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A B S T R A C T

Large proglacial lakes could have been a significant methane source during the last deglaciation. Today, pro-
glacial lakes are small and mostly limited in the northern hemisphere to the margins of ice sheets in Greenland,
Alaska, and Canada, but much larger proglacial lakes collectively flooded millions of square kilometers in the
northern hemisphere over the last deglacial period. We synthesize new and existing methane flux measurements
from modern proglacial lakes in Alaska and Greenland and use these data together with reconstructed lake area
and bathymetry, new paleorecords of sediment organic geochemistry, carbon accumulation, and other proxies to
broadly constrain the possible deglacial methane dynamics of a single large North American proglacial lake, Lake
Agassiz. While large influxes of glaciogenic material contributed to rapid organic carbon burial during initial
lakes phases, limited bioavailability of this carbon is suggested by its likely subglacial origin and prior microbial
processing. Water depths of >20 m across 37–90% of the lake area facilitating significant oxidation of methane
within the water column further limited emissions. Later phases of lake lowering and subsequent re-expansion
into shallow aquatic and subaerial environments provided the most significant opportunity for methane pro-
duction according to our estimates. We found that Lake Agassiz was likely a small source [0.4–2.7 Tg yr−1 mean
(0.1–9.9 Tg yr−1 95% CI)] of methane during the last deglaciation on par with emissions from modern wildfires.
Although poor constraints of past global proglacial lake areas and morphologies currently prevent extrapolation
of our results, we suggest that these systems were likely an additional source of methane during the last deglacial
transition that require further study.

1. Introduction

Polar ice core records show that atmospheric methane concentra-
tions (AMC) nearly doubled over the last deglacial transition (Brook
et al., 2000). Two abrupt increases, 14.7 thousand years ago (ka) cal BP
and 11.6 cal ka BP, were separated by a sharp decrease in concentration
synchronous with cooling in the northern hemisphere during the
Younger Dryas (12.9–11.6 cal ka BP). While tropical sources dominated
global atmospheric methane dynamics, boreal sources may have
contributed up to 25 Tg CH4 yr−1 to abrupt AMC increases
(Riddell-Young et al., 2023). Recent studies show that northern lake and

peatland emissions which increased steadily throughout the deglacial
period cannot explain these abrupt changes (Treat et al., 2021; Brosius
et al., 2023). Fossil methane sources are also unlikely to have driven
abrupt increases in AMC based on the contemporary radiocarbon ages of
methane trapped in polar ice cores across these transitions (Petrenko
et al., 2017; Dyonisius et al., 2020). This suggests greater importance of
a younger methane source that has yet to be determined. Extralimital
peatlands that colonized exposed continental shelves (Kleinen et al.,
2022; Jones et al., 2023) and portions of the American Midwest (Byun
et al., 2021) were recently advanced as a northern source of young
carbon contributing to AMC during the last deglaciation. We here
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explore the formation of large proglacial lakes during deglaciation as
another potential methane source that until now has not been consid-
ered in AMC reconstructions.
Proglacial lakes form when meltwater is impounded by glacial

margins. While today’s proglacial lakes are small (0.05–130 km2 in
Greenland; How et al., 2021), large proglacial lakes flooded several
million square kilometers in North America, Europe and Siberia during
the last deglaciation (Carrivick and Tweed, 2013). Here we investigate
the hypothesis that inundation of large land areas, resulting in the cre-
ation of extensive, anaerobic lake-bottom environments, could have
facilitated methane production, given adequate organic carbon (OC)
sources.
The global relevance of carbon cycling linked directly to ice sheets

and glaciers is increasingly recognized. Large organic matter reservoirs
and gas hydrates are assumed to be present in subglacial deposits; the ice
itself serves as a sink for particulate organic carbon and in situ carbon
assimilation at the ice surface (e.g. by ice algae); and modern outlet
streams show evidence of elevated methane concentrations and export
of partially highly reactive carbon compounds (Wadham et al., 2019). So
far, however, the organic geochemistry of glacial sediments has rarely
been a topic of interest in proglacial lake studies, which typically focus
on sedimentological changes useful for reconstructing ice sheet dy-
namics. Hence, we take advantage of existing lake cores containing long

glaciolacustrine sediment sequences to quantify sediment carbon con-
centrations and analyze carbon accumulation rates based on varve
chronologies.
While proglacial lake formation took place at a global scale, we limit

our investigation to the context of a single large North American pro-
glacial lake, Lake Agassiz. At its maximum extent prior to drainage ~8.4
ka BP (all ages calibrated unless otherwise noted), Lake Agassiz occu-
pied 1.5× 106 km2 (Teller and Leverington, 2004), and over its lifespan,
covered significant portions of present-day Manitoba, Minnesota, North
Dakota, Ontario, Quebec, and Saskatchewan. This lake formed in a
sub-boreal climate regime surrounded by a combination of cool mixed
forest and parkland (Williams et al., 2004; Fastovich et al., 2020), which
at various stages was inundated by the lake as it underwent dynamic
morphological changes over its ~6000-year history (Teller, 1987).
The primary goal of this study is to explore potential rates of methane

emissions from Lake Agassiz using reconstructions of the lake’s area and
bathymetry, a new depth-flux model derived from observations of
methane emissions in present day proglacial lakes, and by comparison to
other proxy systems. New paleorecords of sediment organic geochem-
istry during different stages of inundation allow further exploration of
methane dynamics related to organic matter quantity and lability.
Modern proglacial lakes are a relatively rare landscape feature today,
limited to the perimeters of remaining ice masses. Since very few data

Fig. 1. Study lake locations. Study lakes in Southcentral Alaska (a) and near Kangerlussuaq Greenland (b). Emissions data was collected either by field study (filled
circles) or remote sensing (half-filled circles) methods, or a combination of both (open circles) from proglacial lakes (green), glacial lakes (yellow) or proglacial
fluvial/isostatic rebound ponds (blue).
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exist for methane emissions from modern proglacial lakes, a supporting
goal of this study is to synthesize new and existing present-day data for
these systems. Our effort to broadly constrain possible methane emis-
sions from one of the larger, more extensive proglacial lakes of the past
sheds light on the potential importance of these once widespread fea-
tures on AMC dynamics during the last deglaciation.

2. Methods

2.1. Proglacial lake methane flux measurements

Little methane emissions data exists for modern proglacial lakes,
which are potential analogs for proglacial lake systems of the past. To
address this gap, we conducted new field work, compiled data from
previous field work, and expanded relationships between field-
measured methane fluxes and remote-sensing detection of ebullition
seeps to build a database of lake methane fluxes in the glacial regions of
Southcentral Alaska (29 lakes) and Kangerlussuaq Greenland (37 lakes)
(Fig. 1). Lakes were classified as proglacial lakes if they were hydrolog-
ically connected to the glaciers on the present-day landscape and as
glacial lakes if they were hydrologically isolated from the glaciers
(Fig. S1). Turbid lakes were assumed to be hydrologically-connected
proglacial lakes since glacial meltwater is the source of turbidity in
the periglacial landscape. Relatively clear lakes were assumed to be
hydrologically isolated glacial lakes. Proglacial fluvial ponds were small
water bodies adjacent to outflow streams of proglacial lakes.
In Southcentral Alaska, we measured ebullition, diffusive and plant-

mediated fluxes in a variety of proglacial and glacial lakes, and ponds
formed either in the fluvial drainages of proglacial lakes and/or by

