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Few records in the alpine landscape of western North America document the geomorphic and glaciologic re-
sponse to climate change during the Pleistocene–Holocene transition. While moraines can provide snapshots
of glacier extent, high-resolution records of environmental response to the end of the Last Glacial Maximum,
Younger Dryas cooling, and subsequent warming into the stable Holocene are rare. We describe the transition
from the late Pleistocene to the Holocene using a ~17,000-yr sediment record from Swiftcurrent Lake in eastern
Glacier National Park,MT, with a focus on the period from ~17 to 11 ka. Total organic and inorganic carbon, grain
size, and carbon/nitrogen data provide evidence for glacial retreat from the late Pleistocene into the Holocene,
with the exception of a well-constrained advance during the Younger Dryas from 12.75 to 11.5 ka. Increased de-
trital carbonate concentration in Swiftcurrent Lake sediment reflects enhanced glacial erosion and sediment
transport, likely a result of a more proximal ice terminus position and a reduction in the number of alpine
lakes acting as sediment sinks in the valley.

© 2015 University of Washington. Published by Elsevier Inc. All rights reserved.
Introduction

Climate in the northern U.S. Rocky Mountains during the transition
from the Last Glacial Maximum (LGM) to the Holocene is well
constrained throughmodeling studies, terrestrialmapping of glacial de-
posits, andwetland and lake core records. Range-scalemodeling studies
suggest that following the LGM, the southern margins of the ice sheet
retreated and summer insolation increased, resulting in warmer, drier
summers along with wetter winters in the northern Rockies east of
the Continental Divide (e.g., Bartlein et al., 1998). Terminalmoraines re-
cording individual glacier response to climate variability during the late
Pleistocene to Holocene transition document a complex and non-
uniform glacial retreat both locally and regionally. Terminal moraines
in the northern Rocky Mountains date to between ~18.8 and 16.5 ka,
while those in theWind River Range have been shown to be significant-
ly (~5 ka) younger (Gosse et al., 1995a; Licciardi et al., 2004; Licciardi
and Pierce, 2008; Young et al., 2011). The variability in glacier behavior
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has been attributed to presence of the North American ice sheets, which
affected the spatial and temporal pattern ofmoisture delivery towestern
U.S. glaciers, altering their mass balance characteristics (e.g. Licciardi
et al., 2004; Thackray, 2008). However, limited regional records have
hindered our ability to accurately characterize this non-uniform re-
sponse to overall warming during this period, and more broadly glacier
response to abrupt climate change in the late Pleistocene.

The Younger Dryas (YD) chronozone was a period of intense north-
ern hemispheric cooling prior to climate stabilization of the Holocene
(e.g., Alley, 2000; Muscheler et al., 2008). While data from the GISP2
ice core (Alley, 2000) defines the YD as occurring between 12.9 and
11.7 ka, more recent studies have suggested that the onset of the YD
was later, between 12.8 and 12.75 ka (Wang et al., 2001; Muscheler
et al., 2008). Terrestrial records of the YD (primarily moraines) in the
North American RockyMountains demonstrate that glacial advances as-
sociated with the onset of cooler conditions occurred in areas such as
Colorado and Wyoming (e.g., Reasoner et al., 1994; Gosse et al.,
1995b; Menounos and Reasoner, 1997), but not in others (Clark and
Gillespie, 1997). For example, Reasoner and others (1994) showed
that deposition of the Crowfoot moraines in the Canadian Rockies
might have been caused by the YD oscillation, indicating an onset and
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subsequent retreat of glaciers in the area, and Gosse and others (1995b)
argued the Titcomb Lakesmoraine inWyomingwas coincidentwith the
YD cooling (moraines dated between 13.8 and 12.0 ka, with a mean of
12.7 ka (from a recalculated CRONUS age, Licciardi and Pierce, 2008)).
MacLeod and others (2006) suggest that moraines nearest the margins
of some modern glaciers in western Glacier National Park were likely
coincidentwith the YD chronozone, supported by tephra ages and aver-
age lake sedimentation rates. While these records provide information
on the instantaneous terminus positions of valley glaciers, both the
timing of moraine development and the details of ice response to re-
gional cooling are not well constrained. Constraining the glaciologic
and geomorphic response of landscapes to the YD can provide insights
into how complex alpine systems respond to abrupt hemispheric
cooling events.

Lake sediment cores have been used to document ecological and
environmental change, including the timing and pace of warming
during the late Pleistocene and Holocene in the Rocky Mountains
(e.g., Beiswenger, 1991; Whitlock, 1993; Mumma et al., 2012;
Krause and Whitlock, 2013). These records are widespread in the
northern Rocky Mountains of the U.S. and Canada, and come from
a range of alpine, subalpine and lowland lake environments.
Exposure-age chronologies from the Yellowstone Plateau indicate
that glaciers had reached their LGM positions between 19 and
15 ka (Licciardi and Pierce, 2008) and evidence from a lake core in
Glacier National Park, Montana (GNP) suggest that the major glacial
retreat during the post-LGM deglaciation had occurred by 14 ka
(Carrara, 1995). In addition, lacustrine records in the region show a
distinct change from cool and dry vegetative conditions before
~17 ka to warmer and wetter vegetative conditions by ~11.5–
10.5 ka (Whitlock, 1993; Mumma et al., 2012; Krause and
Whitlock, 2013). Vegetation records from the northern Rockies do
not characterize the YD cold interval as a full vegetation reversal;
however, some records indicate a prolonged cool period following
deglaciation and lasting until ~11.5 ka (Krause and Whitlock,
2013). Although the dates of glacier maximum positions are well
constrained in the northern U.S. Rockies, precise timing of the ad-
vance and retreat of these glaciers is not well understood and has
been shown to be spatially variable (Licciardi et al., 2004; Thackray,
2008).

