08.005


Figure 5. Spectral power of the %TOC (black line) and solar strength (gray line; Solanki,
2005) over the past 7600 yr. We used Singular Spectral Analysis (SSA) to remove the
first Principal Component (PC) from the %TOC and sunspot records after truncating
them at the Mazama ash. Removing the first PC eliminates trends and long-period
variations. We used an embedding dimension of 30 and eliminated PCs 13 through 30
because they were indistinguishable fromwhite noise. These choices represent an even
trade-off between resolution and confidence. We ran both Blackman–Tukey and
Maximum Entropy spectral analyses using lags of 20% and 10%, respectively.
(a) Blackman–Tukey (B–T) power spectra as a function of frequency (yr−1). Y-axis
units are %2. (b) Coherence between the B–T power spectra of %TOC and solar strength.
The 80% confidence interval is at 0.31 (dashed line), the 90% is at 0.4 (small dotted line).
Approximately 10% coherence is expected in random (unrelated) records, with
significantly more coherence observed in these records. (c) Using Maximum Entropy
spectral analysis, the %TOC (black line) and solar strength (gray line) spectra show
similar coherence to B–T between 0.002 and 0.014 (periods of ~70–500 yr). (c) inset,
Phase spectrum (offset) between solar strength and %TOC. Positive values imply
sunspots lead TOC. For most of the significant peaks in coherence with corresponding
peaks in %TOC and sunspot energy, the phase is~π/2, or a period of ~30–50 yr.
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Figure 6. (a) Carbon/Nitrogen ratio vs. %TOC in Swiftcurrent Lake. The correlation
suggests that our record reflects variable contributions of terrestrial organic matter in a
lake that is sourced by lake algae (e.g., Meyers and Horie, 1993; Meyers and Lallier-
Verges, 1999). (b) %TOC vs. mean grain size demonstrates there is no clear relationship
between the amount of organic material and the grain size of clastic sediment.
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Greater solar irradiance likely drives increased organic carbon
deposition in Swiftcurrent Lake, with an average lag time of 30–50 yr
(Fig. 5c, inset). The relationship between air temperature and greater
total solar flux has been shown (e.g., Solanki et al., 2004). Several
studies have shown a correlation between variability in solar output
and biogenic silica levels, arguing that increased temperatures
support higher diatom productivity (Hu et al., 2003; McKay et al.,
2008). Wet periods have been linked to primarily algal sources of
organic carbon (e.g., Meyers, 1993), although increased precipitation
could also drive increased organic carbon transport into the lake.
Asian monsoon cycles have also been linked to solar forcing and
insolation (e.g., Clemens et al., 1991; Dykoski et al., 2005; Yuan et al.,
2004) with monsoon intensity increasing with increased sunspot
activity and/or number. While monsoon activity is obviously not
expected here, there is evidence for significant lake-level changes
(e.g., Shuman et al., 2009) and shifts in precipitation and aridity (e.g.,
Bartlein et al., 1998; Diffenbaugh et al., 2006; Marlon et al., 2009)
throughout the late Pleistocene and Holocene.

An assessment of the source of the organic material based on C/N
ratios can help clarify mechanisms of climate variability in the basin.
There is a positive relationship between organic carbon and C/N
ratios (Fig. 6a), which suggests that the C/N record reflects variable
rg/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
contributions of terrestrial organic matter rather than strictly
changes in algal production rates (e.g., Meyers and Horie, 1993;
Meyers and Lallier-Verges, 1999). The generally low C/N values in
Swiftcurrent Lake are well-below the expected C/N value of
terrestrial organic material (20 and greater), but the documented
correlation between %TOC and C/N demonstrates that increased
%TOC reflects increased terrestrial carbon inputs. Although selective
diagenetic overprinting has been suggested as a potential cause of
changes in C/N ratios (e.g., Spiker and Hatcher, 1984), our values of
total organic carbon are quite low (1–5%) and therefore unlikely to be
affected by diagenesis (e.g., Jasper and Hayes, 1990; Fontugne and
Calvert, 1992). Our interpretation, based on a limited data set, is that
higher C/N ratios reflect increased terrestrial inputs to the lake rather
than increased lake productivity.