ground subsidence associated with isostatic rebound following degla-
ciation. Diffusive and plant-mediated fluxes were measured using a
portable floating chamber method (Elder et al., 2020) whereby a Los
Gatos Micro-Portable Greenhouse Gas Analyzer (ABB INC., Quebec City,
CA) measured the concentrations of CH4, CO2, and water vapor at 1Hz in
air that was recirculated through a 6.3-L custom built, semi-transparent,
closed chamber and connective Teflon tubing. Floating chamber mea-
surements (n = 3 to 17 spatial replicates per lake) were made only once
during the open water season in August 2023. Diffusive fluxes were
calculated from the ideal gas law using chamber volume, temperature,
and atmospheric pressure. The slope of linear CH4 concentration change
(R2 > 0.90 correlation to linear least squares fit) for a minimum of 45 s
(45 observations) and a maximum of 210 s (45<n > 210) was used to
determine mass change within the chambers. Observations with step-
wise concentration increases (interpreted as ebullition) were omitted to
ensure that the reported measurements represent purely diffusive fluxes.
Diffusive emissions were upscaled to an annual estimate assuming
observed fluxes represented the open water season for the Southcentral
Alaska region (191 days) per Sepulveda-Jauregui et al. (2015).
Ebullition fluxes were measured using submerged bubble traps

installed beneath the lake’s surface in summer (or below lake ice in
winter; Walter Anthony et al., 2012) at locations where point-source
seeps occurred as ice-trapped bubbles (i.e. small seeps, Fig. 2b) or as
bubbling-induced open holes (Fig. 2a). Gas samples collected from
bubble traps into glass serum bottles with butyl rubber septa were
analyzed for methane concentration, stable isotopes and radiocarbon
ages following Walter Anthony et al. (2012). Briefly, gas bubble con-
centrations were determined using a Shimadzu gas chromatograph 8A
equipped with a thermal conductivity detector, and δ13CCH4 and δDCH4

Fig. 2. Images of methane seeps in proglacial lakes. a) Ground photo of open holes in Southcentral Alaska lake ice caused by continuous methane bubbling. b)
Ice-trapped bubbles in Portage Lake, Alaska. c) Methane ebullition bubbles trapped in lake ice and bubbling-induced ice-free holes in Greenland. d) Aerial photo of
ebullition-induced open holes in winter lake ice Southcentral Alaska (note: Seward Highway on right for scale). e) Magenta circles indicate potential seeps identified
as ice-free holes in the October 10, 2011 WorldView-1 image of lake G23 in Greenland.
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were determined on a Thermo-Finnegan Delta V isotope ratio mass
spectrometer. Precision for these analyses are 0.3‰ and 1.0‰, respec-
tively. For radiocarbon, methane was combusted in a He stream over
800 ◦C cuprox, then purified cryogenically and sent to the Woods Hole
Oceanographic Institution’s National Ocean Sciences Accelerator Mass
Spectrometer (NOSAMS) facility or the W. M. Keck Carbon Cycle AMS
(KCCAMS) Laboratory at UC Irvine for AMS analysis.
In Southcentral Alaska, we calculated annual volumetric ebullition

rates for smaller seeps (those identified as ice-trapped bubbles in early
winter lake ice) using seep densities (number of seeps per m2) through
fieldwork ice-bubble survey transects (Walter et al., 2007; Walter An-
thony et al., 2012; Sepulveda-Jauregui et al., 2015) coupled to associ-
ated annual ebullition rates determined through bubble-trap fluxes
measured over the short term (1–6 days) at the Southcentral Alaska
lakes and year-round on similar small ebullition seeps in other lakes
(≈213,000 individual ebullition flux measurements made using sub-
merged bubble traps on 162 seeps in 24 panarctic lakes; Walter Anthony
and Anthony, 2013). We converted volumetric ebullition to mass-based
estimates of methane ebullition using measured bubble methane con-
centrations in the Southcentral Alaska region (55 ± 13% by volume,
mean ± s.e.m, n = 5). Uncertainties associated with our field-based
ebullition estimates for small seep ebullition were calculated for the
95% confidence level by propagating spatial errors associated with
ice-bubble surveys, which are a function of survey area and ebullition
seep density, and spatiotemporal errors associated seep-class-specific
bubble-trap flux measurements (Walter Anthony and Anthony, 2013).
We estimated ebullition fluxes for large seeps (open holes in ice)

using the Southcentral Alaska regional mean volumetric ebullition rates
associated with the point-source bubble streams that generate the open
holes (73 ± 32, L seep−1 d−1, mean ± s.e.m, n = 10; Walter Anthony
et al., 2012), site-specific bubble methane concentrations (70–91% CH4
by volume), and the density of seeps, which was the quotient of the
number of ebullition-induced open holes counted in aerial photographs
and/or ground-based surveys divided by the area surveyed. We calcu-
lated the uncertainty associated with the estimated fluxes by propa-
gating errors of seep volumetric flux (43%, relative standard error, RSE),
number of seeps per site (10%), errors on surveyed area from combining
oblique aerial photos and Google Earth (20%–30% depending on the
site), and methane concentration in bubbles (15%).
In Greenland, we utilized existing ebullition data from field work on

25 proglacial and glacial lakes along a transect from Kangerlussuaq,
Greenland to the Russell Glacier in October 2010 (Fig. 1) (Walter An-
thony et al., 2012). We upscaled field-measured short-term bubble trap
fluxes, transect-level ice-bubble seep surveys, and bubble methane
concentrations (57 ± 6 % by volume, mean ± s.e.m, n = 8) from
Greenland fieldwork to annual ebullition following the same methods
and assumptions described for Southcentral Alaska.
To expand our investigation of large (open-hole) seeps in Greenland

beyond the previous field studied lakes, we built upon the optical remote
sensing approach of Walter Anthony et al. (2012) and Engram and
Walter Anthony (2024) to identify large ebullition seeps as open holes in
the ice in a combination of field-studied lakes and lakes lacking field
data. First, we manually inspected 114 high resolution (0.5 m) optical
images from Geoeye1, WorldView-1, and WorldView-2 obtained from
the Polar Geospatial Center (PGC) at the locations of 17 known
open-hole methane seeps during the early winter ice-cover season from
years 2011 through 2020. Because holes created by ebullition seeps are
not always discernible in optical images due to darkness, cloud cover,
thin ice, and/or snow masking the holes, we selected three satellite
images (from among the best 15) in which the field-observed open holes
were clearly visible in our Kangerlusuuaq, Greenland area of interest
(Fig. S2). Within these images we quantified the number of open holes in
20 lakes selected based on prior field work of ebullition (8 lakes),
ancillary field data about lake sediments and/or water chemistry (8
lakes), and differences in lake turbidity observed in satellite images with
no prior field knowledge (2 turbid lakes, 1 clear lake). One additional

lake (HN1) was added to the study set based on observations of open
holes in the imagrey. We counted the number of open holes discerneable
within each lake following a Standard Independent Analysis method
(Supplementary Methods 1.2). We estimated ebullition fluxes for large
seeps in the Kangerlussuaq region by applying volumetric ebullition
rates associated with the field-measured bubble streams that generated
open holes in Greenland (66 ± 36, L seep−1 d−1, mean ± s.e.m, n = 4;
Walter Anthony et al., 2012) and bubble methane concentrations (69 ±

6% CH4 by volume) to the density of open holes determined from sat-
ellite imagery and/or ground-based surveys. We calculated the uncer-
tainty associated with the estimated fluxes by propagating errors
associated with seep volumetric flux (54% RSE), number seeps per site
(10%), methane concentration in bubbles (9%), and errors on surveyed
area (10%).
While our estimates of Greenland lake methane emissions account

for both smaller ebullition seeps (expressed as ice-trapped bubbles in
early winter) and large seeps (expressed as open holes in early winter),
we do not include plant-mediated fluxes from Greenland lakes due to a
lack of field measurements; however, we expect that in our Greenland
study region, plant-mediated fluxes are negligeable since floating-leaf
and emergent aquatic vegetation were rarely observed in our 2010
fieldwork.
Finally, to compare methane ebullition to carbon accumulation rates

in lake sediments, we report annual ebullition on a lake-by-lake basis.
While annual rates of small-seep ebullition derive from year-round
monitoring of ebullition with bubble traps (Walter Anthony and An-
thony, 2013), no year-round monitoring of ebullition on the large
open-hole seeps exists. Therefore, we assumed that our short-term
bubble trap fluxes on the large seeps represented ebullition 365 days
per year from these seeps. This assumption likely has little impact on our
conclusions since short-term fluxes from small seeps were not signifi-
cantly different from long-term (year-round) fluxes (Walter Anthony
and Anthony, 2013) and variability in short-term fluxes observed among
individual large seeps was large, varying by two orders of magnigude.