Alpine glacier response to Holocenewarming has been documented
inmany lacustrine records from the region (e.g., Leonard, 1997; Leonard
and Reasoner, 1999; Munroe et al., 2012). Glacier activity exerts a first-
order control over the character of sediment accumulating in down-
stream lakes, primarily as a result of subglacial erosion, sediment evac-
uation and proglacial transport (e.g., Karlén, 1981). Several studies have
used varve thickness in alpine lakes as a proxy for summer temperature,
as temperature offers a strong control on ablation rates, resulting in ei-
ther enhanced subglacial erosion and/or more sediment entering the
lake via melt water (Leonard, 1985; Loso et al., 2004). Leonard (1997)
noted that at timescales of centuries to millennia, high sedimentation
rates coincided with known periods of increased glacier extent, while
at shorter time scales they were associated with transitional periods of
glacier ice increase or decrease in ice-proximal lakes. Glacial fluctua-
tions during the Holocene have also been identified through changing
concentrations of mineral tracers (e.g. CaCO3) in down-valley lake
cores (Leonard and Reasoner, 1999; Munroe et al., 2012). While these
ice-proximal records document the glacial geomorphic response to cli-
mate fluctuations during minor climate fluctuations such as the Little
Ice Age (~AD 1400–AD 1850; Munroe et al., 2012), there are few inves-
tigations of lacustrine records in the northern Rocky Mountains that
track glacier response duringmajor climate shifts in the late Pleistocene
and offer a well constrained record of the YD cooling. Building on previ-
ous research byMacGregor and others (2011) in the samefield location,
we use detrital dolomite, in concert with proxies for geomorphic pro-
cesses and climate, to discern the timing of glacial response of the alpine
valley in northwestern Montana during the late Pleistocene.
oi.org/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
Field setting

TheMany Glacier region of GNP is located east of the Continental Di-
vide in northwestern Montana (Fig. 1). We analyzed the lowermost
3.19 m of a 9.25 m-long sediment core from the southern subbasin of
Swiftcurrent Lake, the fourth in a chain of proglacial lakes down valley
from Grinnell Glacier. Swiftcurrent Lake is 1.6 km long, ~0.5 km wide,
and sits at an elevation of 1485 m. Bathymetric studies and additional
lake cores show that the lake is split into two subbasins by a topographic
drainage divide, eachwith a distinct depositional record. The northeast-
ern basin of Swiftcurrent Lake drains approximately 44 km2 and is pri-
marily fed by Swiftcurrent Creek. The southwestern subbasin, where
the corewas collected, drains 36 km2 and is dominated bymeltwater in-
flow via Grinnell Creek from Grinnell Glacier to the southwest
(MacGregor et al., 2011).

Steep hillslopes characterize the valley surrounding the lakes. Lake
bathymetry and the surrounding topography suggest that the coring
site, located at 8 m water depth, receives little if any sediment from
Swiftcurrent Creek (MacGregor et al., 2011). The relief of the valley
floor is low, with a ~50m elevation change between lower Grinnell, Jo-
sephine and Swiftcurrent lakes. There is a ~460 m bedrock step that
separates lower Grinnell Lake from Upper Grinnell Lake, which fills
the cirque basin not covered by the modern Grinnell Glacier.

Swiftcurrent Valley, which incorporates Grinnell Glacier and drains
into the southwestern subbasin of Swiftcurrent Lake via Grinnell
Creek, is underlain by the Middle Proterozoic Belt Supergroup, com-
prised primarily of siltstones and argillites. Directly underlying Grinnell
Glacier and the cirque basin is the Siyeh Limestone of theHelena Forma-
tion (Fig. 1). The Siyeh Limestone consists of dolomitic argillite
(Whipple, 1992) and is the only known bedrock source of dolomite
and calcite in the valley (MacGregor et al., 2011).
Methods

A series of overlapping coreswere collected from a floating platform
using square rod piston corers (Wright, 1967, 1991) during the sum-
mers of 2005 and 2010. Cores were logged for gamma density andmag-
netic susceptibility, then split, digitally photographed, and described at
LacCore, University of Minnesota. The bottom 4 m were analyzed for
L*a*b* color using color-corrected digital images (Balsam et al., 1999).
Subsampling was conducted at 0.5–1 cm intervals from ~600–925 cm
below the sediment-water interface in four separate core sections. Sam-
ple intervalswere based onvisual color differences, which becamemore
apparent toward the bottom of the section, to keep each sample homo-
geneous in color (Fig. 2). The samples were analyzed for carbon/nitro-
gen (C/N), percent organic and inorganic carbon content (%TOC and
%TIC), grain size, and mineralogy. Lead-210 analyses were conducted
on bulk sediment at the St. Croix Watershed Research Station and
modeled using the constant rate of supply (CRS) model (Appleby and
Oldfield, 1978). Radiocarbon dates were obtained at Lawrence Liver-
more National Labs Center for Accelerator Mass Spectrometry frommi-
croscopic charcoal fragments or pollen concentrates prepared at
LacCore. Analysis of the tephras encountered in the cores was conduct-
ed using a JEOL 6610LV scanning electron microscope with an Oxford
Instruments energy dispersive X-ray spectrometer (SEM/EDS).