Percent TOC can vary as a result of changing glacigenic sediment
flux into alpine lakes. Increased glacier size and/or proximity of a
glacier terminus can lead to increased production and transport of
glacially derived silt into a lake, thereby decreasing %TOC by dilution.
Variability in organic carbon records has been used as a proxy for
sediment flux in proximal glacial lakes (Karlen, 1976; Leonard, 1985,
1986, 1997). While Grinnell Glacier is upstream of Swiftcurrent Lake,
surficial mapping of moraines in the Park suggest there have been at
least two lake basins between Grinnell Glacier and Swiftcurrent Lake
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since the end of the last glacial maximum (LGM: ~18 ka); we
therefore expect a more complex the link between sediment flux and
%TOC than in ice-proximal lake environments (e.g., Leonard and
Reasoner, 1999). In addition, the C/N records suggest a variable but
likely terrestrial source of organic material, which further implies that
the %TOC record is not driven exclusively by inorganic sediment flux.
There is no consistent relationship between grain size and %TOC for
the entire period spanned by the core (Fig. 6b), although analysis of
grain size at higher resolution is needed to draw conclusions from this
result.

Dolomite presence and Grinnell Glacier

The presence of dolomite in Swiftcurrent Lake is a proxy for
‘threshold’ behavior of the drainage basin, in which glacial and
hydrologic conditions are sufficient to move subglacially derived
sediment downvalley to be deposited in the lake. We suggest that the
dolomite signal reflects a combination of glacier size and hydrologic
energy, in that both enhanced glacial erosion and increased peak
summer water discharge are necessary to move dolomite to
Swiftcurrent Lake. Dolomite presence may be more closely related
to periods of glacial retreat, when the glacier footprint is large but
when basal sliding, subglacial erosion, and water flux from ice melt
are at a maximum (e.g., Koppes and Hallet, 2002). Given expected
glacial erosion rates of ~1–10 mm yr−1 (e.g., Hallet et al., 1996;
Riihimaki et al., 2005), the small amounts of dolomite found in
Swiftcurrent Lake confirms there are spatial barriers to dolomite
transport. Sediment must move through the proglacial hydrologic
system and remain entrained through low-energy lakes to reach
Swiftcurrent Lake. Because glacier size is a lagged response to both
temperature and precipitation trends over seasonal to centennial
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timescales (e.g., Johannesson et al., 1989) dolomite presence should
not be used as a temporally precise indicator of glacial maxima. If the
contribution of dolomite from tills on the nearby hillslopes were
significant, we might expect dolomite to have a presence throughout
the core. We cannot rule out non-glacial stochastic hillslope delivery
of dolomite to the lake (and in fact suggest this as one possible source
of dolomite during the early Holocene), but argue that higher
concentrations of dolomite might be expected from such events.
Moreover, glacial erosion rates are typically an order of magnitude
greater than fluvial or hillslope erosion rates (Hallet et al., 1996). The
episodic transport of dolomite to Swiftcurrent Lake reflects variability
in either the rate of subglacial erosion (which is tied to the amount of
transportable dolomite produced), or the efficiency of transport of
sediment through the lake systems.

With the links between organic carbon and solar strength, and
between dolomite and glacial activity in mind, we discuss the core
records within several discrete time periods (shaded bars, Fig. 7). We
compare changes in our record to variability in North Atlantic
temperatures as recorded in the GISP ice core (Fig. 7a; Alley, 2004).
The GISP2 record offers a high-resolution hemispheric climatic
context for our record of regional climatic and sediment-transport
change.

Period I: ~12.9–11.3 ka

The %TOC record provides constraints on the termination of the
Younger Dryas chronozone in the Glacier National Park region
(Fig. 7a). The first 1000 yr are marked by very low %TOC values, and
correspond with the coldest GISP2 temperatures between 12.9 ka and
present (Fig. 7a). GISP2 temperatures increase rapidly between 11.8
and 11.5 ka, and thenmore slowly between 11.25 and 10 ka. Although
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the timing of variability in GISP2 and %TOC are not perfectly
correlated, perhaps because of age uncertainty, %TOC values begin
to increase rapidly at ~12 ka and are variable but generally higher
after 11.5 ka. Typical termination dates for Younger Dryas (YD)
chronozone are around 11.5 ka for the North Atlantic, when GISP2
temperatures transition from rapid to gradual warming. The Swift-
current %TOC record reflects an abrupt increase at ~11.5 ka that
within dating uncertainties is synchronous with increasing GISP2
temperatures. This observation is consistent with lacustrine records
from the Canadian Rocky Mountains ~400 km to the northwest that
show Younger Dryas glacial advances occurring ~11.3 14C ka BP, with
termination dates closer to 10.1 14C ka BP (Reasoner and Hickman,
1989; Reasoner et al., 1994; Reasoner and Huber, 1999; Beierle et al.,
2003). Although the resolution is low, C/N values increase after ~12 ka
and support abrupt change in the region during this time (Fig. 7b).
Low C/N values prior to 12 ka suggest the organic carbon source is
primarily (N50%) algal.