2.2. Lake Agassiz sediment sampling and analysis

To assess the potential for Lake Agassiz sediments to generate mi-
crobial methane, we analyzed Lake Agassiz samples from six long (up to
20 m) sediment cores. The cores were retrieved from extant lakes in
northern Minnesota and northwestern Ontario between 2015 and 2019
(Breckenridge et al., 2020, 2023, Fig. 3), and are archived at the Uni-
versity of Minnesota Continental Scientific Drilling facility. We sub-
sampled the cores volumetrically to determine dry bulk density (n= 85).
We also sampled entire strata (annual varve couplets or multi-year se-
quences) within cores for geochemical analyses (n= 143). While we did
not sample in replicate, we did sample sedimentological units of interest
at more frequent intervals with the aim of capturing potential variations
in OM sources and origins. Following acidification using muriatic acid
(31.45% HCl) and five times rinsing with deionized water, we measured
total organic carbon, total organic nitrogen, δ13C, and δ15N using an
elemental analyzer (Finnigan DeltaPlus XP, Thermo Scientific) coupled
to a Costech ECS4010 Elemental Analyzer (Costech Scientific, Valencia,
California, USA) at the University of Alaska Stable Isotope Facility in
Fairbanks, Alaska. Measurement of an internal laboratory standard
(peptone) indicated a measurement precision of ≤0.4‰ for C and N
isotopes. Sediment organic C and N contents are reported in dry weight
percentage (wt %). Stable isotope concentrations are reported in parts
per mil (‰). All stable isotope values are expressed relative to Vienna Pe
Dee Belemnite (VPDB) and ambient air, respectively. We report all re-
sults in mean ± standard deviation (SD). Sample ages are based on the
varve chronology, which are placed on an absolute time scale using the
radiocarbon ages of transported terrestrial macrofossils within a
distinctive isochronous layer (Breckenridge et al., 2020).
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2.3. Sediment carbon calculations and contextualization

Building upon the work of Breckenridge (2015), Lewis et al. (2022),
and Fisher and Breckenridge (2022), we present our geochemical ana-
lyses within the context of reconstructed depths and areas of glacial Lake
Agassiz at six different points in its roughly 6000-year history
(Supplementary Methods 1.1). Briefly, glacial Lake Agassiz flooded a
vast lowland created by isostatic depression of the northward-dipping
Hudson Bay and Arctic Ocean basins (Teller, 1987), and experienced
large changes in depth and area over numerous evolutionary phases
between ~14.5 and 8.4 ka BP (Teller and Leverington, 2004).
The lake first established south of the retreating Laurentide Ice Sheet

(LIS), filling the headwater valley of what is now the Red River and
adjacent basins to the north (Fig. 3d). With continued retreat of the ice
sheet, the lake continued to deepen and expand until the Moorhead lake
phase at around 12.5 ka BP, when water levels decreased (Fig. 3e and f).
Dropping lake levels caused the southern lake margin to retreat north-
ward, while the lake continued to expand along the receding ice front.
The timing of the resulting Moorhead low is disputed, and may have
been characterized by multiple phases, but the lowest phase is roughly
constrained to 12.4–11.5 ka BP (Fisher et al., 2008; Young et al., 2021).
Following the Moorhead Low, water levels again rose, and expansion
resumed, culminating in the Early Campbell high stand (335,000 km2,

10.5 ka BP, Fig. 3h), which occurred during the Emerson Phase. The
Emerson Phase eventually gave way to farther northward expansion
(Fig. 3i), and later coalescence with glacial Lake Ojibway (not recon-
structed here) during the final stages of the lake prior to its drainage into
Hudson Bay at ~8.4 ka BP.
Utilizing varve thickness measurements for the six cores analyzed for

carbon dynamics in this study, we calculated organic carbon accumu-
lation rates (OCARs) for Lake Agassiz sediments. Where sedimentation
occurred as indistinct rhythmites or unstratified bulk clays, we applied a
linear age-depth model based on bracketing varve years. We calculated
10-year mean OCARs within varved sequences, and sedimentary unit
average OCARs within unstratified sediments. Organic carbon fractions
of three bulk sediment samples were radiocarbon dated by AMS at the
NOSAMS facility to establish a timeframe for unconstrained facies
transitions. Radiocarbon ages were calibrated using CALIB 8.2 (Stuiver
and Reimer, 1993).

2.4. Statistics

Prior to using analysis of variance (ANOVA), we checked that our
data (untransformed or rank-transformed), met standard assumptions,
and tests were run using an alpha level of 0.05 unless otherwise speci-
fied. If data did not meet the assumptions, we used alternative, non-

Fig. 3. Lake Agassiz core locations and reconstructed lake areas. General location (a) and present-day topography of the Lake Agassiz region (b). The red dots
reference the various low passes in the topography where known or suggested outlets occurred. The center dot is the location of a minimum value of the water level
during the Moorhead low from Arndt (1977) (Supplementary Methods 1.1). Locations of lake cores analyzed (yellow circles) in this study are from the eastern part of
the lake (c). Reconstructions of Lake Agassiz are shown for six timesteps (d–i), with the ice sheet (white), topography, and continental divides delineating alternate
catchment boundaries (green) shown. Negative elevation values indicate inundated areas. Lake areas and mean depths at each timestep are also given.
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parametric statistical tests. We performed a two-sample Kolmogorov
Smirnov test to test for differences in the distributions of present-day
lake fluxes methane by mode (diffusion vs. total ebullition) among all
the study lakes. To compare fluxes for glacial lakes in Alaska vs.
Greenland by mode, we used a Type III ANOVA on rank-transformed
data. We used linear regression to analyze the relationship between
mean water depth at the sampling locations and observed ebullition at
both the whole-lake scale and individual-seep scale. For the individual-
seep scale flux relationship to water depth, we tested for significant
differences in slope between seasons of flux observation. Statistical an-
alyses were performed in R version 4.2.2, using packages car, ggplot2,
and MASS.

3. Results & discussion

3.1. Modern proglacial lake methane emissions

3.1.1. Fluxes
As in most freshwater lakes (Kuhn et al., 2021), ebullition exceeded

diffusion as the dominant emission mode in our study lakes (Two--
Sample Kolmogorov Smirnov D = 0.37, p = .02) (Table 1). Among
glacial lakes in Alaska and Greenland, the only lake type for which all
emission modes were represented (small and large ebullition seeps
together representing total ebullition, and diffusion; Table 1, Fig. 4a),
two-way ANOVA revealed no significant interaction between region and
emission mode with regard to methane flux (F(1,37) = 0.18, p = .67),
but simple main effects showed that emissions from Southcentral Alaska
glacial lakes were higher than from Greenland glacial lakes (p = .002).
Known controls over methane emissions from lakes help explain