We used a Thermo Electron Flash Elemental Analyzer 1112 config-
ured for analysis of C and N. Before analysis, samples were weighed
and acidified with sulfurous acid to remove inorganic carbon, with an
average sample size before acidification of 13.0 mg. For samples con-
taining low amounts of carbon and nitrogen, sample size was increased
fivefold. C/N analysiswas limited to between every 2 and 4 cm through-
out the core.

Total carbon analysis (%TC)was performedusing a UIC CM5015 cou-
lometer with a CM5200 auto-sampler furnace every 2 cm from ~550 to
600 cm and every centimeter in from 600 to 767 cm. Analysis of %TIC

https://doi.org/10.1016/j.yqres.2015.05.004


Figure 1. Sitemap of Glacier National Park,Montana (inset), with core location in Swiftcurrent Lake (red dot).Meltwater flows fromGrinnell Glacier and Upper Grinnell Lake in the south-
west through lower Grinnell Lake, Lake Josephine and Swiftcurrent Lake to northeast. The Helena Formation (brown) directly underlies Grinnell Glacier in the upper portion of the valley
(Whipple, 1992). A topographic drainage divide at the narrowest part of Swiftcurrent Lake separates the body ofwater into two subbasins, the southwestern basin supplying the sediment
at the coring site (black line).
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was conducted using a CM5240 acidification module at the same inter-
vals as %TC. Percent TOC was calculated by subtracting TIC from TC.

Grain size sampling was conducted at ~1–2 cm intervals, with anal-
yses every other cm in the top ~60 cm and variable sampling according
to color and texture changes in the bottom ~265 cmof core. Smear slide
analysis revealed trace diatoms between depths of 540 and 593.5 cm
and none below this depth, therefore rendering it unnecessary to pre-
treat our samples with NaOH. Samples were treated with H2O2 to re-
move organic matter, and analyses were performed on a Horiba LA-
rg/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
920 Grain Size Analyzer with a range of 0.2 μm–2 mm grain-size detec-
tion, assuming spherical quartz grains.

Mineral identification was performed on a PANalytical X'Pert Pro
MPD X-ray diffractometer (XRD) every 2 cm from ~550 to 600 cm and
almost every cm between ~600 and 767 cm. Semi-quantitative XRD
analyses were performed every 4 cm using both the clay fraction ap-
proach and the normalized relative intensity ratio (RIR) method
(Moore and Reynolds, 1997; Hiller, 2003). Quantitative uncertainties
are low (1–2%) whenminerals comprise 30–70% of a sample by volume

https://doi.org/10.1016/j.yqres.2015.05.004


Figure 2. Image and color analysis of the four core sections from Swiftcurrent Lake, spanning 17 to 11.2 ka. The white line over each core image represents lightness (L*) in the CIE L*a*b*
color space on the X-axis in each core image. Scale on the Y-axis in each image is cmwith the cumulative, corrected depths in cm to the left of each core image. Areas shaded in graywere
removed from our depth model (ie: tephras, slumpedmaterial). (a) 540–586 cm: Dominantly brown with fine laminations, similar to the cores from 0–540 cm (not shown); distinctive
pink, brown, and black laminations from 55–81 cmwere deposited during the Younger Dryas. (b) 586–672 cm: Predominantly brown color with pink bands increasing downcore. Glacier
Peak G ash (30.8–32.5 cm) and Mt. St. Helens J ash 2.5 cm below appear as distinct white deposits. 0–3 cm is disturbed. (c) 672–725 cm: Core sediments predominantly pink in color
reflecting increasing concentration of carbonateminerals. 0–17.5 cm is folded and interpreted as disturbed frompiston suction during coring. (d) 725–767 cmSediments are pink, becom-
ing gray near core base. Color analysis, grain size, and stratigraphic constraints show couplets (interpreted as annual laminations) beginning at 23.5 cm. 0–14.5 cm is deformed from coring
and 19.5 to 23.2 cm is removed due to folding.
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and slightly higher (~7%) for very low (b15%) or very high (N85%) con-
centrations. The ratio of non-carbonate to carbonate was calculated as-
suming four end-member minerals: quartz, clays (e.g., illite), dolomite,
and calcite.
oi.org/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
Tephra units in GNP-SWF10-3D-6 L-1 (Fig. 2b), 2.5 cm and 0.5 cm
thick were sampled and mounted in Buehler Konductomet, polished
to 0.05 μm (alumina), and carbon coated. Both tephras were analyzed
using a JEOL 6610LV Scanning Electron Microscope and an Oxford

https://doi.org/10.1016/j.yqres.2015.05.004


Table 1
Age constraints and uncertainties in composite core.

Sample Age
(yr before
1950)

Age
(14C yr BP)

Error
(yr)

Age
(calibr. yr
BP, 2-sigma)

Depth in
core
(cm)

SWI −60.5 0.10 0.1
lead1 −60.4 1.47 0.25
lead2 −56.3 1.50 2.25
lead3 −49.1 1.65 4.25
lead4 −40.1 1.95 6.25
lead5 −28.7 2.27 8.25
lead6 −22.2 2.58 9.25
lead7 −16.6 2.72 10.25
lead8 −10.0 3.10 11.25
lead9 −2.0 3.88 12.25
lead10 15.0 4.17 14.25
lead11 33.2 4.25 16.25
lead12 57.1 7.57 18.25
lead13 92.1 9.52 20.25
lead14 111.7 16.16 21.25
lead15 131.9 28.72 22.25
CAMS-150349 1200 30 1250–1010 71
CAMS-153582 2800 30 2970–2800 189.5
CAMS-125098 3160 35 3450–3270 237.5
CAMS-124257 3945 35 4520–4260 309
Mazama tephra 7630 150 449
CAMS-153579 9950 40 11,600–11,250 544
CAMS-124258 9760 80 11,330–10,790 547
CAMS-153580 11,035 50 13,040–12,760 577
CAMS-153581 11,570 70 13,550–13,280 585
GlPkG tephra 13,550 150 614.05
MSHJ tephra 13,870 100 617.55
base_41_22.3 16,974 150 767.15