Mean and median grain size decreases between 12.9 and ~11.4 ka
(Fig. 7d). A slight coarsening occurs between 11.4 and 10.8 ka.
Decreased grain size of clastic sediments in lake cores could represent
a shift to a deeper lake environment, but the Swiftcurrent outlet is
bedrock-controlled and it is unlikely to have varied significantly over
the Holocene. Several other western lakes are at lowstands during this
period (Shuman et al., 2009), suggesting a more arid climate in the
region. Coarser sediment is more likely to reflect geomorphic
conditions in the watershed, with increased hillslope contributions
to the lake, or increased the rate of surface water transport (glacial
melt) through the chain of lakes in Swiftcurrent valley.

Our data suggest that between ~12.9 and 11.5 ka the Glacier
National Park region was under a colder and possibly drier climate
regime compared to the Holocene. The low %TOC and C/N values at
the beginning of the period, and the subsequent rapid change in %TOC
are coincident with warming in the GISP2 and Canadian Rocky
Mountains lacustrine records. We interpret the %TOC, C/N and
dolomite records as reflecting abrupt glaciological and sediment-
transport changes consistent with warming from 11.3 to 11 ka.

Period II: 11.3 to ~7.5 ka (post-YD/early Holocene)

Percent TOC increases between 11.3 and 10 ka in concert with GISP2
temperatures, with the rest of Period II dominated by century-scale
variations in TOC. There is a coarsening trend in Swiftcurrent Lake grain
size, and dolomite is episodically present between 9.8 and ~8.3 ka.

Other studies in the northern Rocky Mountains suggest the early
Holocene was a time of increased seasonality (e.g., Elias, 1996), with
some areas of either extreme wet or dry summer months (Brunelle et
al., 2005). The high variability in %TOC at Swiftcurrent Lake could
reflect climatic extremes during Period II. Lacustrine records from the
Rocky Mountains of Alberta suggest this period is one of severely
limited ice extent, with restricted glacigenic sediment flux and arid
conditions (Beierle et al., 2003; Reasoner and Huber, 1999). Proximal
lowland cores show generally dry conditions during the early andmid
Holocene (Whitlock, 1993; Shapley et al., 2009). If the dolomite is a
response to increased glacier size, this is in contrast to other regional
records that show extremely limited glacier extent (e.g., Carrara,
1987; Leonard and Reasoner, 1999). The presence of dolomite may
reflect increased glacial hydrologic energy in Swiftcurrent basin
(rather than increased glacier size), perhaps explained by a strong
orographic effect and/or enhanced summer wetness (e.g., Bartlein et
al., 1998; Shuman et al., 2009). It is notable that grain size is larger in
the dolomite window, which might suggest a more proximal
(hillslope) sediment source, perhaps a result of post-glacial landscape
instability. While dolomite is not present in the core at the 8.2 ka
cooling event (Morrill and Jacobsen, 2005), dolomite is found at
8.3 ka; our limited age controls may mask the evidence for this
globally-recognized event. The Swiftcurrent record during Period II is
rg/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
complex, and likely reflects both variable climatic conditions as well
as changing geomorphic conditions that are difficult to resolve
entirely.

Period III: 7.5 to 3.8 ka (Middle Holocene)

The mid-Holocene at Swiftcurrent Lake is characterized by more
stable and likely warmer environmental conditions compared to most
of the Holocene, similar to observations in the Canadian Rocky
Mountains (Reasoner et al., 1999; Beierle et al., 2003). 7–5 ka is a
period of low %TOC variability, with a rapid rise and peak in %TOC
from 7.5 to 7.0 ka, a peak in %TOC at 5 ka, and a rapid decrease at the
termination of Period III (~4.2–3.8 ka). Dolomite is not present within
this period; in concert with the generally high %TOC valueswe suggest
Grinnell Glacier is likely smaller and/or less hydrologically vigorous
than during Periods I-II. High, stable %TOC combined with a small or
nonexistent Grinnell Glacier suggests climate was warmer overall
during this time. The overall trend of decreasing grain size from the
peak at 7.5 ka could be associated with decreased transport of
sediment from hillslopes.