variations in fluxes observed in this study. Prior research has shown that
water depth impacts methane emissions in a variety of ways. First, hy-
drostatic pressure reduces the probability of bubble formation and
emission at depths >8 m by around 90% (Bastviken et al., 2004; West
et al., 2016). This likely contributed to the negative correlation between
mean water depth at the sampling locations and observed ebullition
across our study sites (Fig. 5a). This relationship, which becomes
asymptotic, also indicated a lack of significant methane ebullition at
depths >20 m. Second, deep water enhances dissolution and subsequent
oxidation of methane during bubble ascent, with bubbles 10 mm in
diameter released at 50-m depth modeled to reach the water surface
devoid of methane (McGinnis et al., 2006). The deepest site at which we
sampled ebullition seeps was ~25 m at Kenai Lake. While the bubble
methane concentration was lower (70%) here than in shallower
(1.2–3.7 m) glacial and proglacial lake sites in the same Southcentral
Alaska region (79–91%), water depth did not have a negative effect on
ebullition at the scale of individual seeps even when bubble methane
concentrations were accounted for (Fig. 5b, grey regression line). This
was still true when we excluded the more uncertain fluxes measured

from a drifting boat in summer open water conditions (Fig. 5b, black
regression line). The higher fluxes measured in summer likely represent
a bias in our selection of prominent seeps, which were easier to sample
from a drifting boat than the adjacent weaker bubble streams. Boat drift
also leads to less accurate flux measurements. Regardless of the un-
certainties, our results show that within relatively shallow areas (<25
m) of our glacial and proglacial study lakes, bubbles from ebullition
seeps reach the atmosphere. Third, substrate availability for methano-
genesis is a factor that contributes to the relationship between lake
water depth and ebullition. Littoral sediments, which are typically
shallower than lake centers, produce and emit more methane than
pelagic zones due to higher nutrient loading and organic carbon inputs
from algae and plant biomass (Juutinen et al., 2003; Bastviken et al.,
2004). Finally, plant mediated fluxes which bypass oxidation are also a
component of emissions from shallow littoral zones, which in our study
exceeded both ebullition and diffusion where emergent plants were
present (Table 1).
While proglacial lakes in Southcentral Alaska tended to be deep (up

to 190 m) due to their positions in steep-sided glacial valleys, our
sampling locations in these lakes were comparably shallow to typical
proglacial lake water depths near Kangerlussuaq, Greenland (<30 m;
Burpee et al., 2018). Thus, differences in substrate quantity and
bioavailability, rather than water depth, likely explain some of the
remaining variation in our field observations. Higher methane emissions
from glacial lakes in Alaska compared to Greenland (p = .002) may
result from a warmer climate (MAAT Valdez, AK: 3.0 ◦C, MAAT Kan-
gerlussuaq, Greenland: −3.9 ◦C) and higher ecosystem productivity.
Sporadic permafrost, higher terrain relief and more developed drainage
systems in Southcentral Alaska also likely facilitate inputs of terrestrial
material to glacial lakes, which serve as an additional OC source. This
occurs to a much lesser extent in Greenland, where limited hydrological
linkage between glacial lakes and their catchments causes autochtho-
nous (primarily algal) OM sources to dominate within sediments
(Anderson et al., 2009; Lindborg et al., 2020). This autochthonous OM is
subject to aerobic mineralization within glacial lakes, where sediment
accumulates slowly (0.27–1.2 mm yr−1, Sobek et al., 2014). However,
rapidly buried OM retaining a significant fraction of its reactive carbon
component is known to support high rates of methanogenesis (DelSontro
et al., 2010; Sobek et al., 2012; Maeck et al., 2013). Our data show that
Greenland lakes receiving glacial meltwater inputs (i.e. proglacial lakes)
exhibit higher rates of methane bubbling than those which are hydro-
logically disconnected from the ice sheet (i.e. glacial lakes, Table 1),
possibly due to the preservation of labile substrates by rapidly deposited
glacial sediments.
By far the highest emissions in our study were from strong ebullition

seeps occurring in very shallow (1–4 m) ponds that dotted the fluvial
outflows of proglacial lakes near Portage, Alaska, and/or which formed
as a result of 1.8 m of ground subsidence and inundation in this area

Table 1
Summary of fluxes by mode, lake type and region.

Total seep ebullition Southcentral Alaska Kangerlussaq, Greenland

Proglacial Glacial F/I Ponds Proglacial Glacial

Ebullition (g CH4 m−2 yr−1)
>5 ± 2 24 ± 10 >189 ± 59 45 ± 34 1.2 ± 0.2

Small seeps mean nd 24 ± 10 nd 11 ± 4 1.2 ± 0.2
n sites ​ 11 ​ 6 20

Large seeps mean 5 ± 2 0 ± 0 189 ± 59 34 ± 22 0 ± 0
n sites 4 2 11 10 27

​ ​ Diffusion (g CH4 m−2 yr−1)
​ mean 3 ± 1 6 ± 1 12 ± 4 nd 0.6
​ n sites 5 9 3 ​ 1
​ ​ Plant-mediated (g CH4 m−2 yr−1)
​ mean nd 154 ± 81 206 nd nd
​ n sites ​ 3 1 ​ ​
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following the 1964 megathrust earthquake in Southcentral Alaska
(Plafker, 1969). Located along a tectonically active subsidence zone
containing faults prone to earthquakes and surrounded by alpine gla-
ciers and ice fields, the hydrologic setting of our Southcentral Alaska
field site is obscured by complex interactions among tectonic forces,
isostatic rebound, and eustatic sea-level rise (Reger et al., 2007).
Coseismic subsidence events, which appear to occur every ~700–800
years in this area (Combellick, 1994), inundated coastal ecosystems
producing “ghost” forests and buried peats deposits (Ovenshine et al.,
1976) that may be the source of large amounts of terrestrially derived
organic carbon fueling methane production in proglacial fluvial and
isostatic rebound ponds (Fig. 4a).

3.1.2. Isotopes
Stable isotope signatures and radiocarbon ages of methane in Alaska

and Greenland ebullition samples indicate microbial formation from
relatively young organic carbon substrates (Fig. 4b). This contrasts with
ebullition fluxes from glacial and proglacial lakes between Cordova and
Katalla along the Gulf of Alaska where thermogenic sources have also
been documented (Walter Anthony et al., 2012). Both the distribution of
δ13CCH4 and δDCH4 (Fig. 4b), and apparent fractionation of carbon (αc)
and hydrogen (αd) during methanogenesis calculated using the
equations:

Fig. 4. Methane fluxes and isotope composition. Methane emitted by ebullition (E) or diffusion (D) from proglacial lakes, glacial lakes, and proglacial fluvial/
isostatic rebound ponds in Greenland and Alaska (a). Box plots show mean, inner quartile, minimum and maximum values. Median values (x’s) and outliers (circles)
are also shown. Stable isotope compositions and radiocarbon ages given in 14C ka BP of methane emitted from lakes and ponds in Greenland (triangles) and Alaska
(circles) (b). The enriched 13CCH4 value of the outlier likely resulted from sample oxidation within the trap during bubble accumulation over several days. Panel b is
after Whiticar (1999).