Samples and settings used in the Bacon age-depth model (Blaauw and Christén, 2011).
“SWI” is the sediment-water interface; “lead(#)” are lead-210 dates from the St. CroixWa-
tershed Research Station; “CAMS-” are radiocarbon dates on charcoal fragments or pollen
concentrates from Lawrence Livermore National Laboratories Center for Accelerator Mass
Spectrometry; “GlPkG” is the Glacier Peak G tephra; “MSHJ” is theMount St. Helens J teph-
ra; and “base_41_22.3” is the extrapolated date for the base of the core, using the rationale
detailed in the text under “Age-depth model.” Ages are given in either radiocarbon years
BP (radiocarbon dates) or years before 1950 (SWI, lead-210, tephra, and basal dates); ra-
diocarbon dates were calibrated using the IntCal13 curve (Reimer et al., 2013), with Calib
7.1 (for numerical 2-sigma ranges) and Bacon (for age-depth modeling). Errors for radio-
carbon and lead-210 dates are lab errors, errors on tephra dates are estimated from the lit-
erature, and the error on the basal date is estimated. Additional Bacon settings include:
acc.mean = 20, acc.shape = 1.5, mem.mean = 0.7, mem.strength = 4, and section
thickness = 10 cm; reservoir age was considered to be 0; t.a= 3 for radiocarbon samples
and 33 for others; t.b=4 for radiocarbon samples and 34 for others. All settings, including
t.a, and t.b, are as described in the Bacon 2.2 manual.
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Instruments X-Max 50mm2 X-Max Energy Dispersive X-ray Spectrom-
eter (SEM/EDS). The beam diameter was not measured, but an appro-
priate dead time was selected by spot size using a beam current of
0.70 nA for 30 s detector lifetime. Calibrations of element concentrations
were conducted using Smithsonian Institute Microbeam Standards in-
cluding both minerals and natural glasses. Based on pre- and post-
standard analysis results, no corrections (other than normalizing to
100% volatile-free) were applied to the collected data. For each tephra,
multiple shards (n= 24 and 32) were analyzed. Points that were either
clearly minerals (Fe-rich or Al-rich) or had low analytical totals
(e.g., b90%) were removed, as well as samples that had anomalously
low SiO2 concentrations. The remaining values were then normalized
to 100 wt% on a dry basis for literature comparisons, and mean compo-
sitions for both tephras were calculated. We compared these data to
existing datasets for western U.S. tephra using simple bivariate dia-
grams and a multivariate error-weighted similarity coefficient.

Results

Age-depth model

Overlapping cores correlated based on lithology from the sediment/
water interface to a depth of ~7 m provide a high-quality depth model
for sediment accumulation in Swiftcurrent Lake. Below this, we assume
that the remaining two core sectionshave nogaps or re-cored sediment,
based on visual inspection and observations in the field. The top of GNP-
SWF10-3D-7 L-1 and GNP-SWF10-3D-8 L-1 are disturbed, likely as a re-
sult of suction from the Livingstone piston (Figs. 2c and d). We adjusted
the reported depth of these two cores based on the thickness of lamina-
tions directly underlying the deformedmaterial, the number of lamina-
tions observed in the deformed units, and depth of the drives. The
thicknesses of three tephra layers, including a 48-cm thick Mazama
ash, were removed from the depth model due to near — instantaneous
deposition (e.g., MacGregor et al., 2011). A section of sediments that
were visibly folded were assumed to be instantaneously deposited in
a slump event and was also removed. The resulting composite depth
of sediment is 7.67 m; here we focus on the oldest ~2.25 m.

The thickest tephra unit was identified as Mazama ash with a radio-
carbon age of 7630 ± 150 cal yr BP (MacGregor et al., 2011, after
Zdanowicz et al., 1999). Multivariate SIMAN calculations demonstrate
that the middle tephra is the Glacier Peak G tephra (GP-G; SIMAN =
0.952), and the lower, thinner ash is Mount St. Helens J (MSH-J;
SIMAN = 0.935). The tephras are distinct from each other (SIMAN =
0.878). SIMAN coefficients N0.95 indicate two tephras are most likely
to be the same, while values 0.92–0.95 are likely similar but require fur-
ther analysis, and b0.92 are unlikely to be related (Borchardt et al.,
1972). The Glacier Peak G ash age is well constrained at 13,710–
13,410 cal yr BP (Kuehn et al., 2009). We use 13,550 cal yr BP in our
age model. There is less certainty regarding the age of MSH-J, in part
due to several eruptions documented over the span of centuries at
more proximal locations (e.g., Peterson et al., 2012). We utilize an age
of 13,870 ± 100 cal yr BP, on the older end of the reported MSH-J esti-
mate (Foit et al., 1993), in our age model for several reasons:
(1) stratigraphically there is ~2.5 cm of laminated, fine-grained sedi-
ments between the tephras, which could represent several hundred
years based on sedimentation rates above GP-G, (2) only one MSH-J
ash was identified at Marias Pass, MT, located ~48 km (~30 miles) to
the southeast from Swiftcurrent Lake (Carrara et al., 1986), suggesting
that only one MSH eruption reached the region, and (3) the younger
MSH-J ages reported by Peterson and others (2012) are from sites hun-
dreds of km to the west of Glacier National Park, and the ages they re-
port for theMSH-J ashwould be stratigraphically above GP-G at our site.