Aridity associated with the Holocene Thermal Maximum is
observed in early Holocene in records from the northwestern U.S.
(Barnosky et al., 1987; Thompson et al., 1993; Whitlock, 1993); in
Guardipee Lake (Fig. 1, inset), pollen records indicate high early to
mid-Holocene aridity relative to the present (Barnosky et al., 1987). In
Jones Lake, MT, this period is marked by increasing moisture, in
contrast to an early-Holocene (~9 ka) aridity maximum (Shapley et
al., 2009). In pollen studies from the Colorado Rocky Mountains, Fall
(1985) interpreted an increased altitudinal range of subalpine forests
to represent a warmer and wetter climate between 7 and 4 ka. In
contrast, Shuman and others (2009) show low regional water levels
between 7 and 4.5 ka in the U.S. Rocky Mountains from Colorado to
Montana. If we interpret the %TOC signal as reflecting temperature in
the Swiftcurrent region, 7–4 ka is the warmest and most stable of the
~12,900-yr-long record.

Period IV: 3.8 to 1.3 ka (Late Holocene)

Major swings in climate conditions characterize the middle-late
part of the Holocene at Swiftcurrent Lake, with large century- to
millennial-scale variations present in the %TOC, grain size, and C/N
records. The start of Period IV (Fig. 8) is well defined by a rapid
coarsening of sediment, the presence of dolomite, and an increase in
%TOC. Three notable %TOC excursions occur with minima at ~3.8,
3.05, and ~2.1–2.2 ka (dark gray bars, Fig. 8), and correlate with C/N
decreases, although the resolution is low. The %TOC minima are
associated with distinct coarsening events that lag them by ~50–
150 yr (light gray bars, Fig. 8). It is notable that the peaks in C/N are
higher during Period IV than during any other period. With the
exception of the grain size peak at 7.5 ka (which incorporates
residual silt-sized ash from the Mazama eruption), the three grain-
size peaks during Period IV are higher than the rest of the record.

The concurrent variability in %TOC, C/N, and grain size, and the
presence of dolomite, are strong evidence of variable climate affecting
surface processes during this period. As %TOC and C/N rise, grain size
in the core is generally high; as %TOC peaks at ~3.6, 2.6, and 1.6 ka,
grain size is fine. This suggests that as climate transitions from cooler
(low %TOC) to warmer (increased %TOC), there is coarse material
coming off of hillslopes into the lake, perhaps as a result of diminished
terrestrial vegetation on the landscape during cool periods. Increasing
%TOC and C/N suggest concurrent warming and terrestrial carbon
inputs; peaks in %TOC and C/N correspond to an overall decline in
grain size, perhaps related to increased vegetative cover due to
warmer conditions. Only the peak in grain size at 1.95 ka is correlative
with a peak in %TOC; this is the only grain size peak in Period IV that is
not related to glacial activity. We argue that increasing %TOC during
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Period IV reflects increased temperatures and periods of terrestrial
carbon dominance.

The presence of dolomite suggests enhanced glacial activity
Grinnell Glacier between 3.8 and 2.8 ka. Dolomite presence corre-
sponds with low %TOC and fine grain size at 3.75 and 3.5 ka, which we
interpret as fine-grained glacial sediments in transport to Swiftcur-
rent Lake. The last evidence of dolomite in Period IV occurs at
~2.85 ka, and is associated with coarser grain sizes; this could reflect
rapid glacier melting and retreat, transporting coarser particles to the
distal lake as a result of increased erosion and hydrologic energy.
There is supporting evidence for glacial advances in other parts of the
northern Rocky Mountains during this period. High sedimentation
rates in Hector Lake, Alberta, Canada between 3.5 and 2.9 ka suggest
increased ice extent (Leonard, 1997) associated with the Peyto
Advance (e.g., Luckman, 1993; Luckman, 1995). The presence of
dolomite between 3.8 and 2.8 ka in Swiftcurrent Lake is correlative
with this record, and we interpret the data as indicative of larger and/
or more erosive Grinnell Glacier.