Fig. 5. Methane ebullition as a function of water column depth at the scales of whole-lake surfaces (a) and individual seeps (b). In b, the correlation
between mean water depth at sampling locations and ebullition for wintertime observations (black dots and line), when ice provides a stable platform for more
accurate measurements, was y = 32x + 76 (r2 = 0.46, F(1,8) = 6.75, p = .032). Excluding the less accurate and biased summer observations (grey dots and line; see
main text), the correlation was y = 38x - 33 (r2 = 0.73, F(1,6) = 16.1, p = .007), and the confidence interval for the grey line includes the black line, so the slopes can
be considered the same. Errors in panel b represent uncertainties based on field-measured volumetric fluxes using submerged bubble traps in winter from a solid ice
platform (black dots, ~15%) and summer from a drifting boat (grey dots, ~50%). The relatively large error bar on depth at Kenai Lake (25 ± 10 m, derived from a
bathymetric map coupled to GPS points of the measured seep) is due to water depth exceeding our depth sounder and steepness of the lake bottom at this
seep’s location.
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αc =
αc = δ 13C− CO2 + 1000

δ 13C− CH4 + 1000
Eq. (1)

αd =
δD− H2O+ 1000
δD− CH4 + 1000

Eq. (2)

and site-specific δDH2O values, suggest dominance of different meth-
anogenic pathways between study locations.
Lower αc (1.01 ± 0.01) and higher αd (1.31 ± 0.08) values associ-

ated with Greenland lake emissions confirm methane production by
acetate fermentation (Fig. 4b) associated with the decomposition of
more labile substrates (Hornibrook et al., 1997) such as algal biomass,
despite the potential influence of extremely D-depleted proglacial lake
water (−145 to −217‰; Cluett and Thomas, 2020; Henkemans et al.,
2018) on δDCH4 (Chanton et al., 2006), and are consistent with previous
isotope measurements from a glacial lake in the Kangerlussuaq area
(Thompson et al., 2016). Interestingly, methane is produced via the
same pathway in both glacial and proglacial lakes in this area, despite
differences in bubble 14C-CH4 age (modern and 1.4 14C ka BP, respec-
tively). Production of methane from buried organic-rich facies of
non-glacial origin dating to the mid-Holocene, when glaciers were ab-
sent from proglacial lake catchments in this area (e.g. Lucy Lake; Young
& Briner, 2015), could explain this finding. However, more research is
necessary to identify specific OM sources fueling methanogensis in
Greenlandic proglacial lakes. Other sources may include contemporary
carbon fixed within the lake or on the ice sheet surface, old subglacial
OC and/or aeolian inputs of terrestrial OM (Anderson et al., 2017).
In the Alaskan proglacial fluvial/isostatic rebound ponds, which

exhibited comparatively higher αc (1.04 ± 0.02) values, lower αd (1.21
± 0.04) values, and older radiocarbon ages of evolved methane, CO2
reduction dominated as the primary production pathway. Methane
formation from older and more recalcitrant sources of OCpresent in
large quantities, such as buried peats or other terrestrial OM suspected
to fuel methane production in these locations, is consistent with these
results (Hornibrook et al., 1997), and lends further support to the

conclusion that OC quantity and quality, in addition to water depth,
contribute to variations in methane fluxes from modern glacial-region
lakes.

3.2. Extrapolating modern analog methane fluxes to estimate emissions
from Lake Agassiz

In order to extrapolate methane flux observations from present-day
proglacial lake systems to Lake Agassiz, it is first necessary to under-
stand the limnological context and relevance of the ancient lake system.
In section 3.3, we provide this context through our analysis of lake core
stratigraphy, sediment organic carbon accumulation rates and
geochemistry. In section 3.4 we discuss observations of these sediment
characteristics and implications for supporting methane production and
emissions throughout different phases of Lake Agassiz’ evolution from
14 to 11 ka BP. Finally, in Section 3.5 we present emission estimates
from Lake Agassiz throughout the deglacial period based on the modern
analog systems.

3.3. Lake Agassiz sediment characteristics

3.3.1. Generalized core stratigraphy
Lake cores analyzed in this study were principally composed of thick

(up to 20 m) rapidly deposited 0.74 (0.47–1.33) cm yr−1 [median (inner
quartile range)] glaciogenic sediments. Differences in the sequence and
timing of major stratigraphic units amongst the six cores sampled reflect
the complex morphological history of Lake Agassiz and its interactions
with the Laurentide Ice Sheet (Fig. S3). We distinguished three general
sedimentary units (Fig. 6) representative of different depositional en-
vironments clearly dictated by ice sheet proximity, and less distinctly by
changes in water depth and lake morphometry: ice-proximal sediments
(Fig. 6a), ice-distal sediments (Fig. 6b and c) and unstratified sediments
(Fig. 6e). A fourth unit (Fig. 6d), representative of three anomalous
“thick varve events” is not expressly considered within this study.

Ice-proximal Sediments: Ice-proximal varved sediments are annual

Fig. 6. Sedimentary units and their organic carbon accumulation rates. Generalized stratigraphy of Lake Agassiz sediment cores with representative photo-
graphs of ice-proximal varves (note centimeter marks on ruler for scale) (a), ice-distal varves (b), rhythmites (c), thick red varves (d) and unstratified/massive clays
(e). Bar graph shows mean organic carbon accumulation rates and n data points for each sedimentary unit and sampling location (Fig. 3). Ice-proximal varves from
WAB were present but not sampled.
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couplets composed of courser-grained and lighter-colored melt-season
bands, capped by darker, finer-grained bands deposited during winter,
ice-covered conditions (Rittenhouse, 1933; Antevs, 1951; Breckenridge
et al., 2020). The ice-proximal zones of Lake Agassiz accumulated
thicker couplets produced by high-density meltwater undercurrents
near the ice front, whereas the clay caps resulted from suspension
settling, perhaps following mixing of the lake and widespread dispersal.
As reported in other large, proglacial lakes, ice-proximal melt season
layers can be internally complex, and composed of multiple silty or
sandy laminae that may be graded (Ridge et al., 2012). Faster sedi-
mentation and inputs of ice-rafted debris in these ice-proximal envi-
ronments are indicated by thick varves and clasts present in the
lowermost sediment sequences (Fig. 6a). In the selection of six cores
from the southern subbasins of Lake Agassiz on which we focus this
study (Fig. 3), ice-proximal sediment sequences averaged ~1 m thick
and accumulated at a rate of 1.48 (0.87–2.77) cm yr−1 (Breckenridge
et al., 2020, 2023). The organic carbon concentrations of ice-proximal
units were 0.43 ± 0.30%.

Ice-distal Sediments: Overlying thick ice-proximal varves, are longer
sequences of thinly varved or indistinctly stratified glacial clays
(rhythmites; Fig. 6b and c) that accumulated at a rate of 0.49
(0.27–0.91) cm yr−1 (Breckenridge et al., 2020, 2023). These sediments
had similarly low organic carbon concentrations (0.39 ± 0.22%) and
were likely formed by slower sedimentation processes in more ice-distal
locations, where warm surface water inflows contribute to thermal
stratification, and effect water currents responsible for sediment distri-
bution (Ashley, 1975). Ice-distal varves were distinguished from
ice-proximal varves by a decrease in the rate of varve thickness change
to <0.25 cm yr−1 based on a polynomial curve fit to the data. Three
anomalous thick varve events deposited around 12.5, 12.3 and 11.5 ka
BP punctuate each of the core records spanning this timeframe. While
distinctive red clays transported from >100 km away by drainage of
proglacial Lake Kaministiquia compose the final thick “red varve” unit at
11.5 ka BP (Breckenridge et al., 2020, Fig. 6d), the two prior thick varve
events remain unexplained.

Unstratified Sediments: Sequences of unstratified/massive clay sedi-
ments deposited 12.1 ka BP or later (Fig. 6e) and containing 0.22 ±

0.19% OC provide preliminary evidence for climate- and ice sheet-
driven changes in lake morphology, including lake lowering and po-
tential isolation of smaller, internal basins during the well-documented
Moorhead Low (Fisher et al., 2008). Average sedimentation rates for
these units are an order of magnitude lower (0.17 ± 0.04 cm yr−1) than
those for ice-proximal units.

3.3.2. Sediment organic carbon accumulation rates
Average OCARs in ice-proximal (131 g C m−2 yr−1) and ice-distal (38

g C m−2 yr−1) zones of Lake Agassiz were similar to those reported other
proglacial lake systems: proglacial Lake Superior (8–120 g C m−2 yr−1 in
the Duluth and Caribou subbasins; up to 600 g C m−2 yr−1 in the
Thunder Bay trough; Hyodo and Longstaffe, 2011); and 25–140 g C m−2

yr−1 for a modern proglacial lake during periods of glacial meltwater
influx (Larsen et al., 2011). Unstratified unit OCARs (Fig. 6) averaging 7
g Cm−2 yr−1 fell within the range of long-termmean OCARs reported for
glacial lakes in western Greenland (6 g C m−2 yr−1; Anderson et al.,
2009), boreal Quebec (3.8 g C m−2 yr−1; Ferland et al., 2012), and across
Europe (5.6 C g m−2 yr−1; Kastowski et al., 2011). All OCARs were
strongly correlated with sedimentation rates (Fig. 7, Fig. S4); and OCARs
for each sedimentary unit decreased between cores spanning a gradient
of both time and latitude (Fig. 6).