In addition to tephra ages, 15 210Pb ages at the top of the core and
eight calibrated 14C ages throughout the core were used to construct
the age-depth model. We assumed that the sediment-water interface
dated to −60.5 yr (early July 2010). With the oldest datable horizon
rg/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
being the MSH-J tephra, we estimated a basal age for the core using a
combination of two different sedimentation rates depending onwheth-
er core lithology (Fig. 2) indicated that the glacier was proximal to the
lake (as in the lowest ~1m of the composite core) or distal (as in the re-
mainder of the composite core). Ice proximal sediments were
interpreted as annual laminations (varves) based on macroscopic ap-
pearance, grain size, and CIE L*a*b* color analysis showing alternating
colors in ~1 cm couplets. Couplets were assumed to represent one cal-
endar year. For sediment that appeared disturbed (due to deformation
during coring) and where the ice-proximal sediments are unlaminated
andwithout cyclic color or grain size variations, we applied a linear sed-
imentation rate of 41 yr/cm, the average sedimentation rate between
the GlPkG and MSH-J for lithologically similar sediments. Table 1 sum-
marizes all dates used in the age-depth model. The Bayesian age-
depth modeling program Bacon (Blaauw and Christén, 2011) was
used to interpolate between dated horizons and assign ages to depths
sampled for analysis (Fig. 3).

Lithology

Based on initial core descriptions, smear slide analysis, and grain size
measurements, core material is dark gray to dark brown, massive to

https://doi.org/10.1016/j.yqres.2015.05.004
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laminated silts and clays (Fig. 2). Between 550 and 575 cm, the sedi-
ment abruptly changes to a solid layer of thin brown, pink, and gray
laminations ~1–2 cm in thickness, with less evidence of bioturbation
or other disturbances (Fig. 2a). Smear slides taken from this layer
show clay and silt with presence of amphibole, feldspars and dolomite.
Sediment below ~625 cm is predominantly pink to pinkish-gray (Figs.
2b, c and d). Between ~690 and 725 distinct couplets 2–4 cm thick
occur, distinguishable by grain size and color (Fig. 2c). Core density
varies between 1.3 and 1.9 g/cm3 and generally increases downcore.
Total organic carbon

Percent total organic carbon (%TOC) varies between 0 and 4%, re-
maining b1% between ~17 and 13.2 ka (Fig. 2, 767–585 cm), when
values increase abruptly to ~2% (Fig. 4a). Percent TOC remains N1% be-
tween ~13.2 and 12.75 ka (585–572 cm), abruptly decreases to b1% be-
tween 12.75 and 11.5 ka (572–549 cm), and steadily increases between
~11.5 and 11.2 ka (572–549 cm) to values that characterize the relative-
ly warm temperatures during the Holocene at Swiftcurrent Lake
(MacGregor et al., 2011).
Total inorganic carbon

Percent TIC (%TIC) decreases during the period of record, from 5% at
17 ka to 0% starting at ~13.5 ka (Fig. 4b, 767–585 cm). There is no
inorganic carbon present in the core between 13.5 and 12.75 ka (585–
575 cm). Values increase to ~1% between 12.75 and 11.5 ka, which
oi.org/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
is higher than any point during the remainder of the Holocene
(MacGregor et al., 2011).

C/N ratios

The ratio of organic carbon to nitrogen (C/N) varies between 2.6
and 81, with 95% of C/N ratios between 5 and 25. The highest C/N
values are found in the oldest sediments; C/N values are most var-
iable between ~17 and ~15 ka (767–675 cm), and stabilize after
this time (Fig. 4c). With the exception of a coarse-grained layer at
~14.4 (Fig. 4; peak in C/N, grain size and %TIC, 645 cm) and a slight
decrease between 12.75 and 11.8 ka (572–555 cm), C/N values in-
crease steadily from ~15 to ~11.2 ka (675–540 cm). Measurements
of C/N in modern plant samples in and around Swiftcurrent valley
show lacustrine algae and aquatic rooted plants typically have C/N
values b12, terrestrial leaf material ranges between 10 and 26, and ter-
restrial stems range from 35–60 (Anderson, 2014). This is consistent
with previous work suggesting lacustrine algae and lake-sourced car-
bon has low C/N ratios, and terrestrial organic material has higher C/N
values (Meyers, 1994).

Grain size

Mean grain size varies from 1.5 to 11 μm, with an average of 4 μm
(very fine silt). There is no significant trend in grain size across the
core, although the largest grain sizes are found between ~17 and
16 ka (Fig. 4d, 767–720 cm), and in the coarse silt layer found at
14.4 ka. We sampled these coarser layers based on color and apparent
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Figure 4. Swiftcurrent Lake core data from ~17 to ~11 ka; our proposed YD event indicated with gray bar. (a) Percent total organic carbon increases from 14.5–12.75 ka, drops and then
increases through 11 ka. (b) Percent total inorganic carbon, reflecting authigenic dolomite and calcite deposition before ~14 ka and dolomite after ~14 ka. Percent TIC decreases from 17–
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Figure 5. Percent dolomite (black line) and percent calcite (gray line) between 17 and
11 ka. Between 17 and 14.4 ka, the ratio of dolomite to calcite remains relatively constant,
with dolomite being the dominant carbonate mineral.

a
b

Figure 6. (a) Percent TIC vs. %TOC from ~17 to 11 ka at Swiftcurrent Lake. Values form dis-
tinct clusters that characterize the late Pleistocene (gray diamonds), Younger Dryas (black
circles) and early Holocene (gray squares). (b) Percent TIC vs. % carbonate values from
XRD. Linear relationship provides confirmation of our semi-quantitative XRD measure-
ments. R2 = 0.87.
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density changes, discerning that darker layers correspond with larger
grain sizes (6–10 μm) and the lighter layers constitute smaller grain
sizes (b6 μm; Fig. 2d). With the exception of the period from ~17 to
16 ka with high %TIC and silt-sized grains, grain size does not follow
trends in %TIC, suggesting that the grain size of all clastic sediments
varies (Fig. 4d).