Evidence for climatic variability in the northern U.S. Rocky
Mountains during this time shows a complex picture. Stone and
Fritz (2006) argue that the region saw cyclic droughts alternating
with less regular dry conditions after 4.5 ka. Data from Foy Lake
suggest climate was dry and lake level was low between ~2.2 and
1.2 ka (Stevens et al., 2006), and Jones Lake trended episodically
toward hydrologic freshening between 6 and 1.4 ka (Shapley et al.,
2009). Several other lakes inMontana and Colorado show variable but
generally increasing lake levels during this period (Shuman et al.,
oi.org/10.1016/j.yqres.2010.08.005 Published online by Cambridge University Press
2009). Seismic reflection in Flathead Lake, MT, suggests a rise in lake
levels between 7 and 1.6 ka, reflecting increasingly wet environments
(Hofmann et al., 2006) culminating in a late-Holocene highstand
contemporaneous with that of Jones Lake. The dry period identified in
Foy Lake around ~2 ka is correlative with a coarse-grained sediment
pulse and higher than average C/N ratios at Swiftcurrent Lake,
indicating sediment and organic matter transport from the landscape.
A dry period could explain the correspondence of high %TOC and C/N
ratios with large grain size, and the absence of dolomite (lack of glacial
advance/activity), in contrast to the earlier swings in the record
during Period IV. Subsequent low %TOC and C/N ratios at ~1.8 ka
suggest any dry period at Swiftcurrent Lake was short-lived.

Period V: 1.3 ka to present

The most recent period in the Swiftcurrent Lake core is
characterized by generally high %TOC, low C/N ratios and fine-grained
sediment (Fig. 7). Period V brackets well-defined climate events
including the Medieval Warm Period (MWP) and the Little Ice Age
(LIA), and changes in the %TOC record are well-correlated with
documented timing of climate changes defining the MWP and LIA. For
example, %TOC is relatively high and stable between 1.3 and 0.7 ka,
corresponding closely with slightly increased GISP2 temperatures.
The period from 1.1 to 0.8 ka was one of climatic quiescence at Foy
Lake, MT (Stone and Fritz, 2006).

The initiation of the LIA is marked in the core by a sharp decline in
%TOC at ~0.6 ka, and is followed ~200 yr later by a minor sediment
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coarsening. Observations of Grinnell Glacier position show the glacier
filled the cirque basin in 1850, and began its ongoing retreat
thereafter (e.g., Carrara, 1987, 1993); this is consistent with known
LIA glacier advances around the world. Interestingly, there is no
dolomite measured in the core in the last ~2500 yr, which couldmean
the LIA advance was too short-lived to create or transport significant
amounts of dolomitic sediment, or the glacial advance to the cirque
margin was insufficient to increase dolomite flux. This is in notable
contrast with interpretations of lacustrine records from the Canadian
Rocky Mountains 400 km northwest of Swiftcurrent Lake that suggest
the LIA glacial advance was the most extensive of the Holocene (e.g.,
Leonard and Reasoner, 1999).

Conclusions

A continuous core from Swiftcurrent Lake, Glacier National Park,
MT spanning 12,900 yr demonstrates a strong link between climate in
the basin and solar forcing on centennial timescales. The correlation
between solar strength and %TOC confirms climate variability at
Swiftcurrent Lake is related to solar forcing at 70–500 yr
timescales during the past ~7.6 ka, with a lag of ~30–50 yr. Because
%TOC variability is linked to solar forcing, it reasonably follows that
the %TOC record from Swiftcurrent Lake provides constraints on
climate conditions in the region. The interpretation of %TOC broadly
reflecting temperature (i.e., low %TOC is associated with cold periods
and high %TOC with warmer Holocene conditions) is broadly
supported by paleoclimate studies in the region. While only a small
portion of the drainage basin was glaciated during the past ~13 ka, we
argue the record incorporates a “threshold” signature of glacial extent
and hydrologic energy in the basin.

The use of Swiftcurrent Lake cores as a proxy for the hydrologic
and geomorphic activity of Grinnell Glacier is complicated by the
presence of three intermediate lake basins, and uncertainty associated
with hillslope contributions to the lake. Quantifying the relationships
between glacial erosion, hillslope failures, sediment transport and
lake sedimentation will provide improved constraints on interpreta-
tions of climate proxies and alpine geomorphic processes.
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