3.3.3. Sediment organic geochemistry
Sediment organic C and N concentrations, C/N ratios and δ13C sig-

natures in proglacial Lake Agassiz were similar to those in proglacial
Lake Superior (Hyodo and Longstaffe, 2011, Fig. S5), which also
received large amounts of glaciogenic material from the retreating
Laurentide Ice Sheet prior to 8.8 ka BP. Though few studies have
analyzed the organic matter contents of modern proglacial lake sedi-
ments of glaciogenic origin, these are also characterized by low OC
concentrations (<1%) (Adamson et al., 2019; Larsen et al., 2011), C/N
ratios of 10–14 (Larsen et al., 2011) and δ13C values of around −26‰
during periods of meltwater influx (Young and Briner, 2015).
Regression analyses revealed significant changes in sediment organic

geochemistry from lake initiation (~14 ka BP) until ~12.5 ka BP, over
which time total sediment organic matter C and N concentrations

Fig. 7. Carbon and sediment accumulation rates. Organic carbon accumulation rates (a), and varve thicknesses (b) indicative of annual sedimentation rates in our
six study lakes. Varve thicknesses and chronologies are from Breckenridge et al. (2020, 2023).
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decreased and became more enriched in δ13C and δ15N (Fig. 8a–d,
p<0.02). After 12.5 ka BP, C and N concentrations increased, but the
direction of trends in C/N, δ13C and δ15N remained mostly constant
(Fig. 8). A sharp decrease in δ13C at some sites (MNN, BDV, KAB) after
~11.5 ka BP was not accompanied by a clear change in any of the other
metrics (Fig. 8). AMS analysis of bulk organic carbon from two glacial
sediment samples yielded ages of 18.1 and 38.1 ka BP (Fig. S3,
Table S1). Three data points from the thick “red varve” event at 11.5 ka
were excluded from Figs. 6 and 8, and statistical analyses due a clear
difference in sediment providence.

3.4. Organic carbon sources and implications for methane dynamics of
Lake Agassiz

Extremely large proglacial lakes are unique to past deglacial phases
where massive ice sheets supplied large volumes of meltwater. To pro-
vide a first assessment of deglacial methane emissions from a single
large proglacial lake, Lake Agassiz, we applied depth-dependent fluxes
observed in modern analog systems to reconstructions of this lake’s area
and bathymetry, treating drained and reflooded lake areas separately
due to the unique establishment of terrestrial ecosystems in these loca-
tions (Supplementary Methods 1.3). Since in addition to water depth,
both OM quantity (related to primary productivity) and bioavailability
exert control over methane emissions (Juutinen et al., 2003; Bastviken
et al., 2004), new records of Lake Agassiz organic carbon accumulation
and sediment organic matter geochemistry allow independent

validation of our approach by comparison to modern-day lakes in which
rates of long-term sediment organic carbon accumulation influence
methane emissions (Fig. 9), and inform discussion of potential methane
dynamics within Lake Agassiz at different phases of its evolution.

Fig. 8. Temporal trends in sediment organic matter characteristics. Organic carbon (a), nitrogen (b), δ13C (c), δ15N (d) concentrations and C/N ratios (e) of
organic matter in glacial Lake Agassiz sediments over time color-coded by coring site; n = 133.

Fig. 9. Relationship between OCAR (organic carbon accumulation rate)
and bubble methane emissions. Data are from thermokarst lakes (circles) and
glacial lakes (triangles) in Greenland (green), Sweden (yellow), northern
Siberia (orange), interior Alaska (blue) and northwest Alaska (grey) (Table S2).
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3.4.1. Early phases of lake expansion (14–12.5ka BP)
During its earliest phases, 35–63% of Lake Agassiz was <20 m deep

(Table 2) and therefore likely to support methane emissions. Early lake
phases were also characterized by low sediment OC concentrations (0.41
± 0.36%), and high rates of sedimentation (0.74 cm yr−1) and associated
carbon accumulation (up to ~200 g C m−2 yr−1, Fig. 6) that resulted
from large influxes of glaciogenic material and efficient OC burial due to
limited oxygen exposure (<0.1 yr for burial efficiencies >80% associ-
ated with sedimentation rates >0.2 cm yr−1 in modern systems; Sobek
et al., 2009). Lake Agassiz OCARs during this time (Fig. 6) were com-
parable to those in thermokarst lakes receiving large inputs of retrans-
ported terrestrial material generated by permafrost thaw and shoreline
slumping (132 ± 201 g C m−2 yr−1, Table S2); and OCARs of this
magnitude could have supported methane emissions of up to 52 g CH4
m−2 yr−1 (Fig. 9).
Despite apparently adequate substrate volumes, rates of methane

production were also likely dependent on the lability of the sediment
organic carbon pool, which was in turn determined by its origin and
degree of prior decomposition. Lake Agassiz δ13C and δ15N signatures
and C/N ratios for sediments older than 12.5 ka BP predominantly fall
within the range of values reported for mineral soil and subglacial
sediment OM that has been subject to some degree of microbial pro-
cessing (Fig. S5, Dümig et al., 2012; Mainka et al., 2022, Vinšová et al.,
2022). While geochemical imprinting by these processes renders these
sources virtually indistinguishable from other microbial sources (e.g.
phytoplankton and benthic algae), Lake Agassiz glacial sediment OM
most likely originated from the subglacial/supraglacial environment
during its earliest phases due to limitation of aquatic primary produc-
tivity by low water temperature and high turbidity. This limitation is
demonstrated in Lake Agassiz by the absence of silicacious microfossils
in ice-proximal glaciogenic strata (Risberg et al., 1999; Teller et al.,
2008). Prior studies have likewise advanced a subglacial origin of
geochemically similar OM (Fig. S5) contained in proglacial Lake Supe-
rior sediments (Hyodo and Longstaffe, 2011) and young glacial foreland
soils (Dümig et al., 2012; Khedim et al., 2021). Bulk sediment OC ages of
18.1 and 38.1 ka BP provide further evidence for the incorporation of
OM that was pre-aged compared to its time of deposition (Table S1).
Lake Agassiz sediment OM became enriched in heavy stable isotopes

(13C, 15N; Fig. 8) from lake inception until ~12.5 ka BP. Sedimentary
unit OCARs also decreased coincident with ice sheet retreat (Fig. 6). We
interpret this to imply a gradual reduction in sediment OM loading from
subglacial/supraglacial sources, and a simultaneous shift toward pro-
gressively older and/or more reworked OC originating from deeper
within the ice sheet (Kohler et al., 2017). This explanation accounts for
observed trends in δ13C, δ15N and C/N, which are consistent with the
microbial transformation of old subglacial OC (Dümig et al., 2012;
Vinšová et al., 2022) and deep mineral soils (Mainka et al., 2022) during
which accumulating microbial biomass becomes part of the mineral
aggregate, thereby modifying its organic geochemistry.
The importance of subglacial OM as a carbon source to proglacial

lake methane production is largely unknown. As ice sheets expanded
during the last glaciation, they bulldozed and buried previously existing
ecosystems, resulting in the entrainment of organic carbon into basal ice
and subglacial sediments (Punkari and Forsström, 1995; Wadham et al.
2008, 2019). In modern proglacial environments, radiocarbon-depleted