XRD mineralogy

Majorminerals identified include quartz, dolomite, calcite, and trace
amounts of clay minerals (MacGregor et al., 2011). Whereas quartz is
the dominant mineral throughout the entire core, dolomite varies be-
tween 0 and 28% (Fig. 5). The relationship between %TIC and carbonate
% minerals suggest that despite high uncertainties in semi-quantitative
XRD analyses, carbonate % and %TIC are correlated (Fig. 6b). Calcite is al-
ways found in smaller amounts than dolomite, and follows the semi-
quantitative abundance of dolomite. XRD data show both carbonate
minerals are present between ~17 and 15 ka. Calcite does not appear
in the core at any point between 14.4 ka and the present; dolomite
was found in two additional windows during the Holocene
(MacGregor et al., 2011; Figs. 5, 8). Non-carbonate to carbonate ratios
are lowest at ~17 ka and increase at 13.8 ka (615 cm), as carbonatemin-
eral abundance decreases to below detection (Fig. 7). Dolomite
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Figure 7. Ratio of non-carbonate minerals vs. carbonate (dolomite + calcite) percentage
fromXRD results between 17 and 11 ka. Our proposed Younger Dryas event is highlighted
in gray. Quartz is the dominant mineral throughout the core. Maximum values of 100 in-
dicate no carbonate present.
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reappears and non-carbonate to carbonate ratios decrease for
~1200 yr between 12.5 and ~11.2 ka, when dolomite subsequently dis-
appears from the record. Smear slide analysis shows dolomite grains are
weathered and rounded, suggesting a detrital source, most likely from
the Siyeh Limestone underlying Grinnell Glacier (MacGregor et al.,
2011).

Discussion

Carbonate concentration as a proxy for glacial extent

Between 17 and 12.75 ka (Fig. 2, 767–575 cm), values of %TIC grad-
ually decrease to below detection,while non-carbonate to carbonate ra-
tios increase to 100, reflecting the increasing dominance of siliciclastic
minerals (Figs. 4, 7). When carbonate is detected between 17 ka and
present, dolomite is the dominant carbonate mineral observed in the
Swiftcurrent Lake; calcite is only detected in the lake sediments be-
tween 17 and 14.4 ka and ratios of calcite to dolomite remain constant
throughout this period (Fig. 5). We argue that greater amounts of detri-
tal carbonate in Swiftcurrent Lake sediments indicate increased produc-
tion and transport of primarily dolomite with small amounts of calcite
from the Siyeh Formation. Based on its stratigraphic location in the val-
ley, the detrital carbonates are likely being produced byGrinnell Glacier.
Subglacial abrasion and headwall failures deliver this material to the
proglacial environment, where it can be transported through the chain
of lakes. Carbonate transport could be enhanced by increased hydrolog-
ic energy, or water discharge, through the lakes (e.g., MacGregor et al.,
2011).

Grain size couplets are present in the core prior to ~15 ka
(675 cm), where %TIC concentrations reach their highest levels at
5%. While we cannot directly correlate %TIC with glacier extent,
higher %TIC likely indicates increased efficiency of transport of detri-
tal carbonate from the valley head. Declining values of %TIC between
~17 and 13.5 ka (767–595 cm) suggest a retreating glacier, concur-
rent with northern hemisphere warming during this time. A small in-
crease in %TIC values between 12.75 and 11.5 ka (575–549 cm) with
a subsequent decrease to below detection at ~11.2 ka (540 cm) sug-
gests a glacial advance, although not to the extent seen in late Pleis-
tocene, and successive retreat into the warmer Holocene period. Lag
time in the glaciologic response of Grinnell Glacier to abrupt cooling,
as well as sediment transport down valley, could shift these intervals
of glacial advance and retreat several hundred years older
(e.g., Johannesson et al., 1989). Leonard (1997) suggests that on
timescales of centuries to millennia, the highest sedimentation rates
may be associated with glacier maximum stands. In Glacier National
Park, increased carbonate flux in lakes downstream from glaciers has
been observed during periods of known glacier advances, such as the
Little Ice Age (1350 to 1850 AD; Munroe et al., 2012). This supports
our interpretation that higher %TIC values are indicative of an expan-
sive Grinnell Glacier in the valley, which could have intensified ero-
sion of the underlying bedrock and increased down valley dolomite
transport (MacGregor et al., 2011).

Carbonate presence coincides with periods of low %TOC values
throughout the last 17 ka, indicating that detrital carbonate is
transported and deposited under a suite of cooler, or more hydrolog-
ically energetic, conditions (Figs. 4, 7). However, %TOC values can
also vary as a result of changing glacial sediment flux into alpine
lakes. Intensified erosion, production and transport of glacially-
derived sediment during periods of an extended glacier effectively
decrease %TOC by dilution, and this relationship has been used as a
proxy for glacigenic sediment flux in proglacial lakes (Karlén, 1976;
Leonard, 1985, 1986, 1997). Between 17 and 11.2 ka at Swiftcurrent
Lake, %TOC and %TIC values are anticorrelated, suggesting that %TOC
may reflect changing inputs of %TIC into Swiftcurrent Lake, effectively
producing a swamping signal (Fig. 6a). This relationship does not
hold true from 11.2 ka to the present; previous work demonstrates
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that %TOC values are linked to solar forcing since ~7.6 ka. We suggest
organic input, not clastic sediment flux, is the major control on %TOC
after ~11.2 ka (MacGregor et al., 2011; Fig. 8). Regardless of whether
%TOC values at Swiftcurrent Lake are indicative of organic carbon
production or a signal of changing glacial sediment flux, we interpret
periods of low %TOC as reflecting cooler conditions in the valley, as-
sociated with an expanded glacier (Fig. 6a).

Late Pleistocene environmental conditions (~17–12.75 ka; 767–575 cm)

Low %TOC and decreasing %TIC, C/N, and grain size characterize
the late Pleistocene, implying gradual glacier retreat. We interpret
this as reflecting climatic warming from cool conditions at
Swiftcurrent Lake. A gradual decline in %TIC values from 17 to
12.75 ka provides evidence for a diminished footprint of Grinnell
Glacier, and a decrease in mean grain size suggests an increasingly
distal source of sediment, possibly associated with glacial retreat
and exposure of additional lacustrine sinks in the valley. An overall
decrease in C/N values indicates a shift away from terrestrial organic
material and to algal sourcing of organic matter (Meyers, 1994).
rg/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
Abrupt increases in %TOC and C/N values ca. ~13.2 ka (585 cm) sug-
gest rapid warming with increased availability of terrestrial organic
matter or decreased %TIC transport to the lake. Glacial retreat and
warmer temperatures as inferred from our record between ~17
and 12.75 ka are consistent with modeled increases in summer inso-
lation during this time, which caused increased summer tempera-
tures and decreased summer effective moisture (Bartlein et al.,
1998). Areas proximal to receding glaciers, such as Swiftcurrent val-
ley, may have not experienced the dry conditions seen elsewhere in
the western U.S. immediately following the warming pulse.

Our observations are consistent with other lacustrine records of cli-
mate change in the northern Rocky Mountains (e.g., Carrara, 1995;
Brunelle and Whitlock, 2003; Mumma et al., 2012). In southern Mon-
tana, ~403 km (~250 miles) south of the study area, a gradual shift
from alpine tundra to subalpine parkland and warmer conditions has
been documented, beginning at ~17 ka (Mumma et al., 2012). Approx-
imately 322 km (200 miles) to the southwest at Burnt Knob Lake in
Northern Idaho, an expansion of subalpine taxa (Picea and Abies)
at ~14 ka was documented, indicating a shift to warmer summer
temperatures at that time (Brunelle and Whitlock, 2003). Increases
in %TOC at Swiftcurrent Lake correspond with this documented re-
gional warming ~14 ka, as well as with previous work ~32 km
(~20 miles) south of the study area suggesting that re-growth fol-
lowing regional deglaciation in the GNP area occurred before
12.2 ka (Carrara, 1995).

Younger Dryas (12.75–11.5 ka; 575–549 cm)

In addition to the abrupt lithological changes described above, we
interpret the abrupt decreases in %TOC and C/N and an increase in
%TIC ~12.75 ka as marking the start of the YD in Swiftcurrent valley
(Fig. 4). At Swiftcurrent Lake, coincident decreases in %TOC and C/N
starting at 12.75 ka and ending at 11.5 ka indicate reduced organic mat-
ter in the lake. Decreased terrestrial carbon inputs, rather than an in-
crease in algal carbon production, is likely the driver for the C/N
decrease at 12.75 ka. Correlative with these increases is an abrupt
spike in %TIC, increasing at 12.75 ka from ~0 to ~2% (Fig. 4). The reap-
pearance of carbonates and a decrease in non-carbonate: carbonate
may signal an increased Grinnell Glacier footprint in response to region-
al YD cooling.

Mean grain size is variable between 12.75 and 11.6 ka. While we
might expect a decrease in grain size as a result of increased glacial
flour flux during the YD, rapid advance and retreat of Grinnell Glacier
could have contributed to unstable periglacial geomorphic conditions
on the slopes of the valley. The melting of large masses of ice and coin-
cident uncovering hillslopes with limited vegetative cover could have
increased transport of coarser-grained clastic material into Swiftcurrent
Lake.

Terminal moraines and pollen records from North America suggest
the YD lasted from 12.9 to 11.7 ka (e.g., Reasoner and Jodry, 2000;
Briles et al., 2012). Our observations are consistent with other studies
of minor glacial advances during the YD in the northern Rocky Moun-
tains, which date terminal moraines from the advancewithin this inter-
val (Reasoner et al., 1994; Gosse et al., 1995b; Reasoner and Jodry, 2000;
Beierle et al., 2003). However, few lake core records in the Rockies are
analyzed with high enough resolution to characterize the YD event
(e.g., Mumma et al., 2012; Krause and Whitlock, 2013). A notable
exception is Doerner and Carrara (2001) who observe a decrease
in organic sedimentation at McCall Fen in Idaho (12.7 and 12.2 ka)
Our mean modeled age for the YD onset in Swiftcurrent valley of
12.75 ka is broadly consistent with other regional records of climate
change and we note the age-depth model provides a 2-σ age be-
tween 12,397 and 13,023 cal yr BP (Fig. 3). As there are no moraines
in the valley that would indicate the thickness or length of a late
Pleistocene Grinnell Glacier, estimating response time of the glacier
to a new steady-state condition following rapid cooling is not
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realistic. It is possible that the glacial geomorphic response of
Grinnell Glacier occurred slightly later and for a shorter duration
in Grinnell Valley than records farther south, but our age-model un-
certainties at 12.75 ka are large enough that the timing of onset may
be coincident with the 12.7–12.9 ka onset observed elsewhere in
the Rockies (Reasoner et al., 1994; Reasoner and Jodry, 2000;
Doerner and Carrara, 2001).