POC and DOC originating from amixture of modern supraglacial and old
subglacial sources, are found in glacial meltwater streams (Bhatia et al.,
2010, 2013; Hood et al., 2009), which export an estimated 6 Tg C yr−1

from global ice sheets (Wadham et al., 2019). Where lakes are hydro-
logically connected to glaciers, this DOC/POC is deposited into the lake
basin (Bhatia et al., 2013; Osburn et al., 2017). While no prior study has
specifically quantified lacustrine deposition of subglacial DOC/POC, it is
likely that some of the 418–610 Pg OC buried beneath the Laurentide Ice
Sheet at the LGM (Wadham et al., 2008) became incorporated into
proglacial lake sediments during the last deglaciation.
Several lines of evidence suggest that subglacial OM can fuel

methane production. These include incubations of debris-rich basal ice
and subglacial sediments (Skidmore et al., 2000; Stibal et al., 2012), and
observations of glacial meltwater streams supersaturated in methane
that has originated from supra/subglacial carbon sources (Burns et al.,
2018; Lamarche-Gagnon et al., 2019). High concentrations of dissolved
methane in some confined groundwater aquifers have also been attrib-
uted to in situ decomposition of organic matter buried during the last
glaciation in both North America and Europe (Aravena et al., 1995;
Raidla et al., 2019). Though subglacial OM typically lacks readily
available carbon substrates due to a high degree of prior microbial
processing (Skidmore et al., 2000; Bardgett et al., 2007; Vinšová et al.,
2022), the potential for remobilization of this slow carbon pool by
methanogenesis, even after thousands of years, is potentially evidenced
by 14C-depleted ages of methane produced in modern proglacial lakes
(0.9–7.0 14C ka BP, Fig. 4b). Evolution of methane from incubated Lake
Agassiz glacial clay soils with an age of 20 14C ka BP commenced only
after extended lag times (hundreds of days) and proceeded very slowly
(0.1 mol% d−1) or sometimes not at all (Sheppard et al., 1996, 1997),
suggesting that old subglacial OC was likely a major, but fairly stable
component of total sediment OC in proglacial lakes. This gradual
mineralization of recalcitrant OM contrasts with high rates of methane
production in thermokarst lakes, where recently thawed, and signifi-
cantly more labile permafrost carbon stocks (van Dongen et al., 2008)
become depleted within a few centuries (Walter Anthony et al., 2021).
We posit that shallow portions of Lake Agassiz during its earliest

phases may have exhibited methane dynamics similar to those in mod-
ern proglacial lakes in Greenland on the basis of relatively shallow
depth. However, Lake Agassiz at this time may have been unique
compared to modern systems. On one hand, its position in a temperate/
sub-boreal climate zone implies potentially higher primary productivity
in the terrestrial ecosystem surrounding Lake Agassiz compared to
present-day Greenland. On the other hand, geochemical data imply that
the Lake Agassiz sediment carbon pool was composed primarily of
potentially refractory subglacial OM, which could reduce rates of
methanogenesis relative to modern analogs where sediment OM sources
fueling methanogenesis are so far unknown. Further study of modern
proglacial lake sediment composition, as well as detailed analyses of
subglacial soil OM quality in relation to methane production (e.g.
Heslop et al., 2017) would better inform comparison of these modern
and ancient systems.

3.4.2. Northward expansion and lake lowering during the Moorhead phase
(12.5–11.4 ka BP)
Substantial evidence exists for the establishment of shallow lake,

Table 2
Lake Agassiz morphological dynamics and associated methane emission estimates. Reconstructed depths and areas of Lake Agassiz, associated morphological
dynamics, and estimated methane emissions at each timestep [mean (95% CI)].

Time (ka BP) Mean depth (m) Lake (km2) Lake <20 m (km2) Drained Lake (km2) Reflooded Drained Basin (km2) Upland (km2) Methane emissions (Tg yr−1)

14.1 18 17,200 10,781 – – – 0.4 (0.1–2.9)
13.0 24 55,500 28,350 1800 – – 1.0 (0.3–7.8)
12.5 35 52,000 18,025 37,975 – – 0.7 (0.2–5.1)
11.1 30 79,800 27,158 28,975 – – 1.1 (0.3–8.2)
10.5 87 335,000 48,947 – 53,375 50,400 2.7 (0.8–9.9)
9.0 72 400,000 39,823 81,750 14,400 – 2.1 (0.6–9.0)
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wetland and terrestrial environments during low water stages of the
Moorhead phase when at least 68,750 km2 of the former lake was
drained (Fig. 3, Table 2). Organic-rich facies, vegetation changes indi-
cated by pollen and macrofossils, and shifting diatom assemblages in
Lake Agassiz sediments suggest that a range of environments from
shallow pools (Ashley, 1975) and lagoons (Teller et al., 2000), to peat-
lands (Fisher et al., 2008; Björck and Keister, 1983; Bajc et al., 2000,
Teller et al., 2008; Boyd, 2007), marshlands, and forested ridges (Yansa
and Ashworth, 2005) developed during this time. The resulting envi-
ronment was likely similar in composition to the open, wet, no-analog
parkland biome distinguished by the presence of Fraxinus, Picea and
Larix spp. that dominated the Midwest during deglaciation (Fastovich
et al., 2020; Byun et al., 2021).
Despite evidence for the development of subaerial environments in

some portions of the Agassiz basin, our coring sites appear to have
remained submerged based on an absence of terrestrial macrofossils. A
partial reversal of earlier trends in sediment organic geochemistry after
~12.5 ka BP (Fig. 8) also suggests a shift toward more bioavailable
contemporary sediment carbon sources around the time of lake lowering
during the Moorhead phase (Fig. 3). A decrease in C/N ratios toward
those typical of lacustrine algae (<10), slowly increasing C and N con-
centrations, and increasing stable isotope values are consistent with
those changes expected to result from an increase in aquatic primary
productivity. Such an increase likely occurred as meltwater contribu-
tions subsided with retreat of the LIS and/or lake lowering that may
have reduced or temporarily isolated at least three of our coring sites
(MNN, BDV, KAB) from meltwater influence. Evidence for isolation of
these sites includes the onset of unstratified sedimentation (Fig. S3) and
a decrease in OCAR (7 g C m−2 yr−1, Fig. 6) toward the long-term means
for glacial lakes in Europe (5.6 g m−2 yr−1, Kastowski et al., 2011) and
Greenland (6 gm−2 yr−1, Anderson et al., 2009). A rapid increase in δ13C
observed in these records between 12.4 and 11.5 ka BP (Fig. 8) could
have resulted from attendant decreases in turbidity and increases in
water temperature and productivity that decreased dissolved CO2 con-
centrations, thereby reducing discrimination against uptake of isotopi-
cally heavier CO2. Cessation of calcareous glacial sediment inputs,
which caused the dissolution of ostracod shells within this portion of the
record (Breckenridge, personal communication), may also be implicated
in these changes.
On land, vegetation succession and soil building over timescales of

decades to centuries following ice retreat likely increased terrestrial
carbon stocks and may have enhanced opportunities for carbon remo-
bilization (Harden et al., 1992; Khedim et al., 2021; Hodkinson et al.,
2003; Juselius et al., 2022; Bradley-Cook and Virginia, 2018). However,
an increase in terrestrial OM contributions with C/N ratios and δ15N
values typical of land plants (>20 and ~0.5‰, respectively; Meyers and
Ishiwatari, 1993) would have generated trends in opposition to those
observed and is not suggested by the data for our sampling sites.
Based on the environmental changes described above, we suggest

that the portions of Lake Agassiz which were isolated from meltwater
influence during the Moorhead may have been more similar to modern
glacial lakes in Greenland, in which labile autochthonous OM sources
also dominate (Anderson et al., 2009), than in Alaska, where terrestrial
inputs likely play a larger role.

3.4.3. Lake transgression and further northward expansion (11.4–8.5 ka
BP)
Subsequent transgression of Lake Agassiz to the Upper Campbell

Level (335,000 km2 at 10.5 ka, Fig. 3, Table 2) inundated shallow
aquatic and terrestrial ecosystems that established during the Moor-
head, which would have become an immediate carbon source for
methane production. Our reconstruction shows that 41% of total lake
expansion from 11.1 to 10.5 ka (104,000 km2) was into upland or
drained lake areas. Further expansion until 9 ka inundated an additional
14,400 km2 of drained lake area (Table 2). Although total flooded car-
bon stocks are unknown, their anaerobic decomposition likely resulted

in methane dynamics similar to those observed with hydroelectric
reservoir creation, or formation of Alaskan ponds following sudden
ground subsidence (Section 3.1.1). We observed high emissions (>189 g
CH4 m2 yr−1, Table 1) from the Alaskan ponds >50 years after their
formation (Fig. 4a), likely due to inundation of the former terrestrial
ecosystem. Similarly, short-term (5–10 year) methane pulses followed
by elevated emissions relative to those measured pre-flooding have been
attributed to decomposition of the labile carbon pool in terrestrial soils
and vegetation flooded by reservoir filling (Kelly et al., 1997; Teodoru
et al., 2012). This suggests that a similar pulse in methane release may
have resulted from the flooding of terrestrial ecosystems by trans-
gressive expansion of Lake Agassiz during the early Holocene. Such a
pulse response may not have been an isolated event. Numerous smaller
lake level fluctuations suggested by previous reconstructions (Teller and
Leverington, 2004) may have elicited a similar response.
At our study sites, resumed deposition of varved glacial sediments

after 11.4 ka BP implies reconnection of sites that were isolated from
meltwater influence during the Moorhead low (BDV, MNN, KAB). A
decrease in sediment δ13C at these sites beginning around this time could
be attributed to lake water cooling (despite warming early Holocene air
temperatures) following reconnection with Lake Agassiz. A
temperature-driven increase in dissolved CO2 concentrations could
explain observed decreases in δ13C due to increased plant and algal
discrimination against isotopically heavier CO2. Alternatively, changes
in the isotopic composition of the dissolved inorganic carbon pool may
have been caused the reintroduction of calcareous glacial sediments.
Continued northward expansion of Lake Agassiz into areas that were

heavily depressed by isostatic forces due to their position more internal
to the former ice sheet resulted in the formation of extensive deep lake
areas during the later Emerson Phase (Fig. 3). Reconstructions indicate
that after 10.5 ka BP, substantial methane emissions were therefore
limited to transgressively flooded and shallow (<20 m) lake areas rep-
resenting a small fraction (10–15%) of total lake area (Table 2).

3.5. Emission estimates from Lake Agassiz based on modern analog
systems

Table 2 presents our estimates of methane emissions from Lake
Agassiz during its different developmental phases based on applying
depth-dependent fluxes observed in modern analog systems to re-
constructions of Agassiz’ area and bathymetry, and by treating drained
and reflooded lake areas separately due to the unique establishment of
terrestrial ecosystems in these locations (Supplementary Methods 1.3).
Our findings suggest that Lake Agassiz emitted a maximum of 2.7

(95% CI: 0.8–9.9) Tg CH4 yr−1 during phases of transgressive lake
growth that inundated shallow aquatic and terrestrial environments;
however, the lake emitted less than 1.1 (95% CI: 0.2–8.1) Tg CH4 yr−1

during the remainder of its lifespan (Table 2). These emissions are
comparable to those from global wildfires today (1–5 Tg CH4 yr−1;
Kirschke et al., 2013). Our estimates account for the strong influence of
large differences in water depth on ebullition fluxes, but do not directly
address the effect of changing OM quantities, sources and bioavailability
across gradients of space and time as discussed above.
Higher methane fluxes from small lakes and ponds located in glaci-

ated regions of Alaska (Fig. 4a–Table 1) suggest that our emission esti-
mates for Lake Agassiz may be conservative at the landscape scale.
Extensive wetlands, littoral zones and isolated water bodies produced by
the lake’s fluctuating water levels and complex shorelines may have
emitted more methane on a per area basis. However, to avoid double
counting, we did not estimate emissions from these features, which may
be included in other lake and wetland inventories. It is important to note
that while these environments may have been spatially accounted for in
previous deglacial wetland assessments (Byun et al., 2021), unique
high-flux seeps which our data suggest were present in these areas have
not been represented. Given the lack of data about the extent of pe-
ripheral fluvial ponds and wetlands that could have been emitting
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methane produced in underlying proglacial lake sediments, we did not
attempt to estimate the magnitude of this source. However, the large
fluxes associated with these environments would have disproportion-
ately increased the region’s proglacial methane emissions.
Finally, geologic methane is known to escape from some proglacial

aquatic environments in Alaska, Norway, and Greenland (Walter An-
thony et al., 2012; Reynolds et al., 2017; Kleinen et al., 2022); however,
the absence of hydrocarbon reservoirs beneath former Lake Agassiz
(Hackley and Cardott, 2016) suggests this source was unlikely for this
location during the last deglaciation. Our estimates represent a first
effort to explore and quantify methane emissions from a single ancient
proglacial lake. A better understanding of modern proglacial lake
methane dynamics, as well as expanded and refined proglacial lake re-
cords, characterization of glacial sediment OM, and lake area re-
constructions are required to improve upon this work.

3.6. Implications for global proglacial lakes

We synthesized new and existing data sets on modern proglacial lake
methane dynamics and focused our reconstruction of paleo-proglacial
lake emissions on a single ancient proglacial lake, the maximum
extent of which was 1,500,000 km2 prior its drainage at 8.4 ka (Teller
and Leverington, 2004). Lake Agassiz methane dynamics likely differed
from other major proglacial lake systems whose specific interactions
with regional topography, climate, and ice sheet dynamics contributed
to their unique sedimentological, morphological and lake water level
histories. Many ancient proglacial lakes were fed by large northward
flowing river systems draining the Eurasian continent that delivered
additional POC and DOC from the contemporary environment, for
example. Others experienced repeated cycles of catastrophic drainage
and refilling (e.g. Lake Missoula; Waitt, 1980). Although poor con-
straints of past global proglacial lake areas and morphologies currently
prevent extrapolation of our results, these systems are estimated to have
occupied an additional one to two million square kilometers (Mangerud
et al., 2001; Lyså et al., 2010; Komatsu et al., 2016) and were likely an
additional source of methane that should be further studied. A better
understanding of proglacial lake methane dynamics is important in light
of expected increases in proglacial lake extents with climate warming
(Tweed and Carrivick, 2015).

4. Conclusion

New paleorecords show that large influxes of glaciogenic material
from the Laurentide Ice Sheet contributed to rapid organic carbon burial
within Lake Agassiz during its initial phases, and within glacially
influenced zones of the lake throughout its history (Fig. 6). The
geochemical signature of OM in these sediments suggests a high degree
of prior microbial processing, however, that calls into question the
bioavailability of this potential organic carbon source and may preclude
high rates of methane production during early lake stages. Methane
dynamics associated with transgressive lake phases may have differed
substantially from those of earlier lake phases. Significant lake expan-
sion occurred into upland or previously drained lake areas colonized by
shallow aquatic or terrestrial vegetation during the early Holocene
(Table 2). Although total flooded carbon stocks are unknown, their
anaerobic decomposition could have resulted in methane dynamics akin
those observed following hydroelectric reservoir creation. Utilizing re-
constructions of Lake Agassiz’ area and bathymetry and leveraging
present day fluxes from glacial and proglacial lakes and hydrologic
reservoirs that serve as end-member proxies to broadly constrain
possible methane emissions, we found that Lake Agassiz was likely a
small source (0.4–2.7 Tg yr−1) of methane during the last deglaciation.
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