Early Holocene (11.5 ka–11.2 ka; 549–540 cm)

Following the termination of the YD ~11.5 ka at Swiftcurrent Lake,
there is an increase in %TOC and C/N, indicating an increase in temper-
ature and enhanced terrestrial sourcing of organic matter to the lake.
Percent TIC decreases to below detection at 11.5 ka, implying a dimin-
ished Grinnell Glacier footprint. Depending on how far Grinnell Glacier
advanced down valley during the YD, its retreat would have exposed
additional lakes in the chain, increasing the number and volume of po-
tential sediment sinks up valley from Swiftcurrent Lake. Uncovering of
additional sediment sinks, such as Lake Josephine, could immediately
trap carbonate traveling through the hydrologic system and result in
significantly less material deposited in Lake Swiftcurrent.

Our data from Swiftcurrent Lake are consistent with climate models
and regional paleoclimate proxy records for the western U.S. during the
Pleistocene/Holocene transition. Modeling simulations for this region
between ~16 and 11 ka include the direct and indirect effects of varia-
tions in the seasonality of insolation. Increasing temperatures and de-
creasing effective moisture relative to full-glacial conditions are some
of the direct effects, while indirect effects include warm dry summers
resulting from the strengthening of the northeast Pacific subtropical
high-pressure system (Bartlein et al., 1998). There is supporting evi-
dence for warming in other parts of the northern RockyMountains dur-
ing this period. Upslope migration of the tree line and increased fire
frequency ~11 ka at Burnt Knob Lake indicate a shift to warmer and
drier summers (Brunelle and Whitlock, 2003). Pollen records from the
Rocky Mountains document a transition from alpine to subalpine spe-
cies at 11.5 ka, suggesting a regional warming of climate at this time
(Beiswenger, 1991; Whitlock, 1993; Mensing et al., 2012).

Comparison with the entire Holocene lacustrine record at
Swiftcurrent Lake shows that %TOC increased at 11.3 ka and stabilized
during the relatively warm Holocene period, concurrent with GISP2
temperature stabilization (MacGregor et al., 2011; Fig. 8). Throughout
the Holocene, dolomite occurs in a few brief windows of time but not
to the extent observed in the late Pleistocene (MacGregor et al., 2011;
Fig. 8). Dolomite is not present during the Little Ice Age in the
Swiftcurrent core, a time when photographic evidence demonstrates
that Grinnell Glacier filled its cirque basin and removed Upper Grinnell
Lake as a downstream sediment sink (Anderson, H.A., personal
communication, 2014). This suggests either Grinnell Glacier must ex-
tend over the valley step to lower Grinnell Lake for dolomite to be
transported to Swiftcurrent Lake, or that the hydrologic energy at the
time is insufficient to move glacially produced sediment through at
least two lake basins (i.e., lower Grinnell and Josephine). The scarcity
of dolomite in the Swiftcurrent record during the past ~11 ka suggests
that glacial activity was at a minimum when compared to the late
Pleistocene and YD; this is consistent with records of climate and
temperature variability during the Holocene. When compared to
measurements and models of North American climate since the
LGM, the complete record of dolomite presence from 17 ka to pres-
ent at Swiftcurrent Lake supports our interpretation of dolomite
minerals as a proxy for Grinnell Glacier activity.

Conclusions

A high-resolution lacustrine sediment core from Swiftcurrent Lake
reflects the geomorphic and environmental response to climate change
during the late Pleistocene-early Holocene in Glacier National Park,
oi.org/10.1016/j.yqres.2015.05.004 Published online by Cambridge University Press
Montana. Broadly supported by other paleoclimate records in the north-
ern RockyMountains, evidence frommultiple proxies details a period of
gradual glacial retreat between ~17 and 12.75 ka. An abrupt increase in
%TIC,which reflects glacier size in the valley, and a decrease in %TOC and
C/N at 12.75 ka reflect the glacial geomorphic and hillslope response to
abrupt cooling in the valley, coeval with the Younger Dryas chronozone.
The termination of the YD at 11.5 ka in Swiftcurrent valley is identical to
other regional records; however, its lagged onset indicates that the YD
was shorter in duration in the Swiftcurrent Lake region than in other
areas in the northern RockyMountains. This suggests either a longer re-
sponse time of Grinnell Glacier to abrupt cooling, possibly resulting
from valley morphology, or a lagged onset of YD climate change in the
northern U.S. Rocky Mountains. Glacially derived detrital carbonate, in
concert with other geomorphic and climate proxies, can be used to
trace glacier advance and retreat in this system. While we interpret
%TIC as a proxy for the size and geomorphic footprint of Grinnell Glacier,
this relationship becomes increasingly complicated by the presence of
up to three intermediate hydrologic sinks. Investigating the temporally
variable relationship between glacial erosion, sediment transport, and
lake sedimentation during periods of glacial advance and retreat will
yield additional constraints on the interpretation of both climate and
geomorphic proxies in high alpine, ice proximal environments. The
use of detrital sediment as an indicator of geomorphic source may
help constrain climatic and concomitant geomorphic change in complex
and changing landscapes.
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